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Summary

The extent of sequence specificity of the Tn3 ness@ catalytic domain was investigated
by creating libraries of Tn3 site | variants in winiall of the central 16 bp were
systematically randomised in overlapping 4 bp bdoakd recombination deficient and
recombination proficient site | variants were stddausing two different independent
selection strategies employing an activated Tn8lvase mutant NM. A degree of
flexibility in the sequences permitted in the cahfié bp of the Tn3 site | was observed
especially at the positions 4, 7 and 8, but accatmg changes was found to be in general
detrimental to recombination. The data was comptrelde naturally occurring site |
sequences associated with proteins from the TriBvaese family, and integrated with the
available structural information revealing a numbkresidues in the extended arm region
that could account for the sequence selectivitenkesl. The sequence selectivity of the
activated Tn3 resolvase NM catalytic domain wagetes the Z-resolvase context
employing a similar but less exhaustive selectioatasgy using a purified Z-resolvase Z-
R(NM). Z-resolvases with sequence selectivity thatifferent to that of Z-R(NM) were
constructed using catalytic domains of activatedamis of Sin and Tn21 resolvases and
theirin vivoandin vitro properties were tested, highlighting the univetgalf the Z-
resolvase approach and its potential for the futy@ications. A number of issues
concerning the Z-resolvase design such as the optilangth of Z-sites, what is the effect
of the Zif268 DNA-binding domain on catalytic adtyvi.e. is it activating or inhibiting, is
symmetry a prerequisite in the design of Z-sitesaor a Z-resolvase catalyse
recombination on sites with an odd number of baséseen Zif268 binding sites i.e. one
half-site longer than the other, what is the re@atnfluence of the Z-resolvase linker
length, and can Z-resolvase be complemented byweesoand catalyse recombination on
appropriately designed hybrid sites were explofde: sequence selectivity of catalytic
domains of Sin and Tn21 resolvases was compared astombination of a mutant library
selection strategy and the Sin-Tn21 resolvase tydxperiments. An attempt to change
the sequence selectivity of Tn3 resolvase catafigioain into that of Sin resolvase, both
in the resolvase and Z-resolvase context by mutaltia specific residues, implicated in
catalytic domain sequence selectivity was perforrmé@ sequence selectivity of activated

Tn3 resolvase catalytic domain was successfullygéd into that of Sin resolvase.
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Abbreviations

Units

10° g grams

10° m metres

10° I litres

10° ce degrees Celsius
10° M molar

10 mol moles

Amperes bp basepairs

Volts rpm revolutions per minute
Watts OD optical density
hours min minutes

Chemicals/Reagents

AcOH
APS
ATP
DNA
DTT
EDTA
EtBr
KOAc
PAGE
SDS
TAE
TBE
TMED
Tris
uv

acetic acid

ammonium persulphate

adenosine triphosphate

deoxyribonucleic acid

dithiothreitol

ethylenediaminetetra-acetic acid (disodiuth) sa
ethidium bromide

potassium acetate

polyacrylamide gel electrophoresis
sodium dodecyl sulphate
tris-acetate-EDTA (electrophoresis buffer)
tris-borate-EDTA (electrophoresis buffer)
N,N,N’,N’-tetramethylethylenediamine
tris(hydroxymethyl)aminomethane
ultraviolet



Symbol Meaning

Origin of designation

AorCorT

GorTorC
GorCorA

GorAorT
GorAorTorC

ZU <®W I g “YRZ<IOHE>O0
)
g
=

Guanine

Adenine

Thymine

Cytosine

puRine

pYrimidine

aMino

Ketone

Strong interaction
(three H bonds)

Weak interaction (two
H bonds)

not-G, H follows G in
the alphabet

not-A, B follows A

not-T (not-U), V follows
U

not-C, D follows C

aNy

Extended IUPAC DNA notation (Recomme ndations 1984, Biochem J,

1985)



1 Chapter 1: Introduction

1.1 Recombination: types and natural roles
DNA, the main storage of genetic information inl€és not a static unchanging molecule

but a dynamic entity that is subject to modificaiprearrangements and topological

changes brought about by the process of recombimati

There are two main types of recombination, namepd@logous and site-specific
recombination, both of which are found in prokaegand eukaryotes. There are other
kinds of DNA rearrangements that are usually grdupgether with the two
recombination types already mentioned such aspgoaitson (Siefert, 2009), retro-
transposition (Callinan & Batzer, 2006) and VDJombination (Jones & Gellert, 2004)
however these phenomena although fascinating indiaa right are not the subject of this

review.

1.1.1 Homologous recombination
Homologous recombination is an exchange betweendgions of DNA that is

characterised by its requirement for extensive sagel similarity (identity) between the
recombining sequences along with the need for dngptex protein machinery. The two
regions of identical or highly similar sequencealwith each other, and with the help of
protein machinery form a structure called the Halji intermediate (Holliday, 1964;
Paques & Haber, 1999; Ariyoséi al.,2000; Barzel & Kupiec, 2008; San Filippbal.,
2008). In this structure two strands of the two btogous DNA duplexes form a
crossover while becoming partially paired to theeottwo complementary strands of the

parental duplex.

Homologous recombination plays an essential rotgeimerating genetic diversity
(meiosis), maintaining and propagating genomes (D&f#air and restarting replication
forks), controlling gene expression and even modNA of some viruses into and out of
host chromosomes, however as it is not a subjati®ttudy it will not be discussed

further.

1.1.2 Site-specific recombination
In contrast to homologous recombination, in siteesfic-recombination, DNA strand

exchange takes place between segments posseshiraylionited degree of sequence
homology (Kolb, 2002; Coatex al.,2005). Site-specific recombinases perform

rearrangements of DNA segments by recognising amdirty to short DNA sequences
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(sites), at which they cleave the DNA backbonehaxrge the two DNA helices involved

and rejoin the DNA strands.

In some site-specific recombination systems hajisga recombinase enzyme together
with the recombination sites is all that is reqdite be able to perform all these reactions,
but in some other systems a number of accessotgipscand accessory sites are also

needed.

The recombination sites are typically between 30200 nucleotides in length and can
consist of a range of subsites. Recombination tpkes at the site (or a subsite)
consisting of two motifs with a partial invertedpeat symmetry, to which the recombinase
binds, which flank a central crossover sequence.piirs of sites between which the
recombination occurs are usually identical, butdtere exceptions e.gttP andattB of

A integrase (Landy, 1989).

The reaction catalysed by the recombinase maytéette excision of the DNA segment
flanked by the two sites, but also to the integratr inversion of the orientation of the
flanked DNA segment (Fig 1.1). The outcome of #ction is dictated by the relative
location and the orientation of sites that areg@drombined, and also by the innate

specificity of the recombination system in question

Excisions occur if the recombination takes plagtveen two sites that are found on the
same molecule (intramolecular recombination), dridei sites are in the same (direct
repeat) orientation. Inversions on the other hakd place if the recombination takes place
between two sites that are found on the same mlelexu if the sites are in an opposite

orientation (inverted repeat).

Alternatively, if the recombination occurs on sitkat are situated on two different DNA
molecules (intermolecular recombination), an indign (fusion) reaction occurs provided
that at least one of these molecules is circularst\ite-specific systems are highly
specialised catalysing only one of these diffetgpes of reaction and have evolved to

avoid recombination between sites that are in angr relationship.

In nature, site-specific recombination systemsheahighly specific, fast and efficient,
even when faced with complex eukaryotic genomeslé®o al.,2000; Sauer, 1998). As
such, they are employed in number of processesasidbacterial genome replication,

differentiation and pathogenesis, movement of gemé¢ments such as transposons,
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plasmids, phages and integrons (Nash, 1996) asémran attractive starting material for

development of potential ‘genetic engineering’ o@\kopian & Stark 2005).

1.2 Classification of site-specific recombinases: t yrosine
VS. serine recombinases
Based on amino acid sequence homology and mecikaristtedness, site-specific

recombinases are grouped into one of two famitlestyrosine recombinase family or the
serine recombinase family. The names stem froncdheerved nucleophilic amino acid
residue that the recombinase uses to attack the &idAvhich becomes covalently linked
to the DNA during strand exchange. The serine réxdoase family used to be known as
resolvase/invertase family, while tyrosine recoraBes were known as the integrase
family, which reflected the types of reaction thaist known members in each family
have evolved to catalyse. However, since serinemnbmases that catalyse integration and
tyrosine recombinases that catalyse resolutiorticzechave been discovered these old

recombinase family names are becoming increasimgtgric.

Typical examples of tyrosine recombinases are thiékmown enzymes such as Cre (from
the P1 phage), FLP (from ye&tcerevisiagandA integrase (fromk phage) while well-
known serine recombinases include enzymes sucgld assolvase (from the Tw®00
transposon) angC31 integrase (from thgC31 phage) (Nash, 1996; Stark & Boocock
1995).

Although individual members of the two recombiné&smilies can perform reactions with
the same practical outcomes (e.g. excision or 8o}, the two familes are unreleated to

each other, having different protein structures @adtion mechanisms.

Unlike tyrosine recombinases, serine recombinasehkighly modular, with their catalytic
and DNA binding functions largely separated onedé#ht domains, as was initially hinted
by biochemical studies (Abdel-Meguid al., 1984) and later shown by crystallographic
structures (Yang & Steitz, 1995; &t al.,2005; Mouwet al.,2008); a fact which could
prove useful when attempting to reengineer thestems as tools for genetic

manipulation.

1.3 Mechanism and chemistry of the site-specific
reaction
Recombination between two DNA sites begins by raitmmn and binding of these sites by

the recombinase protein (Fig. 1.2). This is follovi® synapsis i.e. bringing the sites
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Figure 1.1- A diagrammatic representation of reactions catalysed by site-specific
recombinases. Recombination sites are presented by blue and brown squares,
intervening DNA is given in red while the flanking DNA is given in black. At the
top of the figure resolution or excision reaction is portrayed, in which the ‘red’ DNA
found between two directly repeated recombination sites is cut out from the ‘black’
DNA molecule, forming a circle. In the middle of the figure the fusion of the
integration reaction is shown, which is essentially the reverse of resolution or
excision. At the bottom of the figure an inversion reaction is shown. The orientation
of the ‘red” DNA segment (indicated by the red triangle) changes due to the
recombination between recombination sites in inverted repeat.
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recombination catalysed by the serine recombinases. The cartoon s
complex, formed from a pair of resolvase-bound site Is. Only the c:
of the resolvase subunits (blue ovals) are shown. The small yellow
a letter “P” represent the phosphate groups attacked by the recombi
inverted black and white arrowheads represent the ends of site 1. Tl
are shown as red and white rectangles delineated by black lines. Sti
assumed to involve rotation of the resolvase subunits in covalent at
DNA, followed by the religation step. b) The scheme illustrates the
strand exchange by the tyrosine recombinases. The synaptic compl
DNA duplexes (red and white) bound by four recombinase subunit:
arranged in a head-to-tail fashion. One strand from each duplex is ¢
exchanged and ligated to form a Holliday junction intermediate. Isc
this junction switches catalytic activity in the synapse between the

recombinase subunits. (Adapted from Stark ez al., 1992).
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together to form the synaptic complex. It is withims synaptic complex that strand
exchange takes place, as the DNA is cleaved anthegj by controlled transesterification
reactions. During strand exchange, the DNA cuixatfpoints within the crossover region
of the site releases a deoxyribose hydroxyl gredple the recombinase protein forms a
transient covalent bond to a DNA backbone phospfdtis phosphodiester bond between
hydroxyl group of the nucleophilic serine or tymsiresidue and the DNA conserves the
energy that was expended in cleaving the DNA. Bnetgred in this bond is subsequently
used for the rejoining of the DNA to the correspiagddeoxyribose hydroxyl group on the
other site. The entire process therefore proceéti®ut the need for external energy-rich

cofactors such as ATP.

As stated previously, natural recombination sitesasymmetric, which allows the enzyme
to tell apart the left and right ends of the sitthen generating products, left ends are
always joined to the right ends of the partnerssied vice versa. This causes the
recombination sites to be reconstituted in themd@oation products. Joining of left ends
to left or right to right is avoided due to the asgetric “overlap” sequence between the
staggered points of top and bottom strand exchdrjeleft or right-right half-site

recombinants would contain mismatched base paiesik 8. Boocock, 1995).

Although the basic chemical reaction is the samd&doh tyrosine and serine recombinases

there are marked differences.

Tyrosine recombinases, such as Cre or FLP, cleaeddlA strand at a time at points that
are staggered by 6-8 bp, linking the 3’ end of DtdAhe hydroxyl group of the tyrosine
nucleophile (Van Duyne, 2002). Strand exchange graoeeds via an intermediate
analogous to the Holliday junction (Holliday, 19€3rainge & Jayaram, 1999) in which

only one pair of strands has been exchanged.

Conversely, serine recombinases like Tn3 resolwaieh are the subject of this work, cut
all four DNA strands simultaneously at points thed staggered by 2 bp (Stakal.,

1992). During cleavage, a protein-DNA bond is fodwé a transesterification reaction in
which a phosphodiester bond is replaced by a plosgrime bond between a 5’ phosphate
at the cleavage site and the hydroxyl group ottheserved serine residue (S10) in
resolvase (Reed & Grindley, 1981; Reed & Moser4)98 is still not entirely clear how
the strand exchange occurs after the DNA has Heewnex. It has been shown however
that the strands are exchanged while covalentkedrto the protein, with a resulting
change in the DNA structure equivalent to a nedtron of 180° (Starlet al.,1989; Stark
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& Boocock 1994). Two current models can accountties, namely the subunit rotation

and the domain swapping model (Fig. 1.3b and Ie&&gpectively)(Sarkist al.,2001).

In both of these models, DNA duplexes are situatgdide of the protein complex, and
large movements of protein are needed to achievetthnd exchange, both of which are
in stark contrast to the mechanism employed byyttasine recombinases. Models are
summarised in Fig. 1.3. While the recent crystaicture (Liet al.,2005) seems to favour
the subunit rotation model, it is not absolutelygampatible with the domain swapping
model. The single molecule experiments in ordexstablish which of the two strand-
exchange models is the correct one are currentgmway (G. Schidtel, personal

communication).

Tn3 resolvase has been extensively studied ibotlvo andin vitro and is a recombinase
for which there is a wealth of structural infornaati(Grindley, 2002; Rowland & Stark,
2005)

1.4 Tn3 resolvase resolution system
Tn3 resolvase ofnpR is one out of three proteins that are encodetti®d957 bp Ta

transposon (Fig 1.4a). Apart from Tn3 resolvastpR, this transposon also carries a
transposase (tnpA gene) anfl-lactamasef{la gene) that confers resistancgttactam
antibiotics. Initially discovered as a repressotrahsposase, resolvase also plays a role in

facilitating Tn3 replicative transposition (Shetrdi989).

Tn3 replicates by intermolecular integrative travsion (Fig 1.4b). This process is
catalysed by the Tn3 transposase and resultsusianf of the original host DNA with the
target DNA molecule, creating a “cointegrate” alavith the replication of the transposon.
To separate the host and target molecules, TnB/essexecutes site-specific
recombination between the old and new copies ofriressposon at a specific site called

res,which is present in each copy of the transposon.

Theressite that Tn3 resolvase acts on is 114 bp longcanthins three sub-sites, namely
sites |, Il and IIl (Fig 1.5). Each of these site®f a different length (28, 34 and 25bp,
respectively) and they are unevenly spaced, withf28eparating sites | and Il but only 5
bp between sites Il and Ill. The sites consist bpénverted repeat motifs flanking a
central sequence of variable length. These matifas binding sites for resolvase, so that

each site binds a resolvase dimer but with vargiifigity and probably a slightly different
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Domain Swapping
Cop

Subunit Rotation

%

Figure 1.3- Serine recombinase strand exchange models a) The domain
swapping model. In this model, following the strand cleavage, the DNA strand
covalently linked to the resolvase catalytic domain is swapped by a swivelling
motion of the catalytic domain around a hinge (~ residue 100 in Tn3 resolvase)
bringing it into a recombinant configuration. For this domain to work
C-terminal DNA-binding domain must release the DNA that is about to be
exchanged. b) The subunit rotation model. In this model, the resolvase subunits
that form the site I synapse catalyse double-strand cleavage of both crossover
sites with each resolvase monomer covalently attached to the half-site at which
it is bound. Following cleavage, a 180° right-handed rotation of one half of the
complex along with the attached half-sites bring the cleaved DNA molecules
into a recombinant configuration, which is followed by religation and the
dissociation of the synapse releasing the recombinant catenated products.
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Figure 1.4- Schematic representation of Tn3 transposition and cointegrate
resolution. a) Structural organisation of Tn3 transposon. The green, red and blue
sections represent genes coding for transposase, resolvase and B-lactamase,
respectively. The black right pointing triangle represents the res site, while yellow
segments with small facing black arrows represent the transposon ends. b)
Schematic illustration of the Tn3 transposition pathway. The transposase catalyses
the duplication and insertion of Tn3 into a target plasmid, forming a cointegrate,
which is then separated by resolvase into two plasmids, each containing a copy of
Tn3. (Figure from Blake, 1993).
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Figure 1.5- Schematic representation of Tn3 res site. The figure indicates the relative
location of the res site within the Tn3 transposon (top). In the middle section res site is
shown diagrammatically with sites I, II and III represented as yellow boxes flanked by
black, facing triangles (representing inverted repeats) with the numbers above denoting
the length of respective fragments in basepairs. The sequence of the recombination site
(site 1) is given directly below. The cleavage point is marked by the black lines. The

"Left" and "Right" end refer to the conventional representation of site I within res, where

the binding sites are in the order I-II-III left to right. The central 16 base pairs are given

in pink while the outermost 6, recognised by the resolvase C-terminal helix-turn-helix
domain, are in blue. (Figure adapted from Blake, 1993; and Burke ez al., 2004)
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protein-DNA complex architecture (Abdel-Meguid 198akeetal., 1995). The

presence of all three sites (I, Il and Ill) is ex&#d for recombination.

At recombination, two directly repeateek sites with resolvase dimers bound to each of
the sites I, Il and 1l , come together to formaage complex structure called the
synaptosome (Fig. 1.6, step 1). Resolvase bousie® Il and 11l initiates the assembly of
this complex. In the synaptosome, the exact arctuite of which is still unclear, twes
sites are intertwined in such a way as to juxtapasecopies of site I, allowing resolvase
dimers bound to each site | to form a tetramer (g step 2). Interaction between the
resolvase dimers bound at the accessory sites (5aed 1ll) and resolvase at site | is
thought to be required for the two dimers to syeagrsd form a tetramer. After the
tetramer is formed it becomes activated and themmpbottom DNA strands are
simultaneously cleaved in the middle of the siéth a 2bp overhang. The strand
exchange ensues by as yet unknown mechanism wétuiting net rotation of 180°. The

strand exchange is then followed by the religafiig 1.6, step3) (Starét al.,1992).

Recombination between the two directly repeaéssites in a cointegrate transposition
intermediate separates, or resolves, the “cointegnato two molecules, each one now
containing a copy of the Brtransposon (Fig 1.6, step 4). After resolutioesthtwo
molecules remain linked as a simple two-noded eatenvhich can be easily separated
vivo by a type Il topoisomerase (Grindley, 2002). There resolvase recombination
reaction can be reproducgdvitro, requiring only resolvase, a substrate DNA and

multivalent cations (Reed, 1981).

A number of “deregulated” or “hyperactive” Tn3 résse mutants that have lost the
requirement for the accessory sites have beertesblfihese mutants are capable of
catalysing recombination between two copies oflsitely, which basically reduces the
recombination site size from 114bp to only 28bpn@d et al., 1999; Burkeet al.,2004;
Olorunniji et al.,2008). Further more these mutants have no sufiegor conectivity
requirements (Arnolét al.,1999) and have been shown to work in mammalias cell
(Schwikardi & Droge, 2000). Hyperactive resolvasatants have so far proven invaluable
in creating resolvases with altered sequence sp&gifAkopianet al.,2003) but also in
structural work (Liet al.,2005), both of which will be discussed furtheetat

1.5 Structure of resolvase
The resolvase proteins from different Tn3-like sfamsons form a large family, which can

be subdivided into a series of complementation ggoWithin each group, resolvase
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supercoiled

Figure 1.6- Schematic representation of synapsis and recombination by Tn3 resolvase. The cartoon shows the
hypothetical pathway for the assembly of the res synapse and the subsequent strand exchange. Red spheres represent

resolvase subunits bound to the recombining res sites (represented by yellow and black boxes) on the supercoiled substrate.

1) Resolvase bound to the substrate. Following the binding resolvase-DNA complexes form a synapse, first involving only
accessory sites (not shown) and then also site I to create: 2) Pre-reaction res synapse. After the res synapse is formed the
resolvase proceeds with recombination catalysis and strand exchange within the res synapse. (the pink shading indicates
that the exact nature of the complex is unknown) 3)Post-reaction res synapse. Following the recombination reaction the res
synapse dissociates to form catenated recombinant products as depicted under 4).
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proteins are highly homologous to each other, tyiiically over 80% amino acid identity.
A resolvase from one group can carry out recomlandietweemnessites from any
member of the same group (Ackrogtal., 1990; Avilaet al.,1990).

Tn3 resolvase angd resolvase are members of the same complementabap. The
conclusions from experiments carried out usingafrteese proteins generally apply to
both.yd resolvase is a recombinase encoded by the tramsgdgTn1000 which is a
natural component of thHe. coli F plasmid.Tn3 angd resolvases are identical at 147 out
of 185 (183 inyd) amino acid residues, and their structures are\esd to be very similar
(Grindley, 2002).

Even before the crystal structures were availab&re were strong indications as to the
modular nature ofd resolvase. Chymotrypsin digestion of the 20.5 kbeesolvase
monomer revealed that this protein can be sepanaedyo distinct domains (15.5 and 5
kDa — residues 1-140 and 141-183, respectivelg)sthaller of which was shown to bind
the DNA specifically, albeit with a lower affinityhan the intact protein (Abdel-Meguéd
al., 1984).

The small domain was not seen in the egdlyesolvase structures obtained from crystals
grown without DNA, as only the first 120 amino acgdidues of resolvase were ordered
(Rice & Steitz, 1994). It was inferred that thigwhin is very flexible and probably only
partially folded, assuming the proper fold only ogonding to DNA. Bearing in mind that
the three sub-sites nesdiffer substantially in length and in sequences thd not come as
a surprise (Blaket al.,1995). The first 120 amino acid residuey®fesolvase, folded

into a globular domain containing the catalytiarse(Ser-10) (Rice & Steitz, 1994).

A structure of ad resolvase dimer bound to site | (Fig. 1.7) reve&hatyd resolvase
contains two distinct functional domains (N-termioatalytic and C-terminal DNA
binding domain), linked by a short but conformatitiym extended linker region (Yang &
Steitz, 1995). The N-terminal catalytic domain sp#re residues 1-137. It consists of a
five-stranded mixe@ sheet that is surrounded by thoekelices on one sideld, aB and

aC) and one helix on the otherld).

The interfaces that are implicated in intersubaaiitacts are found on this domain such as
the dimer interface and the 2-3’ interface. Thealiinterface is the surface of contact

between two resolvase subunits bound to the samésj. 1.7), while the synaptic
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[l C-terminal DNA-binding domain I dimer interface
|:| Extended linker :
B “E™-helix
. N-terminal catalytic domain

2,3
interface

synaptic
interface

Figure 1.7- Three-dimensional structure of yd resolvase dimer bound to DNA. The
different functional regions of the protein are coloured as follows: N-terminal catalytic
domain is blue, E-helix is green, the extended portion of the arm region is yellow and the
C-terminal helix-turn-helix DNA-binding domain is red. DNA is coloured grey. Using the
cartoon (bottom right) important interfaces discussed in the text are marked. The image
was generated using PDB coordinates of 1GDT (Yang & Steitz, 1995).
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interface represents the contact area betweemvthdiimers bound to the sites forming the
synapse. The 2-3’ interface is situated directlgagite to the dimer interface and it is
probably where resolvase subunits bound to othes sires (likely site Ill) contact the
resolvase on site |. Residues 1-100 create thmigiocore of this domain whereas the
remaining residues (101-137) are folded into addEyj helix. The “E” helix is a very
important structural motif. The interaction betwésrophobic residues of crossed “E”
helices on two adjacent monomers bound to sitedusial for the dimer interface. This,
along with a hydrogen bond between a pair of Gla-Ekidues, is what locks the dimer

together.

The “E” helices grip the DNA over the minor groawea simple right-handed 45°
crossover, analogous to a pair of chopsticks, hglfm position the C-terminal domains
and allow them to bind the DNA.

It is interesting to note that only the first haffthe “E” helix (up to residue 120) is ordered
when protein is not bound to DNA (Rice & Steitz9#9. Formation of the complete “E”
helix is believed to be induced by DNA binding, lxg@us to the leucine zipper bZIP
motif (Weisset al.,1990).

Due to this disordered character it was decideddioide the second portion of the “E”
helix in what was called an “arm” region (Yang &#z,1995). Basically an arm region is
a part of the protein that connects the catalydgie domain with the DNA-binding domain
and contacts the site | DNA in the minor groovee Tarm” region comprises the second
half of the E helix (residues 121-137), and whas walled the linker in the text so far
(residues 138-148). A sharp 90° turn induced bighly conserved residue G137

delineates the end of the “E” helix and the sththe extended linker.

The arm region is responsible for positioning Bi¢A-binding domain, which it achieves
through extensive minor groove interactions. After sharp bend at residue 137, resolvase
continues as a short extended strand (residue44@B8and then it twists again at residue
G141, entering deep into the minor groove. Thd residue, R142 interacts extensively
with the DNA backbone, but also makes sequenceigpetteractions with a specific T-A

base pair.

The extended arm region continues until the sfatie C-terminal DNA-binding domain
at residue 148. The DNA-binding domain is comprigéthree helices, namebf, aG

andaH, arranged in a bundle around a hydrophobic cdre.residues in this domain,
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apart from three in the hydrophobic core, are yergrly conserved across the
resolvase/invertase family. This is not surprisasgt is this domain that makes sequence-
specific interactions with the DNA, and the sequenihat different members of the family

recognise are highly diverse.

Helices “G” and “H” of theyd resolvase DNA binding domain form a typical hetlixn-
helix motif (HtH) which constitutes the main souafesequence-specific DNA
recognition. No less than eight hydrogen bondssatichridges are formed between the
residues R148, S162, A171, T174, Y176 and K177taeghosphate groups of the DNA
backbone. These interactions firmly anchor the rGtitgal domain inside the major groove
allowing the side chains of the residues R172, SY136 and K177 to establish further,

base-specific interactions.

When the structure of the site I- resolvase dirm@ompared to the structure of the
tetramer in a DNA-cleaved synaptic intermediateefLal.,2005) dramatic changes in the
tertiary and quaternary structure of resolvaseobserved. These structural changes are
achieved by altering the relative orientationshef tatalytic domain, the “E” helix and the
DNA binding domain, by rotating these domains iskdirs that connect them. Most
striking of these changes is the bending and 4@tiom of the “E” helix with respect to
the “D” helix of the globular core of the N-termirdomain, which brings the catalytic S10
in the appropriate position to form a covalent haikh the DNA. This rotation, which is
pivoted by a hinge at residues 101 and 102, also®pp the “E” helix chopsticks to an
angle of 100°, which in turn creates a uniquely ifiterface that is proposed to support

subunit rotation and therefore strand exchange (ER).

These structural changes are tightly regulatebdemative resolvase protein, requiring the
existence of the full synaptosome and probably @mjmate interactions at the 2-3’
interface. This is why crystal structures of reagk tetramer were achieved only when

“hyperactive” mutants were used (Fig. 1.9).

Some of the mutations that produce hyperactiviey@pposed (Burket al.,2004) to
stabilise an early synaptic interface such as D102¥ other mutations might make the
changes in the orientation of domains easier. 3&i®nd group is situated either at the
hinge connecting “E” helix (G101S, M103Il, Q105L)in the arm region that helps
position the C-terminal domain (E124Q) @tial.,2005; Arnoldet al., 1999; Burkeet al.,
2004). Mutations at the 2-3’interface (e.g. R2ZA6Epalthough not activating themselves
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Figure 1.8- Three-dimensional structure of y3 resolvase post-cleavage synaptic complex.
The different resolvase monomers are coloured purple, red, orange and light blue. DNA is
coloured grey. The functional regions of the protein are coloured in the cartoon (bottom
right) as in Fig. 1.7: N-terminal catalytic domain is blue, E-helix is green, the extended
portion of the arm region is yellow and the C-terminal helix-turn-helix DNA-binding
domain is red. Using the cartoon important interfaces discussed in the text are marked. The
image was generated using PDB coordinates of 1ZR4 (Li et al., 2005).
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Figure 1.9- Positions of the activating mutations found in Tn3 resolvase. a) The
positions of the activated residues are marked on Tn3 resolvase amino acid sequence
which is presented as a bar (the secondary structure elements are marked as in Yang
& Steitz, 1995. The residue type is indicated by the coloured spheres as in the crystal
structure image (panel b) right) with a green box indicating subunit A, and the yellow
box subunit B. b) The vy resolvase dimer (subunits A and B, green and yellow,
respectively) bound to the DNA (pink and cream spacefill representation) based on
1GDT coordinates (Yang & Steitz, 1995). The a-carbons of the residues where
activating mutations are found are shown as spheres, colured according to type
indicated and as described in Burke ef al., 2004. The “hypothetical” DNA-out
interface comprises of residues predicted to mediate dimer-dimer interactions in the
site I synapse (Sarkis et al., 2001). Please note that this interface is no longer
hypothetical as it has been confirmed in the later work (Nollmann, ez al., 2004; Li et
al., 2005). The cis interface includes contacts made by the globular part of the
catalytic domain with the E-helix of its own subunit. The figure is adapted from
Burke et al., 2004.



27

can enhance the hyperactive phenotype in the glr@eid/ated resolvase (Olorunngi al.,
2008)

One analogy for the changes in orientation betveiéerent domains of the resolvase
protein and the mutations that facilitate thesengka would be to regard resolvase as a
door hinge. If the door hinge is stiff, it can b&d to loosen it up or, more radically,
attacked with a hammer. Thus if reaction conditiarescarefully adjusted (‘oiling’), the
resolvase can catalyse reactions that it normalily fo do (Bednaret al.,1990). If
mutations (‘hammer blows’) are introduced at spegbsitions that disrupt the dimer
interface (hinge closed) and encourage the synapéidace (hinge opening), resolvase
can work well on site | only. Hammer attacks dfeative in making the hinge turn more
easily, but they also make the hinge more rickaety anstable, and could potentially break
it. A rickety hinge is less likely to get stuckarclosed position, but it might also
sometimes open when its not supposed to (leadingpitiions at pseudo-sites), or it might
not be close properly (leading to inversions artdrmolecular recombination products).
However if it is well oiled (correct reaction cotidns used) it can work perfectly well

(Olorunniji, unpublished).

1.6 Uses of site-specific recombinases in genetic
manipulation
In this genomic age, as our understanding of geranet@tecture and functions grows,

possibilities for altering genomic DNA sequencetw benefit are becoming ever more
apparent. The ability to implement precise, cofgétbgenome wide changes in essentially
any organism depends on the development of nevetgeengineering’ protein tools,
capable of targeted manipulation of DNA, and eéfitimethods by which these tools can

be delivered inside the cells vivo.

Being able to target the activity of these enzyspeifically to chosen sequences within
an organism’s natural genome could herald a newnersedicine, commercial
biotechnology and experimental genetics. Applicatisuch as human gene therapy, new
treatments for retroviral diseases, animal transgisrand numerous others would become

more efficient, safer, and easier to accomplish.

In order to create tools capable of controlled geaalteration a number of diverse
avenues have been explored, including the useoatirig group Il introns (Guet al.,

2000), vectors designed to exploit cells own DNpaie machinery to promote integration
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(Ng & Baker, 1999), viral vectors with site-speciintegration ability (Monahan &

Samulski, 2000), and the site-specific recombinases

Site-specific DNA recombinases can promote excisiorpetgic DNA segments or
insertion of new DNA segments in specific placesthvithe advent of mass sequencing,
many prokaryotic genomes have been sequenced taldgrged. This enormous amount
of data represents a treasure trove containingrledsdf site-specific recombinases. This
treasure is yet to be used to even close to itaaigp Many of these site-specific
recombinases catalyse recombination at unique segaesome of which might be very

attractive with respect to specific applications.

Currently, by far the most commonly used site-djpeoecombination system in molecular
biology today is the CrixP system, closely followed by Cre’s distant relatile® (Nagy
2000, Bodeet al.,2000). The recombinase Cre works on a relativietyty34bp) site
calledloxP, consisting of two inverted repeats flanking atrsequence. THexP site

and the analogous site for FLP (FRT) sequencesudfieiently long as to be quite rare or
absent in natural genomes. Therefore, although roathese enzymes work perfectly well
both in prokaryotic and eukaryotic cells, most &gilons of the Cre or FLP systems
require that their specific recognition sites betfintroduced into the genome that is to be
modified. This is achieved by the classic homol@ymcombination methods, which
dramatically reduces the overall efficiency of grecedure. This same problem applies to
the potential application of any site-specific nedmnase with a recombination site of
similar length. Furthermore, the activity of natwsie-specific recombination systems is
usually tightly regulated, and the type of rearemgnt they bring about (excision,
inversion, or integration) is usually specififithese constraints can cause problems for

those who wish to subvert the recombinases to bedoois for genetic manipulation

The alternative approach lies in trying to makenebinases function on sequences native
to the genome. Although detailed structural infaiorais available for tyrosine and serine
recombinases (Fig.1.10) (Gebal.,1999; Cheret al.,2000; Yang & Steitz 1995; lat al.,
2005), the basis of sequence recognition by CreFaidis still unclear, as no clear
distinction can be made between the residues thaheolved in catalysis and DNA
binding. In proteins such as resolvase on the dtard this distinction is clearer with the
“DNA-binding” and the “catalytic” function being tgely confined to the distinct domains.
Taking into account the innate differences betws®me and tyrosine recombinase
systems, two different approaches for alteringsiecificity of these proteins have been

adopted, namely the directed evolution and the aobta-engineering of recombinases.



b)

Cre + DNA

Figure 1.10- Crystal structures of site-specific recombinases bound to DNA. a)
A dimer of the serine recombinase Y resolvase, bound to site I where strand
exchange occurs (Yang & Steitz, 1995). b) A tetramer of the tyrosine recombinase
Cre in a synapse with two loxP sites (Guo et al., 1999). The DNA (cream and
blue) is in spacefill representation, and the protein (green and yellow) is in a
ribbon representation. The two loxP sites in b) are in approximately anti-parallel
alignment. The figure is from Akopian & Stark, 2005.
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1.6.1 Directed evolution of recombinase specificity
With Cre recombinase the approach was to seldat ghat is similar to the naturkixP

site i.e. a pseoudo-site, and then attempt to meduCre variant that can catalyse
recombination on this site. This typically involveeveral rounds of a mutagenesis-
selection procedure where a recombinase mutaatyilis tested against amvivo test
substrate containing these pseudo-sites and anvab$e reporter gene (Bucholz &
Stewart, 2001). This kind of mutagenesis usualiyl$eto relaxed specificity instead of a
shift in specificity (going back to the hinge-hammaealogy) which could be detrimental
for potential applications. To avoid this outcothese techniques have been refined as to
also select for loss of activity on the naturat §Woziyanowet al.,2002) and to speed up
the selection process, which was supplemented b& Emiffling (Stemmer 1994,

Voziyanovet al.,2002; Voziyano\et al.,2003).

A similar approach has been successfully emploismwith a very distant serine

recombinase relative of resolvag@31 integrase (Groth & Calos, 2003).

1.6.2 Re-engineering modular serine recombinases
Due to their modular structure with their “DNA-bind” and “catalytic” function being

largely confined to the distinct domains, Tn3 reask and related resolvases/invertases
lend themselves to more rational approaches togithgnhe sequence specificity. Even
before structural information became available ggxpents in which parts or the entire C-
terminal domain have been exchanged between ditfeetated wild-type resolvases (Tn3
and Tn21) that recognise very different sites vendormed (Ackroycet al, 1990; Avila

et al.,1990). These DNA-binding domain swapping experitsi@ere analogous to the
first attempts at engineering protein-DNA interans involving 434 repressor (Wharton
and Ptashne, 1985). Similarly, as in experiments %84 repressor, domain swapping
with resolvases did create proteins with diffet@intding specificity. However, although
wild-type Tn3 and Tn21 resolvases with swapped Di#ding domains were able to bind
(to an extent) to the non cognaéssite they were found to be unable to catalyse

recombination on the new site.

More recently in our lab, more radical domain-swagexperiments have created a series
of chimaeric proteins with the generic name Z-ressé. Z-resolvase architecture and

properties are discussed in the following section.
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1.7 Z-resolvase recombination system
Z-resolvase is a chimaeric protein construct astsihfibom the catalytic domain of a

resolvase and a completely unrelated DNA-bindingaio from a mouse transcription
factor Zif268 joined together by a synthetic linkdkopianet al.,2003; Akopian, 2003).

The first Z-resolvase was created by A. Akopiamgghe catalytic domain of NM
resolvase, which is an activated mutant of Tn3lvese (R2A, E56K, G101S, D102Y,
M103I, Q105L) (Akopian, 2003; Olorunnigt al.,2008). NM resolvase is capable of
acting on Tn3essite I, without the need for accessory sites, tieg@upercoiling or
specific relative orientation of the recombinatgtes, making it an ideal candidate for the
catalytic domain donor. The catalytic domain cutgsfint in the earlier Z-resolvase design

was at the residue R148 which was later chang&d 4.

The DNA-binding domain used in these and all subsatjZ-resolvases designed in our
group was the tridactyl zinc finger (three fingeP$yA-binding domain of a mouse
transcription factor Zif268. This domain is relay small being comprised of ~90 amino
acid residues and it functions as a monomer, makgjtable to act as a replacement for
the native resolvase HtH domain. Other criteriactooosing this domain were that its
structure in the complex with the DNA is known (Rdich & Pabo, 1991) and that it is
amenable to re-engineering to create variants alilied sequence specificity (Griesman
& Pabo, 1997).

The Zif268 DNA-binding domain is folded into thremc finger motifs consisting of two
anti-parallel b-sheets and an a-helix that are togjdther by coordinating Zhion (Elrod-
Ericksonet al.,1996). Each of the zinc fingers interacts withip-4f DNA in the major
groove by a direct read-out via the recognitionxénly residues at six positions (-1, 1,
2, 3, 4, 6) of the recognition helix interact WibtNA which makes this DNA-binding
domain so attractive as a template for designing\ibkhding domains with novel
sequence specificities. By mutagenising theseesixlues it should be possible to make
variants of this DNA-binding domain that can reasgressentially any sequence (Dreier
et al.,2000; Dreieet al.,2001; Dreieet al.,2005). This is just what is currently being
done in numerous labs throughout the world andcawésiof Zif268 that successfully and
selectively bind various sequences have been sdlesing methods such as phage display
(Rebaret al.,1996; Beerli & Barbas 2002; Reynolesal.,2003)

Several different linker sequences were used toextrthe NM catalytic domain to the
Zif268 DNA-binding domain. In the earliest Z-resabes made by Akopian the linkers
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were loosely based on the sequence of a linkedonaain swapping enzyme T4
endonuclease VII (Akopian 2003). This sequenceahasen for its flexibility and it was
followed by a TS sequence which created a Spehsitee DNA level. The Spel site was
used in cloning to connect the linker with the BBZDNA-binding domain. This linker
design was then superseded by fully syntheticliledinkers of varying lengths and
sequences (S and G rich) (Akopian, 2003; Akogiaal., 2003).

The Z-resolvases created by A. Akopian showed tigitycon substrates containing Tn3
site | but acted on substrates containing speaiigned sites called “Z-sites” (Akopian
et al.,2003). In a Z-site, the six outermost base pdisste | each end are replaced by the
9 bp sequence that Zif268 naturally binds to (bi@). However, this 9 bp sequence has to
be spaced out from the centre of site | by a furip at each end for Z-resolvase to work
well, making the total length of the Z-site 40 lspagpposed to 28 bp of native Tn3 site 1.
These extra 3 bp are required irrespective ofeéhgth or the sequence of the linker that
was used. Longer linkers were not shown to be tabtatalyse recombination on longer Z-
sites. However, there is some flexibility in thesife length requirement, as Z-sites with an
extra two or four base pairs spacer sequence (eptgth 38 bp or 42 bp) do show some
activity. Z-resolvase failed to catalyse recomboratvith substrates containing Z-sites
that are shorter than 38 bp or longer than 42 lipeofotal length.

The next generation of Z-resolvases was createdl bjcLean. In these proteins the
catalytic domain of NM resolvase was again emplayedhe residue 148) but the linker
sequence was dispensed with and the Zif268 DNA#gdomain was joined onto it just
by the sequence TS (containing Spel site; see abbkese proteins showed a comparable
or possibly better level of activity to the Z-resdes with longer linker sequences (A.

McLean, unpublished) and were subjected to mutagene try and improve them further.

1.8 Aims of the project

The main aim of this project was to establish tter and the basis of sequence
specificity of the resolvase protein catalytic damdhe attempts to make the resolvase
catalytic domain recombine sites with non-cognat&mes have so far proven
unsuccessful. The crystal structures (Yang & St&@85; Liet al.,2005; Mouwet al.,
2008) show fairly few interactions between the cErgequence of site | and the catalytic
domain, and it is still not clear what sequencéuiess are important for efficient
catalysis/recombination. However even before chgdtactures were available (Ackroyd
et al.,1990) it was suggested that there are additianakes of sequence specificity in
Tn3 resolvase beyond the specificity imposed byDNé\-binding domain.
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In Chapter 3 a systematic analysis of how sequentte central 16 bp affects
recombination by activated Tn3 resolvase mutant\wéd carried out. All 16 bp were
systematically randomised in overlapping 4 bp béoakd recombination deficient and
recombination proficient site | variants were stddc using two different independent
selection strategies. Comparing these mutuallyusiet sets of site | variants to each
other, and to the naturally occurring site | se@esrassociated with proteins from the Tn3
resolvase family, and integrating this data with &évailable structural information should
identify the basepairs and/or sequence motifsitiflaience the sequence selectivity by the

resolvase catalytic domain.

In Chapter 4, the sequence selectivity of NM ressdvcatalytic domain was tested in the
Z-resolvase context employing a similar but ledsaeistive selection strategy using a
purified Z-resolvase Z-R(NM). Comparing the resoltshese selections with the findings
of Chapter 3 should provide a powerful insight imtoat sequences could be used as the
potential centres of future Z-sites. In the samegpbér Z-resolvases with sequence
selectivity that is different to that of Z-R(NM) weeconstructed using catalytic domains of
activated mutants of Sin and Tn21 resolvases aidithvivo andin vitro properties were
tested. Creating novel Z-resolvases that are re#chan Tn3 resolvase should highlight

the universality of the Z-resolvase approach amg@atential for the future applications.

A number of unresolved issues concerning the Zlwvase design remained after work of
Akopian and MacLean and arose since publicatiarlated work (Gordlegt al.,2007;
Gordleyet al.,2009) such as the optimum length of Z-sites, id#ie effect of the Zif268
DNA-binding domain on catalytic activity i.e. isdttivating or inhibiting, is symmetry a
prerequisite in the design of Z-sites or can asbhease catalyse recombination on sites
with an odd number of bases between Zif 268 bindites i.e one half-site longer than the
other, what is the relative influence of the Z-tleaee linker length, and can Z-resolvase be
complemented by resolvase and catalyse recombmati@ppropriately designed hybrid

sites. All of these issues are explored in Chapter

Finally in Chapter 6, the sequence selectivityathtytic domains of Sin and Tn21
resolvases is compared using a combination ofextseh strategy similar to the one
described in Chapters 3 and 4 and the Sin-Tn21vasm hybrid experiments. In the
second part of this chapter, an experiment to olhémg sequence selectivity of Tn3
resolvase catalytic domain into that of Sin ressdvdoth in the resolvase and Z-resolvase
context, by mutating the specific residues, impédan catalytic domain sequence

selectivity in the previous chapters, is perfornigeing able to change the sequence
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selectivity of one resolvase catalytic domain iat@ther would be the ultimate proof of

understanding the basis of sequence selectivityarcentre of site |.
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2 Chapter 2: Materials and Methods

2.1 Bacterial Strains
All bacterial strains used in his project were datives ofEscherichia colK-12. Strain

names, genotypes and sources are provided in tile Z&al below.

STRAIN
NAME GENOTYPE SOURCE
DS941 | AB1157, butrecF143,suE44,lacZAM15, Summers and
lacl® Sherratt, 1988
DH5a Fl/endAl, hscR17 (i, m¢’), sugE44,thil,
®80daczAM15, A(lacZYA -argF)U169, Invitrogen
dedR, recAl, phaoA, gyrA96, relAl, A
DH5 FlendAl, hsdR17 (i, my'), SUE44,thil,
A(lacZYA -argF)u169,ded, recAl, phaA, Invitrogen

gyrA96, relAl, A
JC8679 | rpsL3l, tsx33,suE44,recB21,recC22,
shoA23, his-328 Gillenet al, 1981

BL21 hsd gal, (Acl ts857,indl, San¥, ini5, lacyys-
(DE3) T7 gene-1), T7 lysozyme-expressing plasmid Studieret al, 1990
pLysS | pLysS

Table 2.1-Bacterial Strains

2.2 Chemicals

Sources of most general chemicals used are list&édhble 2.2. Distilled water was used

for making all solutions unless otherwise stated.

CHEMICALS SOURCE
General chemicals, biochemicals, orgapigma/Aldrich, BDH, May and Baker
solvents

Media Difco, Oxoid

Agarose, acrylamide FMC, Biorad, Flowgen
Restriction enzyme buffers NEB, Promega, Roche
Ligase buffer Promega

Table 2.2- General Chemicals

2.3 Bacterial growth media
E. coliliquid cultures were routinely grown in L-BrothQ(f bacto-tryptone, 5 g bacto-

yeast extract, 5 g NaCl, made up to 1 litre wittodessed water, and adjusted to pH 7.5
with NaOH).E. coli on solid medium were cultured on L-Agar (L-Brotitw15g/l agar).
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Growth media were sterilised at 12G for 15 minutes. Other specialist growth medid tha
were used are:XXT broth and MacConkey Galactose AgaxYJ broth was used in the
recovery step in the DNA transformation protocelg$Section 2.9) while MacConkey
Galactose Agar was used farvivorecombination antlinding assays (Sections 2.23 and
2.24 respectively). The composition of 2T broth is: 16 g bacto-tryptone, 10 g bacto-
yeast extract, 5 g NaCl, made up to 1 litre witlodised water and adjusted to pH 7.0 with
NaOH. MacConkey Galactose Agar was prepared fromenix powder supplied by

Difco (17 g bacto-peptone, 3 g bactoprotease peptbs g bacto bile salts No.3, 5 g
NacCl, 13.5 g bacto agar, 0.03 g neutral red, Ogbacto crystal violet) by boiling 4 g of
premix in 100 ml of deionised water and additiorbahl of 20% aqueous solution of D-

galactose, giving a final concentration of 1% withe agar.

2.4 Antibiotics

The antibiotics used in liquid and solid selecwewth media, and the concentrations in

the media and in stock solutions are given in Tae

STOCK
ANTIBIOTIC CONCENTRATION FINAL COII:IACI;EDII\]JSATION N
(1000 X)
Ampicillin (Ap) 100 mg/ml in HO 100 pg/mi
Kanamycin (Km) 50 mg/mlin O 50 pg/mi
Chloramphenicol :
(cm) 25 mg/ml in ethanol 25 pg/mi

Table 2.3- Stock and final concentrations of antibi otics

2.5 Oligonucleotides
All oligonucleotides that were used in plasmid ¢ondions or as sequencing primers were

purchased from MWG Biotech AG. Oligonucleotide namength, sequence and purpose

are listed in Table 2.4.



Oligo Name | Length 5'-3’ Sequence Purpose Reference
uni -43 23 bp AGGGITTTCCCAGTCACGACGT T Sequencing primer gezctlons 3.7,4.2
rev -49 22 bp| GAGCGGATAACAATTTCACACAGG Sequencing primer Section 2.7

22F 21 bp | CGCCAGGGI TTTCCCAGI CAC Sequencing primer Section 2.7
23R 23 bp | TCACACAGGAAACAGCTATGACC Sequencing primer Sections 2.7, 6.2
AGTCGAGCTCACTAGTACTGCAACCGTTCG Primer used to amplify Tn3 res siteSection 2.7
3resF 30 bp from pDB34 for cloning into
pMP211
3resk 24 bp| GCCCGAATTCTGTACCTTAAATCG As above Section 2.7
GSGE 49 bp GGCCGCAGGCGTACCGT GGACAGEEECTCTGECEGET TCC GSG linker cloning to create | Sections 2.7, 4.5
GGCGECTCTA pMP386
GSGR' 49 bp CTAGTAGAGCCGCCGCGAACCGCCAGAGCCCCTGICCACG GSG linker cloning to create | Sections 2.7, 4.5
GIACGCCTGC pMP386
ACGT GTACAAAGGCCCRAAGAAATCCCTGTCG Primer used to amplify DNA- | Sections 2.7, 6.2
hpF’ 32 bp binding domain. of Tn21 resolvase
and allow creation of pMP264 and
pMP265
OCP1 18 bp| TTTGAGACACAACGTGEC Sequencing primer Section 3.5
OCP2 18 bp | AGTGCTGAACGAAACTCC Sequencing primer Section 3.5
R16RE’ 40 bp CACTAGTCTGTCTGAAATATTATAAATTATCAGACATAG Recombination site R16R. ClonefdSections 2.7, 5.7
G into pMP60
R16RR’ 48 bp AATTCCTATGTCTGATAATTTATAATATTTCAGACAGAC | Recombination site R16R. ClonefdSections 2.7, 5.7
TAGTGACCT into pMP60
, CACTAGTCTGTCTGCAAATATTATAAATTATGCAGACAT | Recombination site R18R. ClonegSections 2.7, 5.7
R18RF 42bp| acG into pMP61
, AATTCCTATGICTGCATAATTTATAATATTTGCAGACAG Recombination site R18R. C|Onedsecti0n5 27,57
R18RR 50 bp ACTAGTGAGCT into pMP61

Table 2.4-Oligonucleotides used in this study
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Oligo Name | Length 5'-3’ Sequence Purpose Reference
R20RE’ 44 bp %XT(QGTCTGTCTGGCAAATATTATAAATTAT(XZCAGAC Recombiniz;ttignp:/iltF?GRZ’ZOR. Cloned Sections 2.7, 5.]
R20RR’ 52 bp ﬁgacgrégg%cATAATTTATAATATTT@CAGAC Recombin;?:]ttignpi/iltSGI;ZOR. Cloned Sections 2.7, 5.1
R22RE’ 46 bp gACACTTﬁgCTGTCTGA(IIAAATATTATAAATTAT(I?TCAG Recombiniz?]tignpi/ilt;(gZZR. Cloned Sections 2.7, 5.1
R22RR’ 54 bp ﬁg&mcrﬁ&@gw@wTAATTTATAATATTT@TOAG Recombin;?:]ttignpi/iltSGZZZR. Cloned Sections 2.7, 5.1

RBO1 66 bp a&%ggggmmngﬁgTTATMTNNNNC Tn3 site | random block oligo 1 §.e3Ctions 2.28,
RBO2 66 bp g@?ﬁg&?TGéTrGTCCCGCTGAGGTTﬁgTTATANNNNTTC Tn3 site | random block oligo 2 6S).e30tions 2.28,
RBO3 66 bp a@cﬁﬁggggch@GgTﬁgTTANNNMTTTC Tn3 site | random block oligo 3 3S)Ie3Ctions 2.28,
RBO4 66 bp gﬁﬁggggmU@gT@TNNNMTATTTC Tn3 site | random block oligo 4 §.e30tions 2.28,
RBOS 66 bp a@cﬁﬁggggch@GgT@NNMMTATTTC Tn3 site | random block oligo 5 3S)Ie3Ctions 2.28,
RBO6 66 bp gﬂ;&;ﬁﬁﬁg&?TGCA$GTCCCGCTGAGGTTZCNIN:NTATAATATTTC Tn3 site | random block oligo 6 §.e3Ctions 2.28,
RBO7 66 bp g@g—?ﬁgg“?TGéTrGTCCCGCTG\IGGTNECN;:TTATAATATTTC Tn3 site | random block oligo 7 6S)Ie30tions 2.28,
b . hleeniboiioniones
Sin18N 68 bp %&% ;g g %NNNNNNNECNIN:NNNNNNNNCA Sin site | random block oligo glezctions 2.28,
Sin6NC6N 68 bp %T&%ng%mNNNNNNGXQgAO\INNNNNCA Sin site | random block oligo glezctions 2.28,

Table 2.4-Continued.
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Oligo Name | Length 5’-3' Sequence Purpose Reference
SinZF 32 bp | GTACAAAGGCCGT CGCCGTACCGT GGACCGTA Sin Z-resolvase linker Section 4.4
SinZR 32 bp | CTAGTACGGT CCACGGTACGECGACGECCTTT As above Section 4.4

Tn2118N 68 bp g%&;@@@wﬂgNNNNNNNW Tn21 site | random block oligo gzctlons 2.28,
Tn216NC6N 68 bp gTGCTCGACGAAS &X&‘?GTGA%?\]CNCNCNGNGN&:AG]ACEACNNNNNNCT Tn21 site | random block oligo gezctlons 2.28,
Tn21ZF 34 bp | GGCCGCAAAAAAAGCCT GTCCAGCGAACGCATTA Tn21 Z-resolvase linker Section 4.5
Tn21ZR 34 bp| CTAGTAATGCGTTCGCTCGACAGCCTTTTTTTGC As above Section 4.5

Oligonucleotide introducing Section 6.3

3toSinE 58 b GATCAAGGAGCGCCAAAATGAGGGECATTCAGGAAGCAAA | mutations L123K, T126Q, R130I,

Pl GCTGAAAGGAATCTATAAG K139Y, F140K into Tn3 resolvase

catalytic domain
3SR |58 bp| SCFCATTTTGR0BCTOLTT e As above Section 6.3
Z22N 75 bp %LM@UA@@%WQCNQNNN Tn3 Z-site random block oligo Section 6.2
Z8NC8NZzZ 75 bp (I\?l)lc\l:-ll\-l-ll\-lCNg(AE\CCCI\-l(;GCGACT AGTGA%%X@@NNN Tn3 Z-site random block oligo Section 6.2
Z22(Sin)F 49 bp % T ACA AATCA Sin Z-site, cloned into pMP212 Section 4.6
722(Sin)R 57 bp AATTOGCGET G,CA\IG;('l?g g TAGGGTGTACCCAAATTTCGC As above Section 4.6
722(Tn21)F 49 bp CACTAGT CCCGT GGECGAGGT TGAGGCATACCCTAACCT Tn21 Z-site, cloned into pMP2 Section 4.6
CGCGTGEECEA GGGTATGCCTCAA CGC Section 4.6
722(Tn21)R | 57 bp| 2ATT CETTAGGGTAT T As above ection

CCACGCCGACTAGT GAGCT

Table 2.4-Continued
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Oligo Name | Length 5’-3' Sequence Purpose Reference
Z22(Tn21*)F | 49 bp % CGTTGA A AACCT Tn21 Z-site*, cloned into pMP247 Section 4.6
722(Tn21%R | 57 bp AATTCGCGI:T %@g TAGGGTATGCCTCAACGACGC As above Section 4.6

Table 2.4-Oligonucleotides used in this study
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2.6 Custom DNA synthesis

In order to reduce the cost and increase the efffayi of some plasmid constructions, a pair
of precursor plasmids was commissioned from GeneAREse plasmids were designed
to contain several fragments of interest arrangeadseries which are separated by
convenient restriction sites (akin to carriagea ¢rain). The restriction sites enable each of
the fragments to be cut out and used independehtthers when required. The diagrams
illustrating the principle and giving the sequencéthe fragments are given in Fig. 2.1

and Fig. 2.2.

2.7 Plasmids

A complete list of plasmids used and generatetierpresented work is provided in Table
2.5. The way that specific plasmids or groups asplids were constructed is shown in

diagrams in Figures 2.3-2.9.

2.7.1 Resolvase expression plasmids
Resolvase expression plasmids created duringttidy svere of two general types,

differing in the level of protein expression; naypédbw level resolvase expression
plasmids, used for the assaying resolvasavo, and over-expression plasmids used to

generate high levels of resolvase needed for prpigiification.

2.7.1.1 Low level resolvase expression plasmids
The low level resolvase expression plasmids wenstcacted based on either pMS140 or

pACYC184, which have different replication originst a comparable copy number. The
names of plasmids based on the pMS140 backbortegirigghted in light green, whereas
the ones based on pACYC184 are highlighted in degkn, respectively, in Table 2.5.

pMS140 has &€olE1 origin of replication and exists at ~20 copies ¢ell. It carries an
ampicillin resistance marker and it expresses asattesd version of wild-type Tn3
resolvase encoded on an Ndel/Asp718 fragment. Resmkexpression is driven by a
cryptic promoter situated within ~400 bp upstredrthe Ndel site. The level of resolvase
expression is very low, which is suitable fiovivo recombination assays (Section 2.23).
An important site in pMS140 and its derivativeghis unique Eagl site that allows an
incision to be made in the resolvase reading frusteafter the GR motif (residues G141
and R142) at the base of the extended linker. Aision at this position enables the

replacement of the Tn3 resolvase C-terminal domim other domains, such as Zif268
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FﬂCCATGGTTTCGGAACAAGAACGAAATGAAAGTCTACGTCGAACGGCACAAGGACGACAAGTTGCG
'GGTACCAAAGCCTTGTTCTTGCTTTACTTTCAGATGCAGCTGTTCGTTGCCCTGCTGTTCAACGC

145146

__________

ARAG
GeneART1 TTTCTTTTTCCGCACTTTAAGCCTGCTGGAAACGAAATAAGTGGCTTGCGCTTQ_C_Z'_I'_I-_\QQ-5'

Sin site |

Figure 2.1- Commercially synthesised plasmid GeneART 1. Its small Ncol/BamHI fragment (blue DNA sequence) was used to introduce
mutations K129L, Q132T, [136R, Y 145K, K146F into pSA9994 (encoding Sin resolvase Q115R) in order to make pMP282, encoding
Sin/3 resolvase. Sin resolvase residues are noted in orange on top of the DNA sequence while the mutated residues are given in grey with
their respective position within the protein reading frame noted above them. The small EcoRI/Sacl fragment (black DNA sequence) was
used to clone Sin site I into pMTL23 vector to create pMP387.Restriction sites are marked by pink boxes while the Sin site I sequence is

marked by a yellow box.
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Mfel T—C

abolishes the
Spel site

GeneART2 5'-ICCATGGTTTCGGAACAAGAACGAAATGAAAGTCTACGTCGAACGGCACAAGGACGACAA

Figure 2.2- Commercially synthesised plasmid GeneART?2. Its small Mfel/BstEII fragment (black DNA sequence) was used to abolish one
of the Spel sites within Z-R(Sin) reading frame to create pMP379 (encoding Z-R(Sin) with a unique Spel site). The mutant base C (top strand)
is given in blue. The small Ncol/Spel fragment (blue DNA sequence) was used to introduce mutations K129L, Q132T, 1136R, Y145K, K146F
into pMP379 (encoding Z-R(Sin) with a unique Spel site) in order to make pMP284, encoding Z-R(Sin/3). Z-R(Sin) residues are noted in
orange on top of the DNA sequence while the mutated residues are given in grey with their respective position within the protein reading
frame noted above them. Restriction sites are marked by pink boxes.



Plasmid (Sb';? Agt;?;(cglrc Description/Derivation Source/Reference
PACYC184| 4244| Cn, Tet Cloning vector Rose, 1988
r pMS140 derivative encoding the Z-R(NMF) Z-resolvéiREA, E56K, G101S,| A. MacLean/ M.
PAMCL1 | 5636  Ap D102Y, M103I, Q105L, V107F) ORF Stark
pAN8 5653 Ap' pMS140 derivative encoding the AN8 Z-resolvase ORF A. Akopian
pAN15 5656 Ap' pMS140 derivative encoding the AN15 Z-resolvaséOR A. Akopian
pPAN28 5557 Ap' pMS140 derivative encoding the AN28 Z-resolvasé~OR A. Akopian
r pAT5 vector (encoding Tn3 resolvase ORF for
PATSA | 5465 Ap low level-expression ii. coli) with deletion of its ECORV-Nrul region M. Boocock
pCO1 2543 Ap' pMTL23 with a Tn3 site | cloned between its EcaRt Sacl sites C. Muir / M. Stark
; r In vivorecombination substrate with two copies of Z22Zj/AHKe in
BESS2l 4943 Km direct repeat flanking a galk gene, pMS183 backbone C. Proudfoot
pDB34 8371 Km" In vivo recomblnatlon substrate Wlth two copies of TeSsite in D. Blake
direct repeat flanking a galK gene
pDJS1 5469 Ap' pDW21 derivative encoding Tn21 resolvase (E124RFO D'MS nsii?ﬁ n/
pDJS2 5469 Ap' pDW21 derivative encoding Tn21 resolvase (M63T)FOR D'MS nSetC; (:I(() n/
pDW21 | 5469 Ap' pMS140 derivative encoding cassetted Tn21 reselGiRF D'ng?;?lr: o

Table 2.5-Plasmids constructed in this study and th
plasmid type: light green — pMS140 based low level
resolvase expression plasmids (Section 2.7.1.1), li

pMTL23 based single recombination site plasmids (Se

eir precursors. Names of plasmids are highlighted i

resolvase expression plasmids (Section 2.7.1.1), da
ght blue — pSA1101 based resolvase over-expression
ction 2.7.2.1), red — two site

purple — two site in vitro recombination substrate plasmids (Section 2.7.2.2)

n different colours according to

rk green — pACYC184 based low level
plasmids (Section 2.7.1.2), grey —

in vivo recombination substrate plasmids (Section 2.7.2.2)
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r In vivo recombination substrate with two copies of Tn@4site in D. Wenlong/
R 013t Km Direct repeat flanking galK gene, pMS183 backbone M. Stark
r In vivorecombination substrate with two copies of Tn2& kin D. Wenlong/
RSy 4947 Km Direct repeat flanking galK gene, pMS183 backbone M. Stark
DwW27 | 5039 Km' Tn2lressite x Tn21 site lin vivorecombination substrate withgalK indicator, pMS183 | D. Wenlong/
P backbone M. Stark
r pMS140 derivative encoding Tn3 resolvase mutant(RZIA, E56K, G101S, D102Y,
pFO2 | 5469 Ap M1031, Q105L) ORF F. Olorunniji
pFO5 | 5469 Ap' pMS140 derivative encoding Tn3 resolg;s's mutant AKIS2A, E56K, G101S, D102Y) F. Olorunnij
r pMS140 derivative encoding Tn3 resolvase mutant BIA (R2A, S10A, E56K, G101S
pFO32 | 5469 Ap D102Y, M103I, Q105L) ORF F. Olorunniji
pFO102| 6692 Km' NM resolvase over-expression plasmid derived fp8A1101 and pFO2 F. Olorunni|
\vsS6 | 3937 Ap', In vitro recombination substrate containing two copies2#ZZ-site flanking the Kin D. Wenlong/
P Km' marker from pUC71K M. Stark
pJH2 | 5469 Ap' pMS140 derivative encoding the Tn3 reéoFL\::ase mua(6E101S, D102Y, M103I, Q105L) 3 He
MONL| 6220/ €T PACYC184 derivative encoding Z-R(NMF) Z-resolvaief, E56K, G101S, D102y, | M- Se?tma”a'
P Tef M103l, Q105L, V107F) ORF
M. Stark
pMP1 | 6859 Km' Z-R(NMF) overexpression plasmid derived from pSB1hnd pAMC11 Section 5.5
pMP2 | 2552 Ap' pMTL23 with a Z22Z(Tn21) site cloned between itoRI and Sacl sites Section 2.7,

Table 2.5-Continued.
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Ap', In vitro recombination substrate containing two copies28ZTn21) Z-site flanking the .
PMP6 | 3937y Km'marker from pUC71K Section 4.7
pMP15| 5636 Ap' pAMC11 and pMS140 derivative encoding the Z-R@Arsolvase ORF Section 5.4
r pMS140 and pAMC11 derivative encoding the Tn3 ness# mutant NMF (R2A, E56K, .
Bl °469)  Ap G101S, D102Y, M103I, Q105L, V107F) ORF Section 5.6
r pAMC11 and pFO32 derivative encoding the Z-R(NMBALZ-resolvase (R2A, S10A, .
B 469| Ap E56K, G101S, D102Y, M103I, Q105L, V107F) ORF Section 5.6
pMP20| 4897| Km' Library precursor plasmid derived from pMSZ_B\Enth one copy of Tn3 site | between Section 3.5
BsrGl/Nhel sites
pMP21| 4869| Km' Library precursor plasmid derived from pMS]BEn_th one copy of Tn3 site | between sites Section 3.5
Asp718/Xbal sites
pMP30| 2549 Ap' pMTL23 with a Z16Z site cloned between its EcoRdl &acl sites Section 2.7.2
pMP31| 2551 Ap' pMTL23 with a Z18Z site cloned between its EcoRdl &acl sites Section 2.7.2
pMP32| 2553| Ap' pMTL23 with a Z20Z site cloned between its EcoRdl &acl sites Section 2.7.2
pMP33| 2555 Ap' pMTL23 with a Z22Z site cloned between its EcoRdl &acl sites Section 2.7.2
pMP34| 2557| Ap' pMTL23 with a Z24Z site cloned between its EcoRdl &acl sites Section 2.7.2
pMP35| 2559| Ap' pMTL23 with a Z26Z site cloned between its EcoRdl &acl sites Section 2.7.2
pMP36| 2561| Ap' pMTL23 with a Z28Z site cloned between its EcoRdl &acl sites Section 2.7.2
L — - - .
oMP47| 3163| Km' pCO1 derivative in which Apnarker was cut out with BspHI and replaced by Bsp68 Section 3.6
bp fragment containing Knfrom pUC71K
r In vivorecombination substrate with two copies of Z1GE &i .
PMPS0| 4931) ~ Km direct repeat flanking a galK gene, pMSAgd3®ackbone Section 5.2
OMP51| 4935| Km' In vivorecombination substrate with two copies of Z18€ &i Section 5.2

direct repeat flanking a galK gene, pMSA83ackbone

Table 2.5-Continued.
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In vivo recombination substrate with two copies of Z2G2 Bi

r .
PMPS2| 4939~ Km direct repeat flanking a galK gene, pMSA83ackbone Section 5.2

r In vivorecombination substrate with two copies of Z22& si .
PMPS3| 4943) ~ Km direct repeat flanking a galK gene, pMSA83ackbone section 5.2

r In vivorecombination substrate with two copies of Z242& Bsi .
PMPS4| 4947) ~ Km direct repeat flanking a galK gene, pMSA83ackbone Section 5.2

r In vivo recombination substrate with two copies of Z2G2 8i .
PMPSS| 49511 Km direct repeat flanking a galK gene, pMSA83ackbone Section 5.2

r In vivo recombination substrate with two copies of Z28& si .
PMPS6) 4955|  Km direct repeat flanking a galK gene, pMSAd&ckbone Section 5.2
PMP57| 2549 Ap' pMTL23 with a ZR site cloned between its EcCoRI &attl sites Section 2.7.2
PMP58| 2549 Ap' pMTL23 with a ZL site cloned between its ECORI| &atl sites Section 2.7.2

r pPpAMC11 and pFO2 derivative encoding the Z-R(NM)esalvase (R2A, E56K, G101S :
pPMP59| 5636 Ap D102Y, M103I, Q105L) ORF Section 5.4.
pMP60| 2543| Ap' pMTL23 with a R16R site cloned between its EcoRdl &acl sites Section 2.7.2
pMP61| 2545 Ap' pMTL23 with a R18R site cloned between its EcoRl &acl sites Section 2.7.2
pMP62| 2547 Ap' pMTL23 with a R20R site cloned between its EcoRl &acl sites Section 2.7.2
pMP63| 2549 Ap' pMTL23 with a R22R site cloned between its EcoRl &acl sites Section 2.7.2
pMP78| 3919 Ap : In vitro recombination substrate containing two copiesn® Site |, flanking the K Section 5.5

Km marker from pUC71K

r In vivorecombination substrate with two copies of Z18Zj/AkKe in .
pPMP89| 4929|  Km direct repeat flanking a galK gene, pMSA83ackbone Section 5.2
oMP90| 4933| Km' In vivo recombination substrate with two copies of Z20Z}j/A#Ke in Section 5.2

direct repeat flanking a galK gene, pMSA83ackbone

Table 2.5-Continued.
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In vivorecombination substrate with two copies of Z24Z}j/A#Ke in

" .
PMPOL| 4941 Km direct repeat flanking a galK gene, pMSA83ackbone Section 5.2

. In vivorecombination substrate with two copies of Z26Z}j/A#e in .
PMPS2] 4945 Km direct repeat flanking a galk gene, pMSAd3ackbone Section 5.2

. In vivorecombination substrate with two copies of Z28Z}j/A#e in ,
PMPOS | 4949~ Km direct repeat flanking a galK gene, pMSA83ackbone Section 5.2

r In vivo recombination substrate with two copies of Z22ZThsite in .
PMPO4 | 4943 Km direct repeat flanking a galk gene, pMSAd&ackbone Section 4.6

. In vivorecombination substrate with two copies of ZR site .
PMPO6 | 4931 Km direct repeat flanking a galK gene, pMSA83ackbone Section 5.6

. In vivorecombination substrate with two copies of ZL gite .
PMPS7 4931 Km direct repeat flanking a galk gene, pMSAd&ackbone Section 5.6
pMP120| 2554| Ap' pMTL23 with a Z21Z(R) site cloned between its EtaRd Sacl sites Section 2.7.2
pMP121| 2554| Ap' pMTL23 with a Z21Z(L) site cloned between its E¢@Rd Sacl sites Section 2.7.2
pMP122| 2556 Ap' pMTL23 with a Z23Z(R) site cloned between its EtaRd Sacl sites Section 2.7.2
pMP123| 2556 Ap' pMTL23 with a Z23Z(L) site cloned between its E¢@iRd Sacl sites Section 2.7.2

cm, pPMON1 and pMP19 derivative encoding Z-R(NMF,S10A)ezolvase (R2A, S10A, ,

PMP129) 6220| o E56K, G101S, D102Y, M103I, Q105L, V107F) ORF Section 5.6
pMP136| 6859 Km' Z-R(Tn3/S) overexpression plasmid, derivative ER385 and pSA1101 Section 6.4
pMP137| 6692 Km' Tn21 resolvase (M63T) overexpression plasmidyvdéxie of pDJS2 and pSA1101 Section 4.7
pMP138| 6762 Km' Sin resolvase (Q115R) overexpression plasmidyalve of pSA9994 and pSA1101 Section 4.7
pMP201| 4982| Km' In vivorecombination substrate with two copies of Z217¢Ry in Section 5.4

direct repeat flanking a galK gene, pMSA83ackbone

Table 2.5-Continued.
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In vivo recombination substrate with two copies of Z21Zit¢ in

T

e 1952) Km' direct repeat flanking a galK gene, pMSA83&ckbone Section 5.4
e o o s
e e o e
e
T e v
™
e o
pMB2LE 2633 Ap befvl\\//gelazi?smllzit:ho;IT:r?(rje;Ziéf;irtzr; I|?)II\D/IBSZ;;l(?knbeodne Section 2.7.2
pMP212| 2552| Ap' pMTL23 with faZZZZ(Si_n) site clpned betvyeen itoRt and Sacl ;ites Section 2.7.2
oMP213| 5654  Ap' Low level-expression plasr;’:jMegi:(l)cggg S-SR,’A\(gglg)ArZaiease ORF, derived from Section 4.4
T 4078 K| " | sectonas
pMP240| 3937 ﬁﬁir In vitro recombination SUbStElrtﬁr r(1:1oanr':<aejrr1ifrrlgr;[:NF;)UCC(:);)il(;sZﬁZ(Sin) Z-site flanking the Section 4.7

Table 2.5-Continued.
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In vivorecombination substrate with two copies of Tn8 kin

wle\Jl\)l\J

] .
PMP243| 4960| Km direct repeat flanking galK gene, pMS188 backbone Section 3.5

r In vivorecombination substrate with two copies of TeSsite in .
pMP244| 5140| Km direct repeat flanking galK gene, pMS188 backbone Section 3.1
pMP245| 5050| Km' Tn3ressite x Tn3 site lin vivorecombination substrate withgalK indicator, pMS18A8 Section 3.1

backbone

r pMTL23 with a Z22Z(Tn21)* site cloned .
pPMP247] 25521 Ap between its EcoRI and Sacl sites Section 2.7.2

r In vivorecombination substrate with two copies of Z22ZT)1 site in .
pMP248| 4978| Km direct repeat flanking galK gene, pMS188 backbone Section 4.6
pMP250| 5636| Ap' pAMC11 and pDJS1 derivative encoding the Z-R(Tri21124V, L3) Z-resolvase ORF Section 4.5,
pMP251| 5645| Ap' pAMC11 and pDJS1 derivative encoding the Z-R(Tr2l124V, L21) Z-resolvase ORF Section 4.5.
pMP252| 5636| Ap' pAMC11 and pDJS2 derivative encoding the Z-R(TrM&3T, L3) Z-resolvase ORF Section 4.5
pMP253| 5645| Ap' pAMC11 and pDJS2 derivative encoding the Z-R(TrM&3T, L21) Z-resolvase ORF Section 4.5
pMP254| 5636| Ap' pAMC11 and pMS68 derivative encoding the Z-R(Y®@)eBolvase (D102Y, E124Q) ORF Section 5
pMP255| 5636| Ap' pAMC11 and pMS74 derivative encoding the Z-R(S¥e&olvase (G101S, D102Y) ORF Section 5
oMP256| 5636| Ap' pAMC11 and pFO5 derivative encoding the Z-R(AKSY¥)esdolvase (R2A, E56K, G101S, Section 5.3

D102Y) ORF
oMP257| 5636| Ap' pAMC11 and pJH2 derivative encoding the Z-R(M) Bealwase (G101S, D102Y, M103l, Section 5.3
Q105L) ORF

r | Low level-expression plasmid encoding wild-type/$im21 resolvase hybrid ORF, derived from .
pMP264| 5487| Ap 0SA9944 and pDW21 Section 6.4
pMP265| 5487| Ap' Low level-expression plasmid encoding Sin (Q115RYT resolvase hybrid ORF, derived from Section 6.2

pSA9994 and pDW21

Table 2.5-Continued.
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A derivative of pDJS2 and pMP250 encoding the ZRR{, TV, L3) Z-resolvase (M63T,

" .
pMP267| 5636 Ap E124V) ORF Section 4.5.2
pMP268| 5645 Ap' A derivative of pDJS2 and pMP251 encoding the Z+R, TV, L21) Z-resolvase (M63T Section 4.5.2
E124V) ORF

r Low level-expression plasmid encoding the Tn21Ivese mutant (M63T, E124V) ORF, .
pMP269| 5469 Ap derived from pDJS1 and pDJS2 Section 4.5.2

r Low level-expression plasmid encoding Sin resolvaséant Sin(Q115R)/3 (Q115R, .
pPMP282| 5539|  Ap K129L, Q132T, 1136R, Y145K, K146F) ORF Section 6.3

r Low level-expression plasmid encoding Sin Z-ressdv&-R(Sin/3), (Q115R, K129L, .
pPMP284| 5654|  Ap Q132T, 1136R, Y145K, K146F) ORF Section 6.3

r Low level-expression plasmid encoding Tn3 resolvasént Tn3/S (R2A, E56K, G101S, .
Bl °409| Ap D102Y, M103I, Q105L, V107F, L123K, T126Q, R130T, 34, F140K) ORF Section 6.3
pMP368| 6877 Km' Sin Z-resolvase Z-R(Sin) overexpression plasnedivdtive of pMP213 and pSA1101 Section 4.7
oMP371| 6859| Km' Tn21 Z-resolvase Z-R(Tn21, M63T, L?;)SoAvlelrgipresthmmld, derivative of pMP252 and Section 4.7
pMP378| 3897 Ap ! In vitro recombination substrate containing two copiesinfs&e I, flanking the Krhmarker Section 4.7

Km from pUC71K

pMP379| 5654| Ap' pMP213 derivative with a Spel site removed usheyNfel/BstElIl GenaART2 cassette Section 6.1

r Low level-expression plasmid encoding Tn3 Z-ressdvd-R(Tn3/S) (R2A, E56K, G1018S, .
B 5636) Ap D102Y, M103I, Q105L, V107F, L123K, T126Q, R130T, 34, F140K) ORF Section 6.3

r | Low level-expression plasmid encoding Z-resolvZsB(NMF,GSG), (R2A, E56K, G101$, .
Bl | °000| Ap D102Y, M103l, Q105L, V107F) ORF Section 5.5
pMP387| 2542| Ap' pMTL23 with a Sin site | cloned between its Ec@Rtl Sacl sites Section 2.7.}
oMP388| 4942| Km' In vivorecombination substrate with two copies of Sia kin Section 4.6

direct repeat flanking galK gene, pMS188 backbone

Table 2.5-Continued.
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pMP389 | 6883 Km' | Z-resolvase Z-R(NMF,GSG) overexpression plasmadivetive of pMP386 and pSA110{ Section 5.5
pMP390 | 3907 Ap : In vitro recombination substrate containing two copiesr#Tsite |, flanking the Kim Section 4.7
Km marker from pUC71K
pMP393 | 6859 Km' Z-R(NM) Z-resolvase overexpression plasmid, ddiixe of pMP59 and pSA1101 Section 5.9
pMS68 | 5465 Ap' pMS140 derivative encoding Tn3 resolvase mutant(®(02Y, E124Q) ORF M. Stark
pMS74 | 6465 Ap' encoding Tn3 resolvase mutant YQ (G101S, D102YFOR M. Stark
PMS140 | 5469 Ap' pAT5A derivative encpdlng t_he W|Id7typ_e n3 reso_lvas_eR’,)Iaw level of protein M. Stark
expression, suitable fam vivo recombination assays
Ms183 | 4879 Km' In vivo recombination substrate precursor plasmlidws cloning of recombination sites D. Wenlong/
P N between Bglll/BsrGl and Ncol/Xbal, so that theyn#tathegalK indicator M. Stark
pMS182 | 4863| Km' Derivative of pMS183 with a Ndel/_NdeI 16 bp de:letnhat_ improves plasmid stability Section 2.7.2
when cloning-in (nearly) palindromic sites
r : Chamberst
pMTL23 | 2505| Ap Cloning vector al., 1088
pSA1101| 6692 Km' Wild-type Tn3 resolvase overexpression plasmidpiiofmoter Arn(ilggegt al.,
pSA9944| 5535 Ap' Low level-expression plasmid encoding wild-typa &solvase S. Rowland
pSA9994| 5539 Ap' Low level-expression plasmid encoding Sin res@#3115R) S. Rowland
0SB404 | 7350 Km' pDB34 based in vivo binding assayprr)cl)ﬁg:ledr with Se | overlapping thgalK gene S. Rowland
r In vivo recombination substrate with two copies of &issite in
pSB4z3 | 5088 Km direct repeat flanking galk gene, pMS188 backbone S. Rowland
r
pUC71K | 3966 ﬁﬁf Cloning vector, a source of Kmene Taylolrgngose,

Table 2.5- Plasmids constructed in this study and their piers. Names of plasmids are highlighted in diffié@lours according to
plasmid type: light green — pMS140 based low legsblvase expression plasmids (Section 2.7.1.1§,gtaen — pACYC184 based low
level resolvase expression plasmids (Section 4.)/.light blue — pSA1101 based resolvase over-egma plasmids (Section 2.7.1.2),
grey — pMTL23 based single recombination site pldsr{Section 2.7.2.1), red — two sitevivo recombination substrate plasmids
(Section 2.7.2.2), purple — two sitevitro recombination substrate plasmids (Section 2.7.2.2)
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Direct equivalents of pMS140 that encode Tn21 kexs® and Sin resolvase on an
Ndel/Asp718 fragment are pDW21 and pSA9944, respgt pDW21 and its derivatives
pDJS1 and pDJS2 have an Eagl site at an equivadsition to that in pMS140, allowing
for the same kinds of C-terminal domain replaces\@fig. 2.3; Chapters 4 and 6).

pSA9944 and its derivative pSA9994 do not have agl Bite at a position that allows for
splitting the N-terminal and C-terminal domaingquivalent position to Tn3 and Tn21
resolvases. The closest site to this position g8&4/pSA9994 is BsrGl. In order to
replace the C-terminal domain of Sin resolvase WiéhZif268 zinc finger DNA binding
domain to create a Sin Z-resolvase-expressing jiesiiP213 (Chapter 4), a synthetic -
oligonucleotide linker (made by annealing SinZF &miZR oligos, Section 4.4) was used
(Fig.2.4).

Replacement of the C-terminal domain of Sin ress#waith the equivalent Tn21 resolvase
domain to make Sin/Tn21 hybrid resolvase expregsiagmid pMP265 (Chapter 6) was
done using PCR (Fig.2.5). The Tn21 resolvase @itexl domain was amplified from the
pDW21 template, using the partially annealing favarimer hpF’ and the 23R reverse
primer. Partially annealing primer hpF’ was desgjteintroduce a BsrGl site and thus
allow joining of the amplified Tn21 resolvase Cramal domain to the Sin resolvase
catalytic domain. Twenty five cycles of PCR werefpaned in a 3Qul mix (1.25 mM
dNTP 1.25 mM MgC4, 3 ul of 10% Taq buffer (50 mM KCI, 10 mM Tris-HCI pH®
0.1% Triton X-100), 1 unit Taq polymerase). The P@Bgram was: 98C, 2 min; 25 x
(94 °C, 30 sec, 5%C, 30 sec, 72C, 30s). The amplified 233 bp fragment was restdct
with BsrGI/Asp718. The resulting 150 bp BsrGl/Asp#ilagment encoding the Tn21
resolvase C-terminal domain was then cloned int&sBAsp718-restricted pSA9944 or
pSA9994 vectors, creating Sin/Tn21 resolvase-esprgplasmids pMP264 and pMP265

respectively.

The other type of low level resolvase expressi@smlids are plasmids based on the
pACYC184 backbone. pACYC184 has a p15A origin @lication, chloramphenicol and
tetracycline antibiotic resistance markers ancigte at ~15 copies per cell (Chang &
Cohen, 1978). Its derivative, pMON1 encodes Z-nexs# Z-R(NMF) on its Ndel/Asp718
fragment, expression of which is driven by the sanyptic promoter somewhere in the
400 bp preceding the Ndel site as in pMS140. Byopering an Ndel/Asp718 fragment
swap between pMON1 and the pMS140-based low l@gsllvase expression
plasmidpMP19, pMP129 encoding Z-R(NMF,S10A) Z-rgask was made. The main use
for the plasmids with a pACYC184 backbone was @ithvivo complementation



54

Eagl

Asp718

Z-R(NM)

Ndel Ndel

Z-R(Tn21, L3) Asp718

pMP250

pMP252
pMP267

Ndel

Figure 2.3- Schematic illustration of cloning steps used to generate plasmids pMP250,
pMP252 and pMP267 (encoding Z-R(Tn21,124V, L3), Z-R(Tn21,63T,L3) and Z-R(Tn21,
63T/124V, L3), respectively). To make these plasmids a 421 bp Nde/Eagl fragment of
pDIJS1, pDJS2 and pMP269 providing the Tn21 resolvase catalytic domain residues 1-142
(blue fragment), was cloned into a 5125bp Ndel/Eagl fragment of pMP59 supplied the
backbone and the Zif268 DNA-binding domain residues 2-90 (black fragment).
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Spel
Bs\rGI Eagl P

Asp718 Asp718

> Z-R(NM)
pSA9994
Ndel
@
ori Apr

GTACAAAGGCCGTCGCCGTACCGTGGACCGTA
TTTCCGGCAGCGGCATGGCACCTGGCATGATC

Ndel

Spel

Z-R(Sin) Sk

Ndel

Figure 2.4- Schematic illustration of cloning steps used to generate pMP213 (encoding
Z-R(Sin)). To make this plasmid a three piece ligation was performed using a 432 bp
Ndel/BsrGI fragment of pSA9994 (orange segment) which provided the catalytic domain
for the Z-R(Sin), a 28 bp BsrGI/Spel linker (pink segment) and a 5190 bp Ndel/Spel
fragment of pMP59 (black segment) acting as a backbone and supplying the part of the
Z-resolvase ORF coding for the Zif268 DNA binding domain. The BsrGI/Spel linker
fragment was made by annealing synthetic oligonucleotides SinZF and SinZR

(see Table 2.4).
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Asp718
BsrGl Asp718
- 233 bp
PCR
BsrGl/Asp718
‘ digest
O [ |
4 bp 79 bp
150 bp

' BsrGl/Asp718

fragment swap

BsrGl BsrGl
Asp718 Asp718

pSA9994

(PSA9944) (pMP264)

Ndel

ori Apr

b) Hybrid primer - hpF' 23R
BsrGI initial annealing
5' -ACGTGTACARAGGCCGGAAGAAATCCCTGTCG-3' 5'-TCACACAGGAAACAGCTATGACC-3'

K K S L S

Figure 2.5- a) Schematic illustration of steps used to generate pMP265 (pMP264),
encoding Sin-Tn21 resolvase hybrid. Using the primers hpF’ and 23R, the Tn21 resolvase
C-terminal domain was amplified from the pDW21 template. Partially annealing primer hpF’
introduces a BsrGI site allowing joining of the amplified Tn21 resolvase C-terminal domain
(blue segment) to the Sin resolvase catalytic domain (orange segment). The amplified 233 bp
fragment was restricted with BsrGI/Asp718, resulting in the 150 bp BsrGI/Asp718 fragment
encoding the Tn21 resolvase C-terminal domain (blue segment). This fragment was then
cloned into BsrGI/Asp718-restricted pSA9994 or pSA9944 vectors, to create Sin-Tn21
resolvase-expressing plasmids pMP265 and pMP264 respectively. b) DNA sequence of
primers hpF’ and 23R. Portion of hpF’ is in a red box while the BsrGI site is in the yellow
box. Amino acid sequence showing the join between Sin (orange) and Tn21 resolvase (blue)
is given below the hpF’ DNA sequence.



Z-R(Tn21, L3)

Eagl Spel

Asp718

pMP250

P267 CGTTTTTTTCGGACAGGTCGCTTGCGTAATGATC

ipM P252 GGCCGCAAAAAAAGCCTGTCCAGCGAACGCATTA
Ndel pM

Z-R(Tn21, L21) '~ Asp718

pMP253
pMP268
Ndel

Figure 2.6- Schematic illustrating the cloning steps needed to generate pMP251,
pMP253, pMP268 (encoding Z-R(Tn21, 124V, L21), Z-R(Tn21, 63T, L21) and
Z-R(Tn21, 63T/124V, L21), respectively). To create these plasmids Eagl/Spel cut
pMP250, pMP252 and pMP267 were used as vectors (blue segment), while a short
DNA fragment generated by annealing oligonucleotides Tn21ZF and Tn21ZR (pink
segment) was used as the insert. This cloning replaces L3 linker with the L21 linker,
see text for details (Section 4.5). The drawing is not to scale.
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Eagl Spel

~ Asp718
Ndel
o J

GGCCGCAGGCGTACCGTGGACAGGGGCTCTGGCGGTTCCGGCGGCTCTA
CGTCCGCATGGCACCTGTCCCCGAGACCGCCAAGGCCGCCGAGATGATC

] |4
. 2

Eagl Spel

' Asp718

pMP386
Ndel

Figure 2.7- Schematic illustrating the cloning steps needed to generate pMP386, the
plasmid encoding Z-R(NMF,GSG). To make this plasmid a short double-stranded DNA
fragment with Eagl/Spel overhangs (pink segment), created by annealing oligos GSGF’
and GSGR’(Table 2.4), was cloned into Eagl/Spel-digested pAMCI11 vector (blue
segment). This introduced the desired linker, see text for details (Section 5.5). The
drawing is not to scale.
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experiments (Chapter 5). As their origin of reptioa is different to th€ColEL origin of
pMS140-based plasmids, these plasmids can coaxistea cell at the same time, avoiding
plasmid incompatibility issues, with each one @rthexpressing its own resolvase variant,
which was vital for these experiments. Althoughhbectiloramphenicol and tetracycline
antibiotic resistance markers are present on pAGdcdased plasmids, routinely only

chloramphenicol resistance was selected for ithallexperiments discussed.

2.7.1.2 Over-expression plasmids
All of the over-expression plasmids constructedbased on pSA1101, and their names

are highlighted in light blue in the Table 2.5. §piasmid has a ColE1 origin of
replication, a kanamycin resistance marker, andahaaducible T7 promoter which drives
over-expression of a wild-type Tn3 resolvase germ®ded on an Ndel/Asp718 fragment.
All the other over-expression plasmids used in shisly were generated by swapping the
Ndel/Asp718 Tn3 resolvase-encoding fragment betweempSA1101 backbone and a low

level resolvase expression plasmid providing tiselkese variant-encoding insert.

2.7.2 Substrate plasmids
The precursors for both vivo andin vitro two-site substrate plasmids were pMTL23-

based plasmids with a single recombination siteaxdiobetween EcoRI and Sacl restriction
sites. pMTL23 is an ampicillin resistance markemgag cloning vector, with a
deregulated ColE1 origin of replication, and thugeey high copy number. This coupled
with a large number of useful restriction siteg#snpolylinker region make this vector
ideally suited for cloning of short recombinatiotesontaining fragments. The names of

these plasmids are highlighted in gray in the T2ue

2.7.2.1 In vivo recombination substrate plasmids
In vivorecombination substrate plasmids were based opMi&183\ backbone.

pMS183\ is derived from pMS183 by a 16 bp deletion of a INdeéel region near one of
its polylinker regions that improves plasmid stiépivhen cloning (nearly) palindromic
sites. pMS188 caries a kanamycin resistance antibiotic markeriainals a pSC101 origin
of replication. To make thie vivo recombination substrate plasmids the 3076 bp
Bglll/Ncol and 1732 bp BsrGl/Xbal of pMS183vere joined in a four-piece ligation to
recombination site-containing Xbal/Ncol and BamHpX18 fragments, cut out from a

pMTL23-based single site plasmid (Fig. 2.8). Thgsiion is possible as the BamHI and
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Xbal Ncol
L —Nco

BamHlI \,.‘,,\,. — ,?(sp718
\ / /

pMTL23
based-single
site plasmid

pMS183A

3076 bp

1732 bp

in vivo
recombination
substrate

Figure 2.8- General schematic illustrating the cloning steps needed to generate in
vivo recombination substrate plasmids. To make the in vivo recombination substrate
plasmids the 3076 bp BgllI/Ncol (black segment) and 1732 bp BsrGI/Xbal of
pMS183A (blue segment) were joined in a four-piece ligation to recombination
site-containing Xbal/Ncol (purple segment) and BamHI/Asp718 (green segment)
fragments, cut out from a pMTL23-based single site plasmid. This ligation is possible
as the BamHI and BglII, and Asp718 and BsrGI pairs of restriction enzymes make
cuts that produce compatible ends. Recombination site is represented by a pink
rectangle, flanked by two smaller blue rectangles with a letter “S™ above it. The
drawing is not to scale.
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Bglll, and Asp718 and BsrGl pairs of restrictiorzmes make cuts that produce
compatible ends. The names of therivorecombination substrate plasmids are
highlighted in red in Table 2.5.

2.7.2.2 In vitro recombination substrate plasmids
In vitro recombination substrate plasmids were construnyeathree-piece ligation of

~1.7 kb AlwNI/Bglll and ~900 bp AlwNI/BamHI recomiation site-containing fragments
from a pMTL23-based single site plasmid, and a I364anamycin resistance-encoding
BamHI fragment from pUC71K (Fig. 2.9). Since thenid4l fragment can be cloned in
two ways, as Bglll and BamHI generated ends arepailvie, its orientation was
determined by a Nrul digest. The BamHI fragmengmation that produces Nrul
fragments that are ~2.7 kb and 1.1 kb in size awst# ~3.5 kb and 350 bp has been
arbitrarily chosen as the correct one. Havingrallitro plasmids with a uniform BamHI
fragment orientation simplifies the analysis oftriesed resolution products after thre

vitro recombination reaction. The names ofithgivo recombination substrate plasmids

are highlighted in purple in Table 2.5.

2.8 Preparation of competent E. coli cells
Competent. colicells for DNA transformations were routinely pregiiusing the Cagl

method (see Section 2.8.1). When very high transftion efficiency was required, e.g. in
library construction, electro-competdftcolicells were prepared (see Section 2.8.2.) or

acquired from Invitrogen.

2.8.1 Chemically competent cells
5 ml of L-broth (with or without antibiotic, as apgpriate) was inoculated with 10 of an

overnightE. coli culture and grown at 37C with shaking (250 rpm in New Brunswick
Scientific Excella E24 Incubator Shaker series)l @Dgoo of 0.4-0.5 was reached. The
culture was then chilled on ice and divided intorf@.2 ml aliquots. Cells were harvested
by centrifugation in a pre-cooled rotor (9300 gmihute, 4°C) and all supernatant was
removed. Cell pellets were gently resuspendednm df ice-cold 50 mM CaGland the
centrifugation was repeated. After the second dfagation step, all of the supernatant was
removed, and each cell pellet was gently resusuemd200ul of ice-cold 50 mM CaGl

The competent cells thus prepared were then storeck until transformation; they

maintained their competence for up to 48 hours.
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~1.7 kb

~900 bp

pMTL23
based-single
site plasmid

BamHI| 1264pp BamHI

Balll/BamH|

~1.7 kb in vitro
recombination

substrate

Figure 2.9- General schematic illustrating the cloning steps needed to generate in vitro
recombination substrate plasmids. In vitro recombination substrate plasmids were
constructed by a three-piece ligation of ~1.7 kb AlwNI/BglII (black segment) and ~900 bp
AlwNI/BamHI (blue segment) recombination site-containing fragments from a
pMTL23-based single site plasmid, and a 1264 bp kanamycin resistance-encoding BamHI
fragment from pUC71K (green segment). This ligation is possible as the BamHI and BglII
restriction enzymes make cuts that produce compatible ends. As BamHI fragment can be
cloned in two ways, its orientation was determined by a subsequent Nrul digest. The BamHI
fragment orientation that produces Nrul fragments that are ~2.7 kb and 1.1 kb in size was
arbitrarily chosen as the ‘correct’ one. Recombination site is represented by a pink rectangle,
flanked by two smaller blue rectangles with a letter “S” above it. The drawing is not to
scale.
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2.8.2 Electro-competent cells
500 ml of-broth (with or without antibiotic, as appriate) was inoculated with 5 ml of an

overnightE. coli culture and grown at 37C with shaking (250 rpm in New Brunswick
Scientific Excella E24 Incubator Shaker series)l @iDgqo Of 0.4-0.5 was reached. Cells
were then cooled down to°€ and harvested by centrifugation (Beckman Coulted 4,
5000 rpm, £C, 15 min). All of the supernatant was removed,dbié pellet was
resuspended in 500 ml ice-cold 10% glycerol, amdrfagation was repeated. The
resulting cell pellet was then resuspended in 2bi@encold 10% glycerol and centrifuged
again. The pellet was resuspended in 25 ml of adé-£0% glycerol, transferred to a 30 ml
polypropylene tube and centrifuged (Beckman Couwk26, 5000 rpm,C, 15 min). The
final pellet was resuspended in a final volume.&fidl of ice-cold 10% glycerol. Electro-
competent cells thus prepared were divided intpl20iquots and either used for
transformation straight away (giving the higheahsformation efficiency) or frozen in

liquid nitrogen and stored at -70.

Alternatively, library quality electro-competelt coli DH5a cells were acquired from

Invitrogen.

2.9 Transformation of E. coli cells
Chemically competert. colicells were transformed as follows: 35{8®f cells were

mixed with 0.01-0.3ug of plasmid DNA and incubated on ice for 20 misuféhe cells

were ‘heat shocked’ by incubation at 4@ for 2 minutes and returned to ice for a further 5
minutes. After the ‘heat shock’ stage, 1 ml &fyd broth was added to the transformation
mix. The cells were then incubated at®%7 for 60-90 minutes (‘recovery’ stage). After the
‘recovery’ stage, aliquots of the liquid culturer&espread on selective agar plates, which

were then incubated at 3T overnight.

Electro-competerit. coli cells were transformed using the Biorad micropul8e20 pi
aliquot of cells was added to ~0.Ad of de-salted DNA on ice and transferred to an ice
cold electroporation cuvette. The transformatior mas tapped to the bottom of the
cuvette before it was placed into the slide ofrthieropulser. The electrical pulse was
delivered and 1 ml of 2¢T broth was immediately added to the cells. Thailting liquid
culture was transferred into 20 ml polycarbonatestuand incubated at 8T with

shaking (250 rpm in New Brunswick Scientific Exeeli24 Incubator Shaker series) for
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60 minutes (‘recovery’ stage). After the ‘recovesyage, aliquots of the liquid culture

were spread on selective agar plates, which wereiticubated at 37C overnight.

Commercially supplied electro-competé&ntcoli DH5a cells were transformed by a

similar procedure, according to the manufactur@ssructions.

2.10 Preparation of plasmid DNA

Plasmid DNA for most applications was routinelygaeed using the small scale method
(see Section 2.10.1). If the plasmid DNA was tabed for library selections or vitro

reactions, one of the two large scale methods$seton 2.10.2) was used.

2.10.1 Small-scale plasmid DNA preparation
Plasmid mini-preps were made using the Qiagen prig- kit (Cat. No. 27106). For each

column, 4.5 ml of overnight culture was used. # tlasmid DNA was prepared from cells
grown on plates and then scraped off, a pellet hwmegy~0.015g was used, for each
column. In both cases, plasmid DNA was prepareadgussie Qiagen mini-prep kit
according to the manufacturer’s instructions (Glat. 27106). This kit uses a silica-gel
membrane system to bind DNA, allowing simple armdavash steps to be performed.
The purified plasmid DNA was eluted in fDof double-distilled HO.

2.10.2 Large-scale plasmid DNA preparation
Plasmid midi-preps were made using the Qiagen preip- kit (Cat. No. 12143). Plasmid

DNA from cells grown in liquid cultures was purifi¢rom 25 ml of overnight culture per
column. If the plasmid DNA was prepared from cgliswn on plates and then scraped, a
pellet weighing ~0.33 g was used, per column. lthlsases plasmid DNA was prepared
using the Qiagen midi-prep kit according to mantufser’s instructions (Cat. No. 12143).
This kit uses a silica-gel beads column systenirtd BNA, which allows simple and

rapid wash steps to be performed. The purifiedpidDNA was eluted in 400l of

TE/10 buffer (10 mM Tris-HCI pH 8.2, 0.1 mM EDTA).

Plasmid DNA that was to be used in resolviasétro reactions was prepared using a
method adapted from that used by Birnboim and Db®79). 200 ml of overnigHg. coli
culture was grown to stationary phase (~12 h, stgpht 250 rpm, at 37C). Cells were
harvested by centrifugation (12 000§CG4 5 min.). The cell pellet was resuspended in
Doly I buffer (50 mM glucose, 25 mM Tris-HCI pH 8.00 mM EDTA), and kept on ice
for 5 minutes. 8 ml of freshly made ice-cold Ddlypuffer (200 mM NaOH, 1% SDS) was

added, and the samples were mixed and ket@f@ 4 minutes. 6 ml of ice-cold Doly
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Il buffer (0.6 vol. 5 M KOAc, 0.115 vol. AcOH, 085 vol. HO) was added and the
sample was mixed and kept on ice. The cell debais tiven removed by centrifugation (39
000 g, #C, 30 min.) and the supernatant, containing the DNa&s mixed with 12 ml of
isopropanol to allow precipitation at room temperatfor 15 minutes. The DNA was spun
down by centrifugation (27 200 g, 20, 30 min.) and the pellet was washed with 70%
ethanol, dried and resuspended in 2 ml of TE bfférmM Tris-HCI pH 8.2, 1 mM
EDTA). Caesium gradient purification was then adrout by adding 4.324 ml aqueous
CsClI (equivalent to a solution of 5 g of CsCl watiml of H,O) to the DNA/TE sample and
transferring the mixture into a Beckman ultra-cémge tube. 27Ql of 15 mg/ml ethidium
bromide was added, the remaining volume was fikéd liquid paraffin and heat-sealed.
The sealed tube was centrifuged in a Beckman Tx&dlfangle rotor (200 000 g, 16 h, at
15°C).

Ethidium bromide-stained DNA bands were visualigsithg a long-wave UV source (365
nm). Out of two visible bands, the upper band doethchromosomal and nicked plasmid
DNA, while the lower, more intense band containgpescoiled plasmid DNA. The lower
band was removed using a 1 ml syringe. Ethidiunmiide was removed from the DNA
solution by a number of consecutive n-butanol etivas. The DNA was recovered by
adding 3 volumes of water and 2 volumes of ethdntlgwed by mixing and incubating it
at 4°C for 30 minutes. Precipitated DNA was pelleteccbgtrifugation (27 200 g,°£, 30
min.). The pellet was then washed with 70% ethadrdd and resuspended in 500 ml TE
buffer. The plasmid DNA was stored at °Z0)

2.11 Ethanol precipitation of DNA

The salt concentration of the DNA solution was at§d to 0.3 M with ammonium acetate,
after which 2 volumes of 100% ethanol were addé@. Jample was thoroughly mixed
and incubated at -2@ or -7®C for> 15 min. The precipitated DNA was pelleted by
centrifugation in Eppendorf microcentrifuge (14 09én, £C, 30 min.). The resulting
pellet was washed with 70% ethanol and centrifiged further 5 min (14 000 rpm,

4°C). The ethanol was removed, the DNA pellet wasddim a Gyrovap rotary vacuum

drier and resuspended in® or TE buffer.

2.12 Restriction endonuclease digestion of DNA
Restriction digests were performed in the sup@iegcommended buffer, using between

2-10 units of restriction endonuclease per microgod DNA, ensuring complete cleavage

of DNA. Digests were routinely incubated at&7(unless the manufacturer’s instructions
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suggested otherwise) ferlh and were stopped by the addition of SDS loadirféer (see
section 1.14). Restriction digests of resolviasétro reaction products were done in a
similar fashion. After the resolvase reaction wapged by heating it te 70°C for 5
minutes, the buffer conditions were adjusted appatgly and restriction endonuclease
was added and incubated for a further 1 h 8C3The reaction was then terminated by the
addition of SDS loading buffer (Section 2.14).

2.13 Gel electrophoresis
Depending on the size of DNA fragments that weregceparated, one of two gel systems

was used. For large supercoiled or linear fragmeesaration was performed on agarose
gels, while small (<200 bp) fragments were sepdraging polyacrylamide gels.
Polyacrylamide gels were also used for purifyingnagercially acquired oligonucleotides

(see section 2.18) and for separating proteinsgseton 2.26)

2.13.1 Agarose gel electrophoresis
For routine separation of DNA fragments resultirant restriction digests (200-4000 bp),

1.0-1.2% agarose gels were used. These gels wake Imyadissolving an appropriate
amount of agarose (Biorad, ‘Ultrapure’) in 100 ofl IXMRT buffer (40 mM Tris-acetate
pH 8.2, 1ImM EDTA) by mixing and heating in a micrave oven. Hot agarose solution
was cooled to ~60C before it was poured into a gel former fittedhnain appropriate
comb, and allowed to set at room temperature. @ets run at room temperature for ~1.5
h at 150 V.

Large 1.2% agarose gels were used for separatpeguiled plasmids isolated fron

coli cells afterin vivoresolution assays. These gels were prepared ifasiiashion to the
gels described above. The appropriate amount abagavas dissolved in 300 ml of
1xTAE buffer (40 mM Tris-acetate pH 8.2, 20 mM sodiagetate, 1 mM N&EDTA).

Gels were run in tanks requiring about 3 litredTAE buffer at an applied voltage of
between 2 and 5 V/cm. Gels were run at room tentyerdor 4 h at 100V. Identical gels
were used for separation of reaction producis eftro cleavage and resolution reactions;
however these gels were run at 35 V for 16 h.

Large 0.7% agarose gels were used to separateceupdiplasmid multimers required for

selection of crossover sites from random libraffesction 3.7).
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2.13.2 Polyacrylamide gel electrophoresis
To separate smaller (<200 bp) DNA fragments 12%aematuring polyacrylamide gel
electrophoresis was used. The gels were preparethking 30 ml of the appropriate gel
solution (12 ml of 30% acrylamide solution (37.&crylamide:bisacrylamide), 3 ml 40
TBE buffer (890 mM Tris-HCI, 890 mM boric acid, 2WnEDTA pH 8.3), 15 ml HO, 360
ul 10% APS w/v, and 18I TEMED (N, N, N’, N’-tetramethylethylenediamine) he
freshly made acrylamide gel mixture was poured betwglass plates that were clamped
together with 0.75 mm spacers and sealed withgtheof rubber tubing. Immediately after
pouring the gel mixture, a well forming comb watefil and the gel was allowed to
polymerise for ~1 h. After polymerisation was costp| the clamps, tubing and comb
were removed and the gel was clamped into thecatiectrophoresis kit. The running
buffer used was® TBE (89 mM Tris-HCI, 89 mM boric acid, 0.2 mM EDTpgH 8.3) and
electrophoresis was at a constant 220 V at roorpeeature for 2.5-3 h. The DNA bands

were visualised by ethidium bromide staining (Sec.16).

2.14 Loading buffers

SDS loading buffer was added to restriction digestiin a 1:5 ratio, prior to loading on an
agarose or polyacrylamide gel (50% glycerol, 1% Sm81% bromophenol blue). SDS/K
loading buffer (SDS loading buffer with proteaselkmg/ml final concentration) was
added tan vitro resolution or cleavage reactions prior to agagetelectrophoresis to
ensure that resolvase protein, covalently attath@&NA, is fully digested, so as not to
result in a bandshift and obscure the informationhe gel. Formamide loading buffer
(80% deionised formamide, 10 mM EDTA pH 8.0, 1 migkgiene cyanol, 1 mg/ml
bromophenol blue) was used in a 1:1 ratio withasligcleotide samples prior to denaturing
polyacrylamide gel electrophoresis. The samplegweated to 80C and then held at

this temperature for 5 minutes before being loaated the gel.

2.15 DNA molecular weight standards
Invitrogen and NEB 1kb, 1Kb100 bp ladders (whichever most appropriate) weaneon

both agarose and polyacrylamide gels to help estitne size of DNA fragments.

2.16 Ethidium bromide staining of DNA and photograp hy

To visualise the DNA within agarose or polyacryldmgels, the gels were first stained
with 0.6 pg/ml ethidium bromide solution (made by mixing ari§/ml ethidium bromide
stock solution with X gel running buffer) for 30-60 minutes. The gelgavihen
thoroughly rinsed and soaked in deionised wateaflurther 60 minutes in order to

remove the excess background ethidium bromidedkmance. To visualise the ethidium
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bromide-stained DNA short wavelength (254 nm) Uuniination was used. In the case of
preparative gels from which the DNA was to be eoted, a long wavelength (365 nm) UV

source was used.

To photograph the gels, Polaroid type 667 film wssd.

2.17 Extraction of DNA from gel fragments

Extracting DNA from agarose gels was done as fdtoavband of interest was excised
using a scalpel from an ethidium bromide-stainest@se gel, situated on a UV long-wave
(365 nm) transilluminator. The DNA was then exteacout of the gel chip using the
Qiagen gel extraction kit (Cat No. 28704) as perrtranufacturer’s instructions. The DNA
was eluted in 30-5Ql of H,0.

Double-stranded DNA molecules shorter than 200 bpevisolated on a non-denaturing
12% polyacrylamide gel. The gel was stained withdeim bromide (see section 2.16),
placed on a UV long-wave (365 nm) transilluminatod the band of interest excised using
a scalpel. The gel chip was placed into 1.5 ml egpd tube, and crushed using a glass
rod, and 75Ql of H,O was added. The tube containing gel material waghbiated at 37C
overnight with vigorous shaking (1000 rpm, Eppefidérermomixer compact).
Polyacrylamide was removed by centrifugation thfoagCostar Spin-X 0.2@m filter

(9300 g, 10 min). The filtrate was then dried dawia Gyrovap rotary vacuum drier and
resuspended in 3@ H,O or TE buffer.

2.18 Purification of oligonucleotides by denaturing PAGE

Comercially synthesised oligonucleotides werefmdifrom prematurely terminated
contaminant species using a standard polyacrylagetikit (see section 2.13.2). Synthetic
single-stranded oligonucleotides were run on 15%gooylamide/7M urea denaturing gels
(15.75 g urea, 14.75 ml of 40% w/v acrylamide sohu(19 : 1 ratio acrylamide :
bisacrylamide), 3.75 ml of 10 x TBE, 7.75 mi® 225ul of 10% APS wi/v, 18l

TEMED) . The running buffer was 1 x TBE. Samplestaming ~2 nmol crude
oligonucleotide mix and 1 vol. formamide loadingfeu (Section 2.14) were heated to 80
°C and then held at this temperature for 5 minuties o loading onto a gel.
Electrophoresis was carried out at constant voldge-500V) for 2-3 h to ensure that the

gel remains hot, preventing the renaturation ajlsistranded oligonucleotides.

To visualise the oligonucleotides the gel was s@iwith cationic carbocyanine ‘Stains-
all' dye (1-ethyl-2-[3-(1-ethylnaphtho[1,2-d]thidaw-2-ylidene)-2-
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methylpropenyl)naphtho[1,2-d]thiazolium bromidepplied by Aldrich). This dye can be
used to stain DNA, RNA or protein. The oligonucldetcontaining gel was soaked in a
staining solution (70 ml of 4D, 20 ml isopropanol, 10 ml of 0.1% w/v solution‘&fains-
all' in formamide) for ~10 minutes until sufficiestaining was observed. The gel was then
destained by rinsing several times in water andtbwest migrating, full-size
oligonucleotide band was excised using a scalge. golyacrylamide gel chip was then

crushed and DNA extracted as detailed in sectibn.2.

2.19 Annealing oligonucleotides
Pairs of complementary single-stranded oligonuadestwere annealed in 20 of

annealing buffer (10 mM Tris-HCI pH 8.2, 1 mM EDTB0 mM NaCl). The sample was
thoroughly mixed, heated to 96 for 5 minutes and than allowed to gradually couheal

at room temperature for4 h.

2.20 Ligation of DNA restriction fragments

For cloning, ~lug of DNA fragments were ligated ircInvitrogen ligation buffer (50

mM Tris-HCI pH 7.6, 10 mM MgGl 1 mM DTT, 5% w/v polyethylene glycol-8 000),
using 1 unit of T4 DNA ligase (Invitrogen), in aél volume of 1Qul. The molar ratio of
vector to insert was typically 1:3. Ligation reacts were incubated at room temperature
overnight and then either used to transform cormp&ecoli cells (Section 2.9) or stored

at -2°C until required.

2.21 Estimating DNA concentration by UV

spectrophotometry
To estimate the DNA concentration, the absorbah@8@nm of diluted DNA samples

was measured using a Lambda 45 UV/visible spectrtopieter (Perkin Elmer). The
concentrations of measured samples were calculsiad the approximation that a

solution with the absorbance of 1 at 260 nm costa&ug/ml double-stranded DNA.

2.22 Sequencing plasmid DNA
DNA samples were sequenced commercially by MWGa&IibtAG (Ebersberg,Germany).

2.23 In vivo recombination reactions — “MacConkey

assay”
To check folin vivorecombination activity, the “MacConkey assay” gaorally developed

by D. Blake was used (Blake, 1993). DS9d4lK") E. colicells containing a low level

resolvase expression plasmid (Section 2.7.1.1) wex@e competent (Section 2.8),
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routinely using the Cagmethod, and transformed (Section 2.9) with ~u@Dbfin vivo
recombination substrate plasmid, containing a kaycamresistance gene marker and two
recombination sites in direct repeat, flankingadK gene (Section 2.7.2.2). After
transformation cells were plated out on selectiaz@®@onkey agar (Difco), containing 2%

galactose, and incubated overnight £&8G7

After incubation the plates were photographed uaifgiji Finepix F700 digital camera. A
representative sample of cells was scraped fronvidi@Conkey plates and grown in liquid
culture, overnight, in the presence of selectivitbantics. Plasmid DNA was isolated from

pelleted cells (Section 2.10.1) and analysed byosgegel electrophoresis (Section 2.13.1).

In the event of successful recombination of thesgake plasmid by the resolvase, the
substrate plasmid is resolved into two circular DiAlecules, one containing the
kanamycin resistance gene and the origin of refdicaand the other carrying tigalk

gene (Fig. 2.10). As the DNA circle harbouring ¢aK does not contain an origin of
replication it can not be stably maintained anid$$ on subsequent cell divisions.
MacConkey agar contains a pH indicator 2-methyh8r@-6-dimethylaminoaphenazine,
which at <pH 6.8 is red and at >pH 8.0 is yellovad@onkey agar also contains no carbon
source other than the added galactose. Therefdhe, iesolvase is unsuccessful in
resolving the substrate plasmid tj@K gene will remain and allow the DS941 cells to
metabolise the galactose which results in the goloming red. In the event of successful
resolution of the test plasmid and the resultirgs lof thegalK gene, the DS941 are forced
to metabolise the amino acids in the agar causingaease in the pH, resulting in the

colony turning white (Fig. 2.10).

2.24 In vivo binding reactions
In vivo binding was assayed using thevivo binding test plasmid pSB404, kindly

provided by S. Rowland (Fig. 2.11). pSB404 is a gBbased plasmid with a Sin site |
partially overlapping thgalK gene promoter. DS9434IK") E. coli cells containing
pSB404 were made competent, using Gaddthod (Section 2.8), and transformed
(Section 2.9) with ~0.0fug of a resolvase expression plasmid. After tramsétions cells
were plated out on selective MacConkey Galactoss Agd incubated overnight at%7.

After incubation the plates were photographed uaif@iji Finepix F700 digital camera.

If a resolvase binds the Sin site | tightly, ityeats access to tlgalK gene promoter and
the expression of this gene is prevented. In thée csince DS941 cells do not produce

galK of their own, they are unable to metabolise galse in the MacConkey agar and are
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Figure 2.10- Cartoon illustrating the MacConkey assay. In this assay in vivo
substrate plasmid (top right), carrying the ga/K gene flanked by two recombination
sites (site A & site B), is used to transform competent DS941 cells (ga/K~) already
containing resolvase expression plasmid (top left). Post transformation cells are
plated onto selective MacConkey agar plates. In the event of successful resolution
(bottom right), ga/K gene ends up on a circular molecule without an origin of
replication (gray sphere marked "ori"), and is therefore lost. The cells are then unable
to metabolise galactose and turn white. If the resolution is unsuccessful (bottom left),
in vivo substrate plasmid is intact, galK gene is expressed and the cells are able to
metabolise galactose and turn red, see text for details (Section 2.23). Rounded
coloured rectangles represent DS941 cells. The drawing is not to scale.
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Figure 2.11- Cartoon illustrating the in vivo binding assay. a) A schematic of a pSB404
plasmid. The sequence of Sin site [ (sequence encircled by a dashed line box) overlapping
the galK gene promoter is shown expanded at the top of the plasmid diagram. Pink boxes
mark the -35 and -10 promoter elements. The central 18 bp of the Sin site I sequence are
coloured pink while the flanking 6 bp on each side that are bound by the Sin resolvase
HtH DNA binding domain are in blue. In the plasmid diagram yellow arrow signifies the
promoter while the pink segment represents the Sin site I. b) In the in vivo binding assay
resolvase expressing plasmid (top right), is used to transform competent DS941 cells
(galK~) already containing in vivo binding plasmid pSB404 (top left). Post transformation
cells are plated onto selective MacConkey agar plates. If the resolvase protein (blue ovals)
binds the Sin site I tightly (bottom it occludes the ga/K gene promoter, this gene is then in
turn expressed, the cells remain (ga/K-) and are therefore white. If the resolvase protein
does not bind the Sin site I ga/K gene promoter is accessible to the RNA polymerase,
galK is expressed and cells turn red, see text for details (Section 2.24). Rounded coloured
rectangles represent DS941 cells. The drawing is not to scale.
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forced to resort to metabolising amino acids inrtredium causing an increase in the pH.
Increased pH results in the colonies turning whites to the presence of an indicator (see
previous Section). If a resolvase tested failsimol bo the Sin site I, or if the binding is
only transient, transcription machinery is ablatsess the galK gene promoter and this
gene is expressed. The DS941 cells expressingatKeggne are able to metabolise
galactose in the MacConkey agar causing a deciedise pH, resulting in the colonies

turning red.

2.25 Purification of resolvase proteins
Resolvase and Z-resolvase proteins were purifiedjiessentially the same purification

procedure, which was adapted from the previousystQtbrunniji, 2006). In the
following sections (2.25.1-2.27), the term resob/esfers to both resolvase and Z-

resolvase proteins unless specifically stated witiser

2.25.1 Large scale induction of resolvase mutants
E. coliBL21 (DE3) pLysS strain (Studiet al, 1990) was made chemically competent

(see section 2.8.1) and transformed with a reseleasr-expression plasmid (Table 2.5).
Transformed cells were plated on selective agataaing kanamycin and
chloramphenicol and grown overnight aP87 Single bacterial colonies were picked and
used to inoculate 20 ml starter cultures (L-brathtaining kanamycin and
chloramphenicol), which were incubated overnigl @ &C. The following day, 8 ml of
starter culture were used to inoculate 800 ml ehpated (37C), selective L-broth and
the cells were grown in a flat-bed shaker incuhab87C, 250 rpm to an O.D of 0.4. At
this point, (Z-)resolvase expression was induceddging 0.1 mM IPTG, and the cultures
were grown for further 2.5 hours. Cells were haegdy centrifugation (Beckman
Coulter JA-14, 10 000 rpm P&, for 10 min.).

2.25.2 Buffers used in the purification of resolvas e mutants
Buffers used in the purification of resolvase antZolvase proteins are listed in Table

2.6.

2.25.3 Extraction and purification of resolvase mut  ants
The protein purification procedure was adapted f@@runniji (2006). The procedure is

based on utilising the difference in solubility ween resolvase and most other proteins.
Unlike most other proteins, resolvase is insol@tlbw salt concentrations but soluble at
high salt concentrations (2 M NacCl). The extracfiwacedure comprised a series of low

salt (100 mM NacCl) wash steps designed to removeuas of the soluble protein
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PROTEIN PURIFICATION BUFFERS

Suspension Buffer

20mM Tris-HCI pH7.5, 10 mM MgGJ 1.0 mM DTT, 0.1
mM EDTA, 1.2 mM PMSF, 1% ethanol

Wash Buffer

20mM Tris-HCI pH7.5, 10 mM MgG) 1mM DTT, 0.1 mM
EDTA, 1.2 mM PMSF, 1% ethanol, 100 mM NacCl

Solubilisation Buffer

20mM Tris-HCI pH7.5, 1.0 mM DTT, 0.1 mM EDTA, 1.0
mM PMSF, 1% ethanol, 6 M urea, 1.0 M NaCl

Refolding Buffer |

20mM Tris-HCI pH7.5, 1.0 mM DTT, 0.1 mM EDTA, 1.0
mM PMSF, 1% ethanol, 1.0 M NaCl

Precipitation Buffer

20mM Tris-HCI pH7.5, 10 mM MgGJ 1.0 mM DTT, 0.1
mM EDTA, 1.2 mM PMSF, 1% ethanol

Buffer A

50 mM sodium phosphate pH 7.2, 25 mM NaCl, 0.1 mM
EDTA, 0.1 mM DTT, 6M Urea

Buffer B

50 mM sodium phosphate pH 7.2, 1 M NaCl, 0.1 mM
EDTA, 0.1 mM DTT, 6M Urea

Refolding Buffer Il

20mM Tris-HCI pH7.5, 1.0 mM DTT, 0.1 mM EDTA, 2.0
M NacCl

Refolding Buffer Z

20mM Tris-HCI pH7.5, 1.0 mM DTT, 1.0 M NaCl, 100mM
ZnSQy

Resolvase Dilution
Buffer (RDB)

20mM Tris-HCI pH7.5, 1.0 mM DTT, 0.1 mM EDTA, 1.0
M NacCl, 50% glycerol

Table 2.6- Buffers used in the resolvase protein pu

rification (Section 2.25).
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contaminants as possible while keeping resolvasé insoluble, followed by
solubilisation of resolvase protein in a denatwstade (buffer containing 6 M urea, 1 M
NacCl). After this resolvase protein was renaturgdemoving urea by dialysing it out,

leaving resolvase in 1 M NacCl.

After the induction of resolvase expression, thisdeom 800 ml cultures were harvested
by centrifugation (Beckman Coulter JA-14, 10 006 y@°C, for 10 min.). The resulting
cell pellets weighed approximately 2 g. Cell palieere resuspended in 25 ml Suspension
buffer and sonicated in three consecutive 20 sebonsts, using a Vibra-cell VC100
sonicator with a micro-probe at 40% amplitude. Tevpnt overheating, between each
sonication burst, the cells/suspension buffer métuas cooled toC in an ice bath. The
resulting crude resolvase extract was centrifu@stkman Coulter J-20, 20 000 rpm,
4°C, 15 min) and the supernatant containing solutiéepn fraction and general cell
debris was removed. The resolvase-containing pslstresuspended in 20 ml of Wash
Buffer, homogenised (~40 strokes) using a Douneadgeniser and then re-centrifuged
(Beckman Coulter J-20, 20 000 rpn?G} 15 min). This wash step was repeated 4 times in
order to maximise the removal of contaminating Bl@proteins. After the wash steps, the
resolvase-containing pellet was resolubilised im(olubilisation Buffer in the Dounce
homogeniser by vigorous homogenisation (three rewfid-50 strokes each). Insoluble
debris was removed by centrifugation (Beckman @oult20, 20 000 rpm°€, 15 min)

and the supernatant containing solubilised denattesolvase dialysed against 1 litre of
Refolding Buffer | for 5 h at 9C. This dialysis step removes the urea and enshats

most contaminating proteins and other debris thekapt in suspension by 6 M urea now
become insoluble. The dialysate was collected amtrifuged (Beckman Coulter J-20, 20
000 rpm, £C, 15 min) in order to remove the insoluble pell@tse resolvase-containing
supernatant was carefully transferred in freshydialbags and further dialysed overnight
against the Precipitation Buffer. The precipitatesblvase resembling snow-like white
flakes (Z-resolvase precipitate is much brownexppearance) was collected and pelleted
by centrifugation (Beckman Coulter J-20, 20 000 rgfC, 15 min). The supernatant was

removed and the resolvase pellet was resuspendauffier A.

In order to remove the remaining non-resolvasesmpnucleic acid and other
contaminants, the resolvase extract in Buffer A swgjected to ion-exchange protein
chromatography. Chromatography was done using bchtion exchange SP sepharose
chromatography column (HiTrap SP High Performarreegacked column, GE

Healthcare). A cation exchange column is desigodartd positively charged molecules
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(such as resolvase), while actively repelling niegat charged molecules (such as nucleic
acids and negatively charged protein molecules}. S sepharose column was connected
to AKTApurifier (Amersham biosciences) and equigitad with 10 column volumes of
Buffer A, constant flow rate 1 ml/min, prior to ldiag the resolvase extract solubilised in
Buffer A. The resolvase extract was loaded ontactiiemn using a super-loop and
absorbance values at 220 nm, 260 nm, and 280 nmneeorded. The eluate was collected
as soon as the extract was loaded onto the colunander to prevent loss of sample due to
its possible failure to bind at low salt concentriat Once a stable baseline reading was
obtained, a stepwise gradient of increasing salcentration (achieved by adding
increasing proportion of Buffer B to the flow) wased to elute the positively charged
resolvase protein. The stepwise gradient consadtedven, 5% salt concentration
increments each lasting for 5 column volumes. Aterseventh increment, the Buffer B
proportion was increased from 35% to 100% anchallrfemaining protein was washed off

the column.

The flow rate was 1 ml/min during the gradient with 1 ml fractions collected in 2 ml
Nunc tubes and stored on ice. The chromatograpigepure was performed at room
temperature throughout, including the samples #rttleabuffers used. At each salt
concentration increment some resolvase was elubed & column; however the strongest
resolvase peak was always observed at around 20B82684r B while for Z-resolvase this
was usually at 25-30% Buffer B. A stepwise gradigas used instead of a continuous
gradient in order to make the resolvase proteiteaiua smaller number of highly
concentrated fractions. Fractions correspondirapgorbance peaks were run on a

discontinuous SDS-polyacrylamide gel to determivertpurity.

After the protein elution was completed, the SFhaepse column was regenerated by
washing with 10 column volumes of Buffer B, follosvby 10 column volumes of buffer

A. After this procedure the column was ready fadimg the next sample.

Selected pure fractions from the ion exchange columre pooled together and dialysed
overnight in 1 litre of Refolding buffer 2 (in tliase of Z-resolvase proteins Refolding
Buffer Z) containing 2 M NaCl. Keeping the salt centration this high ensured that
resolvase protein stayed in solution, while remguirea allowed the protein to renature
into its native conformation. The refolded resotvass finally dialysed against 1 litre of
resolvase dilution buffer for at least 6 hours.l{&E& against this buffer facilitates the
addition of glycerol which is required for sampterage at -280C while also leading to

further concentration of the resolvase sample.cdmeentration and purity of the
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resolvase samples were estimated by comparingstatidards of known concentration on
a discontinuous SDS-polyacrylamide gel. A discamtiis SDS-polyacrylamide gel with
purified proteins used in this study is given ig.R2.12.

2.26 Discontinuous SDS-polyacrylamide gel
electrophoresis
To analyse resolvase protein samples a discontn8@8-PAGE system was used

(Laemmli, 1970). This system requires running taasles through two gels of different
percentage acrylamide and different ionic strenigitially the sample is run through a
stacking gel before entering the resolving gel. f@solving gel used was typically
prepared from a solution with a following compasiti 15% acrylamide premix (37.5:1
ratio acrylamide to bisacrylamide), 375 mM Tris-HPH 8.8), 0.1% SDS, 0.05% APS,
0.05% (v/v) TEMED. This gel was overlaid with isopanol to exclude air and allowed to
polymerise for 30-45 minutes. After polymerisatiafi,traces of isopropanol and
unpolymerised acrylamide were removed by rinsirggél surface with water. The
polymerised resolving gel was overlaid with stagkgel which was prepared as follows:
5% acrylamide premix (37.5:1 ratio acrylamide tedarylamide), 125 mM Tris-HCI (pH
6.8), 0.1% SDS, 0.1% APS, 0.2% (v/v) TEMED. The gwhb was placed immediately
and the stacking gel was allowed to polymerise8f#A5 minutes. After polymerisation,
the comb was removed and the formed wells rinsé¢ll @kectrophoresis buffer (25 mM
Tris base, 250 mM glycine, 0.1% SDS). Prior to logdLaemmli loading buffer (50%
glycerol, 5% SDS, 200 mM Tris-HCI pH 6.8, 0.1 mM EB) was added to protein
samples (20% of the total volume) and the sampége Woiled for 5 minutes in order to
help denature the proteins and reduce disulphiddsdamples were loaded and

polyacrylamide gels were run at 30-40 mA for 3 lsour

2.27 In vitro recombination reactions
For the purpose oh vitro reactions resolvase proteins were diluted withielsolvase

dilution buffer (20 mM Tris-HCI pH7.5, 1 mM DTT, DmM EDTA, 1 M NacCl, 50%

glycerol) to 200 nM. All dilutions were performetd@C and were not stored.

200 nM of resolvase was determined to be the optim@aunt required for an efficient

recombination or cleavage of §§/ml supercoiled substrate DNA.

All recombination reactions were performed in andtad C8.2 buffer (50 mM Tris-HCI
pH 8.2, 10 mM MgGland 0.1 mM EDTA). A typical reaction (40) contained 0.§ig of

plasmid DNA and 4.4ul of diluted resolvase. Reactions were carriedab®7°C with
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Figure 2.12- Samples of purified proteins used in this study separated on a
discontinuous SDS-polyacrylamide gel (Section 2.26), stained with Coomasie
blue. The most intense band in each track comes from the resolvase (or
Z-resolvase) protein name of which is marked on top of the track. Sizes (Mw) of
resolvase and Z-resolvases were validated by comparing to a standard size
marker (lane not shown).
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duration of the reaction ranging from 0.5 min. &2 The reactions were terminated by
heating the sample to 76 and holding it at this temperature for 5 minutefter the
reaction was terminated it was split into two el aliquots. To analyse the
recombination products one of these aliquots wgssied with an appropriate restriction
enzyme (Xhol or Nrul depending on the type of tleesmid) while the other was left
untreated (Fig. 2.13 and Fig. 2.14). Restrictiomcpeded for 45-60 minutes at°&7. The
restricted sample and the untreated sample wergsainlaby gel electrophoresis. Prior to

loading, 5ul of SDS/K loading buffer was added to all samples.

2.28 Random Library constructions
Two types of random libraries were constructedrduthis work, namely random libraries

of recombination sites and random libraries of kesse mutants.

Random libraries of recombination sites were maitle the aim of establishing the
sequence requirements in the centre of the reca@nbinsite for the resolvase proteins
such as Tn3 resolvase (Chapter 3), Sin resolvas@ @@l resolvase (Chapter 6), and also

for the Tn3 Z-resolvase (Chapter 4).

Random libraries of resolvase mutants that araudgsd in this work are random libraries
of Tn21 resolvase made in order to select Tn21 tagpiwe mutants capable of

recombination without the requirement for regulptsites.

2.28.1 Random libraries of recombination sites
Thirteen separate random libraries designed todoire differing levels of variation into

recombination sites used by the Tn3 resolvasereSimlvase, Tn21 resolvase, and Tn3 Z-
resolvase proteins were created. To make the idsréFig.3.4), the first step was to anneal
a synthetic oligonucleotide, containing a recomtiamasite flanked by EcoRI/Sacl
restriction with the desired changes, to the RStifgr (for oligonucleotide sequences
please refer to Table 2.4). In the J@Ginal volume 10 nM of oligonucleotide and RSLP
primer each were mixed with the other reagents (M@NTPs, 10% TPol buffer (50

mM KCI, 10 mM Tris-HCI pH 9.0, 0.1% Triton X-100and the reaction mix was heated
to 85°C for 5 minutes. The reaction mix was then allowedool down to 68C so that
RSLP primer can anneal to the synthetic oligonu@leccontaining the recombination site.
Following annealing, the resulting partial dupleasafilled in by thé?fu DNA polymerase
(2.5 units, 90 min at 6%C) generating a double-stranded fragment contaithiag

recombination site with the desired random changeis. double-stranded fragment was
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4124 bp

In vivo
substrate @ ;7

Nrul digest Big circle Inversion
4124 bp 3174 bp 3376 bp
836 bp 1584 bp
Cleavage Small circle
2857 bp 1786 bp
1276 bp
519 bp
317 bp

Figure 2.13-Schematic showing sizes of possible products of resolvase-catalysed in
vitro recombination reaction using an in vivo recombination substrate (Section 3.5),
following a Nrul digestion. Religated recombinant products are the big and the small
circle (3174 bp and 1786 bp, respectively). Inversion products would be (3376 bp and
1584 bp) while the cleavage products are 2857 bp, 1276, 519 and 317 bp. Non
recombinant products (Nrul digest) are 4124 bp and 836 bp. Recombination sites on
the plasmid diagram are marked by a pink rectangle flanked on either side by a
smaller blue rectangle.



In vitro
1217 bp

substrate

Xhol digest Big circle Inversion
2712 bp 2552 bp 3651 bp
1217 bp 286 bp

Cleavage Small circle
2487 bp 1385 bp
1156 bp

225 bp
61 bp

Figure 2.14-Schematic showing sizes of possible products of resolvase-catalysed in
vitro recombination reaction using an in vitro recombination substrate (Sections 4.7
and 5.6), following a Xhol digestion. Religated recombinant products are the big and
the small circle (2552 bp and 1385 bp, respectively). Inversion products would be
(3651 bp and 286 bp) while the cleavage products are 2487 bp, 1156, 225 and 61 bp.
Non recombinant products (Xhol digest) are 2712 bp and 1217 bp. Recombination
sites on the plasmid diagram are marked by a pink rectangle flanked on either side
by a smaller blue rectangle.
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then restricted with EcoRI/Sacl, and finally clorieth a pMTL23-based vector cut with
the same restriction enzymes, creating a librapi@$mids, each one containing one
recombination site with the introduced random matet (a single site or SS libraries). The
list of SS libraries created along with the seqeewicthe recombination sites is presented
in Table 2.7.

SINGLE SITE (SS) LIBRARIES
Name Recombination site DNA sequence (5’-3)
RB lib 1 TGTCTGATAATTTATAATNNNNCGAACG
RB lib 2 TGTCTGATAATTTATANNNNT TCGAACG
RB lib 3 TGTCTGATAATTTANNNNATTTCGAACG
RB lib 4 TGTCTGATAATTNNNNATATTTCGAACG
RB lib 5 TGTCTGATAANNNNTAATATTTCGAACG
RB lib 6 TGTCTGATNNNNTATAATATTTCGAACG
RB lib 7 TGTCTGNNNNTTTATAATATTTCGAACG
LIB(Z22Z) GCGT GGGCANNNNNNNNNNNNNNNNNNNNNNCGCCCACGC
LIB(Z8BTTATAABZ) | GCGTGGCCGNNNNNNNNTTATAANNNNNNNNCGCCCACGC
LibS1 TGTGAANNNNNNNNNNNNNNNNNNCATACA
LibS2 TGTGAANNNNNNGTACACNNNNNNCATACA
Lib21.1 CGT CAGNNNNNNNNNNNNNNNNNNCTGATG
Lib21.2 CGTCAGNNNNNNGCATACNNNNNNCTGATG

Table 2.7-Single site (SS) libraries generated duri  ng this study.

These SS libraries were used as a precursor foingnagcombination substrate libraries
with two sites, which were used for the site sébast (Section 3.4). Two types of
recombination substrate libraries were made, spadtif libraries with the wild-type Tn3
site | x random site (Section 3.5), and the lilm=svith two identical copies of the random
recombination site (Sections 3.7, 4.2 and 6.2.1).

2.28.1.1 Tn3 site | x random site library
To create recombination substrate libraries wittild-type Tn3 site | flanking a galK gene

on one side and a random Tn3 site | variant orother (RBgalK Lib 1-7), precursor
plasmids pMP20 and pMP21, based on pM®A1®88re made. To construct pMP20 a
Nhel/BsrGl restricted pMS1&3backbone was ligated to the wild-type Tn3 site I-
containing Asp718/Xbal fragment from pCO1. Thisatign is possible as the Asp718 and
BsrGl, and Xbal and Nhel pairs of restriction enegnmake cuts that produce compatible
ends. To make pMP21, pMS1838vas cut with Asp718/Xbal and ligated to the wijghe:
Tn3 site I-containing, Asp718/Xbal fragment fromQ@C
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Libraries RB galK Lib 1-4 were made by replacing 8mall Asp718/Xbal fragment of
pMP20 with an Asp718/Xbal fragment containing matam3 site | variants from SS
libraries RB Lib 1-4, respectively. Libraries RBIi§d.ib 4a-7 were constructed by ligation
of Nhel/BsrGl-restricted pMP21 backbone and the7A§#Xbal fragment containing

mutant Tn3 site | variants from SS libraries RB U#7, respectively.

2.28.1.2 Random site x random site library
To make the libraries with two identical copiediué random recombination site, SS

libraries were used to transform electro-compel@&679 cells. Following the
transformation JC8679 cells were grown at@bvernight, on L-agar plates containing
ampicillin. Colonies were scraped off the plateags sterile glass spreader and the
plasmid DNA was extracted using a Qiagen Midipregithnod (1 Midiprep column/0.33g
of cells). JC8679 strain, due to a genetic defsuises all episomes maintained in it to
multimerise. To isolate different size multimeriggmid DNA was separated by agarose
gel electrophoresis (0.7% TAE agarose gel, 1715%).3Gels were stained with ethidium
bromide and the plasmid dimer band was cut ouherldng wave UV-transilluminator.
Plasmid dimer was extracted from the gel chip usiregQiagen Gel extraction kit and
used to transform electro-competent DH5 cells.dvalg the transformation DH5 cells
were grown at 37C overnight, on L-agar plates containing ampicilliio finally obtain
the libraries with two identical copies of the ramdrecombination site, DH5 colonies
were scraped off the plates using a sterile glassasler and the plasmid DNA was

extracted using a Qiagen Midiprep method (1 Middpcelumn/0.33g of cells).

2.28.2 Random libraries of Tn21 resolvase mutants
Libraries of Tn21 resolvase mutants were generatdg a two-step mutagenic PCR

procedure according to the method adapted from &nbet al, 1995. In the first step,
using pDW21 as a template, the Tn21 resolvase O&f-amplified with primers 22F and
23R (Table 2.4) in 2{l total reaction volume. A PCR reaction was setiging: 0.25mM
dNTPs, 1.5 mM MgGl 10% 10x Promega TPol buffer, 0.28M primers, 1 unit of
Tag(NEB)). To this mixture mutagenic dNTPs (eitd@®TP or 8-oxo-G base analogues)
were added (0.02 mM final) to increase the chawtesutation during the PCR reaction.
The PCR program was: initial denaturing for 3 mas94°C, followed by 20 cycles of
denaturing at 94°C for 30 seconds, annealing fos&fbnds at 53°C and extension for 5
mins at 74°C. Following the initial mutagenic step,‘clean up’ PCR reaction was
performed using a 1/100 dilution of the mutagenf€RPreaction as the template. The

‘clean up’ PCR reaction was set up using the sasneentration of components in a g0
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total reaction volume, but without the mutageniclé?d. The PCR program was the same
as in the initial mutagenic step. The products le# tclean up’ PCR reactions were
separated on a 1.2% TAE agarose gel (90 min, 150N gel was stained with ethidium
bromide, the amplified product band containing itmgtated Tn21 resolvase ORF was cut
out on the long wave UV-transilluminator, and figghe DNA was extracted from the gel
chip using the Qiagen Gel extraction kit. The fragin was then restricted using
Ndel/Asp718 and cloned into a pMS140 backbone suiguthe same restriction enzymes.
Approximately 0.1ug of this ligation was used to transform electroapetent DH& cells
(Invitrogen). Following the transformation, DH%ells were grown at 3T overnight, on
L-agar plates containing ampicillin. Dieiscolonies were then scraped off the plates using
a sterile glass spreader and the Tn21 resolvasantiltrary plasmid DNA was extracted
using the Qiagen Midiprep method (1 Midiprep cold@83g of cells).

2.29 Molecular Graphics
Molecular graphics were generated from PDB cootdsidlGDT, 1ZR4, 2ROQ and

1AAY (Yang & Steitz, 1995; Let al.,2005; Mouwet al.,2008; and Elrod-Ericksoet al.,
1996, respectively) using PyMOL software (www.pyroad)
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3 Chapter 3: Sequence selectivity in the central 16
bp of Tn3 site |

3.1 Introduction
Recombinases of the resolvase family are modulaaiare, with amf3 fold N-terminal

catalytic domain, a helix-turn-helix (HtH) C-ternairDNA-binding domain, and an
extended arm region that connects the two domaidsads DNA around the minor
groove (Yang & Steitz, 1995; Smith & Thorpe, 200P)e C-terminal, HtH domains bind
DNA by making specific major groove contacts witle six outermost base pairs of each
end, flanking the central 16 base pairs of the 2®hg Tn3 site I. Replacing the HtH
domain with another DNA-binding domain can altex binding specificity of the
resolvase protein to that of the new domain (Akojgigal, 2003; Gordleet al, 2006).

However, binding of a recombinase to the site Isdugt itself ensure recombination. A
wild-type Tn3 resolvase requires the presenceeafahaccessory sites Il and Ill, to which
it has to bind in order to be able to bring the tepies of site | together and form a
synapse. It is then and only then, that the recoatimin at site | can proceed (Arnadal.,
1999; Kilbrideet al.,1999; Grindleyet al.,2006).

A number of activated mutants of resolvase thatataequire the presence or binding to
theresaccessory sites Il and Il in order to catalyssombination at site | had been
isolated (Arnolcet al, 1999; Olorunnijet al, 2008). In the case of such mutants,
recombination only ensues on sites with a cendfd of sequence that is sufficiently
similar to the sequence that the N-terminal domaimally works on (see Chapter 4).
This has led us to postulate that there is anathect of sequence specificity exhibited by
these proteins, as well as that conferred by bandirthe HtH domains to the ends of site |,
possibly accounted for by the arm region minor geoocontacts to DNA in the central 16
bp of the site I.

Here we show a series iof vitro andin vivo assays that were performed to test this
hypothesis, and the interactions that have beeovemned. Understanding of these protein-
DNA interactions could facilitate the design ofsethinases with altered DNA specificity,

which could have a variety of uses.
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3.2 Rationale and the choice of experimental approa ch
The sequence of the central 16 bp of the Tn3 raselsgite | consists exclusively of AT

base pairs (Fig. 3.1a). This AT bias is conserteaughout the Tn3 resolvase family,
implying active selection over the evolutionary ¢iscale (Fig 3.1b). It must be borne in
mind that, within a completessite in a transposon, this sequence, apart frorctitaning

as a recombination crossover site, also contapasteof the transposase gene promoter
(Grindley, 2002). As promoter function and reconabion function are quite different, yet
both demanded from a rather short sequence, dniseivable that the current sequence of
the Tn3 site | is the product of an evolutionarynpoomise. This poses a question: to what
extent can the sequence composition bias observattiibuted to the requirements for
recombination? Furthermore, as the site | in thamhsystem exists as a partre§ it is

also possible that the site | sequence is adaptegtimise regulation by the accessory
sites Il and Ill. Which of the conserved base paissconserved due to the requirements
for transposase gene promoter function and whiettanserved because they are required

for recombinase activity or the need for its regjataby the accessory sites?

No work to date has systematically attempted tovanshese questions. Here | have
attempted to define the importance of all 16 basespn the centre of the Tn3 crossover

site for recombination activity.

To achieve this, | decided to randomly mutate @lb4se pairs at the centre of the Tn3 site
I, construct libraries of substrate plasmids comte one, or two (identical) mutant site I's,
and screen them for recombination proficiency dictency using methods described in
the following sections. Putting the mutant sita the context ofes and performing
selections using wild-type Tn3 resolvase proteis s@nsidered; however, in order to
avoid the issues regarding regulation, which cauald further complexity to the data, it
was decided to perform library selections usingehactive Tn3 resolvase mutant called
NM (R2A, E56K, G101S, D102Y, M103I, Q105L), thatoebines at site | without
accessory sites, and is not subject to any regylatessures (Olorunnigt al.,2008).

Also, considering the interest in using resolvasa arecursor for designer recombinases
(Sections 1.6 and 1.7), it was concluded that pesiftg selections with the hyperactive

protein was more appropriate.

The theoretical diversity of a DNA sequence withraBdom positions is*or roughly 4.3
billion combinations. To create a library that webeinsure a 95% chance of a sequence
being represented, according to the Poisson diioit, at least X 4'°(12.9x 10°) clones
would be required ( Fig 3.2). Creating and scregsinch a vast library, although
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a) Tn3 res site |

4321098765432112345678901234

CGTTCGAAATATTATAAATTATCAGACA

GCAAGCTTTAT ATTTAATAGTCTGT
F'::
left end right end

b)
Origin Accession

no.# 4321098765432112345678901234
Tn3 V00813 CGTTCGAAATATTATAAATTATCAGACA
™™ L10085 CGTCCGAAATGTTATAAATTATCAGACA
Tn5431 X87814 CGTACGAAATGTTATAAATTATCGGACA
1S101 X01654 TGTCTGATATATCGAAACATAATGTACA
1o J01843 CGTCCGAAATATTATAAATTATCGCACA
13, Y. pestis 2006270 CGTCCGAAATATTATAAGTTGTCGGACA
Y. enterocolitica 37518397 CGTCCGAAATGTTATGAATTATAAGACA
R46 151827 CGTCCGAAATATTATAAATTCTCGGACA
P. syringae 24968782 AGTCTCCTTACTCATAAGTTTGTGGACA
Tn4659 111036276 AGTCTCCTTTCTCATAAGTTTGTGGACA
S. putrefaciens 124545222 CGTCCGAAATGTTATAAATTATCGGACA

C. amoebophilus 180497399

Tn5070_Hg 11071875
H. ducreyi AEO017143.
Erwinia SB AACY01285318

B. bacilliformis 7P_008947373

TGTCTACAAAGTTATAATATAATAGACA
TGTCTATTAATTTATAACTCTGTGGACA
TGTCCAAARRATTATAAATTTTTGGAAR
CGTCTCAAATATTATAAATTGTGAGACT
TATGTCATAAATTGTAAGATTTGACATA

Figure 3.1-a) The 28 bp sequence of Tn3 site I with the cleavage point marked by the black lines.
Numbering of the individual DNA bases is from the centre: 1-14 left and [-14 right. For bases 10-14
only the second digit is shown, e.g () represents base number 10, and so on, The "Left" and "Right"
end refer to the conventional representation of site I within res, where the binding sites are in the
order I-1I-111 lefi to right. The central 16 base pairs are given in pink while the outermost 6,
recognised by the resolvase C-terminal helix-turn-helix domain, are in blue. :
b)An alignment of Tn3 resolvase family site I's along with the sequence's origin and the nucleotide
database accession numbers. Site | examples were chosen to point to the similarities and highlight the
diversity of recombination site sequences recognised by the resolvases from Tn3 family. All the
sequences are found in Tn3-like res sites and the proteins associated with them are close Tn3
resolvase relatives according to protein sequence alignment. A grey rectangle behind the sequences
marks the central dinucleotide. Alignment performed in Jalview 2.1.2,
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n

m %=100(1-e™) Poisson distribution P ¢ "
0.001 | 0.1%

’ m = theoretical 'fold' coverage i.e. average (expected) frequency
0.01 1% of the event (each clone) in a random sample of known size.

0,
o1 9.5% p,.= the probability of n occurrences of the event
0.3 26% (clone occuring) in the sample.
1 63.2%
3 95%
Py )=1-p 0 the probability that there are NOT zero occurrences

6 99.8% of the event (clone) in the sample.
10 ~100%

0
_y M m_4 m
p(zl)—l- o e =]-¢

Figure 3.2- A table showing the relationship, between the 'fold' coverage of the theoretical library size
(m), and the calculated probability of a clone occurring in such a library (%) using the Poisson
distribution.

4321098765432112345678901234
random block 7 TGTCTGATAATTTATAATNNNNCGAACG

TGTCTGATAATTTATANNNNTTCGAACG
TGTCTGATAATTTANNNNATTTCGAACG
TGTCTGATAATTNNNNATATTTCGAACG
TGTCTGATAANNNNTAATATTTCGAACG
TGTCTGATNNNNTATAATATTTCGAACG
TGTCTGNNNNTTTATAATATTTCGAACG

wild type TGTCTGATAATTTA:I'AATATTTCGAACG

> <
figrit end ACIRCH

random block
random block
random block

random block

random block

H N W b~ 0 o

random block

Figure 3.3- The sequences of the top strand of mutated Tn3 site [ variants in the seven random block
libraries (RB Lib 1-7). The sequence of the central 16 nucleotides is given in pink, outermost six
nucleotides, recognised by the resolvase C-terminal helix-turn-helix domain, are given in blue, while
randomised positions are in black. The orientation of the site is marked by arrows at the bottom of the
figure. Please note that the "Left end" and "Right end" refer to the conventional representation of site I
within res, where the binding sites are in the order I-1I-11I left to right.
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theoretically possible, would in practice proveldraging. Instead of satisfying ourselves
with a much lower percentage clone recovery frosmaller library, an alternative

approach was employed.

The central 16 bp of Tn3 resolvase crossover site subdivided into seven overlapping
blocks of four base pairs. Each of these blockspesgtioned in such a way that it
overlaps with the nearest neighbouring block bya&ebpairs (Fig 3.3). The theoretical
diversity of a DNA sequence with 4 random positieng’ or 256 combinations, requiring
a much more manageable 768 clones for 95% or ~2B0d@s for 99.995% coverage. The
overlapping arrangement of blocks was deviseddeoto allow selections to be self-
controlling as one position is mutated in more thaa block. The overlap also allows one
to look for any neighbour context effects, andatdles a number of data points per

position, making statistical analysis more reliable

3.3 Library construction
To make the seven random block libraries requioecbvver the central 16 bp of Tn3 site I,

a partial duplex comprising RSLP primer annealethéoRBO1-7 (see Table 2.4) was
extended byfu DNA polymerase, resulting in double-stranded DM&gments

containing random changes in a specific 4 bp btddite I. The resulting double stranded
DNA fragments were digested with EcoRI/Sacl andhetbinto the pMP2 (Table 2.5)
backbone by a fragment swap protocol (Fig 3.4). BMRas used as the vector because it
contained a Tn21 Z-site (Z22Z(Tn21)), which is hotund or recombined by NM

resolvase (see Chapter 4). Every effort was taikechieve complete vector digestion, but
even if traces of the original vector plasmid remediin any of the libraries, it would not

be selected in any assay asking for resolution Myréksolvase. Each of the seven random
block libraries generated (RB lib 1-7) containeduend 10 clones, well over the ten-fold
coverage required to guarantee near 100% repréieentd the theoretical sequence space.
The library DNA was sequenced in bulk using the-d8iprimer (Fig. 3.5, for primer

sequence see Table 2.4).

3.4 Site selection strategies
Once the seven random block libraries had beenrgesk three separate site selection

strategies were employed:
» Strategy A— MacConkey assay based selection (Section 3.5)

» Strategy B -Plasmid fusion-based selection (Section 3.6)
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» Strategy C -Plasmid multimer resolution-based selection ($ec8.7)

The different strategies approach the problemfiiei@int but complementary ways.
Strategies A and B assay recombination betweendatype Tn3 site | and a library of
mutant site | variants. Strategy C looks at recomipn between two identical mutant

sites from a library of mutant Tn3 sites I's.

In theory, all of the three strategies allow foes&on eitheiin vivo orin vitro. In vivoand
in vitro recombination reactions differ markedly in pereeivecombination efficiency.
Thein vivo resolution reaction utilises a two-sgalK substrate, designed to kesolved
into two circular DNA molecules only one of whichsan origin of replication. The circle
without the replication origin, carrying tlgalK gene, is selectively lost from the cells on
subsequent cell divisions, and is effectively regwfrom the reaction. Removal of the
origin-less DNA circle pushes the reaction equilibr towards resolution, leading to a

perceived recombination efficiency of 100%.

On the other hand, the vitro recombination reaction of a substrate with twe &tby a
hyperactive resolvase reaches an equilibrium coimgivarious species: non-recombinant,
resolution products, inversion products and proslo€intermolecular recombinatioim
vitro, no reaction products are removed so the reastimains in equilibrium, resulting in

resolution efficiency reaching 50% at best.

This difference betweein vivoandin vitro reactions can be exploited to select sequences
that fail to recombine, when the selection is penfedin vivo. Conversely, screening the
same mutant librarida vitro can be used to select for sequences that are batation-
proficient. Analysing these two mutually exclustl@ta sets should yield a powerful

insight into Tn3 site | DNA sequence requirementsrécombination. Although each of

the three selection strategies could in theorynaftar eitherin vivo orin vitro selection,

this complementary selection approach was usedStrtitegy A only, as this strategy was

technically most suitable for it.

The three selection strategies employed and thitsesbtained using them are discussed

individually in the following sections.

3.5 Strategy A — MacConkey assay-based selection
Strategy A took advantage of the MacConkey assagti@ 2.23). In this assay,

recombination can be visualised by observing themyocolour ofgalK™ E. colicells in
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Sacl

—:ﬁ RBO 17

@ Rs.P

Primer extension

EcoRI ‘ Sacl

iﬁ dsRB 1-7

¥

B RB7
BN IRB6
= [CE

B—ERB4 EcoRI/Sacl digestion
E—EERB3 and fragment swap -

EcoRI Sacl

ori

[E=EERB 2
EERB 1

EcoRlI Sacl

Figure 3.4-A schematic representation of the strategy (not to scale) used to generate seven
random block libraries, required to cover the central 16 bp of the Tn3 site I. The mutated 4bp
block is in cyan, and is further highlighted with a yellow R on a grey background in the
diagram representing the random block library plasmids RB Lib 1 to RB Lib 7.The drawing is
not to scale.
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Figure 3.5- Bulk sequencing traces from the random block libraries RB Lib 1 to RB Lib 7 using
the primer uni -43. The individual DNA bases are numbered from the centre: 1-14 left and 1-14
right. For bases 10-14 only the second digit is shown, e.g 0 represents base number 10. The
position of the random block is highlighted in yellow below the sequencmg trace. Each
sequencing trace represents combined sequencing result of ~10%clones. A sequencing trace of
wild type Tn3 site I sequenced from a pCO1 template is provided for comparison at the base of
the figure.
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which resolution of a test substrate is taking @laehen grown on selective MacConkey
agar. White colonies signify high levels of tedbstwate resolution, whereas red colonies
indicate that the resolution is inefficient. Toddgle to employ this assay, a set of eight
galK test plasmid libraries was constructed, by ergghe DNA fragment containing the
mutated Tn3 site | from each of the seven randaukblibraries (Section 3.3) and cloning
it into precursor plasmid vectors pMP20 or pMP2i &6). pMP20 or pMP21 vectors
contained @alKk gene flanked on one side by a wild type Tn3 lséed on the other side

by either a Tn21 site | (pMP20) or a short stuffiequence (pMP21). Precursor plasmids
containing these sequences were chosen to enstirevm if traces remained in any of the
gal libraries, the plasmid itself could not be sedekin an assay requiring resolution by
NM resolvase, as neither the Tn21 site | nor thffest sequence are amenable to
recombination by NM resolvase. Mutant Tn3 sitewisre fragment-swapped to replace the
Tn21 site | or the stuffer sequence in the pregursotors, to generate tgalk test

plasmid libraries (Fig. 3.6). Each library contalnel0-15 000 clones, quite enough to
maintain the library diversity. The choice of whatipMP20 or pMP21 was used as vector
depended on which random block-containing fragmeas to be cloned. pMP20 was used
for random blocks 1-4 while pMP21 was used for mndlocks 4-7. The resulting site
arrangement ensured that, upon resolution, sequiataecan be recovered, as the half-site
containing the random bases remained on the DNAedihat has an origin of replication
(Fig. 3.7). As the random block 4 straddles the/ wemntre of the crossover site, half of it is
always lost after recombination. Because of tlesdom block 4 was cloned into both
pMP20 and pMP21 vectors. ThalK plasmid library containing random block 4 and
pMP20 backbone was called RB GalK Lib 4, while time with pMP21 backbone was
labelled RB GalK Lib 4a. Recombination betweenta kwith a randomised block and a
wild-type Tn3 site | deletes tlgalK gene from the substrate plasmid. When grown on
selective MacConkey agar, the DS®1coli colonies now containing the resolved
substrate plasmid turn pale (“white”), as theywamable to metabolise galactose.
Conversely, on the same growth medium the cellsatoing test plasmids that fail to

resolve remaigalk™ and therefore form red colonies.

After thegalK plasmid libraries were generated, initial selees were done vivo.
DS941E. colicells were made competent and transformed withi2p@lasmid
expressing NM resolvase (Olorunniji, 2006). Theohesse expression plasmid was
introduced to the cells first, allowing the res@gao be expressed so that resolution can
ensue as soon as a substrate plasmid becomeddl®941/pFO2 cells were made
competent, transformed withalK plasmid libraries 1-7 (or pMP243 as positive cohf

and plated on selective MacConkey agar (Fig. p8)P243, a plasmid with two wild-type
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Figure 3.6-A schematic representation (not to scale) of the strategy used to generate eight galK test
plasmid libraries. A cloning strategy used to generate RB GalK Lib 1 to RB GalK Lib 4 is given on the
left, whilst the strategy employed for constructing RB GalK Lib 4a to RB GalK Lib 7 is presented on the
right. The mutated 4bp block is in cyan, and is further highlighted with a yellow R on a grey background

in diagrams showing the library plasmids.
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Figure 3.7-A diagramatic representation (not to scale) of the in vivo resolution reaction with
the eight ga/K test plasmid libraries used as the substrate. The reactions with RB GalK Lib 1 to
RB GalK Lib 4 are given on the top (a), whilst the reactions using RB GalK Lib 4a to RB GalK
Lib 7 are presented on the bottom of the figure. In both instances the reaction products are
shown on the right. Please note that only the product with an origin of replication (ori) is stably
maintained in the cell culture and can therefore be isolated and sequenced. The mutated 4 bp
block is shown in cyan, highlighted with a yellow "R" on a grey background.
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Figure 3.8-/n vivo selections using the galK test plasmid libraries RB GalK Lib1 to RB GalK Lib7. Photographs of sections of selective
MacConkey agar plates, showing the degree of substrate plasmid resolution for the libraries tested, are presented below the sequence of Tn3
site I.The position of the random block for each library is indicated below the sequence by a thick black line, which is connected to the
corresponding selection plate photograph by a thin black line. A photograph of the section of a MacConkey plate showing the extent of
resolution of the positive control pMP243 containing two copies of wild-type Tn3 site I is given in the bottom right corner of the figure. Pale

(white) colonies indicate sucessful resolution, whereas red colonies signify inefficient resolution reaction.
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Tn3 site I's flankinggalK, was fully resolved. Resolution galK plasmid libraries 1-7

was partial as can be seen; libraries containindam blocks closer to the centre of site |
were less resolved, while the ones with randomKsl@toser to the edge of the site were
more resolved. Red colonies, containing substdasnpds that failed to recombine, were
picked and streaked out on fresh selective MacGpplkaes. DNA from these colonies
was extracted and sequenced using primer OCRfafirplasmid libraries RB GalK Lib
4a-7 and OCP2 for RB GalK Lib 1-4 (Table 2.4). S=ues of the Tn3 site | variants
isolated from these clones are given in Fig. 3 $ame sequence data have been
summarised in histogram form and presented in Rif.3t should be mentioned at this
point that as the selection in this assay was basedcombination between an unmodified
Tn3 site | and a mutant Tn3 site |, a potentiakbpge formed between such two sites
would be expected to contain sequence modificafimsly one out of four half-sites.

This assay should therefore select for the verystvbn3 site | variants containing changes
in one half-site that are so unfavourable that ttmyld not be compensated for by the

wild-type DNA protein interactions in the remainitigee half-sites.

Most recombination-deficient Tn3 site | variantattivere isolated were found to have 3 or
4 changes with respect to the wild-type Tn3 sgequence. Although most of the variants
were isolated only once, certain variants werecseteup to three times. Irrespective of the
number of times that a sequence was isolated,\ea@nt was included only once when
the histogram was made, to avoid skewing the drtalibraries RB GalK Lib 1 and RB
GalK Lib 7, where red colonies were scarce, thelmemof individual isolates that were
sequenced was much higher than is evident fron3 BigMost of these sequences were
discounted however, as they contained either Tie3d siariants with deletions or
insertions, which were due to errors in the oligdaatide synthesis, or in rare instances,
because instead of a Tn3 site | variant, they edueither Tn21 site | (RB GalK Lib1) or

the stuffer sequence (RB GalK Lib7), coming frora kift-over vector. The high
prevalence of these defective sequences indidsae®snly a very small number of base
change combinations in the random blocks 1 andsiffciently deleterious to abrogate
recombination. The most frequently observed chaimgdse recombination-deficient Tn3
site | variants are mutations of A or T to G or,aM@h runs of 2 or more GC’s being
common. It is worth pointing out that there appdarse a degree of symmetry in the
changes observed with regards to the left and agttof the site. As can be seen in
Fig.3.10, the most common change in position 5i& & C which is mirrored in position

5L where the most common mutation is to a G. Siryilanost frequent changes in

position 3R are to an A or a G, whilst at 3L A gially changedtoa T or a C.
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Figure 3.9-An alignment of recombination-deficient Tn3 site I variants selected in vivo using
RB GalK Lib 1-7 substrate libraries. In the interest of clarity, for each isolated variant only the
sequence that differs from the wild-type Tn3 site I is shown. The library that the variant
sequence was isolated from is marked on the left of the sequence alignment. On the right of the
alignment in the first column the number of sequence changes with regards to the wild-type
sequence is provided, while in the second column the number of times a particular variant was
isolated is shown. The number of sequence changes in the second variant from the top is
marked with an "*" as there is an additional change outside the random block. The central
dinucleotide is highlighted by a grey rectangle. Position numbering is from the centre, as in the

previous figures.
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Figure 3.10-a) A histogram showing the relative base frequencies in the
recombination-deficient sites presented in the Fig.3.9 Irrespective of the number of
times a particular variant was isolated its sequence was used only once in the making of
the histogram. A coloured bar representing the wild-type Tn3 site I sequence (positions
1-8R and1-8L) is provided under the histogram for comparison. b) A histogram
showing the summary of the same data as a) but symmetrised with the respect to the
right end of Tn3 site 1. Coloured bars under the histogram represent the wild-type
sequence of the right end (positions 1-8R) of the Tn3 site I, and the inverted sequence
of the left end (positions 1-8L) for comparison.
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Since the time required to resolve a substratearpthean not be measured inianvivo
assay, resolved substrate plasmid DNA from indialduhite colonies was not isolated nor
sequenced. In an vivoassay, a Tn3 site | variant that is resolved sfomduld result in a
white colony, just like a highly recombination-pigdént Tn3 site | variant that is resolved
in a fraction of the time, making it difficult tagtriminate between the site | variants
according to their recombination proficiendye inability to grade different site | variants
based on their recombination proficiency would selyecomplicate the analysis of

requirements for recombination.

In order to be able to select the site | variahéd tecombine most efficiently, reactions
with NM resolvase were performéavitro. It was reasoned that if the reaction time is kept
relatively short, only the sequences most suitag@dombination will have recombined. To
determine the shortest practical reaction tim@na tourse experiment was set up using
NM resolvase andalk plasmid libraries 1-7 as substrates (Fig 3.1F)cAn be seen on
these gels, the NM-catalysed resolution reactioatiser fast, and even after the 0.5
minute time point, some evidence of recombinationl@ be observed. After the vitro
recombination reaction, a part of the reaction wis used to transform electrocompetent
DS941E. colicells. Following transformation the cells weretpthout on selective
MacConkey agar. Cells transformed with resolvedssake plasmids were expected to
give white colonies, and the ones transformed wiittesolved substrate plasmids were
expected to produce red colonies. The number oaneldvhite colonies was determined,
and used to calculate the apparent recombinatemuéncy (see Table 3.1). It should be
noted that this determined frequency is likely éoalm underestimate as any multiple

transformants that contain an unresolved subgpfatamid would also appear red.

In order to isolate resolved products only, the DiNAhe resolvasa vitro reaction mix

was digested with ECORYV restriction enzyme priotrémsformation. This enzyme cuts
within thegalK gene sequence and linearises any unresolvedatgptasmids,

preventing them from transforming (Fig 3.12). DNarh resolvase reactions at 0.5, 5, and
60 minute time points was treated in this way,4farmed and plated on selective
MacConkey agar. The resulting white colonies weraed off the plates, the DNA from
the individual plates was isolated, and then secge:m bulk, an example of which is
shown in Fig 3.13. The bulk sequencing result regmés an average of ~1000 different
sequences and was intended to provide an ovenfiegsolts over the entire crossover site
by giving an idea of relative DNA base frequencies.can be seen in the figure, even at
an earliest time point there is a rise in the feagpy of A and T bases at positions 5L and

6L when compared to the baseline where the G pmakthe highest. This trend continues
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Figure 3.11-Time course of NM resolvase recombining mutant libraries RB GalK
Lib1-RB GalK Lib 4. The time points are marked at the top of the gel as follows, 1 (0
min.), 2 (0.5 min.), 3 (1 min.), 4 (2 min.), 5 (5 min.), 6 (15 min.), 7 (30 min.) and 8 (60
min.). For protein and DNA concentration and buffer composition see Section 2.27.
The gels on the left show the uncut reactions (black annotation) whereas the ones on
the right show the corresponding reaction cut with Nrul (blue annotation). The graphic
representation of Nrul digest of the possible reaction products giving their expected
sizes is given in Fig. 2.13. The abbreviations are as follows, “s” (supercoiled
substrate), “rt” (recombinant product topoisomers), “nr” (non-recombinant products),
“r” (recombinant product), and “c” (cleavage product).



Time Point | RED | WHITE | TOTAL | % RECOMBINANT
O mn 245 0 245 0
0.5 min | 108 25 133 19
RB Gl K 1 mn 71 28 99 28
Lib 1 2 mn 29 21 50 42
5 mn 168 69 237 29
15 min 44 17 61 28
30 min 80 30 110 27
60 mn 34 20 54 37

Time Point | RED | WHITE | TOTAL | % RECOMBINANT
O mn 117 0 117 0
0.5 min | 113 13 126 1
RB Gl K 1 mn 97 18 115 16
Lib 2 2 mn 23 6 29 21
5 nn 44 14 58 24
15 min 32 15 47 32
30 min 101 39 140 28
60 mn 35 23 58 40

Time Point | RED | WHITE | TOTAL | % RECOMBINANT
O mn 394 1 395 0
0.5 mn | 112 7 119 6
RB Gal K 1 mn 387 20 407 5
Lib 3 2 nmn 130 13 143 9
5 nmn 200 25 225 11
15 min 410 70 480 15
30 min 176 23 199 12
60 mn 103 17 120 14

Time Point | RED | WHITE | TOTAL | % RECOMBINANT
O mn 238 4 242 2
0.5 mn | 112 4 116 3
RB Gl K 1 mn 68 2 70 3
Lib 4 2 mn 44 0 44 0
5 mn 79 4 83 5
15 min 36 1 37 3
30 mn 120 2 122 2
60 mn 94 5 99 5

Table 3.1- Invitro recombination frequencies in a time course experim ent with NM

resolvase acting on random libraries RB GalK Lib1-

continues on the following page.

RB GalK Lib 7. The table

102



Time Point | RED | WHITE | TOTAL | % RECOMBINANT
O mn 2504 5 2509 0
0.5 min | 831 17 848 2
RB Gal K 1 mn 872 38 910 4
Lib 4a 2 mn 1222 49 1271 4
5 mn 1521 82 1603 5
15 min 967 72 1039 7
30 mn 765 53 818 6
60 mn 1393 115 1508 8
Time Point | RED | WHITE | TOTAL | % RECOMBINANT
0 mn 2429 3 2432 0
0.5 min | 745 30 775 4
RB Gal K 1 mn 895 32 927 3
Lib 5 2 mn 1001 67 1068 6
5 mn 829 100 929 11
15 mn 1300 188 1488 13
30 mn 1381 210 1591 13
60 m n | 1063 173 1236 14
Time Point | RED | WHITE | TOTAL | % RECOMBINANT
0 mn 1298 2 1300 0
0.5 mn | 672 170 842 2
RB Gal K 1 mn 482 107 589 18
Lib 6 2 mn 920 480 1400 34
5 mn 486 230 716 32
15 mn 639 365 1004 36
30 nmn 102 45 147 31
60 mn 498 384 882 44
Time Point | RED | WHITE | TOTAL | % RECOMBINANT
O mn 179 3 182 2
0.5 mn 88 14 102 14
RB Gal K 1 mn 1580 620 2200 28
Lib 7 2 mn 110 28 138 20
5 mn 246 66 312 21
15 min 328 133 461 29
30 mn 148 69 217 32
60 mn 220 124 344 36

Table 3.1-continued
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Figure 3.12-A diagramatic representation (not to scale) of the strategy for isolating
resolved product containing the Tn3 site I variant out of an NM resolvase-catalysed in
vitro resolution reaction with the eight ga/K test plasmid libraries used as the substrate.
Both the unreacted library plasmid and the ga/K gene-containing resolution product are
linearised by EcoRV digestion and rendered incapable of transformation. The resolution
product containing the recombinant Tn3 site I variant with introduced changes is not cut
with EcoRYV, remains circular and is therefore capable of transformation . The mutated 4
bp block is shown in cyan, highlighted with a yellow "R" on a grey background.
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Figure 3.13- Bulk sequencing traces of mutant Tn3 site I variants obtained in
selections with NM resolvase using the random block library RB GalK Lib 1.
Different sequencing traces correspond to reaction times indicated to the left of the
sequencing trace. Sequencing was done using the primer OCP2 (see Table 2.4). The
individual DNA bases are numbered from the centre: 1-14 left and 1-14 right. For
bases 10-14 only the second digit is shown. The position of the random block is
highlighted in yellow below the sequencing trace. The "Left" and "Right" end refer
to the conventional representation of site I within res, where the binding sites are in
the order I-1I-111 left to rljght Each sequencing trace represents combined
sequencing result of ~10-clones.
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throughout the reaction and at the 60 minute paiat position 5L is almost exclusively a
T. The selection at positions 7L and 8L seemsmbgtso stringent with the four bases
ending up being similarly represented at the fimaé point, although there seems to be an
initial preference for T or A. At the 0.5 minuteni point there is a large, wide C peak that
is covering all 4 randomised positions, that seemreduce in prominence at the later time
points. There was a suspicion that this peak cbeld sequencing artefact caused by the
low quality of the plasmid DNA template. Bulk seqaéng of plasmid DNA isolated from
selections using othgalK libraries positions revealed promising glimpsésther base
change trends, but similar sequencing artefadisage seen in Fig.3.13 and poor quality

of the sequencing trace in general, hampered ttaeathalysis.

To circumvent these problems and because bulk semgecan not be easily quantified or
subjected to statistical analysis, an alternatie¢hwd looking at individual Tn3 site |
variant isolates was adopted. In order to do thesresolved plasmid DNA from 20
individual white colonies at the 0.5 minute timeripfrom each of thgalK libraries, was
sequenced. The early 0.5 minute time point waserhaas that resolvase reaction mix
should contain the Tn3 site | variants that aregésest to resolve. These sequences and
histograms showing the DNA base distribution farteaf the 16 crossover site positions

are given in Figs 3.14-3.17.

With the exception of the position 1L which remalreT in every Tn3 site | variant
selected, all the other positions appeared amemalleange. Overall, AtoaToraTtoan
A transversions seemed to be much preferred ovestifutions of an A or a T base with a
G or a C. This was in stark contrast to the recomtimn-deficient Tn3 site | variants
described previously. Also, the sites containingrges into G or a C usually contained
only a single change of that type, as opposedntmanly observed runs of G(C)'s
characteristic of the recombination-deficient sifEse most variable positions appear to be
positions 8, 7 and 4 on both the left and right ehthe site, while the most conserved
positions seem to be: 1, 2L, to a lesser extena®R the positions 5 and 6. Conservation
of AT at the positions 1R and 1L is unsurprisingabng in mind that in this assay Tn3 site
| variants are expected to recombine with the wyjae Tn3 site | which also has a central
AT dinucleotide. Conserving the AT at positionsdfl 1L avoids mismatches in the
centre following the recombination reaction, whégie known to be unfavourable (Hatfull
& Grindley, 1988). Mismatches appear however ndigdatal for recombination as can be
seen from the two isolated Tn3 site | variants rednith a “*” in the Fig.3.14. These
sequences with a central TT dinucleotide could faisen from a repaired mismatch in

the centre after the recombinant plasmid had bessformed. The adenine base at the
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Figure 3.14-Sequences of recombination-proficient Tn3 site I variants selected in vitro
using RB GalK Lib 1-7 substrate libraries (selection Strategy A, Section 3.5). In the
interest of clarity, for each isolated variant only the sequence that differs from the
wild-type Tn3 site I is shown. The library that the variant sequence was isolated from is
marked on top of the sequence alignment. Coloured squares underneath the library name
represent the wild-type Tn3 site I sequence at those positions. The sequences marked
with an "*" have a central TT dinucleotide that could have arisen from a repaired
mismatch in the centre after the recombinant plasmid had been transformed. Position
numbering is from the centre, as in the previous figures.
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Figure 3.15- a) A histogram showing the relative base frequencies in the
recombination-proficient sites presented in the Fig.3.14. A coloured bar representing the
wild-type Tn3 site I sequence (positions 1-8R and1-8L) is provided under the histogram for
comparison. b) A bar chart showing the %2 test values for each of the central 16 site I positions,
with the null hypothesis that the DNA base distribution is essentially random, i.e. 25% for each
base. The dashed lines show the significance threshold cut-off point as indicated on the right of
the bar chart. ¢) A histogram showing the summary of the same data as a) but symmetrised
with the respect to the right end of Tn3 site I. Coloured bars under the histogram represent the
wild-type sequence of the right end (positions 1-8R) of the Tn3 site I, and the inverted
sequence of the left end (positions 1-8L) for comparison.
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Figure 3.16- a) A histogram showing the purine (light green) and pyrimidine (dark green)
frequencies in the recombination-proficient sites presented in the Fig.3.14. A coloured bar
representing the wild-type Tn3 site I sequence (positions 1-8R and1-8L) is provided under
the histogram for comparison. b) A histogram showing the summary of the same data as a)
but symmetrised with the respect to the right end of Tn3 site I. Coloured bars under the
histogram represent the wild-type sequence of the right end (positions 1-8R) of the Tn3 site
I, and the inverted sequence of the left end (positions 1-8L) for comparison.
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Figure 3.17- a) A histogram showing the A+T (light blue) and G+C (dark blue) frequencies
in the recombination-proficient sites presented in the Fig.3.14. A coloured bar representing
the wild-type Tn3 site I sequence (positions 1-8R and1-8L) is provided under the histogram

for comparison. b) A histogram showing the summary of the same data as a) but

symmetrised with the respect to the right end of Tn3 site I. Coloured bars under the

histogram represent the wild-type sequence of the right end (positions 1-8R) of the Tn3 site

I, and the inverted sequence of the left end (positions 1-8L) for comparison.
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position 2L seems to be better conserved thaniit®mmage thymine at the position 2R.
In most cases a pyrimidine-purine (Y-R) base stdpvben positions 1 and 2 is preserved
on both sides of the site, yet in the instances&vhas not, it is always missing only on
one side. Positions 5 and 6 are in vast majoritgases an A or a T. If one of them is
changed to a G or a C, the other position, apan frery few exceptions, is not. There
seems to be a slight preference for position Seta thymine which is extending the run of
Ts. A XZ test was performed for each of the central 16 Tie3| positions with the null
hypothesis that the DNA base distribution is esabiptrandom, i.e. 25% for each base
(Fig 3.15). This test confirms that the strongest&ion is seen (in a descending order) at
the positions 1L, 1R, 2L, 6L, 5L, 5R, 3R and 6Refrobability that the base frequencies
observed at these positions are due to the chamnegling of an equiprobable base set is
less than 1%. For positions 1L, 1R, 2L, 6L, 5L ghisbability is even lower (< 0.1%).

3.6 Strategy B - Plasmid fusion-based selection
In this strategy, the Tn3 site I's capable of reboration were to be selected using a

fusion reaction between the seven random libraagrpids RB Lib 1-7 (see Section 3.3)
and a plasmid pMP47. Plasmid pMP47 has the same_@Blbackbone as the random
library plasmids, but it carries a kanamycin resise gene instead of a gene for ampicillin
resistance, and a wild-type Tn3 site I. The fusearction is in essence a reverse of the
resolution reaction. The ampicillin-resistancediyr plasmid should recombirie vitro,

using NM resolvase, with the kanamycin-resistariasrpid carrying the wild-type Tn3

site I, giving a fusion product with both antibmtesistances, allowing for selection (see
Fig.3.18). The ratio of pMP47 to the library plasmidfe reactions was envisaged to be 1
: 4, in order to minimise recombination betweendbpies of pMP47 molecule itself.
Although these pMP47 fusions with itself could betselected under ampicillin and
kanamycin selection, they are undesirable as thayae the overall efficiency of the
reaction. The original sequence of the mutant ongessite could be reconstructed by

sequencing both newly formed recombinant crosssites in a single product plasmid.

A “proof of concept” reaction between pMP47 and @C8oth containing the wild-type
Tn3 site I, was successfully performed. Howeveg ttutime running out, this strategy has

not been pursued any further.
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intermolecular
fusion

product

Figure 3.18-A diagrammatic representation (not to scale) of the plasmid fusion reaction
which was to form a basis of the Tn3 site I variant selection Strategy B. Intermolecular
recombination between the random Tn3 site I variant carried on single site random library
plasmid (Amp") and a wild-type Tn3 site I found on pMP47 (kanamycin resistance carrying
pCOI1 analogue) creates a fusion product that carries both ampicillin and kanamycin
resistance allowing this product to be selected. The ratio between the single site library
plasmids (RB Lib 1-7) and pMP47 should be 4:1 in order to minimise intramolecular
recombination between copies of pMP47. The mutated 4 bp block is shown in cyan,
highlighted with a yellow "R" on a grey background.
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3.7 Strategy C - Plasmid multimer resolution-based
selection
The selections discussed in the previous two seztiere based on recombination

between an unmodified Tn3 site | and a mutant T3l sThis kind of arrangement is
likely to be more permissive and selection lesagnt as unfavourable changes in one
half-site could be compensated for by the wild-tij¢A-protein interactions in the
remaining three half sites (Hatft al., 1988). This approach was informative but it faced
some intrinsic limitations, especially at the vegntre of the site I. As the wild type Tn3
site | has an AT dinucleotide centre, recombinatuith a modified site | would, in fifteen
out of sixteen times, result in a mismatch. A migrhan the centre of the site | impairs the
religation step of the recombination reaction (Me#ith et al, 1997), and would likely
cause the vast majority of site I's with mutatedtoes to be selected against. As the bases
in the central dinucleotide are not directly cotgddy the resolvase protein according to
the structural evidence (Yang & Steitz, 1995)eems reasonable to suggest that other
central dinucleotides could be as efficient in rabmation as AT (Hatfull & Grindley,
1988). Also, it is evident from the alignment dksdl’'s associated with other Tn3
resolvase-like recombinases that alternative ceditnacleotides are possible (Fig 3.1). As
the wild-type site I's are partially palindromici¢gr3.1), it is possible that introducing
changes at only one side of the site, without treesponding changes in the other, might
not be testing the sequence variability to its éalbacity, and that a greater sequence
variation is permissible if the introduced changessymmetricalAdditionally it could be
argued that symmetrical negative changes would rttekeelection more stringent as there
would be no possibility of compensatory effect frime wild-type protein-DNA contacts

on the remaining half-sites. To test these hypethdaswas necessary to create resolution
substrate plasmids with two mutated crossover,stita#aining exactly the same changes
in each. To create libraries of such substrateddning would be unfeasible. To sidestep
this issue, an alternative selection strategy basqaasmid multimer resolution was

devised.

The strategy employed is summarised in Figure 3 h8.protocol relied on generating
plasmid multimers, using the single site randontlldraries RB Lib 1-7 (Section 3.3),

in order to create resolution substrate plasmidsaioing two (or more) mutated Tn3 site |
variants, each containing exactly the same chamgsolution substrates so created would
then be assayed for their recombination proficianayitro using NM resolvase.

Resolution of multimer plasmids by NM resolvasewdtaesult in plasmid monomers. To
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Figure 3.19-A diagrammatic representation (not to scale) of the Tn3 site I variant selection
Strategy C. Step 1-Transform the single site random block library monomer plasmid into
JC8679. Step 2-Grow JC8679 cells. Step 3-Extract multimerised plasmid DNA and separate
using a 1% TAE agarose gel. Step 4-Cut out plasmid dimer and extract out of the agarose gel.
Step 5- In vitro recombination reaction using the plasmid dimer followed by transformation

into DHS5 cells. The legend continued on the following page...
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Figure 3.19-The legend continued from the previous page.. Step 6-Following amplification
of plasmid DNA in DHS5 cells, plasmid DNA is extracted and separated on a 1% TAE agarose
gel. Step 7- Cut out supercoiled plasmid monomer extract the DNA out of agarose gel and
transform into DHS5 cells. Step 8-After amplification in DH5 cells plasmid DNA is extracted.
Step 9- Supercoiled monomer plasmid DNA sequenced in bulk or used for a second round of
selection. Step 10-Second round of selection, the products of the in vitro recombination
reactions are separated on a 1% TAE agarose gel. Step 11- relaxed plasmid monomer
topoisomers are cut out of the agarose gel, DNA extracted and used to transform DHS5 cells.
Step 12-Following the amplification in DH5 cells plasmid monomer DNA is extracted
(individually or in bulk). Step 13- Extracted plasmid DNA monomers are sequenced in bulk or
as individual isolates.
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generate plasmid multimers, colistrain JC8679 was to be employed. This strainesarr
mutations in thesbd, recB andrecC genes, causing DNA recombination defects (Gillen
etal., 1981). These defects lead to the accumulationuttimmer forms of any episome that

is maintained in these cells.

The seven random block libraries (RB Lib 1-7) wesed to transform electro-competent
JC867%E. colicells (Fig 3.19, step 1). Plasmid pCO1 was used@ssitive control. pCO1
contains a single wild-type Tn3 site | cloned itite pMTL23 backbone. After
transformation, cells were spread on selective &r-@tates and grown overnight (Fig 3.19,
step 2). Cells were grown on plates rather thdigind culture to avoid putting selective
pressure on the libraries that could cause a tod#/ersity. Bacterial colonies were
scraped off the plates and the plasmid DNA wastsdl (Fig 3.19, step 3). The number of
scraped colonies was about 15 000 for each ofltheries, which is sufficient to maintain
the library diversity. Separation of plasmid mukira of different sizes was done by
agarose gel electrophoresis. Plasmid dimer, tramdrtetramer were cut out of the gel and
purified (Fig 3.19, step 4). To obtain a sufficiguiantity of the plasmid DNA for
subsequent resolvase reactions, separated multmeeesamplified by transformation of
recombination-deficient electro-competé&ntcoli strain DH5. Around 15 000 DH5
colonies were scraped off selective L-agar plategéch of the multimer libraries, and the
plasmid DNA was prepared using the large scale oaet8ection 2.10.2).

Analogously to the Strategy A selections (Sectidi),30 determine the shortest time
needed for adequate resolution, and the most siabltimer form to use as the substrate,
a time course experiment was performed. After daetions were terminated, a portion of
the reaction mix from each point in the time couses used to transform electro-
competent DH5 cells. After transformation and oigdthculture on selective L-agar

plates, plasmid DNA was isolated from these celil$ separated by agarose gel
electrophoresis (Fig 3.20). The biggest sourcerof én the multimer resolution
experiments comes from contaminating monomer imthkimer preparation. The bigger
the size of the multimer the less likely is theedircontamination with monomer.

However, larger multimers might require more thae cound of recombination to be

resolved to a monomer.

It was decided to use the dimer as the preferned & multimer substrate. The monomer
contamination level was found to be sufficientlw]and as only a single recombination
round is required to generate monomers, dimer gatbstwere deemed superior to trimer.

Considering that most substrates with one mutashtose wild-type site | were
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Figure 3.20-Products of the NM resolvase-catalysed pCO1 multimer resolution, post
transformation. Samples of in vitro resolution reactions stopped by heat after 0 min.

(1), 0.5 min. (2), 1 min. (3), 2 min. (4), 5 min. (5), 15 min. (6), 30 min. (7) and 60 min.

(8), using either pCO1 dimer (left panel, black annotation) or pCO1 trimer (right
panel, blue annotation) were transformed into recombination deficient DHS5 cells and
the amplified plasmid DNA isolated and separated using 1% TAE agarose gel. For
protein and DNA concentration and buffer composition used for the in vitro reactions
see Section 2.27. Lane marked M is a ladder of pCO1 multimers, while the lane
marked L is the Invitrogen 1 kb ladder.
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recombined slower than the substrates with two-tyiee site I's (Section 3.5) it was
decided to perform two subsequent selection ro(fids 3.19). The first round (Fig 3.19,
steps 1-9) was envisaged as the “enrichment” rowittl,a sufficiently long reaction time
to provide a chance for any crossover sites tieahle to recombine to do so. In the
second round (Fig 3.19, step 1-4 and 10-13) a stoirggent selection, (that is, a much
shorter reaction time), was to be employed to sétedhe most efficient recombination

sites.

For the first selection round, dimers of the sersrdom block libraries were treated with
NM resolvase for 1 hour. The reaction was termihaaed a portion of the reaction mix
was used to transform electro-competent DH5 cEl$ 8.19, step 5). The plasmid DNA
was isolated from ~15 000 DH5 colonies for eactheflibraries and separated by agarose
gel electrophoresis (Fig 3.19, step 6). Plasmidaenwar was cut out of the gel, extracted
and amplified in DH5 strain (Fig 3.19, step 7). hasmid DNA was then again isolated
from ~15 000 DH5 colonies (Fig 3.19, step 8) anebu® transform electro-competent
JC8679 (Fig 3.19, step 1) for a second round ofimatisation. This first round monomer
DNA was also sequenced in bulk (Fig 3.19, steps®)aithe universal -43 primer (Fig.
3.21).

For the second round, multimers were isolated apdrsited as described previously.
Dimers were amplified in DH5 cells as describedv@b®imer DNA was then treated with
NM resolvase for 5 minutes. The recombination ieacivas terminated, and the reaction
products were separated using agarose gel eleoneghb (Fig 3.19, step 10). The ladder
of relaxed monomer topoisomers was cut out of #leagd extracted (Fig 3.19, step 11).
The topoisomers were used rather than the supedcwibnomer, as the topoisomerase
activity was evidence that these molecules werstsaties for resolvase, whereas the non-
relaxed supercoiled monomer might still containtaarinant non-substrate monomers.
The gel-extracted monomer topoisomers were usadrnsform electro-competent DH5
cells. Monomer plasmid DNA was purified (Fig 3.38p 12) from ~15 000 DH5 colonies
for each of the random block libraries using thgdascale method (Section 2.10.2). This
DNA was sequenced in bulk (Fig 3.19, step 13) u#iieguniversal -43 primer (Fig. 3.21).
Apart from the bulk sequencing (summarised in Big2), plasmid DNA from twenty
randomly selected DH5 colonies from each librarg waquenced individually (Fig 3.19,
step 13). The sequences of these selected monameshown in Fig. 3.23. Sequence data
from all the library selections were pooled togetlaad histograms showing the DNA base
distribution for each of the 16 central site | piosis were made (Figs. 3.24-3.26).
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selections with NM resolvase using the random block libraries RB 1-7 Continued on

Figure 3.21- Bulk sequencing traces of mutant Tn3 site I variants obtained in
the next page...
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Figure 3.21- Continued from the
previous page... Bulk sequencing
traces of mutant Tn3 site I variants
baseline obtained in selections with NM
resolvase using the random block
libraries RB Lib 5-7. Sequencing was
done using the primer uni -43 (see
Table 2.4). The individual DNA bases
are numbered from the centre: 1-14
left and 1-14 right. For bases 10-14
only the second digit is shown. The
1st round position of the random block is
highlighted in yellow below the
sequencing trace. The "Left" and
"Right" end refer to the conventional
representation of site I within res,
where the binding sites are in the
order I-1I-1II left to right. Each
sequencing trace represents combined
sequencing result of ~103clones.

2nd round




right end 876 5432112345678 left end

TGTCTGATAATTTATAATATTTCGAACG

RB 7 RB 6 RB 5 RB 4 RB 3 RB 2 RB 1
8765 6543 4321 2112 1234 3456 5678
T (RS [ [Ema T [ [T
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Figure 3.22- A summary of bulk sequencing data shown in Fig. 3.21. In the interest of
clarity, for each library only the sequencing traces of the random block regions are shown.
The library that the variant sequences were isolated from is marked on top of the sequence
alignment. Coloured squares underneath the library name represent the wild-type Tn3 site I
sequence at those positions. Underneath the bulk sequencing traces from the 2nd round of
selections, the sequence of the selected blocks of four is given using the extended [UPAC
DNA notation (see Abbreviations). At the foot of the figure, sequencing traces are merged
together and the sequence of the whole Tn3 site I so derived is given using the extended
IUPAC DNA notation. Position numbering is from the centre, as in the previous figures

121



right end 876 5432112345678 left end
TGTCTGATAATTTATAATATTTCGAACG

AN

RB7 RB6 RB5 RB3 RB2 RB 1
8765 6543 4321 1234 3456 5678
o [EEEE] [EEEm| [EEE] mEEE] [mEEE]

RB 4
2112
[EEE
ATTT X3 TTTT X11 TTCT X4 CTTG X5 TAAA X3 TGTT X2 TTTT X10
AATT X3 TACT X2 TTCA X2 CACAX3 TGTC X2 TGAA X2 TTAT X5
CAAT X2 TATT X2 CTCG X2 TGTG X2
TAAA TTG TTG X2
TGTA x2

AAAA x2 AAAA TTGA AGAC ACAT X2 qaATT
TGAA TTCT GTCG CATT TGAA TATT TTAL
CGAT TTAT ATTG GATA TTAA TCAT TTTA
TGTT TAAT ATCT CTTA TATC TGAT
AAT CACA CATA TGGA CATT
AAR Srei  GfIc  Cgas  acrr
TAAT CTTG TGTT TCTT
GCAA TCAC AGTA

Figure 3.23- Sequences of recombination-proficient Tn3 site I variants selected
in vitro using the selection Strategy C (Section 3.7). In the interest of clarity, for
each isolated variant only the sequence that differs from the wild-type Tn3 site I
is shown. The library that the variant sequence was isolated from is marked on
top of the sequence alignment. Coloured squares underneath the library name
represent the wild-type Tn3 site I sequence at those positions. Position
numbering is from the centre, as in the previous figures.
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Figure 3.24- a) A histogram showing the relative base frequencies in the
recombination-proficient sites presented in the Fig.3.23. A coloured bar representing the
wild-type Tn3 site I sequence (positions 1-8R and1-8L) is provided under the histogram
for comparison. b) A bar chart showing the x2 test values for each of the central 16 site |
positions with the null hypothesis that the DNA base distribution is essentially random,
1.e. 25% for each base. The dashed lines show the significance threshold cut-off point as
indicated on the right of the bar chart. ¢) A histogram showing the summary of the same
data as a) but symmetrised with the respect to the right end of Tn3 site I. Coloured bars
under the histogram represent the wild-type sequence of the right end (positions 1-8R) of
the Tn3 site I, and the inverted sequence of the left end (positions 1-8L) for comparison.
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Figure 3.25- a) A histogram showing the purine (light green) and pyrimidine (dark
green) frequencies in the recombination-proficient sites presented in the Fig.3.23. A
coloured bar representing the wild-type Tn3 site I sequence (positions 1-8R and1-8L) is
provided under the histogram for comparison. b) A histogram showing the summary of
the same data as a) but symmetrised with the respect to the right end of Tn3 site I.
Coloured bars under the histogram represent the wild-type sequence of the right end
(positions 1-8R) of the Tn3 site I, and the inverted sequence of the left end (positions
1-8L) for comparison.
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Figure 3.26- a) A histogram showing the A+T (light blue) and G+C (dark blue)
frequencies in the recombination-proficient sites presented in the Fig.3.23. A coloured
bar representing the wild-type Tn3 site I sequence (positions 1-8R and1-8L) is
provided under the histogram for comparison. b) A histogram showing the summary of
the same data as a) but symmetrised with the respect to the right end of Tn3 site I.
Coloured bars under the histogram represent the wild-type sequence of the right end
(positions 1-8R) of the Tn3 site I, and the inverted sequence of the left end (positions
1-8L) for comparison.
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In general the results obtained using this selecttoategy correspond very well to the
findings described in Section 3.5. In contrasttt@at®gy A however, bulk sequencing of
the first and second round selected monomers preegdsuccessful, most likely due to
the template plasmid DNA being of higher qualitgg8encing in bulk gives a qualitative
overview of base frequencies at each position, wli@n average of ~ 15 000 individual
Tn3 site | variant isolates. Although peak heigktsresenting different DNA bases at
different base positions can not be easily compar@thparing the peak heights at the
same position gives a good idea of the relativeessmtation of a particular DNA base at
that position in relation to the other three pdesiiases. In this experiment the bulk
sequencing result very graphically illustratesgbkection taking place, especially at
positions already identified in the previous scré&ection 3.5) such as 1L, 2L, 5, 6 and
3R. A striking feature of the bulk sequencing istjmow superimposable the results are for
the same base positions obtained in independerttgris using random libraries
containing overlapping random blocks. This is egglctrue in the centre of the site
where the result for positions 1 and 2 is virtuadigntical for libraries containing random
blocks 5, 4 and 3.

Selections using libraries containing random bso@kand 7 or 1 and 2 reveal a possible
“context effect”; when the positions 5R and 6R sekected from the library containing
random block 7, both A and T appear to be acceptattthese positions, yet the same
positions when selected from the random block Galirest exclusively a T. If both 5R

and 6R are changed into a T a run of 6 T's is mamkeed, when the individual second
round Tn3 site | variants from library containin@ B were sequenced, 11 out of 20
sequenced variants had a T at both 5R and 6R. iBeea strikingly, all 20 individual Tn3
site | variants isolated from the library contamiRB 1 had a T at position 5L, and 10 out
of those also had a T at 6L, creating a run of$ When the library containing changes in
RB 2 was used, position 5L is an A in half of thdividually sequenced second round
isolates. This propensity for creating runs of i&s been noted in the selections described
in the previous section, but in this assay it app&abe far more pronounced. Also, while
in the selections using the Strategy A, G and @$agere found to be tolerated to a degree
at positions 5 and 6, these bases were found abéautely not tolerated in the plasmid

multimer-based selections.

One of the main reasons for employing Strategy € twaallow the central dinucleotide to
vary without having to worry about the issue wittnsmatch in the centre of the site. As
expected a number, of Tn3 site | variants withraraé dinucleotide other than AT were

selected, namely TT, GT and AC. Interestingly, cardinucleotide TT was also observed
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in the selections using Strategy A, where it wastrilikely due to mismatch repair in
DS941 cells post-transformation. Again a T at atmrs1L was found to be better
conserved than its corresponding mirror image A position 1R, with only 6 out of 40
Tn3 site | variants selected from libraries contagrRB 4 or 3 having a different base at

this position.

Just like in the Strategy A-selections a purineipidine step between positions 1 and 2
was found to be preserved at least at one sidé Tma site | variants selected, with most
isolates having the purine-pyrimidine step on lstles of the centre of the site. Position 2
shows much greater degree of variability than waseorsed in the previous selections, but
displays a similar impression of symmetry with @2Rferably being a C and almost never

an A or a G, and position 2L favouring a G but veasely aC ora T.

A thymine base at position 3R was much more reliabhserved than an A at the position
3L, which agrees well with the similar finding fraifme Strategy A selections. Finally, the
selection at positions 7L and especially 8L seetodse much more stringent than the
selection at the positions 7R and 8R, with the stylae base being preferred to other
possible bases. This difference was much more provesd in this set of results than in the

Strategy A selections.

A y*test was performed for each of the crossover positwith the null hypothesis that the
DNA base distribution is essentially random; i.8%®2for each base (Fig 3.24). The test
shows that at 12 positions out of 16 the probafiliat the base frequencies observed at
these positions are due to the chance samplinguipebable base set is less than 0.1%.
The strongest selection is seen (in a descendawy)oat the positions 6L, 3R, 1L, 5L, 6R,
5R, 8L, 2R, 4R, 2L, 3L, and 7L.

3.8 Discussion
In the preceding sections, NM resolvase was usedlext Tn3 site | variants that are

either recombination-proficient or deficient in tivalependent assays, using libraries of
recombination substrates containing sites in weigtry DNA base in the central 16 bp of
the Tn3 site | was allowed to vary. In one assasa{&gy A), a recombination reaction was
designed to take place between a wild-type Tn3lsited a library of mutant site | variants,
whereas in the other protocol (Strategy C) a redoation between two mutant site |
variants with identical changes was assayed. Ih sioategies DNA bases in the centre of
site | were changed in overlapping blocks of 4vdpich was intended as a way to cover

the possible sequence space in a manageable sekia manner that could highlight
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possible “context effects”. In this section resuitshese selections will be discussed and
compared with the relevant previously publishedifigs, and related to the available
structural information in order to attempt to it the basis of Tn3 resolvase selectivity

in the centre of site | at the molecular level.

Overall, Tn3 site | variant sequences selecte@@smbination proficient, bore a strong
resemblance (Fig. 3.27) to the known site | segeeassociated with the Tn3 resolvase
family, affirming the validity of the selectionsh@& greatest difference to the wild-type
sequences was observed at position 2 in sitestedlasing Strategy C. Although this
position appeared to be allowed to vary, a chariatizpyrimidine-purine (Y-R) base step
found between this position and position 1 was ébtmbe very well conserved, and in all
cases present at least at one of the two positosion 1 junctions. In the crystal
structure of g resolvase dimer bound to site | (1gdt; Yang &3tei995), these Y-R
base steps coincide with the positions of the geibsnds (Fig. 3.28). They display the
highest roll angles (40and 2@) and are making a contact with the residue T126. (F
3.29), causing partial unstacking, unwinding by ®&hd widening of the minor groove
from the average 5.1 to 7.6 A, which results indkierall DNA bend in site I. The
observed conservation of the Y-R base step higtgitite functional importance of this
sequence feature, whereas the existence of recatidnrproficient sites with only one Y-
R base step conserved, might support the propbsahon-concerted cleavage reaction
mechanism (Yang & Steitz, 1995).

A number of different central dinucleotides apaoti AT were selected including AC, GT
and TT. AC and GT preserve a purine-pyrimidine (Rb¥se step that is seen in the wild-
type AT, whilst this is not the case for TT. Thentral dinucleotide R-Y base step seems
to be less important than the Y-R base step adissile bond positions. An alternative
central dinucleotide TT has been shown to be tt@dreeasonably well in the context of

resusing either Tn3 oyd resolvase systems (Hatfull & Grindley, 1988).

Further away from the centre of the site, reslitaioed using the two independent
selection methods were remarkably similar and setisistent. However, it was found that
the selection for any particular sequence was @#lgdess stringent using Strategy A. A
possible explanation for this is that the wild-t\pRA-protein interactions in the
remaining three half-sites that do not contain sega changes might be acting in a
compensatory fashion, and that therefore only thetimhibitory changes are likely to

have a sufficient effect.
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Figure 3.27- Sequence logos summarising the sequences of a) Tn3 like site I’s (Fig. 3.1),
b) recombination-proficient Tn3 site I variants selected using Strategy A (Fig. 3.14), ¢)
recombination-proficient Tn3 site I variants selected using Strategy C (Fig 3.23), and d)
recombination-deficient Tn3 site I variants selected using Strategy A (Fig. 3.9). Sequence

logos are graphical representations of multiple sequence alignments of DNA bases

(Schneider & Stephens, 1990). Each logo consists of stacks of symbols, one stack for each
position in the centre of Tn3 site I. The overall height of the stack indicates the sequence
conservation at that position, while the height of symbols within the stack indicates the
relative frequency of each DNA base at that position. A coloured bar representing the
wild-type Tn3 site I sequence (positions 1-8R and1-8L) is provided under the logo for

comparison. Sequence logos were generated using the “WebLogo 3.0 server.
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Figure 3.28- A graph showing the calculated DNA parameters for the symmetrised site I sequence in 1gdt structure (Yang & Steitz, 1995).

Note that this sequence is slightly different to wild-type Tn3 site I sequence, however most of the differences are found outside the central 16
bp (coloured sequences). Parameters plotted are the twist angle (blue line), roll angle (orange line) and the minor groove width (magenta

line). The numbering of bases is from the centre as in the previous figures.
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The findings show that most positions can be chamgthout abolishing recombination if
changed individually, but that accumulating severalnges is detrimental. In general
changes froman Atoa T, or a T to an A were mhetter tolerated than substitutions of
an A ora T with a G or a C, which is consisterthwhe recognition in the minor groove.
This is consistent with the availabj@ resolvase-DNA co-crystal structures which show
extensive minor groove contacts between the exteada region and bases at positions 1-
8 (Figs. 3.29 and 3.30)(Yang & Steitz, 1995¢tal., 2005).

Certain positions were found to have a very stioregerence for certain types of bases,
especially when recombination between two mutdatisiariants with identical changes
was demanded. Generally the selection in the dftdite appeared to be more stringent
and bases at key positions more faithfully consir@&nce the binding of the resolvase
HtH DNA-binding domain to the outermost 6 bp of tbf site | half-site is quite weak
(Bednarz, 1990) it is possible that the contributio binding and sequence recognition by
the arm region-DNA contacts is far more cruciahad half-site. This suggestion seems
plausible, considering that the individual conttiba to binding of the similar arm region

of the DNA binding domain of Antp, Rrosophilatranscription factor, has been calculated
to be greater than the contribution of binding K&j the structural element usually

regarded as a sole mediator of homeodomain spiécifitrane-Robinsoet al, 2006).

Positions that were found to be most strongly setbwere 5R, 5L, 6R, 6L, 3R, 1L, 7L
and 8L, while position 8R and 4L appeared to betarally random. This result hints that
there might be a degree of asymmetry in the waglvase subunits interact with left and
right half-site of site |, a possibility that waaised previously in the literature (Yang &
Steitz, 1995).

It is interesting that positions that are contadtetthe 1gdt structure such as 4 and 7 seem
not to be particularly well conserved in the satecexperiments, which is in concordance
with an earlier study of binding of 43 amino acidegminala-chymotrypsin fragment of

yd resolvase (residues 141-183) and iny@aksolvase to a series of mutgdtsite | half-
sites (Rimphanitchayakdt al.,1990). Position 4 is contacted by G141, wheregtheine
carbonyl oxygen forms a hydrogen bond to the rilsoggoxygen of T, whilst R142 forms
numerous hydrogen bonds to the TA base pair anDi#e backbone at position 7 (Fig.
3.30). While lack of strong influence of positionmithe study of Rimphanitchayalat al.

is easily discounted due to the limited contaatait make with the resolvase fragment
whose N-terminus is at G141, their result that suystitution at position 7 is tolerated is

more puzzling. Apart from the specific hydrogen th@ontacts to the AT base pair at
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Figure 3.29- Resolvase residues in the extended arm region making contacts with the
DNA backbone in the centre of site I. Residues 1122, .123, T126, R130 and F140 are
given in sticks representation. The rest of resolvase protein is in cartoon (blue and red),
while the DNA backbone is gray and in spacefill. DNA bases are in sticks and are
coloured as follows; adenine (A, olive green) and thymine (T, lilac). The figure was
made using 1gdt coordinates (Yang & Steitz, 1995) and program PyMol 0.99.
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Figure 3.30- Resolvase residues in the extended arm region making contacts with
the DNA backbone in the centre of site I. Residues G129, A133, G141 and R142 are
blue. The glycines are given in spacefill while alanine and arginine are given in
sticks representation. The rest of resolvase protein is in cartoon (blue and red), while
the DNA backbone is gray and in sticks. DNA bases are also in sticks and are
coloured as follows; adenine (A, olive green) and thymine (T, lilac). The figure was
made using 1gdt coordinates (Yang & Steitz, 1995) and program PyMol 0.99.
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position 7, the aliphatic portion of R142 makesasive van der Waals contacts with the
carbon moieties of the DNA backbone between post®-8 (Fig. 3.30). It seems that
these other interactions are sufficient to comptenfea the possible substitutions at

position 7.

If positions 5 and 6 were allowed to vary on eitbiele of the site, the bases chosen at
these positions were exclusively either an A or InTaddition a propensity for extending
the existing runs of T's was also noted. Rimphdmay@kitet al., observed that while an A
to T transversion at position 6 has no adverseeéfie binding, an Atoa G or C
substitution strongly inhibits it. For positiortitey reported a similar effect for a G or C
substitution, with the A to a C change being esgdcadverse, but also a milder binding
inhibition for an A to T transversion. They showkdt A5C causes the site to be less bent
causing an incorrect structural configuration ¢é $j which in turn inhibitses x res
recombination. They argued that a wild-type AT bpae at position 5 provides a narrow
and compressible minor groove that plays an impogart in the formation of the
resolvase-induced bend at site |, and that regaicinith a GC base pair would widen it
and reduce its compressibility, which would causesa of affinity as well as reducing

bending of the complete site.

Indeed, one of the commonest changes at positibat3s found in the selected
recombination-deficient Tn3 site | variants is tiange of A at 5R into a C, and
corresponding A at 5L into a G. This is illustraggtticularly clearly in Fig.3.27d in which
the sequences of the selected recombination detitie3 site | variants were combined to
make a sequence logo (Schneider & Stephens, 1960k€et al.,2004). Ato T
transversion at this position was not selectedresgiaand it seemed to actually be preferred
(Section 3.7) which is in contrast with the obséores of Rimphanitchayakét al. As the
assays reported in this chapter were recombinaseays and not binding assays like the
ones published previously it is difficult to sayether the A to T transversion at position 5
is inhibitory to binding by NM resolvase. As TnZodvase contacts these two positions in
the minor groove it is difficult to see how it cdudistinguish an AT or a TA base pair
either directly or indirectly. A to T changes pregethe minor groove hydrogen bond
donor/acceptor pattern and also the increased igopeist that leads to a narrow minor
groove. The direct recognition of the hydrogen bdondor/acceptor pattern would be
difficult as the pattern presented by TA or AT bpaé in the minor groove is very similar
(Seemaret al.,1976).
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Changes of A into a T at position 5R or 5L creataraof 4 or 5 consecutive T's,
respectively. These homopolymer runs are knowretodid and to influence sequence
induced bending of DNA at their ends (Kebal, 1986; Barbic et al., 2003). They are
known to cause progressive narrowing of the mimooge, to the 3’ end of the A run
(Burkhoff & Tulius, 1987), which in the case of tha3 site | means that the minor groove
would get progressively narrower towards the ceotithe site. As the narrow minor
groove is already a feature in this region of T Is(Fig.3.28) further narrowing should

be tolerated.

The pattern of base conservation at positionsI8(8R-5R) suggest that resolvase uses a
GR motif (G141, R142, Fig. 3.30) to recognise #isrich sequence in a fashion very
similar to the AT-hook motifs (Hutht al.,1997). The main force driving the binding of
AT-hook motifs, which use an arginine residue girailar fashion to resolvase, comes
from the entropy increase resulting from displacetnat ordered water molecules that are
uniquely characteristic of the AT-rich minor grooiizraganet al.,2003) such is found in
site I. Only AT-rich regions can achieve a narroman groove as they have a greater
degree of propeller twist between adjacent bags.daia sequence containing CG, an N2
amino group of the guanine clashes with the basieeim+1 position in the opposite strand,
preventing the narrowing of the groove. As Tn3 bitariants containing G or C
substitutions at the positions 8-5 might not bedblassume a minor groove conformation
that is narrow enough to allow for the formatioracgpine of ordered water molecules, the
entropy increase that would ensue from their repteent and drive the binding of R142
into the minor groove in these mutant site | vasanight also be lacking. Therefore |
postulate that the inhibition of recombination byGC substitutions at positions 8-5 is
caused by reduction in the binding affinity. Thatd be tested by using inosine base
analogues instead of guanine to replace A or Hues at positions 8-5, as was done for a
tyrosine recombinase Flp (Whiteson & Rice, 2008 the inosine base lacks the N2
amino group, the sites containing inosine replacgsmehould be able to assume a similar

level of propeller twist as the wild-type sequence.

Another base position that was shown to be very ezgiserved is position 3. In the crystal
structure this position and position 4 are conthble R130 (Fig 3.29) which makes
specific hydrogen bonds with the N3 atoms of adeaitnthe opposite DNA strand (Yang

& Steitz, 1995). It has been suggested that thestacts are used by resolvase to exclude
GC-containing sequences (Yang & Steitz, 1995). $h&ms likely as other resolvases that
have a G or a C at this position have an | or ah &n equivalent protein residue,

respectively (M. Boocock, personal communicatidmierestingly, no resolvase with an A
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base at position 3 has been characterised. S&euthk affinity-increasing interactions
described for positions 5-8, this interaction se@mise to determining specificity. Other
residues that contact the edges of the base patnge iminor groove are F140, L123 and
1122 (Fig 3.29). These interactions seem to beiapged van der Waals interaction with
base positions 3-5. Residue 123 is variable iredhfit resolvases; itisan R ora K in
resolvases associated with a site | which hasraystf G’s at positions 3-5. Position 3 was
especially well conserved in the right half-siteTof3 site I. As the resolvase HtH binds
more tightly to the outermost 6 bp of the rightffste (Bednarz, 1990), it is possible that
the contribution of the arm region minor groove te@ts at positions 8-5 is less crucial,

increasing the relative importance of the spedifieraction at position 3.

Sequence discrimination by NM resolvase could fad&ee in the binding and/or catalytic
steps. As the assays in this study were basedlaedombination, the distinction between
these steps can not be made with certainty. Neslesh it seems that specificity in the
central 16 bp of Tn3 site | is imparted by a comation of direct contacts at position 3 and
indirect readout based on an AT-hook motif-likeddry in the minor groove between
positions 8 and 5. NM resolvase seems to interahttive left and right half-sites of Tn3
site | in a slightly different manner. At the I&falf-site, presumably due to the weak
binding of the HtH, site contacts between positi8fisand the existence of a Y-R base
step between positions 1 and 2 appear to be theimpsrtant. At the right half-site,
although the aforementioned interactions are ingmbrtspecific contacts to the position 3

seem to take precedence.

Although sequences that are quite different tantite/e Tn3 site | sequence, i.e. the ones
containing runs of T's or G/C at positions 2 orahde recombined quite efficiently by
NM resolvase (Fig. 3.23) they seem to be conspislyaare in the wild type site I's
associated with resolvases from the Tn3 resohasdyf (Fig. 3.1 and 3.27). It is possible
that the reason for their relative scarcity is cartad to the promoter function of site | as
mentioned in Section 3.2. Site | sequences comigi@i's and C’s are likely to be poor
gene promoters as they deviate from the Pribnowdomsensus (Pribnow, 1975; Harley &
Reynolds, 1987) which might be the reason for theime selected against in nature

although they seem not to be detrimental to recoathn.
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4 Chapter 4. Sequence selectivity of Z-resolvases

4.1 Introduction
In the previous chapter | have shown that sequspeeificity of hyperactive Tn3

resolvase is influenced by combination of direat ardirect protein-DNA contacts at the
centre of site I. The results showed that theeedegree of flexibility in what sequence is
tolerated in this region, with most of the 16 methpositions tolerating more than one
type of basepair. However, it was also evident élftiibugh individual changes are
tolerated relatively well, the accumulation of ces is ultimately detrimental to the

recombination reaction.

In this chapter, | present the experiments assgssiwhat extent these observations apply
to a Z-resolvase protein working on a Z-site. Zohegses are chimaeric resolvase
derivatives in which a catalytic domain is provideda resolvase, while the DNA-binding
function is provided by a zinc finger DNA-bindingmiain (Akopiaret al.,2003; Gordley

et al.,2007). A Z-site is a derivative oéssite | in which a sequence normally bound by
the resolvase DNA binding helix-turn-helix (HtH)mdain has been replaced by the
sequence recognised by a zinc finger DNA bindingaio. Using Z-resolvase effectively
removes all, even indirect, influence of the natieeolvase HtH domain (as this domain is
no longer present) on sequence selectivity, leathagelectivity of the resolvase catalytic
domain unobscured. Also, improving the understagdirnthe sequence selectivity of Z-
resolvases could potentially lead to the desigmaife specific hybrid recombinases with

various future applications.

In the first part of the chapter a mutant libragjestion strategy used to select Z-site
variants recombined by Z-R(NM), a Z-resolvase wittatalytic domain from NM
resolvase, is described. Later in the chapterdéségn, construction and properties of Z-
resolvases with different sequence specificitycsjmally Z-resolvases with the catalytic

domains of Sin and Tn21 resolvase, are discussed.

4.2 Z-R(NM) sequence selectivity

To test the sequence specificity of a Z-resolvaseitant library selection similar to the
one described in Section 3.7, was devised. Insiéarkating a series of overlapping
libraries (as in Chapter 3), a less exhaustive escpispace scan using only two random Z-

site libraries was employed. This approach, althdegs thorough than the overlapping
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libraries method, should generate sufficient datalfow for comparison between the

recombination requirements of resolvase and thevalgmt Z-resolvase.

The two random Z-site libraries that were createdexcalled LIB(Z22Z) and
LIB(ZBTTATAAS8Z). Libraries were made using Z22NZ@&a8NC8NZ oligonucleotides
respectively (Table 2.4) according to the methagtdbed in Section 3.3. LIB(Z222)
contained a site in which all 22 bases in the eeotthe Z-site are random, while library
LIB(ZBTTATAA8Z) had 8 random bases on each sideKlag the central sequence 5'-
TTATAA-3 as is found in the wild-type Tn3 site [Fig. 4.1a). Each of the libraries
generated consisted of ~*1flones. This number of clones, though orders gjmiade
smaller than the theoretical library diversity, slabstill be large enough to allow for

selection of sites that can be recombined.

Selections of recombination proficient sites waeeformed using purified Z-R(NM)
protein (Section 2.25). Z-R(NM) consists of 1-148i@o acid (a. a.) residues of the
hyperactive Tn3 resolvase NM, a 2 a. a. residuetiTS) and the Zif268 DNA-binding
domain (residues 2-90). Using a plasmid multimephation-based selection strategy
analogous to the one described in Section 3.7mbuwtion proficient Z-sites were
selected in two selection rounds. Unlike the salaaiescribed in Section 3.in, vitro
resolution was allowed to proceed for 1 h in bb#afirst and the second round. The
allowed resolution time was kept long in order taximise the number of recombinants,
which are likely to be rarer than in the Chaptexeriments due to the larger variation of
the library. The resulting monomer DNA was seqeehnio bulk (Fig 4.1a) using the uni -
43 primer. Also, plasmid DNA from ten randomly saél DH5 colonies from each library
was sequenced individually. The sequences weretagadduce a sequence logo (Fig
4.1b).

The results of selections using either of the tw&it& libraries were strikingly similar. The
bulk sequencing traces (Fig. 4.1) reveal that ZMR)KMas a strong preference for

TTATAA in the centre of the Z-site. The selectiar these bases at positions 1-3L and 1-
3R was far stronger than was observed in the Tted sariant selections using NM
resolvase. Also, there was no difference in thenisity of the selection in the right or left
side of the Z-site. Positions 5 and 6 were founbe exclusively an A or a T which was
also in concordance with the findings discussetiénprevious chapter. No base
preference was observed outside positions 7R ol B&.stringency of the selection in the
centre argues that binding by Z-resolvase is egaibng on both half sites and that the Z-
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Figure 4.1-a) Bulk sequencing traces from the site selections using Z-R(NM) from
the random block libraries LIB(Z227) and LIB(Z8TTATAAS8Z). Sequencing was
done using the primer uni -43. The individual DNA bases are numbered from the
centre: 1-20 left and 1-20 right. For bases 10-20 only the second digit is shown. The
position of the random block is highlighted in yellow below the sequencing trace.
Underneath the bulk sequencing trace from the 2nd round of selections, the sequence
of the randomised regions of the sites is given in the extended IUPAC DNA notation.
b) Sequence logos made using the 10 individual sequences from the second round of
selection from the libraries LIB(Z22Z) (top) and LIB(Z8TTATAA8Z) (bottom).A
coloured bar representing the wild-type Tn3 site I sequence (positions 1-11R
and1-11L) is provided under the logo for comparison. Sequence logos were created
using the WebLogo 3.0 server.
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resolvase recognises the centre of the site usitem@ed arm contacts in a very similar

manner to NM resolvase which was used to consitruct

Thus if the Z-resolvase has the same sequenca¢gmetein the central 16 bp of the Z-site
as the resolvase that provided its catalytic domaiorder to create a Z-resolvase that can
target sequences that are significantly GC-rich,cdtalytic domain of a resolvase that

intrinsically recognises GC-rich sequences neethe tosed.

4.3 Designing new Z-resolvases
The resolvases that were chosen for providing yiidadlomains for new Z-resolvases were

Sin and Tn21 resolvase. These proteins were detorteelideal candidates since their
native site | central sequences are GC-rich, ansl quite different from Tn3 site I. In
addition, Sin and Tn21 resolvase had been prewiatstied in our group, so a number of
useful plasmid constructs were available. As tlipisace preference of the catalytic
domains of these proteins is different than thatllef resolvase, Z-resolvases constructed
using Sin or Tn21 catalytic domains are likely ispthy a sequence preference that is very

different from that observed for Z-R(NM) resolvase.

Z-resolvase is supposed to catalyse a recombinggamtion on a Z-site which is a direct
analogue of the recombination reactiomestsite I. Therefore, in order to construct a Z-
resolvase that is capable of recombination, ttet fequirement is a suitably activated
catalytic domain. This domain should come from etivated resolvase mutant that is able
to catalyse recombination between its native cnessites without needing the accessory
sites. Fortunately, for Sin and Tn21 resolvaserabar of such mutants were already
available (Rowlanet al.,2009; and D. Wenlong & D. Sneddon, unpublished).

Provided that an activated mutant was availabten#xt challenge would be to decide at
what point to dissect the resolvase protein, iog&v much of the N-terminal portion to
include in the new Z-resolvase protein. Choosimgdbrrect point to create a fusion is
critical, as this could influence both the protsiftinction and its structural stability. In
case of Tn3 resolvase, this decision was greatiplfied by the availability of high-
resolution structures of the very closely relaf@desolvase (Yang & Steitz, 1995, i al.,
2005). A high-resolution structures for Sin reseklvdound to DNA (site 1l) became
available during this work (Mouwt al.,2008). Comparison of the structures/®fand Sin
resolvases reveals that although the differengeiimary sequence is high (only 31.68%
identity), the tertiary structure of the proteiruipd to DNA is remarkably similar. No

high-resolution structure of Tn21 resolvase isently available; however, based on the
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previous observation, it would not be not be urmaable to assume that Tn21 resolvase
has a similar final fold also. Assuming that it dpa decision as to how much of the N-
terminus of Tn21 to include when constructing aZelvase could be made with the help

of the primary protein sequence alignment (Fig).4.2

After deciding at what residue to terminate th@hesse catalytic domain portion of the Z-
resolvase, the next issues arising are the seqaenckength of the protein linker that is to
connect the catalytic domain to the zinc finger donof the Z-resolvase. The linker needs
to be of sufficient length and flexibility to allothe Z-resolvase’s zinc finger domain to
bind the DNA when the N-terminal domain of the pintis positioned correctly at the

centre of the Z-site.

Finally, to test the new Z-resolvases for recomtigmeactivity, newin vivo test substrate
plasmids, containing suitable Z-sites, will needéoconstructed. If further characterisation
of these proteins is to be carried ouvitro, protein over-expression constructs would
need to be made, proteins purified, and then testgdin vitro test substrate plasmids

that would also require construction.

4.4 Sin Z-resolvase, Z-R(Sin)

To create a Sin resolvase-based Z-resolvase (AR {8 m here on) the issues discussed
in the previous section had to be tackled. Firstlipfa hyperactive mutant of Sin resolvase
was chosen to provide the catalytic domain. Theamtigelected was Q115R (Rowlaetd
al., 2009). This single mutant is sufficient to make &isolvase hyperactive so that it no
longer requires the presence of the accessory aitdsas such it was deemed to be a

suitable candidate for turning into a Z-R(Sin).

Following the choice of the hyperactive mutant, skeond issue was the N-terminus cut-
off point, i.e. a decision on how much of the Sisalvase N-terminus to include in the Z-
R(Sin). This was based on the previous work ontine®f Z-resolvases with a Tn3
resolvase catalytic domain (Section 1.7), and #aglable structures ofd and Sin
resolvase bound to DNA (Yang & Steitz, 1995; Moeitnal.,2008). Inyd resolvase, the
arm region of the protein adopts an extended cordtion between residues 140 and 148
that follows the minor groove closely until it ré@s the F helix of the C-terminal domain.
In Z-R(NM), residues 140-148 have been retained, \sas observed that replacing these
residues with alternative sequences created |¢is® aecombinases (A. MacLean,
unpublished). The equivalent extended linker regmo8in resolvase is 11 residues longer

(Fig 4.2). Although site | of Sin resolvase is 2lbpger than the Tn3 site |, the number of
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Tn3 vs. Tn2l resolvase 33.33
N S Tn3 vs. Sin resolvase 31.86
Y0 vs. Tn2l resolvase 30.69
s65:0 w Y8 vs. Sin resolvase 31.68
- Tn21 vs. Sin resolvase 33.00

8.65:0 Tn3_r

Figure 4.2-a) Protein sequence alignment of yd resolvase, Tn3 resolvase, Tn21 resolvase and Sin resolvase. Secondary structure
elements for gd resolvase (gd_SS approx) and Sin resolvase (Sin_SS_Chain C) are marked at the top of the alignment based on the
structures 1gdt and 2roq (Yang & Steitz, 1995; Mouw et al., 2008). b) An evolutionary tree (left) showing the relationship between
the yd resolvase, Tn3 resolvase, Tn21 resolvase and Sin resolvase (generated by Jalview 2.1.2). Branch length corresponds to the
calculated evolutionary distance. A list showing the percentage identity based on the primary protein sequence between the Y0
resolvase, Tn3 resolvase, Tn21 resolvase and Sin resolvase is given on the right.
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additional residues seems too large to be expléigetie need to bind to a longer site.
These residues might be involved in synapsis aatleessory sites for Sin, which are quite
different from the Tn3 accessory sites (Moetal.,2008). Therefore it was decided to
include the Sin resolvase N-terminal domain ughlast residue that appears to
specifically interact with the DNA (R148); In Tn8svolvase this residue is R142, the

importance of which was discussed in the previdwapter.

In order to link the Sin residue 148 to the zimgér domain, instead of using an arbitrary
sequence as a linker it was decided to utilisendttaral Tn3 sequence (residues 143-148)
as shown in Fig.4.3a. This sequence has been stoowork well as a linker in Z-R(NM)

so it seemed reasonable to use it for Z-R(Sin). also

To make an expression plasmid (pMP213) expressiR§Sin), a three piece ligation was
performed using a 432 bp Ndel/BsrGl fragment of pS®4, a 28 bp BsrGl/Spel linker
and a 5190 bp Ndel/Spel fragment of pMP59 (Fig).228A9994 was kindly donated by
S. Rowland. This plasmid carries a cassetted Swivase ORF containing a Q115R
mutation caused by an A to G transition at posifd4. Its 432 bp Ndel/BsrGlI fragment
provides the catalytic domain for the Z-R(Sin). @8Rs a plasmid expressing Z-R(NM);
its 5190 bp Ndel/Spel fragment acts as a backbodetaupplies the part of the Z-
resolvase ORF coding for the Zif268 DNA binding dom In order to bridge the gap
between the BsrGl and Spel sites and introducértker amino acid residues a 28 bp
DNA fragment was used. This linking fragment wasimly annealing synthetic
oligonucleotides SinZF and SinZR (Table 2.4).

The resulting pMP213 expresses Z-R(Sin), a Z-resa\assembled from Sin Q115R
residues 1-148, linked by the sequence RRTVDRTi8dmues 2-90 of the Zif268 DNA

binding domain.

4.5 Tn21 Z-resolvase, Z-R(Tn21)

Tn21 resolvase is a distant relative of Sin and fes®lvase (Fig 4.2b) that has been well
characterised (Hall & Halford, 1993). Although thés no structure available, the amino
acid sequence of Tn21 resolvase aligns well wighatther resolvases whose structure is
known (Fig 4.2a). No hyperactive mutants of Tn2dohease have been reported in the
literature to date.

In the earlier work of our group (A. Bednarz, D. Wbeng and D. Sneddon, unpublished) a
cassetted ORF of Tn21 resolvase was synthesised@metl into a pMS140 backbone to



a)
139140 141142 143144145146 ceececcccccccccccccscsccccscscccssccsscss 147 148149150151152
Tn3 KF GRRRT V oeoeeeeeeeeeeeeeeeeeneeennnas DRNVVL
Z-R (NM) KF GRRRT V coeeemeccccecccceecamaenaanannas DRTSER
Z-R (Sin) RRT V eeeeeeeeeeeeeneeeeeeeeneenens DRTSER
b)
139140141 142 143144145 146cccccccces 147 148149150151152
Tn3 KFGRRRTV.......... DRNVVL
Z-R (NM) KFGRRRTV.......... DRTSER
Z-R(Tn21,L3) YRG R KK T V... DRTSER
Z-R(Tn21,121) YRG RKKS LSSERITSER
Tn21 YRGRKKSLSSERIAELR

139140141 142 143144145146147148149150151152153154155

Figure 4.3- Protein sequence of the linker joining the catalytic domain of resolvase to the Zif268 DNA-binding domain. a) An alignment
of the linker sequences of Z-R(NM) and Z-R(Sin) along with the corresponding sequences from Tn3 and Sin resolvases. Tn3 resolvase
residues and numbering is given in grey. Sin resolvase residues and numbering are given in orange. A sequence “TS” that introduces a Spel
site required for joining the catalytic domain of resolvase to the Zif268 DNA-binding domain is in black. The first two residues of Zif268
DNA-binding domain are given in purple. b) An alignment of the linker sequences of Z-R(NM) and Z-R(Tn21, L3) and Z-R(Tn21, L21)
along with the corresponding sequences from Tn3 and Tn21 resolvases. As above, the Tn3 resolvase residues and numbering is given in
grey. Tn21 resolvase residues and numbering are given in blue. A sequence “TS” and the first two residues of Zif268 DNA- binding domain
are in black and purple, respectively, as in a). In both a) and b) the "GR motif" at the end of the resolvase N-terminal domain and the first
residue of the zinc finger domain are taken as the anchor points for the alignment.
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create pDW21. The Tn21 resolvase was mutagenised egher PCR-based mutagenesis
or in vivo by using the mutagenic XL-1 Ré&d coli strain (mutS, muD’, muil)

(Stratagene), and tested for resolutioimofivo substrates using the MacConkey assay
(Section 2.23). Thin vivo resolution substrates used were pDW24 & res), pDW27

(site | xres) and pDW?25 (site | x site I). Two hyperactive sengutants of Tn21
resolvase were selected that were capable of ranorglpDW25, namely E124V and
M63T (Fig.4.4). Plasmids containing these Tn21 Ikes® hyperactive mutants were

named pDJS1 and pDJS2, respectively.

The Tn21 resolvase mutant libraries that these msitaere selected from contained only
a few thousand clones. Since these libraries wessmll there was a real possibility that
other ‘better’ activating mutations were misseahc¢8iM63T and E124V hyperactive
mutants were already available, it was decideddoged with them as the source of the
catalytic domain for the new Tn21 Z-resolvases,disd concomitantly to construct bigger

Tn21 resolvase mutant libraries and attempt tacs@lether hyperactive mutants.

4.5.1 Tn21 resolvase hyperactive mutant selections
Selection of hyperactive mutants of Tn21 resolwaas done using the MacConkey assay

(Section 2.23). A wild-type Tn21 resolvase readiagne from pDW21 was mutagenised
by mutagenic PCR (Section 2.28.2). Two mutant fiesusing di-oxo-G (LIB(Tn210))
and dPTP (LIB(Tn21P)) nucleotide analogues weratete The concentration of
nucleotide analogues was adjusted to result intaton frequency of ~one mutation per

reading frame. Each of the libraries had aroun@@Dclones.

The libraries of plasmids expressing mutated TreE2blvase were tested using therivo
resolution substrate plasmids pDW2dgx res) and pDW?25 (site | x site ). Plasmid
pDW24 is resolvable by the wild-type Tn21 resolvaset contains fultes sites, whereas
pDW?25 should be only resolved by mutants that mgéo require the presence of
accessory sites in order to catalyse recombinafioriest for resolution, Tn21 resolvase
mutant libraries LIB(Tn210) and LIB(Tn21Ryere used to transform DS941 cells already
containing the test plasmids. Following transfoinmatthe cells were plated onto selective
MacConkey agar and incubated overnight &QAVhite colonies on plates with pDW25
test substrate plasmid were picked, and the Tndlvase expression plasmid DNA was
isolated. These candidate activated Tn21 resoivagants were then re-tested using the
same assay, and the ones that reproducibly gave wadionies were isolated and

sequenced. The list of the isolated mutants isrginelable 4.1.
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Figure 4.4- A MacConkey assay result using a wild-type Tn21 resolvase (top left), Tn21
resolvase E124V (bottom left) and Tn21 resolvase M63T (bottom right). The DS941 cells
containing resolvases acting on pDW24 (res X res) substrate are plated on the left half of
the agar plate while the cells containing resolvases acting on pDW25 (site I x site ) are
plated on the right half of the agar plate as indicated in the explanation key (top right). An
agarose gel photograph showing uncut plasmid DNA isolated from each half of the agar
plate is found next to photograph of the agar plate it corresponds to. Red colonies represent
inefficient resolution while white colonies represent efficient resolution (see Section 2.23

for details).
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Mutant isolate DNA Change Protein Change

A104G T191C,

P19 T255C, A334G K33R, Ms3T, ML11V

P20 T109C, A190C S36R, MB3T

P32 T191C, T442C MB3T, S147P
T93C, A108G

P33 T191C M63T

O1 A374C E124A

02 A374C E124A

o7 A374C E124A

Table 4.1- List of Tn21 resolvase mutants isolated by screening the
libraries LIB(Tn21P) and LIB(Tn210).

As can be seen in Table 4.1 all of the mutantsisd| contained a mutation at either
position 63 or 124. In the work on Tn3 resolvaseds observed that combining some of
the activating mutations has a synergistic effBarkeet al.,2004; Olorunnijiet al.,

2008). To see whether mutations at positions 6312ddhave a synergistic effect in Tn21
resolvase these two mutations were combined. AB3s(| fragment containing the
M63T mutation from pDJS2 was inserted into pDJSE124V Tn21 resolvase expressing
plasmid, which served as a vector. The produdhisfd¢loning, pMP269, expressed Tn21
resolvase with both mutations. The double mutar#t teated along with both of the single
mutants in the MacConkey assay using pDW24 % res), pDW27 ¢es x site |) and
pDW?25 (site | x site ) substrates. As can be seeRig. 4.5 the double mutant, although
activated, is less hyperactive than either of thgle mutants on their own. Since the two
single and the double mutant were all active orstteel x site | substrate pDW25 it was
reasoned that each of them could be used to stipplgatalytic domain for Tn21 Z-

resolvase construction.

4.5.2 Tn21 Z-resolvase construction
Like Tn3 and Sin resolvases, as revealed by thieipreequence alignment (Fig 4.2),

Tn21 resolvase has a GR motif that is found aetigeof the N-terminal domain (residues
G141, R142) just before the start of the extendwtign of the arm region. The linker

region is three residues longer in Tn21 resolvaare in Tn3 resolvase. This could be due
to the necessity to recognise a 30 bp site |, wisi¢hbp longer than the site | recognised

by the Tn3 resolvase.

Using the strategically placed Eagl site both Ta@d Tn3 resolvase reading frames can
be cut at the equivalent place in their amino &eiguences straight after the GR motif.

This allowed for simple Ndel/Eagl fragment swapsueen Tn21 resolvase expression
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Figure 4.5- A MacConkey assay results using a wild-type Tn21 resolvase,
single mutants Tn21 resolvase M63T, Tn21 resolvase E124V and a double
mutant Tn21 resolvase M63T, E124V. The photographs of sections of plates
with resolvases acting on substrate pDW24 (res x res), pPDW27 (res x site 1),
and pDW2S5 (site I x site I) are arranged in a grid. The type of substrate is
indicated at the top of each column, while the type of resolvase is indicated on
the right of each row. Red colonies represent inefficient resolution while white
colonies represent efficient resolution (see Section 2.23 for details).
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plasmids pDJS1 (Tn21 resolvase E124V), pDJS2 (Te2dlvase M63T), and pMP269
(Tn21 resolvase M63T, E124V) providing Tn21 ress&vaesidues 1-142, and the Z-
R(NM) expressing plasmid pMP59 to make Tn21-Z ness¢ expressing plasmids,
pMP250, pMP252 and pMP267 (Fig. 2.3). A 421 bp Edel fragment of pDJS1, pDJS2
and pMP269 provided Tn21 resolvase catalytic domesidues 1-142, and a 5125bp
Ndel/Eagl fragment of pMP59 supplied the backbamdtae Zif268 DNA-binding
domain residues 2-90. As a result of using a Ndgl/Eragment swap with the pMP59 all
of these Tn21 Z-resolvases had a L3 linker sequénte resolvase residues 145-148
followed by TS), as shown in Fig.4.3.b, just like tpreviously constructed Z-R(NM) and
Z-R(Sin).

Tn21 Z-resolvases expressed from pMP250, pMP252 .67 were called Z-
R(Tn21,124V, L3), Z-R(Tn21,63T,L3) and Z-R(Tn21,T8B24V, L3), respectively.

An alternative second set of Tn21 Z-resolvases wiihker fully based on Tn21 resolvase
sequence (L21) was also made (Fig.4.3.b). To do &hshort linking DNA fragment was
constructed by annealing oligonucleotides Tn21Zé Bm21ZR (Table 2.4). This fragment
coded for Tn21 resolvase residues 143-151(KKSLSpERbwed by residues TS. The
fragment had staggered ends so that it could béekigto a vector DNA digested with Eagl
and Spel restriction enzymes (Fig. 2.6). This Ezggl fragment was swapped into
plasmids pMP250, pMP252, and pMP267, replacind-gwith the L21 linker. The
resulting plasmids were named pMP251, pMP253 anB288, and they expressed Tn21
Z-resolvases called Z-R(Tn21, 124V, L21), Z-R(Tn@3T, L21) and Z-R(Tn21,
63T/124V, L21), respectively.

4.6 Construction of Sin-Z and Tn21-Z sites
In order to test the Z-R(Sin) and Z-R(Tn21) recamalses, a number of Z-sites for them to

work on was designed. When Z-sites were first niadee used with Tn3 resolvase-based
Z-resolvases, a set of Z-sites with Zif268-bindsitgs (ZBS) at different distances from
the centre of the site was constructed (Akogigal.,2003). It was established that the
optimal distance between the ZBS is 22 bp (disaclfigther in Chapter 5). It was unclear
whether the same distance between ZBS’s would bmalfor Z-resolvases that are
based on a different catalytic domain. Howevethasdistance worked well with Tn3 Z-

resolvase, it was decided to proceed with a sirdiaite design (Fig 4.6).

Two different versions of the Tn21 Z-site were dasid. A Z-site with 22 bp of Tn2&s

site | sequence in the centre is a large almo$¢q@enverted repeat, and as such sequences
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are unstablén vivo, it proved difficult to clone. Because of thispias decided to make a
site in which the inverted repeat is less perfé€otdo this, a version of the Tn21 Z-site
(Tn21-Z* site) in which an AG, the outermost two dapthe left side of the site just before
the ZBS was replaced with TC, was made (Fig.A'B6gse two bases of site | should be
contacted by the Tn21 resolvase C-terminal domaich is no longer present in the Z-
resolvase protein. It was shown in Section 4.2 ZRR{NM) did not seem to make any
specific DNA contacts in this region, so it was eciged that Z-R(Tn21) proteins might
behave similarly. In any case, protein-DNA intei@ts involving these bases would be by
the extended linker in the DNA minor groove. Pnogeare generally unable to distinguish
between specific bases, but only between typeassd pairs in the minor groove (Seeman
et al.,1976), so it seemed reasonable to assume thaGan AC change would not be
detrimental. Eventually, through perseverance, nagad to clone both versions of the
Tn21 Z-site (Fig 4.6).

To test the activity of the new Z-resolvases | maderies oin vivo andin vitro substrate
plasmids containing these Z-sites. Detailed desorip of the way these plasmids were

assembled are given in Section 2.7.2.

4.7 In vivo and in vitro characteristics of Z-R(Sin ) and Z-
R(Tn21)

Once all the components, Z-resolvase expressiampdis and Z-site containing resolution
test substrate plasmids were constructed, the fgioation activity of the new Z-

resolvases was testedvivo using the MacConkey assay.

Competent DS941 cells containing the resolutiohgebstrate plasmids with Sin-Z sites
(pPMP217), Tn21-Z sites (pMP94) and Tn21-Z* siteBIg248) were transformed with
pMP250, pMP251, pMP252, pMP253, pMP267, pMP268@viB213, expressing the
new Z-resolvases to be tested and plated on sedddtaicConkey agar plates. As can be
seen in Fig 4.7, Z-R(Sin) expressed from pMP2138lpced white colonies when acting on
a substrate pMP217, with Sin-Z sites. Conversebstroolonies were red when Z-R(Sin)
was used on substrates pMP94 and pMP248 contalm2g-Z sites. None of the Tn21-Z
resolvases tested produced purely white coloniewatting on any of the substrates
tested.The highest proportion of white colonies was obsdrwith Z-R(Tn21,63T, L3)
expressed from pMP252, acting on the pMP217 substantaining two copies of Sin-Z
sites. The same recombinase also gave a small mahimdite colonies with the substrate
pMP94 (Tn21 Z-sites). Z-R(Tn21,63T, L21) expresbecth pMP253 produced a similar
result with the pMP217 and pMP94 substrates, btit asmaller number of white
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Tn3

site |
left end 8765432112345678 right end
CGTTCGAAATATTATAAATTATCAGACA
GCAAGCTTTATAATATTTAATAGTCTGT

28 bp

GCGTGGGCGTCGAAATATTATAAATTATCAGCGCCCACGC Tn3Z
CGCACCCGCAGCTTTATAATATTTAATAGTCGCGGGTGCG site

40 bp

Sin

site |
left end 987654321123456789 right end
TGTGAAATTTGGGTACACCCTAATCATACA
ACACTTTAAACCCATGTGGGATTAGTATGT

30bp

GCGTGGGCGAAATTTGGGTACACCCTAATCACGCCCACGC sinz
CGCACCCGCTTTAAACCCATGEGTGGGATTAGTGCGGGTGCG site

40 bp

Tn21

site |
left end 987654321123456789 right end
CGTCAGGTTGAGGCATACCCTAACCTGATG
GCAGTCCAACTCCGTATGGGATTGGACTAC

30 bp

GCGTGGGCGAGGTTGAGGCATACCCTAACCTCGCCCACGC Tn21
CGCACCCGCTCCAACTCCGTATGGGATTGGAGCGGGTGCG Zsite

GCGTGGGCGTCGTTGAGGCATACCCTAACCTCGCCCACGC Tn21
CGCACCCGCAGCAACTCCGTATGGGATTGGAGCGGGTGCG Zsite*

40 bp

Figure 4.6- The sequences of the Tn3 site I, Tn3 Z-site (Z22Z) (top), Sin site I, Sin Z-site
(middle), Tn21 site I, Tn21 Z-site and Tn21 Z-site* (bottom).Sequence given in dark blue
is the sequence usually bound by the resolvase HtH domain. Light blue sequence is the
sequence bound by the Zif268 DNA-binding domain (ZBS-Zif268 binding site). The
central 16 bp in the case of Tn3 site [ and Tn3 site I sequence-derived Z-site is pink. For
the Sin and Tn21 site I’s and their respective Z-sites, the central 18 bp are given in pink.
The central dinucleotide is marked by the grey rectangle. Note that AG just 3’ of the left
ZBS is mutated to TC in the Tn21 Z-site*. The individual DNA bases are numbered from
the centre.The "Left" and "Right" end refer to the conventional representation of site |
within res, where the binding sites are in the order I-1I-I1I left to right. The total length of
the site is marked below it.
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colonies in each case. No white colonies were obsewith Z-R(Tn21,124V, L3), Z-
R(Tn21,124V, L21), Z-R(Tn21,63T/124V, L3) or Z-R(d1,63T/124V, L21), acting on

any of the substrates tested.

As the colony colour changes only if the resolutdficiency is above ~80% (Burlet al.,
2004; S. Rowland, personal communication), it wasded to check the plasmid DNA for
any detectable signs of substrate plasmid resolufiaepresentative sample of colonies
from each Z-resolvase/substrate combination waspsdr off the plates and grown in
selective broth overnight. Plasmid DNA was extrddtem the cells using the small scale
method (Section 2.10.1) and the DNA was separatexhbrose gel electrophoresis
(Section 2.13.1). This approach revealed that T&2dsolvases containing the mutation
E124V (E124V alone, or E124V, M63T) are inactiveatirthe substrates tested (Fig.4.7).
On the other hand Tn21 Z-resolvases with the M63itation (but not E124V) showed
recombination activity with all of the substratested. The sequence of the linker had only
a slight effect on the recombination activity, ZTRR1, 63T, L3) being slightly more
active than Z-R(Tn21, 63T, L21). Overall, the meiicient resolution was observed with
the substrate pMP217 while the least efficientoheed substrate plasmid was pMP248
for all Z-resolvases tested.

The following test was to establish whether orthese newly constructed Z-resolvases
lose the ability to work on the natural Sin and Ts&e I'sin vivo, as was previously
observed for Tn3 resolvase-based Z-resolvases (Akepal.,2003). As can be seen in
Fig. 4.8, activated Tn3 resolvase (G101S, D102YigIlresolvase (M63T) and Sin
resolvase (Q115R) mutants recombine their natiteal’s, ignoring the Z-sites derived
from the same sequence. The corresponding Z-resedvd-R(SY) (See Chapter 5), Z-
R(Tn21, 63T, L3) and Z-R(Sin) do the exact opposftey recombine substrates
containing Tn3, Tn21, and Sin site | derived Zssitespectively, while ignoring the
substrates containing the natural site | sequeddg®ugh Z-R(Tn21, 63T, L3) is not
active enough to achieve sufficient resolutionhaf Th21-Z sites-containing substrate
(pPMP94) to produce white colonies, it does indeadiglly resolve this substrate as shown

previously in Fig. 4.7.

Z-R(Sin), Z-R(Tn21, 63T, L3) and Z-R(Tn21, 63T, D2tvere all shown to be at least

partially active on all Tn21 or Sin-based Z-siteattwere tested, with the resolution of the
substrate containing Sin-Z sites (pMP217) beingtlest complete. This raised a question
of whether these Z-resolvases are capable of recimglother Z-sites too. To test whether

this was the case, Z-R(Sin), the most active ohthe Z-resolvases, was tested using the
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Figure 4.7- A MacConkey assay results with Tn21 Z-resolvases, Z-R(Tn21, 63T, L3),
Z-R(Tn21, 63T, L21), Z-R(Tn21,124V, L3), Z-R(Tn21,124V, L21), Z-R(Tn21,63T/124V,
L3) or Z-R(Tn21,63T/124V, L21) and Sin Z-resolvase Z-R(Sin) acting on substrates
containing two copies of either Sin Z-site, Tn21 Z-site or Tn21 Z-site* (pMP217, pMP94
and pMP248, respectively). How the different substrates that Z-resolvases are acting on are
arranged on plates and the corresponding agarose gels is indicated in the explanatory key
(bottom right). The plates and the corresponding agarose gels showing the results for the
Tn21 Z-resolvases are arranged in a grid. The type of linker used is indicated at the top of
each column, whereas the mutations present in the resolvase catalytic domain are indicated
on the right of each row. A plate and the corresponding agarose gel showing the result for
Z-R(Sin) is found in the bottom left corner of the figure. Red colonies represent inefficient
resolution while white colonies represent efficient resolution (see Section 2.23 for details).
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Figure 4.8- A MacConkey assay results with the Tn3 resolvase G101S, D102Y, Sin
resolvase Q115R and Tn21 resolvase M63T acting on substrates containing two copies
of either Tn3 site I, Sin site I, Tn21 site I, Tn3 Z-site, Sin Z-site or Tn21 Z-site (top
panel). In the bottom panel, MacConkey assay results with Tn3 Z-resolvase Z-R(SY),
Sin Z-resolvase Z-R(Sin) and the Tn21 Z-resolvase Z-R(Tn21, 63T, L3) acting on the
same set of substrates are shown. How the different resolvases or Z-resolvases are
arranged on plates is indicated in the explanatory key (to the right of the plate
photographs). The type of substrate used is indicated on top of the each of the plate
photographs. Red colonies represent inefficient resolution while white colonies
represent efficient resolution (see Section 2.23 for details).
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MacConkey assay (Section 2.23) on resolution satest(pMP52-pMP55) containing the
Z-sites 2202, 2227, Z24Z and Z26Z, with the censafjuence derived from Tm&ssite |
(Fig. 5.1). A range of Tn3 site | sequence-deri¥esites with differently spaced ZBS were
tested in case the 22 bp spacing is actually sihaptor Z-R(Sin). However, as is evident
from Fig. 4.9, no trace of resolution can be obsdren any of these substrates even after

the plasmid DNA was isolated and analysed usingosgagel electrophoresis.

The fact that no resolution was observed with Zi#R(&cting on pMP52-pMP55,
substrates containing Z-sites with Tn3 site I-dedicentral sequence in their centre,
suggests that Z-R(Sin) exhibits sequence selecttithe centre of the Z-site, akin to what
was observed with Z-R(NM) (Section 4.2). The apitif Z-R(Tn21, 63T, L3) and Z-

R(Sin) to work on each other’s sites (Fig. 4.7)vehohat their sequence preferences in the
centre of the Z-site must be quite similar. To datee the exact nature of these
preferences and to better characterise these pspteivas necessary to purify them and

test their activityin vitro.

The proteins chosen for purification were Tn21 hesse M63T, Sin resolvase Q115R and
their Z-resolvase analogues Z-R(Tn21, 63T, L3) ZR{(Sin) as they were shown to be
activein vivo (Fig. 4.7) Protein over-expression plasmids, pMP137, pMPpR&371

and pMP368, expressing these proteins respectimelse constructed as described in
Section 2.7.1. The proteins were purified usingatiapted denaturing methodology
originally designed for purification of Tn3 resobsamutants (Section 2.25). This protocol
proved less than ideal, but due to time constrauats not further optimised. The main
problem encountered was the low solubility of theeZolvases, with only a fraction of the

total going back into solution at the re-solubiigpistage.

The proteins were tested for recombination activitg time course experiment (Section
2.27). Reactions were set up aPB7 with samples taken at 0.5, 1, 2, 5, 15, 30 &hd 6
minute time points and stopped by heat. Half ohesaimple was digested with Xhol
enzyme while the other half was left uncut. Unaud aut samples were analysed using

agarose gel electrophoresis.

Disappointingly, the purified Tn21 resolvase mutsi®3T and its Z-derivative Z-R(Tn21,
63T, L3) proved inactive when tested withvitro substrate plasmids pMP390 (Tn21 site |
x site ) and pMP6 (Tn21 Z site x Z-site), respady (data not shown). Z-R (Sin) and Sin
resolvase Q115R however, were active (Fig 4.10)raodmbinedn vitro substrate
plasmids pMP240 and pMP378, respectively. Sin vesal Q115R was slightly faster at
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Figure 4.9- A MacConkey assay results with the Sin Z-resolvase Z-R(Sin)
acting on substrates (pMP52-pMP55) containing the Z-sites Z20Z, Z227., 7247
and Z26Z, with the central sequence derived from Tn3 res site I (for sequences
see Fig 5.1). The agarose gels show the uncut plasmid DNA isolated from the
plate adjacent. DNA bands are marked as follows, “ep” Z-resolvase expression
plasmid, “usp” unresolved substrate plasmid. The type of substrate used is
indicated on top of the each of the plate photographs. Red colonies represent
inefficient resolution while white colonies represent efficient resolution (see
Section 2.23 for details).
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Sin resolvase
Q115R

4 A
L.12345678 12345678L
i”‘

uncut XhoI

Z-R(Sin)
_ ]

A
123456789L 12345678L

ttitim

uncut XhoIl

Figure 4.10- In vitro recombination reactions time course catalysed by the activated Sin
resolvase Q115R and the Sin Z-resolvase Z-R(Sin), acting on substrates pMP378 (Sin site I x
Sin site ) and pMP240 (Sin Z-site x Sin Z-site) respectively. The time points are marked at
the top of the gel as follows, 1 (0 min.), 2 (0.5 min.), 3 (1 min.), 4 (2 min.), 5 (5 min.), 6 (15
min.), 7 (30 min.), 8 (60 min.) and 9 (120 min.). For protein and DNA concentration and
buffer composition see Section 2.27. The gels on the left show the uncut reactions whereas
the ones on the right show the corresponding reaction cut with Xhol. The graphic
representation of Xhol digest of the possible reaction products giving their expected sizes is
given in Fig. 2.14. The abbreviations are as follows, “s” (supercoiled substrate), “n” (nicked
substrate), “rt” (recombinant product topoisomers), “nr”” (non-recombinant products), “r”
(recombinant product), and “c” (cleavage product). The DNA bands marked with “?”are
probably single-stranded circular DNA molecules, see text for details (Section 4.7).
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recombining its substrate plasmid (pMP378) than(%iR acting on pMP240. However,
with both proteins evidence of resolution prodwe¢se observed even at the earliest time
point. As the reaction progressed, more and motkeo$upercoiled substrate plasmid was
converted into recombinant products. In both caséise unrestricted samples
recombinants migrated as a ladder of topoisomensimg faster than the supercoiled
substrate. In order to simplify the analysis sammlere restricted with Xhol which
cleaves the reaction products in a diagnostic ées(ftig 2.14). As can be seen in Fig. 4.10
the main product of the reactions were the bigsamndll recombinant circle. Small amount
of cleavage product was generated by Z-R(Sin)eaetrly time points but after 15
minutes all of the cleavage product appeared teligated as no cleavage product is
visible on the later time points. The bands mankéhd “?” in the gels showing the Sin
resolvase Q115R reactions and the band runningeslth&n the supercoiled substrate
band, that are visible at time points at 0.5, Brif] 5 minutes in both the uncut and Xhol
digested samples, are most likely due to the sisjnded recombinant and substrate
circles, respectively. These single-stranded @raolere generated by the denaturation of
substrate and recombinant molecules caused byrige#ép samples at high temperature
for too long after terminating the reaction. Asséenolecules were single-stranded they

could not be cleaved by the Xhol.

4.8 Discussion
In the first part of this chapter, using a multimesolution-based strategy, recombination-

proficient Z-sites were selected using purified @RI), a Z-resolvase with the catalytic
domain of NM resolvase. Analysis of these sequeree=aled that Z-R(NM) displays
sequence selectivity in the centre of Z-site thatrialogous to the sequence selectivity
displayed by NM resolvase (see Chapter 3). Thigesigd that sequence selectivity in the
centre of the Z-site may be determined by the sammeregion-DNA minor groove
contacts as were discussed in Chapter 3, andf thadites with different (e.g. GC-rich)
central sequences are to be targeted, new Z-ressuadilising the catalytic domains of
resolvases associated with appropriate (in thisngk&a GC-rich) site I's need to be

constructed.

In the second part of the chapter a generally eplplé step-by-step procedure for
generating new Z-resolvases was described (Sett®)nBy following these steps, using
the catalytic domains of available hyperactive mtgaf Sin resolvase (Q115R) and Tn21
resolvase (M63T; E124V; and the double mutant M@3I24V), seven new Z-resolvases

were constructed.
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Surprisingly, only the Z-resolvases with the caialgomains of Sin resolvase mutant
Q115R and Tn21 resolvase mutant M63T were shovie tactivein vivo (Section 4.7). Z-
resolvases constructed using the catalytic domfaim®1 resolvase containing the
mutation E124V, either as a single mutation orambination with M63T, were shown to
be inactive. Although the mutation E124V appeass$ §i$ activating as M63T in the Tn21
resolvase context, in the Z-resolvase contexirthitation is not activating, but inhibiting.

The reason for this effect is not yet clear.

The activating mutations E124V and M63T in Tn2lotegse were shown not to be
additive as the double mutant appeared to be &#s®dhan either of the single mutants.
According to the sequence alignment, (and compatisoheyd resolvase structures)
activating mutations E124 and M63 in Tn21 resola®eon opposite sides of the interface
between the E-helix and the main body of the ctatiomain. Either of these mutations
probably increases the flexibility of this interéaleading to activation; however, in a
double mutant the interface might be too flexilbbésulting in a reduction of recombination
efficiency. The mutation E124V appears to be domiimaer the mutation M63T,
especially in the Z-resolvase context, as the Alvases with catalytic domains containing
both mutations are inactive, like the ones constaiasing a catalytic domain with
mutation E124V.

Apart from the mutations in the catalytic domainother variable in the design of the Z-
resolvases with the catalytic domains of Sin angITresolvase was the length and the
sequence of the linker connecting the catalytic @onto the Zif268 DNA-binding domain.
In Z-R(Sin), Z-R(Tn21, 63T, L3), Z-R(Tn21, 124V, ) &nd Z-R(Tn21, 63T/124V, L3) a
linker based on the final four amino acid residoiethe extended arm region of Tn3
resolvase followed by the sequence TS was emplaykeereas in the Z-R(Tn21, 63T,
L21), Z-R(Tn21, 124V, L21) and Z-R(Tn21, 63T/124\21) a three amino acid residues
longer linker, based on the equivalent Tn21 ress\extended arm region was used. The
Z-resolvases containing the shorter Tn3 resolvagaence-based linker seemed to be
slightly more active than the ones containing treger linker. This agrees well with the
results obtained in the previous work of our gr@pMacLean, unpublished) and the
results presented in the following chapter, sugggdhat a shorter linker is preferred. A

possible explanation for the preference for thetehdinker is presented in Section 5.7.

Although Tn21 resolvase and Sin resolvase are a@istantly related, their catalytic
domains are able to catalyse recombination usisgies-derived from either Tn21 site | or

Sin site | sequence. This is not replicated whgrehgctive mutants of the intact Sin or
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Tn21 resolvase are used, with mutants of eachesktihesolvases catalysing recombination
only with substrates containing their native s#elh contrast, Z-R(Sin) does not

recombine substrates containing Z-sites with tgraésequence based on Tn3 site I.

These results suggest that the sequence seledivitg Tn21 resolvase and Sin resolvase
catalytic domains might be very similar despitartegolutionary distance, and that this
selectivity is quite different to that displayed twe Tn3 resolvase catalytic domain. This
possibility is further explored in Chapter 6.

Although in theory any serine recombinase could$ed to generate hyperactive mutants
that can act as catalytic domain donors, in pradtics might prove difficult. Out of the
multitude of genes identified as serine recombimaswlidates in the DNA sequence
databases, only a handful have been studiedro, which is currently a prerequisite for
generating hyperactive mutants that do not reqagoessory sites. Even if anvitro

system is established selecting suitable activatintations could be quite laborious. The
use of known hyperactive mutants of various ser@wembinases as a starting point for

their Z-resolvase design by Barbas' group (Gordtegl.,2007) highlights this point.

Unlike Sin and Tn21 resolvase which can becomeatetd by a single mutation, there is
no known single change that can make Tn3 resolggeractive enough to recombine a
substrate containing two copies of Tn3 site |. IBerecombinases that are more repressed,
like Tn3 resolvase, might need a combination ofatiobs in order to be hyperactive
enough to be suitable as catalytic domain donaredw Z-resolvases. Additionally, as
observed with the Tn21 resolvase mutation E124Vali@ctivating mutations are suitable
in the Z-resolvase context, emphasising the neefiifther study of the properties of

resolvase hyperactive mutants and Z-resolvasesnargl.
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5 Chapter 5: Studies on the interactions of Z-

resolvases with Z-sites

5.1 Introduction
Prior to this study, a number of functional Tn3e5olvases have been constructed and

testedn vivo (Akopianet al.,2003; Gordleet al.,2007, Gordleet al.,2009, A. McLean,
unpublished). The Z-resolvases constructed in o (Akopianet al.,2003, A. McLean
unpublished) varied in the N-terminal (catalytionehin cut-off point, mutations in the

catalytic domain used, and the length and the sexguef the linker used to connect the

catalytic domain to the Zif268 zinc finger domain.

The design of the Z-site was also varied. Optirmabmbination activity was reported with
Z-sites that are 40 bp long, that is, with 22 bgeduence between the two 9 bp zinc finger
binding sites (ZBSs) oriented in inverted repeagsipective of the Z-resolvase structure
(Akopianet al.,2003). In contrast, according to the work by Battwup (Gordleyet al.,
2007; Gordleyet al.,2009.) the optimal length of central sequencefeasd to be 20 bp.
The Z-resolvases used by this group were of vemylai design to the ones used by
Akopian (Akopianet al.,2003) but used a didactyl zinc finger domain (ikatwo zinc
fingers) instead of tridactyl Zif268. Akopian oretbther hand had found that a Z-

resolvase of his design with a didactyl zinc findemain was inactive (Akopian, 2003).

These differences in the reported results highlighéed to clarify these and other
outstanding issues regarding Z-resolvase desighidrchapter the following issues will

be addressed:

* The length of Z-sites: what is the optimum spaahthe Zif268-binding sites?
(Section 5.2)

» The effect of the Zif268 DNA-binding domain on algtic activity. Does putting a
resolvase catalytic domain into a Z-resolvase cartave an activating or

inhibitory influence? (Section 5.3)

* The effect of asymmetric Z-sites on recombinati®an a Z-resolvase catalyse
recombination on sites with an odd number of bhstéseen ZBSs i.e one half-site

longer than the other (Section 5.4)
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* The relative influences of the Z-resolvase linkegth and the V107F mutation.
(Section 5.5)

» The possibility of complementation of Z-resolvagerésolvase protein on designed
hybrid sites. (Section 5.6)

5.2 The optimal length of Z-sites

Since the Tn3 site | sequence is an imperfect tedaepeat in the centre, and the flanking
ZBSs create a further 18 bp of inverted repeat sgtnmthe original Z-sites constructed
by Akopian (Fig.5.1) (Akopiaet al.,2003; marked by AA from now on) contained
engineered base changes, introduced in order id problems associated with cloning
inverted repeat sequences. In the previous chaptedas observed tha vivo resolution
substrates containing Tn21-Z sites* (Section a7R)ersion of a Tn21-Z site with a AG to
TC change introduced to reduce the length of thierted repeat, were recombined less
efficiently than substrates containing Tn21-Z suéthout such a change. By an accident
of Akopian’s design, the sequence with 22 bp sgagias also the sequence with the
greatest conservation of native Tn3 site | basélsdrouter parts of the central sequence
(Fig.5.1).

To establish to what extent the recombination efficy is influenced by the spacing, as
opposed to sequence identity to the native crossite a series of Z-sites was made with
increasing distance between Zif268-binding sitd83g), following the previous design,
but without any random bases (Fig 5.1). Inter-ZB&céng ranged from 16 to 28 bp, each
consecutive Z-site being two bases longer. The iddmements were achieved by
increasing the extent of Tn3 site | sequence thdilfinal Z-site in which an entire 28 bp
Tn3 site | was flanked by ZBSs. A seriedrof/ivo resolution substrate plasmids
containing these sites was constructed (pMP50-pYIBB6 thein vivo substrate plasmids
containing AA Z-sites were remade (pMP89-93) towlfor direct comparison (Section
2.7.2).

The original plasmids containing AA Z-sites, usgdAkopian, were remade as they were
found to have a mutation resulting in altegadK expression, thus causing a delay in the
colour change in the MacConkey assay, requirindp#eteria to be grown for several days

at room temperature before distinct colour phemotypuld be observed.

Akopian’s tridactyl Z-resolvases AN8 and AN15, andidactyl AN28 Z-resolvase were

tested for recombinatian vivo using the MacConkey assay on each series of tesolu
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left end 8765432112345678 right end

CGTTCGAAATATTATAAATTATCAGACA Site
GCAAGCTTTATAARATTTAATAGTCTGT
GCGTGGGCGAAATATTATAAATTATCGCCCACGC 7162
CGCACCCGCTTTATAATATTTAATAGCGGGTGCG
GCGTGGGCGGAAATATTATAAATTATCCGCCCACGC 7182
CGCACCCGCCTTTATAATATTTAATAGGCGGGTGCG
GCGTGGGCGCGAAATATTATAAATTATCACGCCCACGC 2202
CGCACCCGCGCTTTATAATATTTAATAGTGCGGGTGCG
GCGTGGGCGTCGAAATATTATAAATTATCAGCGCCCACGC 7997

CGCACCCGCAGCTTTATAATATTTAATAGTCGCGGGTGCG
GCGTGGGCGTTCGAAATATTATAAATTATCAGACGCCCACGC 7947

VI ANOAOAAALATMIMMAMAAMAMTIMTA AMA MMM D
CoLALLULUOLAAUDLLLLILALAALALLILAALATDLLIUOUVLUOUOUOLUOLD

GCGTGGGCGGTTCGAAATATTATAAATTATCAGACCGCCCACGC  Z967
CGCACCCGCCAAGCTTTATAATATTTAATAGTCTGGCGGGTGCG

GCGTGGGCGCGTTCGAAATATTATAAATTATCAGACACGCCCACGC z287
CGCACCCGCGCAAGCTTTATAATATTTAATAGTCTGTGCGGGTGCG

left end 8765432112345678 right end
CGTTCGAAATATTATAAATTATCAGACA
GCAAGCTTTATAATATTTAATAGTCTGT

GCGTGGGCGAAATATTATAAATTATCGCCCACGC ——

CGCACCCGCTTTATAATATTTAATAGCGGGTGCG @ &=77&779°

GCGTGGGCGACAATATTATAAATTCATCGCCCACGC Z18Z AA
CGCACCCGCTGTTATAATATTTAAGTAGCGGGTGCG
GCGTGGGCGACGAATATTATAAATTGCATCGCCCACGC 720Z AA
CGCACCCGCTGCTTATAATATTTAACGTAGCGGGTGCG
GCGTGGGCGACGAAATATTATAAATTTGCATCGCCCACGC 7227 AA
CGCACCCGCTGCTTTATAATATTTAAACGTAGCGGGTGCG

GCGTGGGCGACGACAATATTATAAATTGTGCATCGCCCACGC  zo47 AA
CGCACCCGCTGCTGTTATAATATTTAACACGTAGCGGGTGCG

GCGTGGGCGACGACTAATATTATAAATTAGTGCATCGCCCACGC 726Z AA
CGCACCCGCTGCTGATTATAATATTTAATCACGTAGCGGGTGCG

GCGTGGGCGACGACTGAATATTATAAATTCAGTGCATCGCCCACGC Zo87 AA
CGCACCCGCTGCTGACTTATAATATTTAAGTCACGTAGCGGGTGCG

Figure 5.1-Sequences of Tn3 site I-based Z-sites. The sequences of the newly designed
Z-sites are given in the top panel (Z16Z-Z28Z) while the original Z-sites designed by
Akopian are given in the bottom panel (Z16Z AA-Z28Z AA). Sequence given in dark blue is
the sequence usually bound by the resolvase HtH domain. Light blue sequence is the
sequence bound by the Zif268 DNA-binding domain (ZBS-Zif268 binding site). The central
16 bp coming from the Tn3 site I sequence is pink. Random base changes introduced by
Akopian are given in gray. The central dinucleotide is marked by the grey rectangle. The
individual DNA bases are numbered from the centre. The "Left" and "Right" end refer to the
conventional representation of site I within res, where the binding sites are in the order
[-1I-1IT left to right.
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substrates (Fig 5.2). AN8 and AN28 Z-resolvase isbias residues 1-148 of NM resolvase
and have the linker sequence SSDPTSQTS, diffemhgio the number of zinc fingers in
their C-terminal domain (Zif268 residues 2-90 (&jfrs) and 2-60 (2 fingers)
respectively). On the other hand, AN15 Z-resolvaseade from residues 1-144 of NM
resolvase with the linker sequence GSGGSGGSGGS@iiitecting it to the Zif268
DNA-binding domain (Zif268 residues 2-90). AN28 &splvase produced red colonies as
it failed to recombine any of the substrates testéds confirmed an earlier result
(Akopian, 2003) that Z-resolvases with two zingfns are not as active as the ones with
three zinc fingers in their DNA binding domain. ANM8d AN15 Z-resolvases acting on
substrates pMP52 and pMP53, harbouring Z-sites 27227 respectively produced
white colonies exclusively, indicating efficieintvivo resolution. These Z-resolvases also
produced a small number of white colonies with lastnate with two copies of 2247
(pMP54), but resolution was far less efficient théth pMP52 and pMP53. AN8 Z-
resolvase recombined substrates pMP90 (Z20ZAA xZ22() and pCP132 (Z22ZAA x
Z22ZAA) as efficiently as it did pMP52 and pMP53vigg white colonies. Resolution of
pMP90 by AN15 Z-resolvase was much less efficiaanton pCP132, resulting in a

mixture of pink and red colonies.

Using the same substrate plasmids the tridact@solvase, Z-R(NMF)(A. McLean,
unpublished), was also tested (Fig 5.3). At thdarbegg of this study it was believed that
this Z-resolvase was the most active, having betatted in a screen for fast resolution.
The N-terminal domain of this Z-resolvase (residi+d<18) is from NM resolvase with the
additional mutation V107F. The linker sequence @ia®f only two amino acids, TS. The
results observed with Z-R(NMF) were comparablehtzse with AN15 Z-resolvase. Z-
R(NMF) recombined substrates pMP52, pMP53 and pCP132 grgglwhite colonies. As
with AN15, Z-resolvase resolution on pMP90 was lemsiplete, and a mixture composed
of mostly red and some white colonies was obtaitedrder to check whether any traces
of resolution were detectable with any other sabstplasmid, a representative sample of
colonies was scraped off the MacConkey agar petdsgrown in liquid culture at 3T
overnight. Plasmid DNA was isolated (Section 2.1@&dm the overnight cultures and
analysed using agarose gel electrophoresis (Seztiél). The results obtained with
agarose gel electrophoresis corresponded verywithlithe observed colony colours. No
trace of resolution was observed with any of tHestates that gave only red colonies.
Interestingly, although it seemed that all of tikeasolved substrate plasmid has been used
up in the case of pMP52 and pMP53, the amountsafived substrate DNA observed was

less than that seen in the pCP132 reaction. kissiple that this effect is due to the
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Name mutations | N-terminus Linker sequence N2 of
cut-off ZF
ANS NM Rl48 SSDPTSQTS 3
ANZ28 NM R148 SSDPTSQTS
AN15 NM R144 GSGGSGGSGGSGTS
2162
X
2162
Z18z 720z z22z 724z 726z 728z
X X X X X X
2182 2202 2227 2247 226Z 22827

Figure 5.2- A MacConkey assay results with the Z-resolvases AN8, AN15 and AN28
acting on substrates pMP50-pMP56 containing the Z-sites Z16Z-7Z28Z and pMP89-93,
pCP132 containing Z-sites Z18Z-Z28Z AA (for sequences see Fig 5.1). A table listing the
parameters that these Z-resolvase differ in, such as the cut-off point for the resolvase
catalytic domain (N-terminus cut-off), the linker sequence and the number of zinc fingers in
the DNA-binding domain is given at the top of the figure. How the different resolvases or
Z-resolvases are arranged on plates is indicated in the explanatory key (middle right). The
type of substrate used is indicated on top of the each of the plate photographs (top panel
non-AA, bottom panel AA sites). Red colonies represent inefficient resolution while white
colonies represent efficient resolution (see Section 2.23 for details).
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z16Z z18Z |z1sz Z20Z |zzoz 2227 | z22z
AA AA AA

z24z |224z Z26Z |2262 Z28Z |zzsz
AA AA AA

—ep
—usp

R2A, E56K, G101S, D102Y, M103I,
Q105L, V107F

Figure 5.3- A MacConkey assay results with the Z-resolvase Z-R(NMF) acting
on substrates pMP50-pMP56 containing the Z-sites Z16Z-Z28Z and pMP89-93,
pCP132 containing Z-sites Z18Z-228Z AA (for sequences see Fig 5.1). The type
of substrate used is indicated on top of the each of the plate photographs. The
agarose gels show the uncut plasmid DNA isolated from the plate above. DNA
bands are marked as follows, “ep” Z-resolvase expression plasmid, “usp”
unresolved substrate plasmid “rsp” resolved substrate plasmid. Red colonies
represent inefficient resolution while white colonies represent efficient resolution
(see Section 2.23 for details).
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destructive properties of the NMF catalytic dom&fasmids that contain Z-sites with
purely Tn3 site I-derived sequence in the centtddcbe more easily resolved than the
ones containing base changes such as the AA sdizesites. If the Z-resolvase is very
hyperactive (‘out of control’) it could be cleavitige substrates without efficiently
religating them. Such free cleaved substrates woellikely promptly degraded by the cell

which might cause a reduction in the amount ofluesbplasmid DNA observed.

Based on the results presented to this point itdiffisult to say with certainty which Z-
site provides the optimal spacing, the one witlo2the one with 20 bp of sequence
between the two ZBSs. In order to ascertain whsdheé optimal Z-site architecture, a test
using less active Z-resolvases was required. Tamoreng for this was that a protein that
recombines slowly would provide a far more stririggte selection than the very active Z-
resolvases that were tested so far. Less acties@wases were made using the catalytic

domains of known less activated Tn3 mutants.

5.3 Effects of DNA binding domain on catalytic acti  vity
Using the Z-R(NM) expressing plasmid pMP59 as dorean Ndel/Eagl fragment swap

was performed with four Tn3 resolvase mutant exgpoesplasmids, namely pMS68
(D102Y, E124Q; “YQ"), pMS74 (G101S, D102Y; “SY")H®5 (R2A, E56K, G101S,
D102Y; “AKSY”), pJH2 (G101S, D102Y, M103I, Q105LM"),(Table 2.5; Olorunnijiet
al., 2008) to make the Z-resolvase expressing plaspii3254, pMP255, pMP256 and
pMP257, respectively. Z-resolvases expressed flasnpds pMP254, pMP255, pMP256
and pMP257 were called Z-R(YQ), Z-R(SY), Z-R(AKSafnd Z-R(M).

The Tn3 resolvase mutants used as catalytic dodwaiors are known to be less active
than the NM or NMF mutants used in the Z-resolvakssussed so far (Olorunniji, 2006;
Olorunniji et al.,2008). What was unclear was whether the actiViithese catalytic
domains would be aided or inhibited by the conwersinto a Z-resolvase. One could argue
that the substitution of a tighter binding, higklyecific Zif268 DNA-binding domain
might increase recombination efficiency. On theeothiand, a fusion protein of two
domains that have not co-evolved might be inheydafis active than the native protein.
To test which of these two alternatives is trudiractin vivo comparison of the activities
of the Tn3 resolvase mutants on pMP243 (site texI$iwith the activities of Z-resolvases
containing catalytic domains derived from the samgants on pMP53 (Z22Z x Z22Z)
was performed (Fig 5.4).
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Figure 5.4- An in vivo comparison of Z-resolvases Z-R(YQ), Z-R(SY), Z-R(AKSY)

and Z-R(M) acting on a substrate pMP53 (Z22Z x Z227) with the activated Tn3

resolvase mutants YQ, SY, AKSY and M acting on substrate pMP243(Tn3 site [ x Tn3

sitel). The type of substrate used is indicated on top of the each of the plate

photographs. The mutations in the resolvase catalytic domain are marked at the bottom
of each panel. Whether the cells on a plate section express a resolvase or a Z-resolvase
is marked under the plate photographs. The agarose gels show the uncut plasmid DNA
isolated from the plate adjacent. DNA bands are marked as follows, “ep” resolvase
(Z-resolvase) expression plasmid, “usp” unresolved substrate plasmid “rsp” resolved
substrate plasmid. Red colonies represent inefficient resolution while white colonies

represent efficient resolution (see Section 2.23 for details).
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As can be seen from tlre vivo comparison (Fig.5.4), the catalytic domain shows a
comparable level of activity when it is in a resde or a Z-resolvase context. Putting the
catalytic domain into a Z-resolvase context isaiaty not activating and in the case of the
very weakly activated mutant D102Y, E124Q (YQ)ieictually mildly inhibiting. When
the proportion of unresolved to resohiadsivo substrate plasmid DNA seen with
resolvase YQ is compared with Z-resolvase withstiime catalytic domain Z-R(YQ), it is
clear that resolution catalysed by Z-R(YQ) is le8&ient. Similarly, recombination of
pMP53 by Z-resolvase Z-R(M) produced a mixtureeaf and white colonies, while the
resolvase with the same catalytic domain when gaimpMP243 gave only white
colonies.

This corresponds well with the Tn21-Z resolvaselisslescribed in the previous chapter.
Tn21 hyperactive mutants E124V and M63T both gaki#gercolonies in a MacConkey
assay when acting on pDW25 (Tn21 site | x Tn21I}iseibstrate, whilst Z-resolvases
made using the same catalytic domains, Z-R(Tn21I, B3), Z-R(Tn21, 63T, L21), Z-
R(Tn21, 124V, L3) or Z-R(Tn21, 124V, L21) never guged purely white colonies on
pMP94, the equivalent Tn21 Z-sites-containing sathst

Since Z-resolvases made using less hyperactive/tatdomains were shown to be active
on the potentially most optimal Z22Z site, it waidled to use them to attempt and
identify which is the most optimal Z-site archite@. The recombination activity of the
four less efficient Z-resolvases, Z-R(YQ), Z-R(SY)R(AKSY) and Z-R(M), was
assessemh vivoon substrates pMP52, pMP90, pMP53, pCP132, pMpg#R91
containing two copies of Z20Z, Z20Z AA, Z22Z, Z22A, Z24Z and Z24Z AA Z-sites,
respectively (Fig. 5.5). Based on the colony cadaamd the analysis of isolated plasmid
DNA by the agarose gel electrophoresis in thissgeperiments, the Z-site that is the
easiest to resolve is Z22Z, as resolution was wbdewith all Z-resolvases tested. The
substrate pMP53 containing two copies of Z22Z esdhly site that Z-R(YQ) showed any
activity on. With Z22Z as the easiest to resoltbeo Z-sites tested could be arranged in
the descending order as follows: Z22Z AA, Z20Z, ZZA and finally Z24Z and Z24Z
AA as a joint last. Since none of the Z-resolvaseged showed any trace of resolution of
in vivo substrates containing either Z24Z or Z24Z AA (pMRId pMP91, respectively),
it was impossible to distinguish between thesedites. From the result of this experiment
it is evident that there is a degree of flexibilitythe Z-site length requirement with
distances of 20 to 22 bp between ZBSs being t@drdtut with 22 bp distance being

preferred.
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Figure 5.5- A MacConkey assay results with the Z-resolvases Z-R(YQ), Z-R(SY),
Z-R(AKSY) and Z-R(M) acting on substrates pMP52 (Z20Z x Z20Z), pMP90 (Z20Z
AA x Z20Z AA), pMP53 (2227 x 7227), pCP132 (Z227Z AA x Z227 AA), pMP54
(2247 x Z24Z), pMPI1 (Z24Z AA x Z247Z AA) (for sequences see Fig 5.1). The type
of substrate used is indicated on top of the each of the plate photographs. The
mutations in the Z-resolvase catalytic domain are marked at the bottom of each panel.
The agarose gels show the uncut plasmid DNA isolated from the plate above. DNA
bands are marked as follows, “ep” Z-resolvase expression plasmid, “usp” unresolved
substrate plasmid “rsp” resolved substrate plasmid. Red colonies represent inefficient
resolution while white colonies represent efficient resolution (see Section 2.23 for
details).

170



171

5.4 Recombination on asymmetric sites
As shown in the previous section using the Z-ress¢ with mildly hyperactive catalytic

domain, the optimum distance between “symmetrié2@ binding sites is 22 bp, rather
than 20 bp or 24 bp. An intriguing possibility thetd not been explored to date was that
the optimal site could be asymmetric, with a preférdistance between ZBSs of 21 or 23
bp.

To investigate this scenario new Z-sites were aesigwith either 21 and 23 bp of
distance between ZBSs (Fig 5.6). Since these aitesot symmetric, two versions of each
Z-site length were made, namely Z21ZL, Z21ZR, Z2&#ld Z23ZR. The sites with 21 bp
spacer have 10 bp on one side of the centre abg dbh the other; those with 23 bp spacer
have 11 bp on one side and 12 bp on the otherlettees L and R in the names of these
sites signify which, the left (L) or the right (Ralf-site is the longer one. Fourvivo
resolution substrate plasmids containing pairhe$¢ sites were created (Section 2.7.);
PMP201 (Z21ZR x Z21ZR), pMP202 (Z21ZL x Z21ZL), pROB (Z23ZR x Z23ZR) and
pPMP204 (Z23ZL x Z23ZL).

Six Z-resolvases that differed in the level of hymtivity displayed by their catalytic
domain were tested for resolution activity using #symmetrién vivo substrates
pMP201-204; Z-R(YQ), Z-R(SY), Z-R(AKSY), Z-R(M), B(NM) and Z-R(NMF) (Fig
5.7). The least hyperactive, Z-R(YQ), failed toalee any of the asymmetric Z-site
substrates, producing red colonies with all subestrgested. All the other Z-resolvases
tested promoted at least partial resolution oftelsubstrates used. The most complete
resolution was observed with substrates pMP201paM202 containing sites Z21ZR and
Z21ZL. Out of the other two asymmetric Z-sitesd¢ds Z23ZL was the harder one to
resolve, with all Z-resolvases tested achieviny @alrtial resolution, the only exception
being Z-R(NM). One possible explanation for thishat the 12 bp distance between the
centre of the site and the ZBS is too far for theppr arm region contacts to be established
in the minor groove. While this does not seem tecfthe highly hyperactive Z-resolvases
such as Z-R(NM), Z-resolvases containing only wediperactive catalytic domains are
finding it harder to compensate for the lack ostheontacts if the left half-site is the
longer one. It could be that the arm region costacthe left half-site are more important
than the ones on the right half-site. This wasctme observed with NM resolvase in
Chapter 3, where it was reasoned that the strdrigding of the resolvase HtH domain to

the outermost 6 bp of the right half-site rendbese affinity-enhancing arm region



GCGTGGGCGTCGAAATATTATAAATTATCAGCGCCCACGC
CGCACCCGCAGCTTTATAATATTTAATAGTCGCGGGTGCG

GCGTGGGCGCGAAATATTATAAATTATCAGCGCCCACGC
CGCACCCGCGCTTTATAATATTTAATAGTCGCGGGTGCG

GCGTGGGCGTCGAAATATTATAAATTATCACGCCCACGC
CGCACCCGCAGCTTTATAATATTTAATAGTGCGGGTGCG

GCGTGGGCGTCGAAATATTATAAATTATCAGACGCCCACGC
CGCACCCGCAGCTTTATAATATTTAATAGTCTGCGGGTGCG

GCGTGGGCGTTCGAAATATTATAAATTATCAGCGCCCACGC
CGCACCCGCAAGCTTTATAATATTTAATAGTCGCGGGTGCG

Figure 5.6- Sequences of asymmetric Z-sites, Z21ZR, Z21ZL, Z237ZR, and Z23ZL.
The symmetric Z-site Z22Z is provided for comparison (top). Sequence given in dark
blue is the sequence usually bound by the resolvase HtH domain. Light blue sequence

2227

Z21Z(R)

Z21Z(L)

Z23Z(R)

Z23Z(L)

is the sequence bound by the Zif268 DNA-binding domain (ZBS-Zif268 binding
site). The central 16 bp coming from the Tn3 site I sequence is pink. The central

dinucleotide is marked by the grey rectangle.
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Figure 5.7- A MacConkey assay results with the Z-resolvases Z-R(YQ), Z-R(SY),
Z-R(AKSY), Z-R(M), Z-R(NM) and Z-R(NMF) acting on substrates pMP201(Z21ZR %
Z217ZR), pMP202(Z21ZL x Z21ZL), pMP203 (Z23ZR x Z23ZR) and pMP204 (Z23ZL x
Z237L). The type of substrate used is indicated on top of the each of the plate photographs.
The mutations in the Z-resolvase catalytic domain are marked at the bottom of each panel.
The agarose gels show the uncut plasmid DNA isolated from the plate above. DNA bands are
marked as follows, “ep” Z-resolvase expression plasmid, “usp” unresolved substrate plasmid
“rsp” resolved substrate plasmid. Red colonies represent inefficient resolution while white
colonies represent efficient resolution (see Section 2.23 for details).
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contacts less critical. The asymmetry between iagick left Z-half-sites, observed with Z-
resolvases with less hyperactive catalytic domaiosgld be a result of this inequality
between the left and right half-site DNA-arm regammtacts. Any affinity-reducing
changes in the architecture of Z-sites are likelgdve a greater effect on catalytic
domains that are only mildly hyperactive than orreéntoyperactive catalytic domains such
as NM.

Based on the results of the experiment in this@egious sections it was concluded that
the optimum distance between ZBSs in a Z-sitedseéd 22 bp. The Z22Z site is
recombined at least partially by all Z-resolvagesddd, even Z-R(YQ) which was made
using the least hyperactive catalytic domain. Thdimgs also show that there is a degree
of flexibility in the Z-site spacing requirementjcathat the ability of Z-resolvase to
compensate for a suboptimal spacing is dependetiteolevel of activation of its catalytic

domain.

5.5 Issues regarding mutation V107F, the linker and  the
N-terminus cut-off point
In the previous section it was observed (Fig.5haj the resolution of pMP204 (Z23ZL x

Z23ZL) with Z-R(NMF) was less efficient than wheatalysed by Z-R(NM), with the
former producing red colonies while the latter gawete colonies. Even Z-R(AKSY), a Z-
resolvase made from a catalytic domain much lepsiagtive than NMF, resolved
pMP204 more efficiently, as can be deduced fronh ble¢ resulting mixture of white and
red colonies and the resolves unresolved substrate plasmid ratio as revealdtidy
isolated plasmid DNA analysis by agarose gel edgtioresis. This result brought the
validity of the V107F mutation as a hyperactivityp@ancing mutation into question. In this
section a contribution of this particular mutatiand other issues such as the catalytic
domain cut-off point and the length and sequendbefinker between catalytic and

Zif268 domains will be assessed.

Directly comparing Z-resolvases that differ in teatures noted above, such as Akopian’s
AN15-Z resolvase, Z-R(NMF) and Z-R(NM), seemed awious course of action. AN15
Z-resolvase has a catalytic domain cut-off poirRa44, while Z-R(NMF) and Z-R(NM)
have a cut-off point at residue R148. In AN15 th&atytic domain is connected to the
Zif268 DNA-binding domain by a 14 amino acid linkerhile in the other two Z-resolvase
the linker is only 2 amino acid residues long. ANittl Z-R(NM) have the same mutations
in their catalytic domain, while Z-R(NMF) has thaéditional mutation V107F. As can be
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seen from the above, a straight three-way compahbstwveen these proteins would be

problematic as they vary from each other in moas thne parameter.

To overcome this, an additional Z-resolvase Z-R(NGEG) that has the same cut-off
point at R148 as Z-R(NMF) and Z-R(NM), the samailtptotein length as AN15 (250
amino acids), and the V107F mutation in additioth®s NM mutations in its catalytic
domain, was designed. To make a plasmid exprefising@-resolvase (pMP386), a short
double-stranded DNA fragment with Eagl/Spel ovegsarreated by annealing oligos
GSGF’ and GSGR’(Table 2.4), was cloned into EagdiSpgested pAMCL11 vector (Fig
2.7). This introduced the desired linker that isvgh in comparison with linkers from Z-
R(NM) and AN15 in Fig.5.8.Comparing Z-R(NMF,GSG)ZeR(NMF) would expose the
influence of the linker length, while comparing ZNMF) to Z-R(NM) reveals the
contribution of the V107F mutation. A third comamn that would assess the influence of
the cut-off point would require construction of a&solvase Z-R(NM,GSG), which would
be identical to Z-R(NMF,GSG) but without the V10@ktation, which would then be
compared directly with the AN15 Z-resolvase. Duéintee constraints this third

comparison was not attempted.

As both Z-R(NM) and Z-R(NMF) are very actiurevivo, it was decided to compare them
in vitro along with Z-R(NMF,GSG). Althougim vivo assays can be very informative, the
subtle differences between these Z-resolvases are likely to be detected in amvitro
assay. To this end, the protein over-expressiosngtds pMP393, pMP1 and pMP389,
coding for Z-R(NM), Z-R(NMF) and Z-R(NMF,GSG) (Semt 2.7.1) were constructed.
Z-R(NM), Z-R(NMF) and Z-R(NMF,GSG) were over-expgsed and purified according to
the method described in Section 2.25.

To compare their recombination activity a time @uresolution reaction using plIVS6, a
substrate with two copies of the Z22Z site was eygd (D. Wenlong, unpublished). The
reaction was set up at 3¢ and samples were taken at 0.5, 1, 2, 5, 15, 8@aminute
time points, after which they were stopped by hidatf of the reaction mix volume was
digested with Xhol enzyme, and the other half vedisuncut. Uncut and cut samples were

analysed using agarose gel electrophoresis (F)g.5.9

Z-R(NMF) was found to be initially faster than ZNR{l), as it started relaxing the
supercoiled plasmid even after 0.5 minutes buwgdthed a peak in resolution at 15 minute
time point, after which the relative amount of nedmnant products appeared to decrease.

At the 60 minute time point most of the recombinamtduct is gone, and seems to be
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140141 142 143 144 145 146 147 148 149150151152
Tn3 FGRRRTV D Rueeerereeeeeeeeccaane... NVVL
Z-R (NM) FGRRRTV DR aaaeeeeccececaeae-. TSER

Z-R(NMF,GSG) FG R RR TV DRGSGGSGGSTSER
Z-R (AN15) FGRRRGSGGSGGSGGSGT SER

140141142 143 144145146 147148149150151152153154155156157158159160

Figure 5.8- Protein sequence of the linker joining the catalytic domain of resolvase to the Zif268 DNA-binding domain. An
alignment of the linker sequences of Z-R(NM), Z-R(NMF,GSG) and Z-resolvase AN15 along with the corresponding sequences
from Tn3 resolvases. Tn3 resolvase residues and numbering is given in grey. A synthetic linker sequence including a sequence
“TS” that introduces a Spel site required for joining the catalytic domain of resolvase to the Zif268 DNA-binding domain is in
black. The first two residues of Zif268 DNA-binding domain are given in purple. The numbering corresponding to the Z-resolvase
ANT1S5 is in black.
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Figure 5.9- /n vitro recombination reactions time course catalysed by the Z-resolvases a)
Z-R(NM), b) Z-R(NMF) and ¢) Z-R(NMF,GSG) acting on substrate pIVS6 (Z22Z x
7227) The time points are marked at the top of the gel as follows, 1 (0 min.), 2 (0.5 min.),
3 (1 min.), 4 (2 min.), 5 (5 min.), 6 (15 min.), 7 (30 min.) and 8 (60 min.). For protein and
DNA concentration and buffer composition see Section 2.27. The gels on the left show the
uncut reactions, whereas the ones on the right show the corresponding reaction cut with
Xhol. The graphic representation of Xhol digest of the possible reaction products giving
their expected sizes is given in Fig. 2.14. The abbreviations are as follows, “s”
(supercoiled substrate), “n” (nicked substrate), “rt” (recombinant product topmsomers)

r”” (non-recombinant products) “r” (recombinant product), “c” (cleavage product) and
"i" (intermolecular product), see text for details (Section 5.5). Contmued on the next

page...
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Figure 5.9-Continued.. In vitro recombination reactions time course catalysed by
the Z-resolvase ¢) Z-R(NMF,GSG) acting on substrate pIVS6 (Z22Z x Z227) The
time points are marked at the top of the gel as follows, 1 (0 min.), 2 (0.5 min.), 3 (1
min.), 4 (2 min.), 5 (5 min.), 6 (15 min.), 7 (30 min.) and 8 (60 min.). For protein
and DNA concentration and buffer composition see Section 2.27. The gels on the
left show the uncut reactions whereas the ones on the right show the corresponding
reaction cut with Xhol. The graphic representation of Xhol digest of the possible
reaction products giving their expected sizes is given in Fig. 2.14. The
abbreviations are as follows, “s” (supercoiled substrate), “n” (nicked substrate),
“rt” (recombinant product topoisomers), “nr” (non-recombinant products), “r”
(recombinant product), “c” (cleavage product) and and "i" (intermolecular
product), see text for details (Section 5.5).
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replaced by a slow migrating band that could beodyct of an intermolecular reaction

and the cleavage product bands. Z-R(NM)-catalysadtion on the other hand, is slower
with the recombination products first appearing atinute time point, also at the 60
minute time point the destruction of the resolugwaducts is not as pronounced as with Z-
R(NMF). The highest relative proportion of resabmtiproduct is observed at the 30 minute
time point. The ratio of resolution products to tte-recombinant with Z-R(NM) was in
general higher than that observed in reactiondysaa by Z-R(NMF) despite the initial
difference in the speed of the reaction. Thisdatls that Z-R(NMF) continues

performing secondary recombination reactions usiegesolution products as a substrate
but that religation step in these reactions iscifé, as suggested by the accumulation of
cleavage products. Z-R(NMF,GSG) recombined plVS3#5 @s fast as Z-R(NMF) but the
ratio of the resolution product to the non-recorabinwas lower than that observed in
reactions catalysed by either Z-R(NMF) or Z-R(NMHR(NMF,GSG) did not accumulate
cleavage products for the first 30 minutes of #wction but at the 60 minute time point
almost all of the resolution product was convertgd either intermolecular product or

cleavage products.

The results above indicate that although V107 Feiases the processivity of the Z-
resolvase it does so at the expense of the regutémision. The bulky phenylalanine
residue could help destabilise Z-resolvase ding@ingithe processivity but also it could
interfere with the recombination reaction at arlatage, accounting for the accumulation
of cleavage products. The longer linker as in Z-RMIGSG) brings the overall efficiency
of the reaction even lower. In conclusion, both YE@nd the longer linker are undesirable

and should be avoided in construction of futureeZetvases.

5.6 Complementation assays
Z-resolvases had so far been tested on a numizesités, with different lengths of central

sequence flanked by the Zif268-binding sites. Rtedithat the distance between the two
ZBSs is between 20 and 22 bp, two of these sitesldlbe able to form a synapse prior to
recombination, containing four Z-resolvases arrdrigea tetramer, analogous to the
arrangement seen with hyperactive resolvase muthinés al.,2005; Kamtekaet al.,

2006). Would different Z-resolvases with the sam@@lgtic domain but different DNA-
binding domains be able to combine on approprités and form heterotetramers capable
of catalysing recombination? Or would it be pokstb combine Z-resolvase subunits
with resolvase subunits, and form heterodimersaaous possible heterotetramers? Both
of these possibilities have important implicatidmisthe future use of Z-resolvases.

Heterotetramers consisting of Z-resolvases witfeddht DNA-binding domains are a
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prerequisite for vast majority of possible futuppkcations in biotechnology or molecular
medicine, whereas the possibility of making hetenaus or various heterotetramers
containing both Z-resolvase and resolvase woulthlerfarther detailed studies of

recombination mechanism.

The possibility of heterotetramer formation conitainZ-resolvase and resolvase subunits
was testedh vitro in the previous studies of our group (Akopian, 20@Complementation
between Z-resolvases AN8 or AN15 and NM resolvasanin vitro recombination assay
was attempted. The results were inconclusive, agéddlvase was found to be able to

catalyse resolution on all substrates that wetedes

In this section, the possibility of formation ohaterotetramen vivo, consisting of two
heterodimers each containing both resolvase ares@hrase, is explored. In order to
induce heterotetramer formation, two new hybricbrebination sites, namely ZL and ZR,
were designed (Fig. 5.10). The ZL site is compaxfdtie right half-site of the Z22Z Z-site
and the left half-site of Tn3 site I. The arrangetria ZR site is exactly the opposite, the
site consisting of the left half-site of Z22Z aié tright half-site of Tn3 site I. Either Z-
resolvase or NM resolvase should be capable ofrgnd these sites as a monomer, but
should be unable to form dimers, or bring the dibgether to form a synapse, as only one
half-site in each case should be suitable for bigdOn the other hand a combination of
NM resolvase and a Z-resolvase, provided that dtelytic domains are positioned in a
compatible fashion, should be able to form a helierer. Once these heterodimers are
formed they should be able to come together to fmsynapse and proceed with

recombination.

5.6.1 Positive complementation
Complementation experiments were perforrmedvo using the MacConkey assay

(Fig.5.11). To be able to do this, hybrid sitesatid ZR were cloned into pMS18%ector
creating pMP96 (ZR x ZR) and pMP97 (ZL x ZIr),vivorecombination substrate
plasmids (Section 2.7.2). To test for resolutidP®6 and pMP97 were used to transform
DS941 cells already containing either pMON1, exgiregs Z-R(NMF), or pMP17,
expressing NMF resolvase, or DS941 containing pMI®N1 and pMP17 together.
pPMON1 (M. Sentmanat, unpublished) was used to espreR(NMF) instead of pAMC11

in order to avoid plasmid incompatibility with pMPLised to express NMF resolvase. The
origin of replication of pMON1 comes from p15A \pACYC184, while plasmids like
pMP17 and pAMC11 have a ColEL1 origin of replication
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a) ZL

CGTTCGAAATATTAIFAAATTATCAGCGCCCACGC
GCAAGCTTTATAATATTTAATAGTCGCGGETGCE

/N

Left Right half-site
half-site of 2222
Tn3 site |

b) ZR

GCGTGGGCGTCGAAATATTATAAATTATCAGACA
CGCACCCGCAGCTTTATAATATTTAATAGTCTGT

N

Left half-site half-site of
of 2227 Tn3 site |

Figure 5.10- Sequences of hybrid sites a) ZL and b) ZR. Sequence given in dark
blue is the sequence usually bound by the resolvase HtH domain. Light blue
sequence is the sequence bound by the Zif268 DNA-binding domain (ZBS-Zif268
binding site). The central 16 bp coming from the Tn3 site I sequence is pink. The
central dinucleotide is marked by the grey rectangle. Underneath the sequences are
cartoon representations of expected result in a complementation experiment. Only
when both Z-resolvase and resolvase are present is the site synapsis expected
(bottom right in each panel). When proteins are expressed on their own only
binding by monomers is expected. Z-resolvase monomers are drawn in green and
resolvase monomers are drawn in yellow.
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CGTTCGAAATATTATAAATTATCAGCGCCCACGC ZL
GCAAGCTTTATAATATTTAATAGTCGCGGGTGCG

Z-resolvase Resolvase Z-resolvase/
Resolvase

=

—rsp

b)
GCGTGGGCGTCGAAATATTATAAATTATCAGACA ZR
CGCACCCGCAGCTTTATAATATTTAATAGTCTGT

Z-resolvase Resolvase Z-resolvase/
Resolvase

Z-resolvase - R2A, E56K, G101S,D102Y,M103l, Q105L, V107F
Resolvase - R2A, E56K, G101S, D102Y,M103Il, Q105L, V107F

Figure 5.11-Results of the in vivo complementation experiment using activated NMF
resolvase and Z-R(NMF) Z-resolvase acting on substrates ZL a) and ZR b) The
sequence of the site is given at the top of each panel. A note indicating whether
resolvase or Z-resolvase or both are expressed in the cells on a plate is given above the
each plate photograph. The agarose gels show the uncut plasmid DNA isolated from the
plate adjacent. DNA bands are marked as follows, “zrep” Z-resolvase expression
plasmid, “rep” resolvase expression plasmid, “usp” unresolved substrate plasmid “rsp”
resolved substrate plasmid. Red colonies represent inefficient resolution while white
colonies represent efficient resolution (see Section 2.23 for details). Below the plate
photographs are the cartoons representing the interpretation of the observed results, see
text for details (Section 5.6). Z-resolvase monomers are drawn in green and the
resolvase monomers are drawn in yellow.
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As can be seen in Fig. 5.11, Z-R(NMF) expresseh fopdION1 produced red colonies
when acting on either pMP96 (ZR x ZR) or pMP97 ¢ZFL). Analysing isolated plasmid
DNA by agarose gel electrophoresis confirmed th&®(KMF) is unable to resolve either
of these substrate plasmids when present on its @withe other hand, hyperactive
resolvase NMF expressed from pMP17 produced whitenees with pMP96, indicating
that NMF resolvase is capable resolving pMP96 aviean expressed on its own.
Conversely, NMF resolvase acting on pMP97 resutiedd colonies. No trace of
resolution with this substrate was observed evtar #ie plasmid DNA was isolated and
separated on an agarose gel. When Z-R(NMF) and Wite present in the cells together,
Z-resolvase and resolvase were able to complenaght@her on pMP97 producing white
colonies. On pMP96 substrate, expression of bd&(MMF) and NMF resolvase resulted
in drastically reduced colony numbers. Howeverttadl colonies that were observed with

this substrate-protein combination were white.

The resolution of substrate plasmid pMP96 contgimiwvo copies of ZR by NMF resolvase
is in concordance with the previously reporteditro results (Akopian, 2003). ZR
contains the right half-site of Tn3 site I, whighkinown to provide a better binding site for
the resolvase DNA-binding domain than the left {sitéé (Bednarz, 1990). When a
monomer of NMF resolvase binds to the right hakl-sif Tn3 site | within the ZR site, it is
presumably able to recruit a second NMF subunituh cooperativity. Two dimers of
NMF resolvase that were formed on two copies ofgdFon to form a synapse and proceed
with recombination. This does not happen with pMB@@strate as it carries two copies of
ZL, a site containing the left half-site of Tn3esit Binding of the NMF resolvase DNA-
binding domain to the left half-site of Tn3 sitemust be insufficiently stable to recruit a
second NMF resolvase subunit through cooperatitignce, the NMF dimer fails to form

on the ZL site, no synapsis ensues and no recofidoina observed.

Since NMF resolvase is capable of catalysing redoation of pMP96 it is difficult to say
whether true complementation is taking place. Hawgthe reduction in colony numbers
observed when NMF resolvase is co-expressed WR{NMF) in cells harbouring pMP96

suggests that both recombinases seem to intertictivel substrate.

5.6.2 Negative complementation
As it was difficult to say whether NMF and Z-R(NME&)mplement each other when

acting on pMP96, it was decided to try and teshigative complementation (Fig.5.12).
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CGTTCGAAATATTATAAATTATCAGCGCCCACGC ZL
GCAAGCTTTATAATATTTAATAGTCGCGGGTGCG

Z-resolvase/
Resolvase

Z-resolvase Resolvase
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GCGTGGGCGTCGAAATATTATAAATTATCAGACA ZR
CGCACCCGCAGCTTTATAATATTTAATAGTCTGT

Z-resolvase/

Z-resolvase Resolvase
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Z-resolvase - R2A, S10A, E56K, G101S, D102Y,M103I, Q105L, V107F
Resolvase - R2A, E56K, G101S, D102Y,M103I, Q105L, V107F

Figure 5.12-Results of the in vivo complementation experiment using activated
NMF resolvase and Z-R(NMF,S10A) Z-resolvase lacking the catalytic serine
residue acting on substrates ZL a) and ZR b) The sequence of the site is given at
the top of each panel. A note indicating whether resolvase or Z-resolvase or both
are expressed in the cells on a plate is given above the each plate photograph.
The agarose gels show the uncut plasmid DNA isolated from the plate adjacent.
DNA bands are marked as follows, “zrep” Z-resolvase expression plasmid, “rep”
resolvase expression plasmid, “usp” unresolved substrate plasmid “rsp” resolved
substrate plasmid. Red colonies represent inefficient resolution while white
colonies represent efficient resolution (see Section 2.23 for details). Below the
plate photographs are the cartoons representing the interpretation of the observed
results, see text for details (Section 5.6). Z-resolvase monomers are drawn in
black and the resolvase monomers are drawn in yellow.
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Instead of using a catalytically active Z-R(NMF)iaghe previous experiment, an inactive
version of Z-R(NMF), namely Z-R(NMF, S10A) expreddeom the plasmid pMP129 was
employed. This inactive Z-resolvase was expectdanad the ZBS-containing left half of

the ZR and prevent NMF resolvase from making homeds on this site.

As expected, Z-R(NMF,S10A) produced red coloniegnvacting on either pMP96 or
pMP97, and no trace of resolution product could&iected by analysing the isolated
plasmid DNA by agarose gel electrophoresis. Coesging the catalytically inactive Z-
R(NMF, S10A) along with NMF resolvase did not atatits activity. However, the
decrease in the number of colonies was not neartiramatic as the one observed when
both Z-R(NMF) and NMF resolvase were acting on pBIRS described in the previous
section. This meant that NMF resolvase still madageout-compete Z-R(NMF, S10A) at
binding to ZR, but that some of NMF resolvase werpugstered by Z-R(NMF,S10A) to
form a heterodimer, which lessened the impacheMNMF resolvase as indicated by the

increased number of colonies.

Unsurprisingly, when pMP97 was transformed into BE6ells in which NMF resolvase
and inactive Z-R(NMF,S10A) were co-expressed, @dries were produced. However,
when the plasmid DNA was isolated and separatezbhyose gel electrophoresis, a small
amount of resolved substrate plasmid was obsemditating that even catalytically

inactive Z-resolvase can complement hyperactivelvase, at least to some extent.

A possible explanation would be that as Z-R(NMF)&)lis able to bind the ZBS on the
right half of ZL it can recruit a subunit of NMF thbe left hal-site to form a heterodimer.
Two of these heterodimers are then able to synagseher and form a heterotetramer
containing two catalytically active NMF resolvasdanits and two catalytically inactive
Z-R(NMF, S10A) subunits. In the heterotetramer, NMBolvase is able to cleave two out
of four DNA strands, whereas Z-R(NMF, S10A) is uleal cleave DNA as it lacks the
catalytic serine residue. After this cleavage eftihio strands, the whole complex might be
expected to dissociate as the strand exchangealdeuto proceed by the normal
mechanism. The substrate plasmid containing suomteks could then be recombined by

the host cell using some resident DNA repair oonggination enzyme.

5.7 Discussion
In the preceding sections, different aspects adsbivase recombination system have been

investigated. Various Z-resolvase and Z-site desigare testeth vivo andin vitro and

the findings were compared with the previous wdrkwr group (Akopiaret al.,2003;
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Akopian, 2003; A. Maclean, unpublished). In additioomplementation of a hyperactive
resolvase mutant with both catalytically active aathlytically inactive Z-resolvase on
specially designed hybrid sites was observed.itnsction, these results will be
summarised, compared with other relevant publidimetings (Gordleyet al.,2007;
Gordleyet al.,2009), and their significance for the future workthe Z-resolvase system

will be discussed.

An intriguing property of the Z-resolvase systernthis apparent lack of correlation
between the length of the linker connecting thelwese-derived catalytic domain to the
zinc finger-based DNA binding domain, and the léngjt Z-site that the protein prefers to
work on. Z-resolvases with longer inter-domain érkare not able to catalyse
recombination on Z-sites with a longer sequence/d&en zinc finger binding sites. This is
in stark contrast to what is observed with theiglytanalogous zinc finger nuclease
(ZFN) system, where a longer interdomain linkeoa8 for cleavage of sites with longer
spacer sequence between the zinc finger bindieg €8himizwet al, 2009; Handeét al.,
2009).

While Barbas and co-workers dismissed the diffeeandhe optimal distance between the
zinc finger binding sites observed in their worlo(@eyet al.,2007) and that of our group
(Akopianet al.,2003) as due to the difference in the inter-dontiaker length used in

their Z-resolvase (Tn3Chlj and AN15 Z-resolvase, the work in this chapteadly

shows that that is not the case.

The optimum distance between zinc finger binditgssaccording to Barbas and co-
workers was found to be 20 bp, whereas results bonstudies suggest that this distance
is 22 bp. Z-resolvase Tn3Ch&Sonsists of the catalytic domain of a hyperactin@ T
resolvase mutant (G70S, D102Y, E124Q), residueslV45, linked by a five amino acid
residue linker SGSTS to a didactyl engineered imger domain. The catalytic domain of
AN15 Z-resolvase comes from NM resolvase (residgdsRk144) and is connected by a
14 amino acid residue linker GSGGSGGSGGSGTS ttridhactyl Zif268 zinc finger

DNA binding domain. Comparing the length of thekénregion literally as done by
Barbas and co-workers ignores the issue of théytiatdomain cut-off point. A much

more accurate measure in relation to the Z-sieriBBS length would be the overall
length of the protein prior to the zinc finger domaccording to which AN15 Z-resolvase
is 10 amino acid residues longer. Although havingxtra 10 amino acid residues is more
than enough to span one extra DNA base in a Zdii@fwe believe that this is not the

reason for the preference for the longer Z-site.
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Z-resolvases such as Z-R(YQ), Z-R(SY), Z-R(AKSY Yy ail Z-R(M) tested in Sections
4.3-4.4 are of the same length prior to the zingdr domain as Tn3Chlband yet all of
them show preference for 22 bp of distance betwieezinc finger binding sites within a
Z-site. However, it must be noted that Z-resolvA9®(NM), containing the highly
hyperactive NM resolvase catalytic domain, recor@bid20Z and Z22Z with equal
efficiency, pointing to a degree of flexibility the acceptable distance between the zinc

finger binding sites.

This flexibility does not come from the NM resoleasatalytic domain itself as it can be
seen from an additional experiment results of whighshown in Fig.5.13. In this
experiment, a series of vivo substrate plasmids (pMP205-pMP208) containing RB T
site | variants (R16R, R18R, R20R, R22R) was corstd, and tested for resolution with
NM resolvase expressed from pFO2 (Olorunniji, 20@éXhe outermost 6 bp of both half-
sites, the RR Tn3 site | variants had the sequtratas naturally found in the right half-
site of the Tn3 site |, which is known to be vaghtly bound by the resolvase HtH
domain (Bednarz, 1990). As can be seen in Fig. BR3ites differed in length by 2 bp,
which was achieved by introduction of random bdmws/een the HtH 6 bp binding site
and the central 16 bp. Adduction of HtH 6 bp bingdsites was analogous to the
increasing the inter-ZBS distance in successivées.sNM resolvase only produced white
colonies on the substrate containing two copieRIER (pMP205). When acting on all
other substrates tested containing longer RR @td®206-208), NM resolvase produced
red colonies. Even upon agarose gel electrophomesilysis of the isolated plasmid DNA,
no trace of resolved substrate plasmid was reveeitbdoMP206-208. The result of this
additional experiment argues that the flexibilig/ta the length of the recombination site is
not a property inherent in the NM resolvase caialyomain but is a feature enabled when

the NM catalytic domain is put into the Z-resolvasatext.

The requirement for a distance between zinc filhgeding sites in the range between 20
and 22 bp observed with Z-resolvases could be #aleby steric hindrance and the
requirement of the zinc finger domain to follow BBIA phasing. If the zinc finger-
binding sites are too close to the centre of th#t&-the binding of two subunits of Z-
resolvase to such a site could presumably be ertfwith by the clash of resolvase
catalytic domains attempting to make a dimer.dfraer could be formed, as the tridactyl
zinc finger domain is much larger than the resavaative HtH DNA-binding domain as
can be seen in Fig.5.14, possible clashes betwresfizger domains when attempting to

synapse two Z-resolvase dimers are also likely.
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R16R | R18R

right end 8765432112345678 right end

TGTCTGAAATATTATAAATTATCAGACA
ACAGACTTTATAATATTTAATAGTCTGT

R16R

TGTCTGCAAATATTATAAATTATGCAGACA
ACAGACGTTTATAATATTTAATACGTCTGT

R18R

R20R | R22R

TGTCTGGCAAATATTATAAATTATGCCAGACA
—ep ACAGACCGTTTATAATATTTAATACGGTCTGT

—usp R20R

TGTCTGAGCAAATATTATAAATTATGCTCAGACA
ACAGACTCGTTTATAATATTTAATACGAGTCTGT

R22R

Figure 5.13- A MacConkey assay results with the activated Tn3 resolvase mutant
NM acting on substrates pMP205(R16R x R16R), pMP206(R18R x R18R), pMP207
(R20R x R20R) and pMP208 (R22R x R22R). Sequence of sites R16R, R18R, R20R
and R22R is given on the right. The dark blue sequence in all these sites is the
sequence that Tn3 resolvase HtH domain binds to in the right half-site of the Tn3 site
I. The central 16 bp of each of the sites is in pink. The bases that have been inserted in
order to extend the site i.e increase the distance of the HtH binding sequence from the
centre are given in grey. The central dinucleotide is marked by a grey rectangle. The
individual DNA bases are numbered from the centre. On the left are the photographs
of plates with the type of substrate used indicated at the top of the each of the plate
photographs. The agarose gels show the uncut plasmid DNA isolated from the plate
adjacent. DNA bands are marked as follows, “ep” resolvase expression plasmid,
“usp” unresolved substrate plasmid “rsp” resolved substrate plasmid. Red colonies
represent inefficient resolution while white colonies represent efficient resolution (see
Section 2.23 for details).
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O — resolvase HtH
DNA-Binding domain

m - Zif268

DNA-Binding domain

Figure 5.14- A model of a) Z-resolvase dimer bound to DNA b) a heterodimer consisting of a
Z-resolvase (green) and resolvase (yellow) monomers bound to DNA. Z-resolvase and
resolvase subunits are shown in spacefill whereas DNA is shown as sticks. Note the difference
in size between the resolvase HtH DNA-binding domain and Zif268 DNA binding domain.
Models were made by overlaying crystal structures of y6 resolvase dimer (1gdt, Yang & Steitz,
1995) and Zif268 DNA-binding domain (laay, Elorod-Erickson et al., 1996).
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If on the other hand the zinc finger-binding sies too far apart, correct DNA phasing is
likely to play more of a role. As each extra basa classic B-DNA helix causes around
~36°turn in the DNA, the N-terminal end of a zinc fing@NA binding domain that is
meant to connect to the resolvase catalytic doweainend up in a variety of unfavourable
orientations. A longer flexible linker between ziimeger domain and resolvase catalytic

domain does not seem to successfully compensatki$or

A possible reason for this is to do with the med$rarof zinc finger binding, which relies
on coupled folding and binding. Coupled folding dnading is the process in which an
intrinsically disordered region of a protein foidso an ordered structure concomitant with
binding to its target. Zinc fingers in a zinc fimgeomain, behave as beads on a flexible
string where the function of the linker regionsvizegn the fingers is to enable a relatively
unhindered spatial search by the attached domaimai( 2003). When a zinc finger
domain binds to the major groove it does so inqueece, with its C-terminal finger
binding first. This causes the linkers betweenfithgers to fold, cap and thereby stabilise
the preceding helix in the protein, orientating tfext finger correctly for binding in the
major groove (Laityet al.,2000a). Extending the length and increasing tvalllity of

the linkers between the fingers can inhibit bindasgexemplified by the alternative
splicing variant of WT1 a zinc finger domain coniag Wilms’ tumour protein (Laitet

al., 2000b).

In a Z-resolvase, the linker between the zinc firdgamain and the resolvase catalytic
domain could be behaving in the same fashion abrtker regions between the individual
zinc fingers. As entropic cost to fold a disorderegion of a protein is paid by the binding
enthalpy, increasing the length of the linker redietween zinc finger domain and
resolvase catalytic domain would increase its Bty and hence the entropic cost of
folding this segment, which could have an inhihjiteffect on binding, explaining the

observed preference for shorter linkers.

Additionally in the resolvase, folding of the whatéH DNA-binding domain (residues
148-183 inyd resolvase) and the final portion of the arm redr@sidues 140-147 i
resolvase) is also induced by the binding to DNArfY & Steitz, 1995; Rice and Steitz,
1994a, 1994b). The amino acid residues 140-14éaser the affinity of resolvase for its
site | through numerous contacts with the DNA ia thinor groove, as discussed in
Chapter 3. It is possible that binding of a zimgér domain to DNA is not optimal for
inducing the fold of the final portion of the aregion reducing the affinity of Z-resolvase

for its site. This could be an explanation for timexpectedly weak binding of Z-resolvases
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in vitro (G. Schiétel, unpublished) and the reason beltiadrtild inhibitory effect on the

resolvase catalytic domain observed in the Z-cdr{téection 5.3).

Resolvase/Z-resolvase complementation experim&atstibn 5.6) indicate the necessity
of synapse formation as a prerequisite for recoatlwn and cleavage reactions. The
ability of the Z-resolvase to be complemented lyrdsolvase with the same catalytic
domain, on specially designed hybrid sites, is araging with regards to the possibility of
formation of heterotetramers in which each Z-reasévsubunit has a different DNA-
binding zinc finger domain, which could have a g#yriof uses. As long as the binding
affinity of the zinc finger domains used is comdeave are confident that the
recombination catalysed by such heterotetramenssiple. Unambiguously confirming

the complementatiom vitro remains a task for the future.



192

6 Chapter 6: Sequence specificity of Tn21 and Sin

resolvase catalytic domains

6.1 Introduction
In Chapter 4, catalytic domains of hyperactive mtgaf Tn21 resolvase and Sin resolvase

were used to make Z-R(Sin) and several Z-R(Tn2dipmts. The resulting Z-resolvases
showed a degree of cross-activity, with Z-R(Sirgorabining the Tn21 Z-site arvice
versa(Fig. 4.7). However, neither of these recombinasesved any activity on Z-sites
with the central sequences derived from Tn3 gfigds. 4.8 and 4.9).

Tn21 and Sin resolvases come from different resal\families; in fact they are almost as
distantly related from each other as they are ffim® resolvase (Fig 4.2). Nevertheless,
the results of the Z-R(Sin) and Z-R(Tn21) testgyssg that the catalytic domains of Tn21
and Sin resolvase proteins, although distanthytedlehave similar sequence specificity,

which is different from that of Tn3 resolvase.

Wild type Tn21 and Sin resolvase can not utiliseheather’'sres sites, which is easily
explained by the large differences in thssite architecture of these two recombinases
(Fig 6.1). The failure of hyperactive mutants afi &hd Tn21 resolvase that do not require
accessory sites to catalyse recombination on ehen’s sites (Fig 4.8) is probably due to
the different sequence requirements for their DNding domains. Most differences
between the Sin and Tn21 site | sequences are fiouhé 6 outermost bases at the end of
each half-site, the sequence known to be recogiigdide resolvase HtH domain (Fig
6.1).

That the HtH domain of Tn21 resolvase does nal binongly to the Sin site | sequence
was confirmed using tha vivo binding assay (Section 2.24) in Fig 6.2. In tresay,
binding to Sin site I in the plasmid pSB404 (S. Rowd, unpublished) occludes thalK
gene promoter that overlaps this site, and thiarim abolishegjalK transcription. As the
assay is performed in DS941 cells, which are nlyugalK", the lack ofgalK expression
(signifying binding to Sin site 1) produces whitgl@nies. Conversely, binding which is not
strong enough to prevent access togakk gene promoter results in the production of red
colonies. A negative control for binding using ZSR{(), which lacks a HtH DNA-binding

domain, is also included in Fig.6.2
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a)
T4 —F [4F 9 "3
res site
28 22 34 5 25
Tn21
_EHE_P | | 0 | | resnsite
30 21 35 2 32
ST+ b res site
30 31 25

b)
left end 987654321123456789 right end

TGTGAA CATACA Sin

ACACTT GTATGT site |
CGTCAG CTGATG Tn21
GCAGTC GACTAC site |

TGTGARATTTGEGTACACCCTAATCATAC

CGTCAGGTTGAGGCATACCCTALCCTGATG

Figure 6.1-a) Architecture of Tn3, Tn21 and Sin res sites. The lengths of the
individual binding sites and intervening DNA segments are given below the cartoons.
Black triangles mark the direction of the repeated sequence that forms the resolvase
binding sites. All sites are inverted repeats, expcept Sin res site I which is a direct
repeat. Yellow box with an “H’” on it found between Sin res sites I and II represents the
Hbsu binding site. The cleavage point within res site I is marked by black lines. b) The
sequence of Sin res site I and Tn21 res site I (top of the panel). The dark blue sequence
in these sites is the sequence that the resolvase HtH domain binds. The central 18 bp of
the sites is in pink. The central dinucleotide is marked by a grey rectangle. The
individual DNA bases are numbered from the centre. The "Left" and "Right" end refer
to the conventional representation of site I within res. Bottom of the panel-An alignment
of Sin res site I and Tn21 res site I top strand with the dashed black lines connecting
DNA bases that are identical.
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resolvase | resolvase

™27
resolvase

Sin
resolvase | Z-R(Sin)
Q115R

Figure 6.2- Results of the in vivo binding assay using the plasmid pSB404 with the
wild-type Tn3, Tn21, and Sin resolvases (top plate photograph), and an activated Sin
resolvase mutant Q115R and the Sin resolvase based-Z-resolvase Z-R(Sin) (bottom
plate photograph). Z-R(Sin) is a negative control as it doesn’t have a resolvase HtH
DNA-binding domain. How the different resolvases or Z-resolvases are arranged on
plates is indicated in the explanatory keys (to the right of the plate photographs). The
white colonies signify strong binding to the Sin res site I while red colonies signify
weak binding (see Section 2.24 for details).

194



195

The first part of this chapter presents experimpatformed to establish whether Sin and
Tn21 resolvase catalytic domains do indeed haviéagisequence requirements in the
central 18 bp of site |, and what exactly thesaisage requirements are. The second part
of the chapter deals with attempts to alter thei§ipgty of the Sin resolvase catalytic
domain into that of the Tn3 resolvase catalytic donandvice versain order to better

understand the factors determining the specifiaitthe resolvase catalytic domain.

6.2 Site | sequence requirements for Sin and Tn21
resolvase
To establish the sequence specificity of the SthBm21 resolvase catalytic domains in the

central 18 bp of their crossover sites, two sepatait complementary approaches were
adopted. The first approach involved the use afleamsite library selections employing a
multimer resolution-based method as described ep@&rs 3 and 4, using the purified Sin
resolvase hyperactive mutant Q115R and the TnZilvese hyperactive mutant M63T.
The second approach is based on making a hybrtdiproconsisting of the Sin resolvase
Q115R catalytic domain and the Tn21 resolvase DiNWibg domain. This hybrid
resolvase was to be tested for recombination &gfivivivo using substrates such as
pDW25 (Tn21 site | x Tn21 site I), pMP388 (Sin dite Sin site I), pPDW24 (Tn2tes x
Tn21lres) and pSB423 (Siresx Sinres). If the sequence preference of the Sin and Tn21
resolvase catalytic domains is indeed very simiteg,hybrid protein containing the Tn21
resolvase DNA-binding domain should preferentidilyd and recombine sites associated

with Tn21 resolvase even though its catalytic dontaimes from Sin resolvase.

6.2.1 Random site | library selections
To determine the sequence preferences in the cefritne Tn21 and Sin crossover sites, an

analogous dimer resolution approach to the oneritbestcfor Z-R(NM) (Section 4.2) was
employed. Two mutant site libraries (LibS1 and Ap%ere designed. In LibS1, all 18
bases in the centre of the Sin site | were randedniln the LibS2 library the central six
base positions were kept as the wild-type Sinlstxuence, while the six bases flanking
the central six on either side were randomised.sEhection was performed for two rounds
using purified Sin resolvase mutant Q115R (Se@i@b) just as described in Section 4.2
for Z-R(NM) selection. Selected monomer plasmid DINAs sequenced in bulk and the

sequencing traces for LibS1 and LibS2 library d&des are shown in Fig.6.3.

As can be seen from the bulk sequencing traces §E3y the results of selection were
quite similar for both libraries. The most strikifeature revealed by these selections is the

conservation of the triple G motif at the positiég}, 5L and corresponding C bases at
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Lib21.1

0987654321123456789012345
BBRKGGGKRYRBTCTAAT
987654321123456789

Figure 6.3- a) Bulk sequencing traces of the random block libraries Lib21.1 and Lib21.2
Sequencing was done using the primer uni -43. The individual DNA bases are numbered
from the centre: 1-15 left and 1-15 right. For bases 10-15 only the second digit is shown.
The position of the random block is highlighted in yellow below the sequencing trace. b)
Bulk sequencing traces from the site selections using Sin resolvase Q115R from the
random block libraries LibS1 and LibS2. Underneath the bulk sequencing trace from the
2nd round of selections, the sequence of the randomised regions of the sites is given using
the extended IUPAC DNA notation (see Abbreviations). The individual DNA bases are
numbered from the centre: 1-15 left and 1-15 right. For bases 10-15 only the second digit

is shown.
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positions 3R, 5R and to the lesser extent 4R. Asdiscussed in Chapter 3, the
corresponding positions in Tn3 site | are contatigdesidues 1122, 1123, T126, R130 and
F140 in the minor groove, which are also the ressdihat are variable between resolvases
recognising site | sequences that are differemhfiiwat of Tn3 resolvase (Section 3.8
;Yang & Steitz, 1995). In the selections usingdityrLibS1 there was a propensity for G
bases at positions 9-7L, which is not mirrorecdhia $elections using the library LibS2
where these positions are more likely to be a Er&hwas more of an agreement between
the results of selections using the two librariggasitions 6-9R, with a T base being
preferred at positions 6R and 9R, and an A bapesition 8R in both libraries. While 7R
is found to be predominantly an A in selectionsggibrary LibS1, in the selections using
library LibS2, A and T bases are equally represkatehis position. Selections across the
central dinucleotide using the LibS1 library suddbat the natural central dinucleotide of
the Sin site | (AC) is underrepresented and thaermommon sequences at this position
are AT or GT. This observation agrees with the erpental data showing that a Sin site |
with an AT central dinucleotide is more efficientgcombined than the one with an AC
centre (Rowlanet al.,2005).

The equivalent Tn21 crossover site libraries werstructed (Lib21.1 and Lib21.2) (Fig.
6.3) with the intention to use them for site set@w with an activated Tn21 mutant.
However, since purified Tn21 resolvase M63T wasashnot to be active (Section 4.7),
the selections were not carried out. Thereforetexctdcomparison between sequence

requirements in the central 18 bp of Sin site | @nd1 site | was impossible.

6.2.2 Sin-Tn21 resolvase hybrid protein
Concomitantly to the random site | libraries satetd, a hybrid resolvase consisting of

Sin resolvase Q115R catalytic domain (residues8)-add the Tn21 resolvase DNA-
binding C-terminal domain (residues 126-186) wasigied (Fig. 6.4). The Sin resolvase
residue R148 that the catalytic domain in this fd/besolvase was terminated at, is the
same position at which the Sin catalytic domaiteisninated in the Z-R(Sin) (see Section
4.4).

To create pMP265, the plasmid expressing the SRitTasolvase hybrid, the
Eagl/Asp718 fragment of pDW21 encoding the Tn2blkese DNA-binding domain was
amplified by PCR, using the partially annealingifard primer hpF’ and the reverse
primer 23R (Table 2.4, Section 2.7.1.1). Amplifioatusing the hpF’ introduced a BsrGl

site immediately next to the Eagl site, allowing tllagment to be cloned into
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Figure 6.4-The Sin-Tn21 hybrid resolvase experiment. At the top of the figure is an
alignment of Tn21 resolvase, Sin-Tn21 hybrid resolvase and Sin resolvase protein
sequence to show the join between Tn21 resolvase DNA-binding domain and Sin
resolvase catalytic domain. Sin resolvase protein sequence and numbering are given i
orange while Tn21 resolvase sequence is given in blue. In the middle, a cartoon showing
the Sin-Tn21 hybrid resolvase with its Tn21 resolvase DNA-binding domain coloured in
blue and the Sin resolvase catalytic domain coloured in orange. Below this panel are the
MacConkey assay result with the Sin-Tn21 hybrid acting on substrates pMP388 (Sin site I
x Sin site I), pDW25 (Tn21 site [ x Tn21 site ), pSB423 (Sin res % Sin res) and pPDW24
(Tn21 res x Tn21 res). The type of substrate used is indicated on top of the each of the
plate photographs. The agarose gels show the uncut plasmid DNA isolated from the plate
adjacent. DNA bands are marked as follows, “rep” hybrid resolvase expression plasmid,
“usp” unresolved substrate plasmid “rsp” resolved substrate plasmid. Red colonies
represent inefficient resolution while white colonies represent efficient resolution (see
Section 2.23 for details).
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BsrGl/Asp718-digested pSA9994 vector, effectivelplacing the Q115R Sin resolvase
DNA-binding domain with that of Tn21 resolvase.

The Sin-Tn21 hybrid resolvase was tested for redoation on substrates pSB423 (%&%
x Sinres), pMP388 (Sin site | x Sin site I), pPDW24 (Tng&ds x Tn21res), and pDW25
(Tn21 site | x Tn21 site in vivousing the MacConkey assay (Fig. 6.4).

When acting on pDW24 and pDW25 Sin-Tn21 hybrid hessse produced white colonies.
Conversely, the equivalent tests with the Sin gabest to recombine substrates pSB423
and pMP388 resulted in red colonies. However, dlffterplasmid DNA was isolated and
analysed by agarose gel electrophoresis it wasled¢hat the Sin-Tn21 hybrid resolvase
resolved pSB423 (Sires x Sinres) and pMP388 (Sin site | x Sin site I) quite eficily,

but with some traces of unresolved substrate plhstili remaining. As can be seen in the
lanes showing Sin-Tn21 hybrid resolvase actingDWg4 (Tn21lresx Tn21lres) and
pDW25 (Tn21 site | x Tn21 site |) all of the sulasér plasmid DNA was resolved (Fig
6.4). The reduction in the total amount of subst@asmid DNA however that can be seen
in these lanes is reminiscent of the recombinatactions using Z-R(NMF) (Section 5.2).
As in that case, the Sin-Tn21 hybrid resolvase irighcleaving the substrate plasmids
containing Tn21 sites without properly religatitgm. Plasmids that are not religated
would presumably be promptly destroyed by the edtich in turn would lead to the

reduction of total resolved plasmid DNA observed.

These results suggest that Sin-Tn21 hybrid reselpasferentially recombines substrates
containing Tn21 resolvase recombination sites, itleaving the Sin resolvase catalytic
domain. This indicates that the Sin catalytic danmabkes very little distinction between
the central sequences of Tn2Esite | and Sin site |, provided that it can bindttstably,
either by using the Zif268 DNA-binding domain asZuRR(Sin) (Section 4.7) or the native
Tn21 resolvase HtH DNA binding domain as in the-Bi21 resolvase hybrid. This means
that the sequence specificity of the Sin catalgtimain must be very similar to that of the

Tn21 resolvase catalytic domain.

6.3 Attempts to alter the sequence specificity oft  he
resolvase catalytic domain
To better understand the factors determining tieeifipity of the resolvase catalytic

domain, an experiment aimed at altering the spmityifof the Sin resolvase catalytic

domain into that of the Tn3 resolvase catalytic donandvice versavas performed.
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It was shown in the previous sections that the secg selectivity of the Sin resolvase
catalytic domain is very similar to that of the Tn2solvase catalytic domain but different
to that of Tn3 resolvase. Comparing the randomlisitary selection results using NM
resolvase in Chapter 3 to the ones obtained usimgeSolvase mutant Q115R (Section
6.2) shows that the most conserved bases in #&iective site Is are the ones that are
contacted by the residues: 122, 123, 126, 130(dd@bering corresponds to Tn3
resolvase positions) in the minor groove (Yang &it3t 1995; Mouwet al.,2008), which
also happen to be the bases that are highly vartsdtiveen different resolvase families
(M. Boocock, personal communication). As thesedess seem to be contacting the DNA
bases themselves, it was suggested in the liter@tiang & Steitz, 1995) that they might

be likely candidates for imposing sequence spéiifan the resolvase catalytic domain.

To test whether the DNA contacts made by the “edg¢erarm” residues 122, 123, 126, 130
and 140 are important for the sequence select#ylayed by the resolvase catalytic
domain it was decided to mutate the candidate wesith Sin resolvase into their Tn3
resolvase equivalents and vice versa, making &imd3Tn3/S resolvase, respectively
(Fig.6.5). The decision on which residues to chamgs partially based on the observation
that the Sin and Tn21 resolvase catalytic domaishle to recombine each other’s sites
(Chapter 4 and Section 6.2) meaning that any @iffees between the protein residues
involved in the DNA contacts in Tn21 and Sin resskr are likely to be of lesser
significance than those that exist between Tn25{0) resolvase and the Tn3 resolvase.
As the residue 122 in both Tn21 and Tn3 resolvasas isoleucine, and its equivalent 128
in Sin resolvase is a serine, these residues gthiwoplicated in DNA contacts, were not
mutated. Furthermore, based on the recent Sinvaes®ktructure, residue S128 appears to
play a role in Simessite synapsis (Mouwt al.,2008). The residues K139-F140 in Tn3
resolvase and residues Y145-R146 in Sin resolvase swapped together as a block, as
K139 and R146 seem to act to stabilise the staatamgact that the adjacent residue
phenylalanine and tyrosine rings respectively, maitk the deoxyribose ring of the DNA
backbone (Yang & Steitz, 1995; Mowet al.,2008).

Plasmids pMP282 and pMP287 expressing Sin/3 reselfthat is, Sin resolvase with the
mutations Q115R, K129L, Q132T, 1136R, Y145K, K14@RH Tn3/S resolvase (Tn3
resolvase with the mutations R2A, E56K, G101S, D, M1031, Q105L, V107F, L123K,
T126Q, R130I, K139Y, F140K) respectively, were maddollows. pMP282 was
constructed by cloning the short Ncol/BamHI fragifeom the GeneART1 plasmid
(Section 2.6) introducing the mutations K129L, QIL3R36R, Y145K, K146F into
pSA9994, a Sin resolvase Q115R expression plasimidthake pMP287, oligonucleotides
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Figure 6.5-a) An alignment of Tn3, Tn21 and Sin resolvase extended arm residues that
form contacts with the DNA in the centre of their respective site Is. The numbering at
the top of the alignment pertains to Tn3 resolvase whereas the numbering at the bottom
of the alignment corresponds to Sin resolvase. The residues that were changed in the
experiment aimed at altering the specificity of the Tn3 resolvase catalytic domain into
that of the Sin resolvase catalytic domain are circled in red (see Section 6.3 for details).
b) The positions of the residues that contact the DNA in the centre of the site I are
shown in spacefill on the yd resolvase dimer (cartoon representation) structure bound to
DNA (1gdt, Yang & Steitz, 1995). Residues contacting the DNA backbone are coloured
magenta, whereas the residues contacting the DNA bases directly are in blue. For a more
detailed view please refer to Figs. 3.29 and 3.30.
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3toSinF and 3toSinR (Table 2.4) were first anneateeating BamHI/Eagl compatible
ends, and then cloned into BamHI/Eagl-restrictedPfp¥ vector, which encodes

hyperactive Tn3 resolvase NMF.

After the expression plasmids pMP282 and pMP28&wezated, Sin/3 and Tn3/S
resolvases were tested for recombinaiionivo, using substrate plasmids pMP243 (Tn3
site | x Tn3 site 1) and pMP388 (Sin site | x Site $), in a MacConkey assay (Fig.6.8h
vivo assays with Sin resolvase Q115R and NMF resoleageessed from pSA9994 and
pMP17 respectively, acting on the same substragee included as a control. As can be
seen in Fig.6.6, Sin/3 and Tn3/S resolvase fade@tombine any of the substrates tested,
producing red colonies in all cases. Even afteptaemid DNA was isolated from the

cells and analysed by agarose gel electrophoresisace of resolution could be observed.
Failure of Sin/3 resolvase to recombine pMP243 (3its1 x Tn3 site 1), and Tn3/S to
recombine pMP388 (Sin site | x Sin site ) is upsising and could be attributed to the
lack of sufficient binding to the sites. Tn3/S &id/3 have the native HtH DNA-binding
domains of Tn3 resolvase and Sin resolvase respéctand are therefore unlikely to bind
tightly to the sites that do not have their rectignisequences. More interestingly, the
failure of Sin/3 to recombine pMP388 (Sin site $ix site 1), and of Tn3/S to recombine
pMP243 (Tn3 sitel x Tn3 site I) showed that thermgjes introduced in the extended arm

have a negative effect on recombination, reinfar¢ire importance of these residues.

Tn3/S and Sin/3 could have failed to recombine edbhbr’s sites due to lack of binding.
However, even if binding were not an issue, Tn8 kénd Sin site | are of an unequal
length (28 and 30 bp, respectively), so recombamally Sin/3 and Tn3/S on each other’'s
sites would likely fail. A way to circumvent both these issues (lack of binding and the
unequal length of the sites) was to create Tn3(53an/3 Z-resolvases (Z-R(Tn3/S) and Z-
R(Sin/3). In the Z-resolvase context the bindingadonger an issue as both the DNA-
binding domains and the ZBS are identical. Thetlelog the Z-sites is also identical
(40bp; 22 bp central sequence flanked by two 9 BSs]

Plasmids expressing Z-R(Tn3/S) and Z-R(Sin/3) wersstructed (pMP385 and pMP284
respectively). To make pMP385, oligonucleotidesS&té and 3toSinR (Table 2.4) were
first annealed creating BamHI/Eagl-compatible emaisl then cloned into BamHI/Eagl-
restricted pAMCL11 vector, which encodes Z-R(NMAYIR284 was made in two steps.
First, pMP379 was constructed by cloning the shtfetl/BstEIl fragment from the
GeneART2 plasmid (Section 2.6) into pMP213, the(BiR) expression plasmid, in order

to remove the second Spel site. In the second atsiert Ncol/Spel fragment from the
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Figure 6.6- A MacConkey assay results with the Sin resolvase Q115R, Sin/3 resolvase
a) and Tn3 resolvase NMF, Tn3/S resolvase b) acting on substrates pMP388 (Sin site |
x Sin site [) and pMP243(Tn3 site I x Tn3 site I). The type of substrate used is
indicated on top of the each of the plate photographs. The mutations in the resolvase
catalytic domain are marked at the bottom of each panel. How the different resolvases
are arranged on plates is indicated in the explanatory keys (to the right of the plate
photographs). The agarose gels show the uncut plasmid DNA isolated from the plate
adjacent. DNA bands are marked as follows; “rep” resolvase expression plasmid, “usp”
unresolved substrate plasmid “rsp” resolved substrate plasmid. Red colonies represent
inefficient resolution while white colonies represent efficient resolution (see Section
2.23 for details).
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GeneART2 plasmid introducing the mutations K12913QT, 1136R, Y145K, K146F was
cloned into Ncol/Spel-restricted pMP379 vector atireg pMP284.

Z-resolvases Z-R(Tn3/S) and Z-R(Sin/3), expressaa PMP385 and pMP284
respectively, were testéal vivo (Fig. 6.7) in a MacConkey assay using substratéstwo
copies of Z22Z (pMP53) or two copies of the Siniia-¢pMP217). The equivalent Z-
resolvases, Z-R(NMF) and Z-R(Sin) without the ‘Sfieity altering’ mutations were used

as controls.

As can be seen in Fig. 6.7, Z-R(Sin/3) producedcadnies when acting on either
pMP217 (Sin Z-site x Sin Z-site) or pMP53 (Z22Z 22Z). No trace of resolution was
observed with this Z-resolvase even when the isdlptasmid DNA was analysed using

agarose gel electrophoresis.

Z-R(Tn3/S) conferred a lethal phenotype on celisagr on selective MacConkey agar if
either of the resolution substrate plasmids wasegme If the cells were grown on selective
L-agar the lethal phenotype was not observed aluhies of normal size and morphology
were observed. A possible explanation for this wdaé that in the presence of a very
active resolvase the substrate plasmid might harelslem establishing itself in the cells
post-transformation, as it is attacked and damagea@solvase as soon as it is enters the
cell. Since the actual number of substrate plagmitécules entering the cell at
transformation is not very large a Z-resolvasegothat cleaves the substrate without
efficiently religating it might cause a reductionthe amount of colonies observed. This
occurrence might be attributable to the influentcthe V107F mutation, the effects of
which were discussed in the previous chaptersaEtitn of the plasmid DNA from these
cells followed by separation on an agarose gelaledethat Z-R(Tn3/S) partially resolves
pMP217, while failing to resolve pMP53 (Fig. 6.7).

6.4 Discussion
In this chapter it was established that the catati@mains of Sin and Tn21 resolvase have

very similar sequence selectivity despite beingy ekstantly related. The Sin-Tn21
resolvase hybrid constructed from the hyperactiner&olvase mutant Q115R catalytic
domain and Tn21 resolvase DNA-binding domain remioed substrates containing two
copies of Tn21 site | more efficiently than thosataining two copies of Sin site I. This
was in contrast to the earlier experiments invgviesolvase hybrids (Ackroyet al.,
1990; Avilaet al, 1990), where hybrids made by joining Tn21 ressdveatalytic domain

to the Tn3 resolvase DNA-binding domain and vicesaewere found to be able to bind to
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Figure 6.7- A MacConkey assay results with the Z-resolvases Z-R(Sin), Z-R(Sin/3)
resolvase a) and Z-resolvases Z-R(NMF), Z-R(Tn3/S) b) acting on substrates pMP217
(Sin Z-site x Sin Z-site) and pMP53 (Z22Z x Z22Z7). The type of substrate used is
indicated on top of the each of the plate photographs. The mutations in the Z-resolvase
catalytic domain are marked at the bottom of each panel. How the different Z-resolvases
are arranged on plates is indicated in the explanatory keys (to the right of the plate
photographs). The agarose gels show the uncut plasmid DNA isolated from the plate
adjacent(No colonies could be obtained with Z-R(Tn3/S) when grown on MacConkey
agar due to toxicity so the DS941 cells was grown on selective LB agar and the plasmid
DNA extracted from them). DNA bands are marked as follows; “rep” Z-resolvase
expression plasmid, “usp” unresolved substrate plasmid “rsp” resolved substrate plasmid.
Red colonies represent inefficient resolution while white colonies represent efficient
resolution (see Section 2.23 for details).
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non-cognate sites, but were unable to catalysemeir@tion using these sites. While Tn3-
Tn21 resolvase hybrid (catalytic domain of Tn3 hesse joined to the DNA-binding
domain of Tn21 resolvase) was able to catalysembawation of substrates containing Tn3
ressites, the Tn21-Tn3 resolvase hybrid (catalytimdm of Tn21 resolvase joined to the
DNA-binding domain of Tn3 resolvase) was not ablegcombine substrates containing
either Tn3 or Tn2Ztessites. This result suggests that the Tn21 reseliZd$A-binding
domain is more promiscuous than the Tn3 resolva$&-bBinding domain and also that
the differences in the sequence selectivity incéwre of site | between Tn21 resolvase
and Tn3 resolvase catalytic domains might be teatgio allow for recombination of each
other’s sites. Alternatively, the failure of theZIRTn3 and Tn3-Tn21 resolvase hybrids to
recombine each other’s sites might be due to tfierdnce in length of Th3 and Tn21 site

| (28 bp and 30 bp, respectively).

It should be pointed out that these earlier expenits (Ackroydet al.,1990; Avilaet al,
1990) were done in the contextref, using wild-type catalytic domains which is diet

to the Sin-Tn21 hybrid resolvase experiment replirighis chapter (Sin resolvase
catalytic domain contained an activating mutatidrlR). Also the difference in length

of site I's was not an issue in the Sin-Tn21 hybesolvase experiment since both Sin and

Tn21 site I's are 30 bp long.

In an experiment in which Sin-Tn21 hybrid was madmg a wild-type Sin resolvase
catalytic domain (pMP264) (data not shown) ancetésin the same substrate plasmids as
described in Section 6.2.2. this hybrid resolvaas feund to be inactive with all
substrates tested, suggesting that the hybriduaselfails to act properly on the accessory
sites of either Simesor Tn21ressites. Since the Sin resolvase system requiresrainial
domain synapsis between resolvase subunits bowitkadtand site || (Mouvet al.,2008),
the hybrid protein with the foreign Tn21 resolv&s¢erminal domain (DNA-binding
domain) is likely unable to establish appropriadatacts. To test this hypothesis a
resolvase hybrid using Tn21 resolvase wild-typalgtit domain and Sin resolvase DNA-
binding domain would need to be constructed arnede® establish whether it is capable
of recombination using a Sres x ressubstrate, however due to time constraints this wa

not attempted.

Since the hyperactive catalytic domains do notireqrontact with the accessory sites
(Rowlandet al.,2005) the original Sin-Tn21 resolvase hybrid (#ec6.2.2.) was able to

recombine both site | x site | angls x ressubstrates with comparable efficiency (Fig. 6.4).
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In the second part of this chapter, Sin and TsBluase and Z-resolvase mutants in which
residues implicated in making contacts with thetieeaf site | were swapped, were created
and tested for recombination using substrates gongatwo copies of Sin site |, Tn3 site |,
Sin Z-site and Z22Z (Tn3 site | sequence-derivesit&). Swapping these residues in
hyperactive catalytic domains of Tn3 and Sin ressdv(L123K, T126Q, R130I, K139Y,
F140K and K129L, Q132T, 1136R, Y145K, K146F, regpety) rendered them inactive
with all substrates tested, highlighting their impace. As discussed in Section 3.8 these
residues are probably important at the level oflinig, which is also in concordance with
an earlier study (Hughes al.,1990), which showed that mutating residue R13@of

resolvase into a histidine severely affects binding

In contrast, swapping the same residues in Th3Samd-resolvases yielded contrasting
results. While Z-R(Sin/3) failed to recombine ampstrates, Z-R(Tn3/S) was able to
partially recombine pMP217, a substrate contaimiigcopies of Sin Z-site. Since Z-
R(Tn3/S) did not recombine substrate pMP53 (Z2Z22Z7) it is evident that sequence
specificity of hyperactive Tn3 resolvase catalgiiznain in Z-R(Tn3/S) was not relaxed
but actually changed into that of Sin resolvasalgidt domain. The recombination
efficiency of Z-R(Tn3/S) was much lower than thaeither Z-R(NMF) or Z-R(Sin)
suggesting that only swapping the residues makiregtdcontacts with the DNA might not
be the optimal way of swapping the sequence spéyibf the resolvase catalytic domain.
It could be that other residues adjacent to thes smapped play a role in maintaining the
correct context for the residues 122, 123, 126,ar80140 or their equivalents to be able
to make appropriate contacts with the DNA in thetieeof site |. Further research will be

needed to establish whether this is the case.

The difference between results obtained using 4rR§pand Z-R(Tn3/S) could be due to
the different levels of hyperactivity displayed thyeir respective catalytic domains. A
single activating mutation Q115 in Sin resolvasilgéic domain could be less activating
than a multiple mutations in NMF Tn3 resolvase dratefore not sufficient to overcome
the inhibitory effect that sequence selectivity pw@pears to have. In recémtvivo assays
(C. Proudfoot, unpublished) it was shown that #ite of recombination by Z-R(Sin) is
slightly slower than that catalysed by Z-R(NMF) eTtoxicity effect observed with Z-
R(Tn3/S) is most likely due to the adverse inflleent the V107F mutation that is
exacerbated by the presence of specificity altemgations. The influence of the V107F
mutation was discussed in the previous chaptaroltld be interesting to see whether
removing this mutation from Z-R(Tn3/S) would allaté thein vivo toxicity issues.

Alternatively Z-R(Tn3/S) could be testeudvitro. To that effect an over-expression
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plasmid was constructed (pMP136, see Table 2.5}f@ndver-expression of Z-R(Tn3/S)

was successfully induced. However, due to lacknoé tZ-R(Tn3/S) was not purified.

In conclusion, although results of this chaptereareouraging with regards to the
possibility to engineer the sequence selectivityg ofsolvase catalytic domain, they

highlight the need for further experiments in orttefulfil this goal.
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7 Chapter 7: Conclusions and general discussion

Over the last four chapters, the factors influeg@aquence specificity of resolvase
catalytic domain have been explored along withpitzetical aspects of Z-resolvase design.
In the following sections the conclusions of thedgtand the possible future directions for
this work are discussed.

7.1 Sequence specificity of resolvase catalytic dom ain
In Chapter 3, the extent of sequence specifidith® Tn3 resolvase catalytic domain was

investigated employing a series of libraries of Fit8 | variants in which all of the central
16 bp were systematically randomised in overlapgifgp blocks. Using an activated Tn3
resolvase mutant NM, recombination deficient armmebination proficient site | variants

were selected by two different independent selediteategies.

Comparison between these two mutually exclusive aeTn3 site | variants revealed that
most positions can be changed without abolishingmdination if changed individually,
but that accumulating several changes is detrimhentgeneral, changes fromanAtoa T,
or a T to an A were much better tolerated thantgubisns of an Aora TwithaGora C
suggesting the recognition in the minor groove,chitis consistent with the availabj@
resolvase-DNA co-crystal structures which show esitee minor groove contacts between
the extended arm region and bases at position@igs8. 3.29 and 3.30) (Yang & Steitz,
1995, Liet al.,2005). Recombination proficient Tn3 site | variaaguences were found to
strongly resemble known site | sequences assoaithdhe Tn3 resolvase family. The
particularly well conserved sequence feature wagktaracteristic pyrimidine-purine step
found at the junction between positions 1 and 2¢kvboincides with the position of the
scissile bond. The selection was strongest atdbéipns 5R, 5L, 6R, 6L, 3R, 1L, 7L and
8L, while position 8R and 4L appeared to be pratiffcandom, hinting at a degree of
asymmetry in the way resolvase subunits interaitt igft and right half-site of site I, a
possibility that was raised previously in the ke (Yang & Steitz, 1995).

As the assays in this study were based on fullmédeation it is impossible to be certain
whether sequence discrimination by NM resolvasegadtace in the binding and/or
catalytic steps. Nevertheless it seems that spégifn the central 16 bp of Tn3 site | is
imparted by a combination of direct contacts aitpos3 and indirect readout based on an
AT-hook motif-like binding in the minor groove beten positions 8 and 5. NM resolvase

seems to interact with the left and right halfsioé Tn3 site | in a slightly different



210

manner. At the left half-site, presumably due ®weak binding of the HtH, site contacts
between positions 8-5 and the existence of a Yd® Istep between positions 1 and 2
appear to be the most important. At the right Ba#; although the aforementioned

interactions are important, specific contacts ®phsition 3 seem to take precedence.

The results presented in Chapters 4 and 6 showhhaypes of interactions of resolvase
catalytic domain with the recombination site seeqaeare similar to the ones described in
Chapter 3 regardless of whether the catalytic donsain the resolvase or the Z-resolvase
context, or whether the catalytic domain comes filor resolvase or very distantly

related Sin resolvase.

The logical next step in this investigation wouktltb establish whether the sequence
discrimination takes place at the moment of bindgymapsis, cleavage or at an even later
catalytic step. To do this further binding assasisigirecombination deficient site |
variants need to be performed, both under bindimgsynapsis conditions. It is likely that
different site | sequence variants are going tomhiited at different steps in the reaction.
Site | variants with mutations at the positions 8t widen the minor groove are likely to
display reduced binding affinity, if the AT-hoolké& binding mechanism is correct. Site |
variants with mutations at position 3 could be Imit@d later in the reaction, possibly at the
point of synapsis, while the mutants that do neehd-R base step between positions 1

and 2 are most likely inhibited at the cleavage.ste

Swapping the extended arm region residues, contattie site | bases in the minor
groove, between Tn3 Z-resolvase and Sin Z-resolremdted in the sequence selectivity
swap, with Tn3 resolvase-based Z-resolvase contafBin resolvase arm region residues,
Z-R(Tn3/S) being able to recombine a substrateatointy Sin-Z sites (pMP217) and not
the one containing Tn3 site I-based Z-sites (pMPB8ever, recombination of pMP217
catalysed by Z-R(Tn3/S) was far less efficient tregombination of pMP53 catalysed by
Z-R(NMF), also it was found that Z-R(Tn3/S) is quibxic to theE. colicells grown on

the MacConkey medium. Furthermore, Z-R(Sin/3),ra%Sresolvase containing Tn3
resolvase arm region residues was found to beivgagh any of the recombination

substrates tested.

This result highlights that the catalytic domairregolvase has a degree of sequence
selectivity which is beyond and independent onGherminal DNA-binding domain and
that engineering the specificity of resolvase issilale, but that further work is necessary

to fully understand the impact of the arm regioarades and the mechanism of sequence
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selectivity by the resolvase catalytic domain. Tdwve efficiency of recombination and the
toxicity effects could be due to improper contexiihich swapped residues find
themselves. Potentially this could be amelioratedwapping the whole arm region

section instead of just the specific residues.

7.2 Practical aspects of Z-resolvase design and the
future prospects
In Chapters 4 and 5 various aspects of Z-resolaadeZ-site design have been

investigated. It was shown that given a hyperaaegelvase catalytic domain functional
Z-resolvases with corresponding sequence selgctigiht be made. While the optimal
distance between the zinc finger-binding sites (Z®8&s shown to be 22 bp it was
established that there is a degree of flexibilityhis distance requirement with distances of
20, 21, 23 and 24 bp being tolerated. Furthermomas demonstrated that

complementation of Z-resolvase with a resolvase passible.

The ability of Z-resolvase to catalyse recombimatioa asymmetric sites and to be
complemented by the resolvase with the same catalgtnain, on specially designed
hybrid sites, is encouraging with regards to thariapplications of this system. These
abilities greatly extend the range of sites thae&bslvases can potentially work on. Despite
best efforts some DNA sequences are still provemgiicitrant to recognition by zinc
fingers (Wuet al, 2007). Having a degree of flexibility in the allowater-ZBS distance
could prove very useful when trying to avoid seqesnthat are particularly difficult as

zinc fingers targets. Positive complementation ltesdicates the successful formation of
heterotetramers consisting of Z-resolvases witledht DNA-binding domains, which in
turn means that recombination between sites wsisinae central sequence but different
flanking sequences, is also possible. A very udehitiure if Z-resolvases are to be used as

tools for genomic surgery, as suggested (AkopigBt&k, 2005).

In the future the Z-resolvase system could devalopg two different paths. It could be
envisaged that further mutagenesis of the resolvatsdytic domain could ultimately result
in a Z-resolvase in which all the sequence seliégtimposed by the catalytic domain has
been removed. Such non-selective recombinases \eeuldlly reliant on the sequence
specificity that is inherent in their zinc fingeNB-binding domain for its targeting, and
would face the same pitfalls as the partially agalss zinc finger nucleases (ZFN) that are
currently being developed (Durai al.,2005; Carroll, 2008) such as aberrant cleavage due
to imperfect recognition of target locus by thecZiimgers and the resulting cellular

toxicity (Wu et al.,2007; Corntet al.,2008).
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Alternatively, Z-resolvases with custom designegusece specificity that is not only
relaxed but truly altered could be created. Thidatde achieved either via directed
evolution (Fig 7.1) or through protein engineeragproach which would require in depth
understanding of the molecular basis of the extéradm region interactions with the
centre of the recombination site. Such Z-resolvasestill far on the horizon but if they
were ever created they would present an alterngditiee zinc finger nuclease (ZFN)

technology which would not be dependant on cellpthways of DNA repair.

Custom designed Z-resolvase capable of recognésspgecific sequence would find many
applications in high end biotechnology (animal sgenesis) and molecular medicine.
Initially, the most likely applications of Z-res@lge technology would be the modifications
of stem cells or gene correctier vivo,followed by reintroduction of modified cells back
into the organism following the treatment. Simitaodifications have already been

achieved using ZFN technology (Pestal.,2008).

Provided that Z-resolvases can be delivered tg,d#ié range of possible applications of
Z-resolvase technology would be extended, sucteatnient of monogenic disorders or
even retroviral diseases such as HIV (Fig. 7.2)c&numerous delivery methods that
could be used to deliver genome manipulation tasiexpressable DNA constructs
(Sorrell & Kolb, 2005), but also as proteins (Baniso& Sauer, 1993), or protein-DNA
complexes (Goryshiat al.,2000), already exist and are continually beingetigyed, this
proposition does not seem too unrealistic. Onciweleld to the cells Z-resolvases would
face other challenges like reaching the nucleusr@oagnising their target sequence that
could be packed in heterochromatin which could @opeoblem. However, recent results

(Gordleyet al.,2007) suggest that Z-resolvases will be activieuman cells.

Apart from being useful for designing better Z-lgages understanding the sequence
selectivity by the resolvase catalytic domain caiidplify future mechanistic studies by
enabling the creation of fully targetable resolvaiskunits. Being able to target resolvase
to specific half-sites withimescould be potentially very useful in experimentsiag to

elucidate the structure ofs x ressynapse.
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Figure 7.1- A schematic diagram showing a hypothetical plasmid construct that could be
used to differentiate between resolvase mutants that have a relaxed sequence specificity, i.e
can recombine a new site but retain activity on the original site, and the mutants with altered
sequence specificity that are only active on the new site. Recombination between new sites
(short blue sections labelled “ns”) catalysed by resolvase protein expressed from the same
plasmid (dark blue section) eliminates the transcription terminator »#nB (magenta section,
Sohn & Kang, 2005), which in turn allows transcription and subsequent expression of GFP.
Recombination between either of the new sites and the original site (short cyan section
labelled “0s”) eliminates either the GFP ORF or both the GFP ORF and the r#nB terminator.
In either case GFP is not expressed. Cells expressing GFP and the ones which do not could
be relatively easily separated by FACS analysis. Plasmid DNA can then be isolated from
GFP expressing cells and the sequence of the resolvase mutant determined
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The two recombinase-bound sites come
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Figure 7.2- A diagram showing a hypothetical application of Z-resolvase to
inactivate HIV. HIV DNA (green segment) integrated in the cells genome (black
bendy line) is flanked by long terminal repeats (LTRs, light blue segments).
Z-resolvase (red circles) is made that can recognise a conserved site (dark blue)
situated in the HIV LTR that is less likely to mutate than the rest of the HIV
genome, e.g. the HIV promoter. Z-resolvase is delivered to the cell's nucleus and
it binds the sites found in the HIV LTRs. It then cuts and rejoins the DNA and
effectively removes the HIV leaving the LTR behind. The circular HIV DNA is
no longer infective as it is unable to reintegrate and is eventually destroyed by
the cell enzymes.
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