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Abstract

The circular chromosome of bacteria is replicatgdvio replisomes assembled at the unique
origin and moving in opposite direction until theyeet at specific termination sites. The
process of DNA replication termination is the stafeeplication that is the least understood,
both in prokaryotes and eukaryotes. Hn coli, the termination protein Tus binds to 14
termination sites TerA-J TerK, L, TerY, 2Z) spread throughout the genome. The intriguing
organization and symmetry ofer sites has puzzled scientists for decades. TheTe&us-
complexis polar and blocks replication forks approachiranrf one direction but not from the
other. MostTer sites are oriented to form a fork trap so thatveogent forks can enter and
merge in the terminus region but not exit. Howetee, significance of having maintained such
a wide fork trap remains unclear. The mechanisrparsible for the polarity of the Tuler
complex is still being debated. A protein-protaiteraction between the DnaB helicase at the
forefront of the replisome and Tus boundrer has been proposed (Bastia et al., 2008, Mulugu
et al., 2001). The alternative mechanism involVesformation of the Tu$erdock (TT-lock)
where Tus captures the cytosine at position 6eTdr core sequence upon duplex unwinding
by DnaB and becomes locked @er thereby preventing DnaB translocation (Mulcairagt
2006). Since the discovery of the TT-lock, theres limeen no further investigation on its
formation in the remaining TubBer complexes. However, the proportion of fork pausatg
eachTer sites has previously been determinedvivo and was detected at sevéar sites
(TerA-D, TerG, TerH and Terl). The remainingTer sites were classified agseudo-Ter
(Duggin and Bell, 2009). Nevertheless, Bdr were able to arrest forks in an artificial context
yet with varying efficiencies (Duggin and Bell, 200 This prompted the question of whether
or not the outeiTer sites maintained their biological function. Thi®nk provides the first

comparative study of the ten primalgr sites TerA-J in terms of theiaffinity and specificity



for Tus and whether they are all able to form al@dk. The variation in affinity and TT-lock
forming ability of Ter sites was compared to their intrinsic efficienoyarresting a replisome
and to then vivo distribution of Tus oTer sites. Finally, ectopid@er sites were inserted into
the E. coli genome to determine the effect of TT-lock formaten cell growth. Several new
methods were developed during this thesis for tm@racterization of Tu$er and TusTer-
lock complexes in a time and cost-effective manner.

The Ter sites were shown to be different both in termsheir affinity for Tus and in
their ability to form a TT-lock. Six strong Tus kiing sites TerA-EandTerG) were identified
and the outermogterH, Terl andTerJwere classified as moderate binders. The bindingue
to TerF was only marginally stronger than a non-specifi¢ADregion of theoriC. The strong
binders were all able to form a strong TT-lock wd@s moderate binders varied in their TT-
lock forming efficienciesTerF and TerH were unable to form significant locks. The affynit
and TT-lock forming efficiencies of th€er sites correlated well with their intrinsic pausing
efficiency determined by Duggin and Bell (2009)1te cell, Tus was distributed orifer sites
according to their intrinsic affinity. It was densirated that only the stronigr sites are able
to cause significant fork arrest suggesting thptication forks are unlikely to break through
the innermosftrer sites and that the out&er sites may be used to prevent it initiated
forks to travel towards the origin. A new paradignbeing proposed to explain the multiplicity
of Ter sites and the advantage in maintaining such a ¥adetrap. Finally, the three new
assays developed in this study, GFP-Basta, DSF-&1dP the gPCR-based DNA binding
assay, proved to be invaluable tools for the dedaitharacterization of protein-DNA
complexes. These news techniques have consideegdgications in both genomic and

proteomic programs.

Vi
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CHAPTER 1

Chapter 1. General introduction

Bacteria are ideal model organisms for studyingddmental life processes; much of the
present knowledge about biological systems steams &tudies of the bacterigscherichia coli
(Lee and Lee, 2003). They are also implicated imynarocesses related to human health and
diseases (Reyes-Lamothe et al., 2008b). Bactendl\aral DNA replication systems are
obvious targets for the search of novel anti-baatand anti-viral agents (Berdis, 2008, Lange
et al., 2007, Tanner et al., 2009). Our understanddf DNA replication comes from
investigation of the prokaryotic replication maadmy of the T4 and T7 bacteriophages, and
from the gram-positive and gram-negative bact&&illus subtilisand Escherichia coli
Knowledge obtained from these model organisms dames to understand this process in
higher organisms (i.e. eukaryotes) that have a rooneplex genome in terms of chromosome
structure and number of proteins involved. It ipartant to fully understand DNA replication
not only to increase our knowledge on this fundaadeprocess but also to learn the
mechanisms by which proteins and DNA interact. DNéplication is mediated and
coordinated by a large number of proteins that fdrghly dynamic protein-DNA and/or
protein-protein interactions to achieve the dupiaaof the chromosome prior to cell division.
Replisomal proteins have been extensively stuiielifferent organisms, most of them

are characterized in terms of structure and fundbiat for others the role is uncertain. Indeed,

1



CHAPTER 1

the mechanism of replication terminatior&rcoliis still a matter of debate and the presence of
a large “fork trap” remains to be understood.

This chapter describes our current understandingh® molecular basis of DNA
replication inE. coli with a particular emphasis on its replication ter@tion system. DNA
replication termination has been the focus of tleekworesented in this thesis which aimed at

further characterizing the function and role of taplication fork trap.

1.1 DNA replication and cell cycle inE. coli

The average generation time Bf coli varies between ~20 and ~40 minutes depending on
growth conditions. The time necessary to complée replication of the chromosome is
estimated at 40 minutes and is longer than the teqeired to divide under optimal growth
conditions (Ferullo et al., 2009). Therefore a secmund of initiation of replication must start
before completion of the first round, resulting new cells born with partially replicated
chromosome (up to 16-ploid for the origin regiontiké chromosome; Ferullo et al., 2009).
Under poor growth conditions, DNA replication isngoleted before the cells divide and
therefore contain a maximum of two chromosomes.

Ferullo et al. (2009) synchronized culturessofcoli and obtained mainly 4 N cells (73
% of cells with 4 chromosomes) in nutrient-rich imal media and replication afriC was
detected as early as 6-10 minutes after releaséheofDNA replication inhibitor serine
hydroxamate which prevent replication initiationai)gh protein synthesis inhibition (Tosa and
Pizer, 1971). DNA content shifted from 4 N to 8 Btlween 30 and 44 minutes after release, a
second round of replication seemed to start at ékdamd complete cell division occurred at 60
minutes (Ferullo et al., 2009). Interestingly, Batnd Kleckner (2005) studied the effect of
three growth rates ik. coli (Tg= 90, 125 and 300 minutes) on the timing of repiacaevents

(G1, S, G2 phases) and found that G1 and S phases wnaffected. The length of the G2
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phase, between the end of bulk replication and digision, accommodated differences in
growth rates, suggesting that growth conditioneafseptation and cell division but not DNA

replication dynamics.

1.2 DNA synthesis inE. coli

1.2.1The E. coli chromosome and fundamental aspects of replication

TheE. colichromosome is circular and is 4.6 Mbp long. Aslitkaryotes, bacterial replication
is semi-conservative with each daughter cell rengia new DNA double helix made of one
parental and one newly synthesized strand. Theepsoof DNA replication involves the
coordinated activity of many proteins that colleety compose a molecular machinery called
the replisome.

In E. coli, two replisomes are assembled at the single ongireplication,oriC, and
initiate DNA unwinding, primer synthesis and straextension (detailed below). The two
replisomes proceed bidirectionally until they meethe termination region opposite to the
origin (Figure 1A). The whole chromosome is repkchas a single replicon of 4.6 Mbp by
two replisomes. It was suggested earlier that e teplisomes were both anchored in a
specific location in the cell and formed a fixeglreation factory where DNA was pulled
through to be replicated (Adachi et al., 2005, B&auwen et al., 2006, Lemon and Grossman,
1998, Lemon and Grossman, 2000, Molina and Skars2804). However more recent
evidence established that forks move independeaglyeach replisome follow the path of

compacted DNA (Bates and Kleckner, 2005, Reyes-lthenet al., 2008a, Wang et al., 2011).
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A E coli chromosome replication B E. colireplisome

Parental strain

oriC

DnaB helicase
DnaG-/T,—/

— g SSB—

b
—Primer/

DNA polymerase

Y ¢
comp|ex ! / Okazaki
| 1 fragment
Termination region Leading strand I

Lagging strand

Figure 1: Semi-discontinuous replication and repliemal proteins in E. coli. (A) Replisomes (blue circles)
are assembled abriC and move in opposite directions towards the termiation region. Parental DNA is in
black and newly synthesized DNA is in orange (clogkise moving fork) and in red (anti-clockwise moving
fork). The lagging strand is initially made of a sees of Okazaki fragments (short arrows) with those
nearest to the fork being the most recently synthézed. (B) Arrangement of replisomal proteins in the
TriPol replisome with one polymerase on the leadingtrand and two on the lagging strand, one syntheting
the Ozakazi fragments and the other filling in ssDMX gaps between two Okazaki fragments. The loop
enables the co-directionality of the leading and gging strand polymerases (Adapted from Georgescu at.,
2012).

Within a replisome, the replicative DNA polymeradd#ieholoenzyme (pol Il HE) ofE. coli
synthesizes DNA unidirectionally in the 5’-to-3'rection from a previously synthesized RNA
primer. Due to this polarity (Figure 1A), the lelaglistrand is synthesized continuously and the
lagging strand is made of a series of Okazaki fegish of about 1 to 3 kb in length (Rowen
and Kornberg, 1978). Pol lll HE catalyses DNA elatign at about 1 kb/s with high fidelity

(Bloom, 2006, Furukohri et al., 2008).
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1.2.2Replisomal proteins: structure and function

Each replisome consists of the assembly of numerepksomal proteins that all together
coordinate the faithful copying of the parentalaahosome. Each of these proteins has one or
more specific role(s) and is a candidate reporfi¢he replisome dynamida vivo (i.e. leading

or lagging strand synthesis dynamics, initiationt@mmination of replication). This section
introduces the main replisomal proteins, their fiores and their interactions. The sequence of
events leading to the replication of the chromosasndetailed in the following sectionsf(
sections 1.2.3, 1.2.4, 1.2.5).

TheE. colireplisome is relatively complex in terms of themher of proteins involved
compared to other model systems such as the TArandplisome. The replisome . coli
consists of the primosome (DNA helicase and DNAmpse activities) and the DNA
polymerase Ill and accessory factors. The primosanfest recruited at theriC to initiate
DNA replication (Mott and Berger, 2007, ZakrzewsRaerwinska et al., 2007). It comprises
the initiator protein DnaA bound toriC, the helicase-loader DnaC, the DnaB helicase
unwinding DNA and the DnaG primase priming ssSDNA#® and Katayama, 2009).

The initiator protein DnaA (~ 53 kDa) has four étional domains and its structure has
recently been solved (Ozaki and Katayama, 2009 dititical residues involved in DNA
binding (domain IV), inter-DnaA interactions (AAAdomain Il and domain [), regulatory
interactions with ATP and ssDNA (AAA+ domain llnd DnaB helicase interaction (N-
terminal domain and domain Ill) are now well chaeaized. DnaA binds sequentially @tiC
to several copies of a 9 bp DNA consensus sequ@iitRTNCACA) which include DnaA
boxes R1 to R5 (Davey et al., 2002, Erzberger t28102, Margulies and Kaguni, 1996,
Messer, 2002). DnaA is a member of the AAA+ ATPEsrily (Miller et al., 2009, Neuwald
et al., 1999) and the AAA+ domain is responsibletfi@ cooperative self-assembly of subunits

in high-order ring-shaped hexameric complexesm@ (Erzberger et al., 2006, Kaguni, 2006,
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Duderstadt et al.,, 2011, Ozaki and Katayama, 20DBpA can take either an ATP-bound
(ATP-DnaA) or an ADP-bound form (ADP-DnaA) but ontge ATP-DnaA multimer can
initiate replication (Bramhill and Kornberg, 1988zaki and Katayama, 2012, Sekimizu et al.,
1987). An ATP-dependent interaction between ATP/®mramplexes leads to DNA duplex
unwinding and opening withiariC (Erzberger et al., 2006, Kawakami et al., 2005akpand
Katayama, 2009, Ozaki et al., 2008) for the sudseguecruitment of DnaB helicase via
domain | and Il (Ozaki and Katayama, 2009).

The DnaC helicase loader (~27 kDa) is also parthef AAA+ ATPase family and
regulates the activity and loading of DnaB helicasgehe chromosome with the help of DnaA
(Seufert and Messer, 1987). ATP molecules bindhatinterface between neighboring DnaC
subunits and act as a molecular switch to loadteB helicase (Davey et al., 2002, Erzberger
et al., 2006).

The DnaB replicative helicase (~ 52 kDa) is a +shgped homohexameric complex
(DnaBg) that encircles the lagging strand and uses ATRigbits translocation in the 5-3’
direction to separate the parental duplex DNA atftbnt of the replication fork (Delagoutte
and von Hippel, 2003, Patel and Picha, 2000, Séaedt al., 2005). DnaBforms a
preprimosome complex with DnaC in the form of a éBR) heterohexamer before it is
loaded onto the ssDNA (Lanka and Schuster, 1983R-Bound DnaC helps loading DnaB
onto ssDNA who also interacts with the N-terminairéin of DnaA (Seitz et al., 2000). DnaC
dissociates from DnaB after ATP hydrolysis actingtithe DnaB helicase (Kobori and
Kornberg, 1982, Marszalek and Kaguni, 1994, Maedzal al., 1996, Seitz et al., 2000, Wahle
et al., 1989, Wickner and Hurwitz, 1975). DnaB $slacates 65 nucleotides and recruits DnaG
primase (Fang et al., 1999).

The DnaG primase (~ 64 kDa) is a DNA-dependent Rigymerase that lays a short

RNA primer (pRNA) on the newly separated strandstlie pol 11l HE to recognize a nascent
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DNA strand. DnaG primase is composed of three dosnaihe N-terminal DNA binding
domain, the oligonucleotide synthesis domain aedGkHerminal domain which interacts with
the N—terminal of DnaB (Mitkova et al., 2003, Ogkkt al., 2005, Rodina and Godson, 2006).
DnaG requires the presence of DnaB at the origth@single stranded binding proteins (SSB)
on ssDNA to synthesize an RNA primer (8-12 nuctied) on the leading strand, and one
every ~ 1 kb at a 5-CTG preferential recognitidte 4o initiate the synthesis of Okazaki
fragments on the lagging strand (Frick and Richamd2001, Kitani et al., 1985, Yoda et al.,
1988).
The single-stranded DNA binding protein (SSB) (-kPDa) fromE. coli binds tightly

to helicase-produced ssDNA regions independentihefsequence (Meyer and Laine, 1990).
SSB stabilizes ssDNA and prevents or removes secpnstructures such as hairpins or
cruciforms (Kuznetsov et al., 2006). SSB forms @ataer with each subunit binding to
ssDNA. The subunits interact with each other’'s Nrieal binding domain (Raghunathan et
al., 2000, Raghunathan et al., 1997) and interatit wther DNA-handling enzymes, i.e.
nuclease (Genschel et al., 2000), PriA helicase. for replisome restart; Cadman and
McGlynn, 2004) and polymerases (Witte et al., 2008pugh the more flexible C-terminal
domain (Kunzelmann et al., 2010, Roy et al., 200Rg tetramer has multiple binding modes
(i.e. conformations) to ssDNA (two major modes: &SBnd SSBs) that coordinate the
function of many DNA processing enzymes, either grptein-protein interactions or by
controlling the accessibility to ssDNA at replicatiforks (Lohman and Ferrari, 1994, Meyer
and Laine, 1990, Roy et al., 2007, Sun and God$888). These binding modes are salt-
dependent; only one of the two modes is signifiggmdpulated (more stable) outside a narrow
range of salt concentration (Roy et al., 2007). Elosv, the properties of each binding mode

are not yet defined (Kunzelmann et al., 2010).
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E. coli polymerase 11l holoenzyme (pol Ill HE) is a largssembly of several subunits
that make the HE a very efficient enzyme that ipooates complementary oligonucleotides
with almost perfect fidelity (Schaeffer et al., B)0These properties require the cooperation of
ten different subunits arranged in three sub-asBesalihe core (e0),, the 3, sliding clamp
and they complex or clamp loader. The last two subassemsgli®ble the Pol Il core to have
the highest processivity of ary. coli DNA polymerase (Johnson and O'Donnell, 2005 and
reference therein). The isolable core polymerase) (is responsible for the DNA polymerase
and proofreading exonucleases activities (EI Hadrgnan et al., 2011, Scheuermann et al.,
1983) and is composed of three polypeptides: thalytec subunita (~ 130 kDa), the 3’-5’
exonuclease (~ 27 kDa) and the accessory ubif{~ 9 kDa) that binds te to stimulate its
editing function (Benkovic et al., 2001). Until extly, the HE was thought to comprise two
cores but it is now known to comprise three cooe® on the leading strand and two on the
lagging strand (Figure 1B; Georgescu et al., 201a,et al.,, 2012, Reyes-Lamothe et al.,
2010). The second lagging strand Pollll core pois thought to finish Okazaki fragment
(OF) synthesis when the initial Rglis released before reaching the 5-end of thetahg OF
as per the signal release model (Lia et al., 2012¢. processivity of the RgJis considerably
improved in tripolymerase replisomes due to andased gap filling efficiency between OF
compared to dipolymerase replisomes (Georgesdu @042). The second subassembly of Pol
Il HE is thep, sliding clamp(~ 82 kDa), a dimer that encircles dsDNA at thengni terminus
and tethers Pol Il core on DNA via interactionghwi. The B sliding clamp enables the Pol
[l to synthesize DNA continuously without dissaoea (Kim and McHenry, 1996). The third
subassembly is the clamp loader complex, an AAA+ ATP-ase which loalds f; sliding
clamp onto the 3'-end of a primed DNA. The clampder is composed of six different
subunits:&’, y/t, 8, v andy (~ 37, 47, 71, 37, 15 and 16 kDa respectively;oBip 2006,

Jeruzalmi et al., 2001, McHenry, 2003, O'Donndd0@&, Schaeffer et al., 2005) arranged in the
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following stoichiometry: {/y]s.0. &".y.x (Lia et al., 2012, Reyes-Lamothe et al., 2010 Th
andy subunits can interchangeably be components otldrap loader but only can recruit
the Pollll cores (Johnson and O'Donnell, 2005, Rdya@mothe et al., 2010). Thesubunit is a
non-essential truncated form ofproduced by a programmed frameshift durthgaX gene
translation (Blinkowa and Walker, 1990, Flower aNttHenry, 1990, Tsuchihashi and
Kornberg, 1990). This subunit is not associatedh hie clamp loader in replisomes and was
proposed to replacein post-replication repair-associated events (Rdyamothe et al., 2010).
T also interacts with DnaB helicase (Gao and McHe@6001, Jergic et al., 2007, Kim and
McHenry, 1996, Studwell-Vaughan and O'Donnell, )981nteracts directly with th@-clamp
and is sufficient to open and recycle it on theglag strand. The’ subunit helps modulating
this 6-p interaction (O'Donnell et al., 2001, Turner et 4B99). They-y heterodimer is not
essential to clamp loading (EI Houry Mignan et @011, Xiao et al., 1993) but greatly
enhances clamp loader stabiligyis the only direct link between Pollll and SSB [iKean et
al., 1998, Witte et al., 2003) and is necessarytlfer primase-to-polymerase switch as it
competes with DnaG for SSB binding (Yuzhakov et 2899).y bridgesy to the ¢/y)360'
complex, stabilizing the clamp loader (Olson et #095) and increasing its affinity for tife
clamp (Anderson et al., 2007).

The replication termination protein Tys 36 kDa) is a monomeric protein that
recognizes multiple DNA sequences called termimafier) sites. These sites are about 21-bp
in length and are mainly scattered in the bottori bfithe chromosome opposite twiC
(Kamada et al., 1996, Neylon et al., 2000). Th&ss sre polar and can block replication forks
moving in one direction but not in the other. Thase arranged to create a fork trap
constraining converging forks in the terminus regaf the chromosome (Duggin and Bell,

2009, Mulcair et al., 2006, Neylon et al., 2005h&effer et al., 2005). The structure of the
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termination region and the mechanism of the fodp tpolarity are reviewed in details in

section 1.2.6.

1.2.3Initiation of replication

The initiation of replication requires the precisémed formation of a nucleoprotein complex
composed of several DnaA initiator proteinsodaC (Kaguni, 2006, Miller et al., 2009, Mott
and Berger, 2007, Mott et al., 2008). Only ATP-Dna#lecules can multimerise on the
DnaA-assembly region (DAR) and form an active camphble to unwind the duplex
unwinding elements (DUE, AT-rich repeats, FigureNgsser, 2002). DAR includes DnaA
boxes R1-R5, I11-3 andl-2 (Ozaki and Katayama, 2012). The firing of chosomal
replication initiation is triggered by an increaseellular level of ATP-DnaA (Fujimitsu et al.,
2009, McGarry et al., 2004, Sekimizu et al., 1987Feck et al., 1999). The recruitment of ATP-
DnaA multimers ororiC is coordinated by the DnaA-initiator associatioatpm DiaA (DnaA-
binding protein; Keyamura et al., 2007, Ozaki araddgama, 2009). ATP-DnaA binds to three
high-affinity DnaA boxes R1, R2 and R&{ < 200 nM) within oriC and accumulates
additional ATP-DnaAs that interact with the lowdfiraty sites to form the pre-replication
complex (Davey et al., 2002, Erzberger et al., 20&berger et al., 2002, Margulies and
Kaguni, 1996, Messer, 2002, Miller et al., 2009¢Wira et al., 2006). Several histone-like
proteins (HU, Fis, and/or IHF) also bind to the DA&jion and regulate the formation of the
pre-replication complex (reviewed in detail in Kagu2011, Ozaki and Katayama, 2009,
Ozaki and Katayama, 2012). An ATP-dependent intenadoetween specific DnaA AAA+
domains causes the 9 bp DUE to be wrapped aron®mtiaA molecules and the melting of
their AT-rich region (Figure 2; Bramhill and Kornige 1988, Davey et al., 2002, Duderstadt et
al.,, 2011, Erzberger et al., 2006, Fujimitsu et 2009, Messer, 2002, Ozaki and Katayama,

2009, Ozaki et al., 2008).
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Figure 2: Steps of replication initiation in E. coli. ATP-DnaA molecules multimerise at DAR for additional

ATP-DnaAs to bind and unwind DUEs. The (DnaBC) complexe enters the openned DNA duplex, DnaC
molecules are released activating DnaB. DnaG primass then recruited and the pol Il HE is loaded oto a

primed template Adapted form Messer (2002).
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DnaA binding to high affinity sites iariC persists throughout most of the cell cycle (Casser
al., 1995, Nievera et al., 2006, Samitt et al.,298 he active initiation complex contains 20-
30 DnaA monomers, as determined by electron miomsa vitro (Crooke et al., 1993,
Funnell et al.,, 1987). Most recently, the crystalcture of the AAA+ and duplex-DNA
domains ofAquifex aeolicu®naA bound to ssSDNA revealed a DnaA:ssDNA stocleimynof
4:1 (Duderstadt et al.,, 2011). Once DnaA is reeduiand activated atriC, interactions
between DnaC molecules within the pre-primosomeptexn(DnaBCy and DnaA promote the
loading of DnaB on each strand designated to become the laggirandst(Figure 2;
Konieczny, 2003, Marszalek and Kaguni, 1994, Seital., 2000, reviewed in Kaguni, 2011).
DnaC leaves the complex after or during DnaB logdimccompanied by ATP-hydrolysis
which activates the helicase activity of DnaB (\Waht al., 1989). The bubble is extended to
about 65 nucleotides (Fang et al., 1999) by traagion of the DnaBhelicase in the 5'-3’
direction on the lagging strands of the two repiara forks (Schaeffer et al., 2005). Then
DnaG primase can enter into the replication compieaugh the interaction of its C-terminal
domain with DnaB. Once recruited, DnaG initiatesAMi¢plication through the synthesis of a
short RNA primer. The sliding clanf of Pol Il is then loaded onto each primed template
they complex (Kelman and O'Donnell, 1995). The repili@polymerase Pol Ill is then loaded
at the primer termini through interaction with theomplex and th@; sliding clamp (Kaguni,
2011, Naktinis et al., 1996, Pomerantz and O'Ddn@6D7, Stukenberg et al., 199B).also
mediates the hydrolysis of ATP-DnaA to ADP-DnaA igthpromotes the sequestration of the
newly replicatedriC and prevents re-initiation of replication (Katayaaral Sekimizu, 1999).

Once the replisome is complete Pol Il starts fwicate the template strands.

12
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1.2.4Elongation phase of DNA replication

Due the the fact that a DNA polymerase processelearb’-3’ direction, the coordination of
both polymerases (one on the leading strand andamvdhe lagging strand) requires the
presence of a lagging strand loop or trombone ltdwd allows the two polymerases to
colocalize and point in the same direction (Albertsal., 1983, Breier et al., 2005, Yao and
O'Donnell, 2008). The T7 replication model illusés this principle in Figure 3. Despite the
additional steps required for lagging strand sysithé.e. release of Okazaki fragment, primer
synthesis and hand-off to Pollll core), the leadamgl lagging strand manage to have identical

apparent synthesis rates (Lee et al., 1998, Salind8enkovic, 2000, Wu et al., 1992).

Trombone loop

Lagging strand
synthesis

LR

Leading strand
synthesis

Figure 3: Model of the T7 DNA replication priming system. The leading-template is shown in yellow; the
lagging-strand is shown in blue and is coated witlgp2.5 (T7 SSB homologue). The trombone loop forms
through interactions between T7gp4 (helicase/primas and gp2.5 upon coupling of the leading and lagyj
strand synthesis. The priming loop is created betvemn the physically linked primase and helicase domas
of the T7 gp4 as a result of ongoing DNA synthesguring primer synthesis (Adapted from Pandey et al.
2009).

This was recently explained by the discovery diiedtpolymerase on the lagging strand which
significantly increases the efficiency of Okazakigments synthesis (Figure 1B; Georgescu et
al.,, 2012, Lia et al., 2012, Reyes-Lamothe et28110). The synchronicity is also maintained

by the interaction between the DnaG primase an®tteB helicase which acts as a molecular
13
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break to prevent leading-strand synthesis from amitig lagging-strand synthesis (Lee et al.,
2006, Tanner et al., 2008, Stano et al., 2005). DhaG primase primes a rapidly moving
ssDNA template every 1-2 s (Mitkova et al., 2008)riks to a sSDNA binding site close to the
active site that can take different conformatiansitow either DNA to slide across the DnaG
surface or capture the template for priming (Cdralg 2008). It was recently shown using the
T7 replication proteins (where primase and helicasé@vity are coupled in one protein), that
RNA primers are made ‘on the fly’ during ongoing BNynthesis by forming a priming loop
(Figure 3) that keeps the nascent primer within sggl reach of the lagging-strand
polymerase, thereby avoiding replisome pausingnduprimer synthesis (Pandey et al., 2009).
When the primer is synthesized, it is handed-ofthe lagging-strand polymerase and the
priming loop becomes part of the trombone loop.

While Pol Il never dissociates from the leadingasd, synthesis of the Okazaki
fragments requires dissociation and exchange oPtidll HE core and th@; sliding clamp
on the lagging strand (Lia et al.,, 2012, Tannerakt 2011). This dynamic process is
coordinated by constantly changing protein-DNA g@mndtein-protein interactions. In order to
perform these different tasks (open the slidingngathreading DNA through the clamp,
closing and releasing the clamp on DNA), intermolac interactions are modulated by
alterations in conformation within the clamp loader which interacts with both the sliding
clamp and DNA (Bloom, 2006). These changes of aomédion are thought to be modulated
via ATP binding/hydrolysis at some or all of thegé ATP binding sites of the complex
(Bloom, 2006). The number of ATP molecules bounth®y complex (clamp loader) at each
step of the clamp loading and the order in whicbheATP binding site is occupied is not
firmly defined yet. It was shown that it is the dasf SSDNA at the end of an Okazaki fragment
that triggers the release of Pol Ill core from flaelamp and DNA (Figure 4; Georgescu et al.,

2009).The OB-fold domain in the subunit, which binds both ssDNA and fhelamp, acts as
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a sensor that modulates the affinity of Poll Il faclamp in response to ssSDNA (Georgescu et
al., 2009, Wing et al., 2008). When the OB domamcoeinters a nick site at a finishing
Okazaki fragment, it no longer binds to ssDNA amdrges its conformation so that the

subunit loses its affinity for th@-clamp (Figure 4).

A Bind 3" terminus and p
“On-DNA" conformation

Lagging strand
OB Active site
-domanl
Te Nl r\m:ﬁ
\[‘l-b nding element
Primase

D ’ 5 B Replicate to a nick
Pol Il dissociates from g e and  lose interaction with ssDNA

X a—f interaction is destabilized

- iy
Helicase Clamp loadar
5 'g PRI T _-~_-_1-‘|_i_;;-..-£;-.;:
Pol I A

leading strand

T
: 4/
Q. N -,3 TRCECITINERy
-, .

C Slide on DNA
“Off-DNA” conformation

Figure 4. Collision release model of the polymerasduring Okazaki fragment synthesis on the lagging
strand. (A) At a replication fork, the Pol Ill e subunit is bound to thep-clamp through its C-terminal arm
to which the OB domain is attached. Ther subunits bind Pol Ill through the C-terminal of a and DnaB
helicase. Binding of the OB domain and to ssDNA leads to a tight interaction with DNA andp. (B) The
OB domain andt no longer binds ssDNA on finishing Okazaki fragmet (C) Tt no longer holds the Pol IlI
core on DNA, Pol Il slides off dsDNA, and thea-§ interaction is destabilized due to the loss of s&DA
binding activity of the OB domain. (D) Pol Il is released from (Adapted from Georgescu et al., 2009).

In addition, thet subunit of they clamp loader interacts with the subunit close to the OB
domain and ssDNA. In the presence of a nick siteses its affinity for ssDNA and no longer

holds Pol Il core to DNA (Georgescu et al., 200R)erefore the subunit acts as a switch to
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enhance Pol Ill binding at a primed DNA site, bot at a completed Okazaki fragment or
nicked site, and the OB domain is a sensor fomglidlamp binding.

In order to complete lagging strand synthesis, RpiAners must be removed and
replaced by DNA prior to ligation to the neighb@i®NA fragments (previous and next
Okazaki fragments). The DNA polymerase | (Pol Ithe major factor that converts RNA
primers into DNA (Okazaki et al., 1971). Pol | hmsmall 5-3' exonuclease domain and a
second large domain containing both the the 5-@ymerase and the 3'-5’ proofreading
exonuclease (Joyce and Grindley, 1984). RNase &hdagher factor in removing the RNA
primers but was shown to be dispensable (Fukuskina, 2007). It is thought that upon the
completion of each Okazaki fragment, Pol Ill corgedgages from itg-clamp and is replaced
by Pol | (Lopez de Saro and O'Donnell, 2001). Aftenversion of RNA primers into DNA,
these DNA are ligated with neighboring DNA fragneeity DNA ligase (Lehman, 1974)

which also interact with thg-clamp (Lopez de Saro and O'Donnell, 2001).

1.2.5Replication at DNA lesions

DNA lesions occur naturally from endogenous an@/ovironmental factors. Although the
lesions are usually repaired before replicationmesolesions escape the cell’'s repair
mechanisms and remain present at the time of edjgit. The cell has two lesion tolerance
mechanisms that allow the replisome to bypass dath&NA, the error-prone translesion
synthesis (TLS) pathway which uses specialized mehase, and the error-free damage
avoidance (DA) pathway which encompasses multiplecgsses related to homologous
recombination.

Three alternative DNA polymerases can perform tianslesion synthesis (TLS)
pathway: Pol II, Pol IV and Pol V (Delmas and Mag006). Pol V is part of the SOS response

to DNA damage whereas Pol IV is present at cornstgulevels (Furukohri et al., 2008,
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Goodman, 2000, Schlacher et al., 2006). To bypdda [@sions, the DNA Pol Il core is
replaced in the replisome by DNA polymerase IV (R} or Pol V on thep-clamp sub-
assembly of the HE for translesion synthesis (TE@ukohri et al., 2008). These polymerases
are able to synthesize DNA across the lesionsy aftech Pol Il can resume its activity
(Friedberg et al., 2002). It was shown that inteoms between Pol 11l and Pol IV also occur
and enable minimal interruption of replication &Xi&® lesions (Furukohri et al., 2008). AH.
coli DNA polymerases bind and compete for the sameifgndomain of the3-clamp which
acts as a polymerase switch (Burnouf et al., 200pez de Saro et al., 2003). Therefore the
structure of DNA leads to a change in conformattat promotes the release and re-loading of
the appropriate polymerase in a diffusion—dependewanner; the cellular translesion
polymerase concentration being up-regulated duthrey SOS response initiated by DNA
damage (Delmas and Matic, 2006 and referencesitiere

The DA pathway is less characterized than the patway. It is only recently that a
method was developed to introduce site-specifiohssin the genome of a living cell and
study the molecular basis of each pathway indepelydéPages et al., 2012). DA uses the
daughter strand gap-filling pathway (Rupp and Hals@anders, 1968) and a recA-
independent pathway likely to involve the tempkatgtching mechanism (Pages et al., 2012).

It was recently shown that the replisome hastherient ability to stay associated with
the DNA at a single lesion and reinitialize leadsigand synthesis downstream of the damage
without the need for replication restart proteimgd &50S-response induction (Yeeles and
Marians, 2011). Therefore the replisome has arr@ttig¢olerance to punctual DNA lesions but
can also dissociate under acute replication stiesssmultiple DNA lesions) where the SOS-

inducible systems such as TLS and DA are requeddrvival.
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1.2.6 Termination of DNA replication
1.2.6.1 Features of the replication termination components

In E. coli forks moving in opposite directions on the ciesuthromosome meet in the
termination region of the chromosome oppositeri€ at specific sites rather than by random
collision (Bird et al., 1972, Germino and Basti&®81, Louarn et al., 1977)n vivo marker
frequency experiments initially established thamieation occurs at two specific loci in a
direction dependent manner. Each site is orierddadck either the clockwise moving fork or
the counter clockwise moving fork (de Massy et B987, Hill et al., 1987, Hill et al., 1988a,
Kuempel et al., 1977, Louarn et al., 1979). Theitisn and deletion mutants used to map the
termination region enabled the discovery that ohthe two termination foci was associated
with the trans-acting gene responsible for forlestirthe terminator protein Tus (reviewed in
Neylon et al., 2005, Hidaka et al., 1989, Hill & 4989, Kobayashi et al., 1989, Sista et al.,
1989). The 5-end ofus MRNA was shown to be within thier site of this foci which is now
called TerB (Roecklein et al., 1991). As a result, the bindaiglus toTerB inhibits its own
transcription by blocking RNA polymerase accesshi promoter. Further mapping of these
two loci identified the presence of two polar temation sitesTer) with the same orientation in
each locus (now callederA, TerB, TerCand TerD). The four Ter sites share a highly
conserved core sequence (Francois et al., 198%kHidt al., 1988, Hill et al., 1988b). This
core sequence was used as a probe to screen theadiacteriophage library @&. coliand a
fifth Ter site was detecte@erE) and shown to have fork arrest activityvivo (Hidaka et al.,
1991). This brought up the numberTar sites to five on the chromosome.

The high sequence similarity between thésesites prompted the search for mdexr
sites in the Genbank database using a 23 bp carseasguence (Sharma and Hill, 1992). A
sixth Ter site (TerF) was identified and assayed for fork arrest afgtivising theTer assay

(Horiuchi and Hidaka, 1988). However, the oligomatide used in these experiments did not
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carry the mutation at position 18 and resultedrirogerestimation of the binding affinity and
fork arrest activity ofTerF (Coskun-Ari and Hill, 1997, Sharma and Hill, 199&)seventhTer

site (TerG) was also identified by a sequence similarity segNeidhardt, 1987). A mutational
analysis ofTerB identified the critical residues involved in Tusding and fork inhibition
activities and enabled the derivation of a new gtdnsensus sequence from which three more
Ter sites TerH, Terl andTerJ) were identified in thde. coli GenBank database but were not
assayed for DNA replication arrest activity (Coskm and Hill, 1997). This study brought
the number ofler sites to ten (referred as primalgr sites throughout this manuscript) which
are arranged in two clusters of five sites flanking centre of the terminus region (Figure 5A).
All Ter sites within a cluster are oriented with the sgmkarity (impedes forks approaching
from only one direction) and the two clusters hagposite orientation. This arrangement
creates a fork trap allowing the two replisomegiiter but not to exit the termination region,
avoiding forks progressing in the terminus-to-aridirection (Figure 5A; Coskun-Ari and Hill,
1997, Neylon et al., 2005Y.erA D, E, H andl are orientated to block anti-clockwise moving
forks whileTerB, C, F, G, andJ are oriented to block clockwise moving forks. Moeeently,
four new Ter sites TerK, L, Y and 2) were discovered using a 14 bp consensus sequence
covering positions 6 to 19 in tfieer core sequence (Figure 5A-B; Duggin and Bell, 20@8)e

of these newly identifieder sites TerK) is located within the previously defined termioat
region encompassing the ten primdmr sites and the other three are proximal to theirorig
(Figure 5A). Interestingly, two of thenT¢rZ andY) are oriented to block origin-to-terminus

moving forks about 500 and 1000 kbp downstream fitegnorigin but their function is unclear.

19



CHAPTER 1

OriC 305 37 5'
NP |5 10 ll 5 20 P
- F— | - - I [
TerA TTAATCATACAACATTGATTTCA

0/360 TerB g | —— gy ————————————— gy
TerC [ -AT-——C————————————— AT-
TexrD G —— R — e — AC
U993 TerE [B| PATT——————————————— CGT
Y 222 MG1655 genome TerF @ GG-—-G-——————————— C-GCT-
464 Mbp TerG [l CAGT——C————————————— GGT
TerH [ GCT-G—————————————— AGAG
1200 %7 Terr B crACT GGC
TerJ |8 -GCG————-T-——————————— A-G
G184

F 180 ‘ TerX [ GCT-A-TCT——————— AC——-CRAG
K177 1aah TerL CGTGA-CC———————— AC-GCGT
188 161 ‘A E84 TerY B A--CC———G——————— A--CC-T

- D99
TerZz M A-GGG-G-C-——————-C-C—G

B131¢c125 A 104
Figure 5: Ter sites position, orientation and sequence i&. coli MG1655. (A) Map of theE. coli genome
indicating the position and orientation of the 14Ter sites identified (Duggin and Bell, 2009). The poirof the
arrow indicates the non-permissive face of the Tu$er complex. TerA, TerD, TerE, Terl and TerH are
oriented to block anti-clockwise moving forks wheras TerC, TerB, TerK, TerF, TerG, TerJ and TerL are
oriented to block clockwise moving forks.TerY and TerZ (white arrows) are oriented to block the left
replisome moving in the origin-to-terminus directicn. The outer circle represents the chromosome domzs
(green: oriC domain, white: unstructured domains, red: right damain, dark blue: left domain and light
blue: termination domain) established by Seitz etla(2000) and Valens et al. (2004). The numbers ide the
circle indicate Ter site positions in Mbp. (B) Sequence similaritiesfahe 14 Ter sites. The conserved cytosine
at position 6 is highlighted in yellow. Sequencesaoriented with their non-permissive face (NP) orthe left.
The shaded nucleotide sequences correspond to thecteotides interacting with Tus (Kamada et al., 198)

and the underlined sequence is the 11-bp core seaque determined by Coskun-Ari and Hill (1997).

The affinity of Tus toTerB has been well characterized (Gottlieb et al., 198@lcair
et al., 2006, Skokotas et al., 1995, Skokotas.e1894). The equilibrium dissociation constant
(Kp) of the TusTerB complex was reported to be within the nanomalautapicomolar range
depending on the buffer conditions used (Gottliehle 1992, Mulcair et al., 2006, Neylon et
al., 2000). Coskun-Ari and Hillnutated each nucleotide in the core sequenckeds from
position 6 to position 21, and tested the efficient these mutants to bind Tus and arrest
replication forks (Coskun-Ari and Hill, 1997). Soroéthese mutations reflected the structure

of other Ter sequences (i.e. the T to G mutation at positioninLéhe TerB core sequence
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matches thelerF core sequence), and provided insight into thenifiof other Ter sites.
Based on these daféerA-D, TerEandTerGwere predicted to be strofiger sites,TerHto be
a moderately strong site afi@rF, | andJ to be weak sites relative WerB (Coskun-Ari and
Hill, 1997).

It is only fairly recently that then vivo fork arrest activity of the 1% er sites has been
investigated in both a plasmid context and the mimsome (Duggin and Bell, 2009). Out of
these 14Ter sites, paused forks were only observedetA B, andC and to some extent at
TerD, G, Handl under normal growth conditions. The remainirey sites TerE, F J, K, L, Y
andZz) were classified as pseuder sites pTer) sites since they did not encounter a replisome
under natural Tus expression level or were nottfanal (Duggin and Bell, 2009). It is only
upon Tus over-expression that fork pausing wasctideat thepTer sites and to a small extent
at TerKandL. This was surprising since an increase in celllilss concentration should have
resulted in a tighter fork trap and a decreasdénproportion of forks reaching the outesr
sites. These observations could be explained ifrther mostTer sites are already saturated at
wild type Tus level. In this case, overexpressed @o not reduce the frequency of forks
arriving at the outer and weak€&er sites but rather increases their intrinsic efficig in fork
arrest as they become more heavily occupied by Tus.

In order to determine the intrinsic ability ®&r sites to halt replication, eadrer site
was cloned into the pACYC184 plasmid, a vector sufppg unidirectional replication, so that
completion of replication relied on the replisonmlity to pass through the Tuger complex

cloned in the non-permissive orientation (Duggid &ell, 2009).
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Figure 6: Fork pausing efficiency ofE. coli Ter sites. EachTer site was cloned in pACYC184 so that the
unidirectional replication fork in the plasmids would approach the blocking orientation of theTer site. The
efficiency of pausing was quantified as the ratio étween linear and forked DNA revealed by Southern

blotting (Reproduced from Duggin and Bell, 2009).

All the ten primaryTer sites TerAJ) gave rise to arrested fork intermediates but they
significantly differed in their efficiency of paus in accordance with the predicted binding
affinity from the TerB mutation analysis (Coskun-Ari and Hill, 1997, Duggnd Bell, 2009).
The strongest sites wel@rA andTerB which blocked about 35 % of forks, followed by two
groups ofTer sites having similar efficiencies; one group coisguat TerC, TerD, TerE and
TerG, and the second group comprised the less effidient, Terl andTerJ (data reproduced

in Figure 6).TerF had the lowest efficiency of the ten primdrgr sites in fork pausing and the
last fourTer sitesTerK, Terl, TerY and TerZ were quasi-unable to arrast vivo replication
fork (1 % of arrested fork). It was suggested thatpTer sites might be able to inhibit fork
progression in artificial conditions but not in theild-type chromosomal context. Their exact

role in the fork trap remains unclear (Duggin aredl 82009).
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The polarity of replication termination was origily explained by the rather unusual
binding of Tus torer DNA (Kamada et al., 1996). Tus has two (amino-eaboxy-) domains
both classified aa +  structures (Figure 7A). The two centfasheets from the two domains
form a central large cleft through extensive cotstagith the bases and backbone of Tre
DNA (Figure 7B-C; Kamada et al., 1996). Two interdon -strands intercalate deeply into
the major groove deforming the B-form Bér DNA. The TusTer contacts are asymmetrically
distributed along thder DNA; the two strands interact with Tus at the mpammissive (i.e.
blocking) face and only one strand interacts witks Bt the permissive (non-blocking) face
(Figure 7B). Theu-helical regions from both domains are concentraitethe non-permissive
face (Figure 7A) and are thought to protect theroshdmainp-strands from direct contact with
the unwinding DnaB helicase (Kamada et al., 199&)vertheless, these properties did not
seem to be sufficient to explain the polarity oé thusTer complex as a Tus mutant with
reducedTer binding affinity in vitro was found to still have some fork arrest activityivo
(A173V; Skokotas et al., 1994). Conversely othes Tautants with a maintained affinity for
Ter (E47Q (Henderson et al., 2001), E49K (Skokoted.ef995)) had a reduced ability to halt
DNA replicationin vivo. These discrepancies suggested that another femtdributed to the
polarity of fork arrest. The mechanism of DNA reglion termination has been fueling an

interesting debate in recent years.
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Figure 7: Structure of the TusTerA complex. (A) Secondary structure of Tus (PDB ID 205). Helices are
named asa, B-sheets af and loops as L. NES: nuclear export signal, NLS: utlear localization signal
(Kaczmarczyk et al., 2010). Blue dots and green dotare residues that contact with metals and DNA
respectively as per the PDBsum database. Residueshlue form the N-terminal domain and residues in
green form the C-terminal domain. The double red Ihes represent beta hairpins. (B) Tu§erA structure
(PDB ID 2105) with F140 in red. (C) Sequence-depertt interactions in Tus-TerA. Residues in contact with
bases are shown as red spacefill spheres of Van défaals radius and include R198, K89, T136, R232,
V234, Q237, K175, H176, Q252, A173, Q250. OrilerA backbone is represented for clarity purposes.
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1.2.6.2 DnaB-Tus and TusTer-lock mediated fork arrest

The TusTer complex acts primarily as an inhibitor to the DNAwinding activity of the DnaB
helicase which is at the forefront of the replisome specific protein-protein interaction
between Tus and DnaB was suggested early on base @bservations that Tus could arrest
a variety of helicases but not all of them. Howewscrepancies in the literature about which
helicases were arrested by TDer or not prevented drawing a clear answer abouteaifsp
Tus-DnaB interaction. For example Bedrosian andiB4$991) found that TuFer impeded
SV40 T antigen helicase activity in an orientatd@pendent manner whereas Hidaka et al.
(1992) found the opposite polarity for the sametesys The TusFer complex was found to
inhibit Rep and UvrD helicases in one study (Lealet1989) but not in others (Khatri et al.,
1989, Hiasa and Marians, 1992). Tier was also shown to arreBt coli PriA, eukaryotic
helicase B (Hidaka et al., 1992) aBdcoli RNA polymerases (Mohanty et al., 1996) in a polar
fashion. These discrepancies may have arisen tnenditference in substrate used since arrest
of helicases seemed to be affected by the lengtheoinwounded substrate, the shorter the
substrate, the stronger the pausing (Hiasa andakigril992). The most direct evidence of a
physical interaction between Tus and DnaB was obthiwith a yeast forward two-hybrid
analysis where low levels of interactiam vivo were reproducibly detected (Mulugu et al.,
2001). Tus mutants were selected for their reduttedaction with DnaB in the absenceTar
DNA. Two out of four mutants (P52L and E47Q) costlill arrest DnaB. Only one E49Q,
retainedTer-binding affinity and reduced ability to cause fankest in cell extract. This mutant
is the strongest evidence of a Tus-DnaB interac{dnlugu et al., 2001) but there is no
affinity or kinetic data on this weak interactioaty

Mulcair et al. (2006) investigated the possibilityat a specific DNA structure created
by the unwinding action of the DnaB helicase at tlmm-permissive face of the Tder

complex could be responsible for the observed fipldforked oligonucleotides were designed
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to mimic the progressive unwinding action of Dnaildhe effect of these forked species on
Tus affinity was measured by surface plasmon resmnéSPR). The presence of a fork at the
permissive face of Tus resulted in the fast disgam of the proteint{,< 5 s) whereas a fork
at the non-permissive face up to C(6) in Tiee core sequence resulted in an increase in affinity
of Tus forTerBto nearly no dissociatiorf, of 5300 s for forked’erB compared to 124 s for
fully ds-TerB; Mulcair et al.,, 2006). The crystal structure ofsTwith a forkedTerA core
sequence (identical tderB) showed that the cytosine at position 6 in theecsequence
(highlighted in yellow in Figure 5B) moves 14 A fnoits normal position to bind tightly in a
specific cytosine-binding pocket at the surfacehaf non-permissive face of Tus (Figure 8;
Mulcair et al., 2006). This conformation is calldte TusTer-lock or TT-lock and could
explain the polar feature of the complex. In thestal structure of Tus in complex with forked
Ter DNA (Mulcair et al., 2006), it was shown that Ei4%a residue involved in the cytosine-
binding pocket of Tus and hence in TT-lock formatid herefore the complete loss of DnaB
arrest activity of this mutant observed by Muluguaé (2001) could also be the result of
impaired TT-lock formation. On the other hand, P3hd E47Q mutants may have retained
some TT-lock formation ability that rescued someesir activityin vivo despite lower Tus-
DnaB interactionn vitro. The P42L mutant was the weakest bindéFé¢B and DnaB and was
therefore fully defective in fork arrest. Otheratispancies between eithiarvivo andin vitro
data, or different assays can be explained byates Hiscovery of the TT-lock as much as by
the Tus-DnaB interaction. Another example is thes AlL73V mutant which had a 130-fold
lower affinity for double-strandederB (gel mobility shift assay) but retained substdr(®

%) replication arrest activity (Saecker, 2001, Skek et al., 1995, Skokotas et al., 1994). This
residue contacts the core sequence at positiorKagdda et al., 1996). Its mutation would
lead to a loss in affinity but would not impedeKkdormation at the non-permissive face and/or

the DnaB-Tus interaction.
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Figure 8: Tus-Ter and Tus-Ter-lock structures. Structure of Tus in complex with(A) TerA (PDB ID 1ECR,
Kamada et al., 1996) and with (B) forkedTerA at the non-permissive face (PDB ID 2EWJ, Mulcair eal.,
2006). The DNA molecule is shown in green in a badhd stick representation,a-helices are represented in
purple, B-sheets in yellow and loops in grey. (C) Structuref the cytosine binding pocket at the surface of
Tus prior to and (D) after DNA unwinding. The locked C(6) is shown in yellow (Adapted from Mulcair et
al., 2006).

An elegant strand displacement assay was develapediscriminate DnaB-Tus
interaction from TT-lock mediated fork arrest (Bastt al., 2008). The DnaB helicase sliding
onto double-strandet@ierB was still inhibited by the Tu$er complex in a polar manner. The
polar fork arrest of Tu3er was maintained without melting of DNA and TT-lofikmation.
Nevertheless, when the assay was performed witbrB containing a mispaired bubble (C(6)

included), the blocking was increased (see Figuden$astia et al., 2008). This increase in
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blocking activity was said to be non-significanedo a high standard error associated with the
data obtained with bubblederB This variation could be attributable to the subupl
docking of Tus on the bubble substrate which ccwdgle masked and/or affected the base
flipping locking mechanism. Indeed, a 10-fold des® in association rate was observed
between fully anneale@lerB and a bubble containinberB (Mulcair et al., 2006). This lower
association rate is likely to be due to the abseasfcgpecific contacts between A5 and G6
(mismatched in the bubbleerB) with R198 in Tus (Coskun-Ari and Hill, 1997, Kadwet al.,
1996). Also, the structure of the bubf@lerB restricts the complete flipping of C(6) into the
cytosine binding pocket and impairs the lock formrathalf life of 2240 s for a 5 bp bubble-
Ter compared to 5300 s for a fully unwoundEer site over 5 bp; Mulcair et al., 2006). This
bubble structure in the DnaB helicase assay wddcefore result in the underestimation of the
TT-lock contribution to polar fork arrest. Therefahe major mechanism responsible for polar

fork arrest is still under debate.

1.2.6.3 The alternative site of termination, thedif site

Hendrickson and Lawrence (2007) proposed thatlthecus, which is located betwederA
and TerC (Figure 5A), is the only site of termination arwt the fork trap is instead used to
stall repair-associated or other non-oriC initiaterks. Thedif site is the site of action of the
XerCD site-specific DNA recombinase which is reqdirfor chromosome unlinking and
segregation (Blakely and Sherratt, 1994, Graingal.et2011). Thalif hypothesis was raised
based on the skewness of base compositional diffeseof the leading and lagging strands
which is correlated with replication direction amdn therefore predict termination sites
(Grigoriev, 1998, Lobry, 1996, Rocha, 2004, Arakatal., 2007). It was shown that the skew
switches from one strand to another at or very tigadif site, but not aTer sites, and it was

suggested thaler sites are used to halt replication forks origingtirom DNA repair events
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rather than fronoriC (Hendrickson and Lawrence, 2007). The occurrefi¢ermination at the

dif site (in between the two innermod&er sites, Figure 5A) was not excluded from the other
studies looking at fork arrest at the innBer sites because they lacked the resolution to
discriminate between theerC and thedif site (Hendrickson and Lawrence, 2007). Neverthess,
the analysis of replication intermediates in FerC-dif region by 2D-gel analysis found no
significant pausing near thif site but significant fork arrest @erC, supporting the fork trap
model and not thdif model (Duggin and Bell, 2009). The fork trap models also supported
by the latest genomic compositional skew analysth@termination region (Kono et al., 2012)
that showed that a single finite termination sitelifiis not sufficient to explain the genomic

compositional bias observed in the published genssgeence, whereas the fork trap can.

1.2.6.4 Replication termination of other circular chromosome
Other prokaryotic chromosomes

While site specific polar replication terminatioites are present in both prokaryotes and
eukaryotes (see section 1.2.6.5 for site spea#fimination in eukaryotes), the components
mediating fork arrest have little similarities be®sn species, even amongst the prokaryotic
taxa. In the archeabacteria, replication termimatocurs by random collision of replication
forks (Duggin et al., 2011). In the eubacteriami@ation of replication has been extensively
studied for the gram positivBacillus subtilisand the components of the system have no
sequence homology to tite coli system (Bussiere et al., 1995, Duggin, 2006, Duggial.,
2005, Hastings et al., 2005, Vivian et al., 2008k&/and King, 1997, Weiss and Wake, 1984).
The B. subtilisfork trap is composed of nine termination sitesiff&s et al., 1998) with five

Ter sites oriented to block clockwise moving fork dodr Ter sites oriented to block the anti-
clockwise moving fork. Eachier site is 30 bp long comprising two imperfect ineertl6 bp

repeats (called A and B sites), each binding a dioh&TP. Fork arrest requires RTP binding
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to the B site and the subsequent cooperative gndina second RTP dimer to the A site
(Duggin et al., 1999, Langley et al., 1993, Smitlle 1994). Also, only forks approaching the
B site will be hindered (Smith and Wake, 1992). Thelecular mechanism of the RTIRr
complex polarity is thought to reside in a spee&dli structure that contributes to the
mechanism of replication fork arrest in a mannet is independent of its high affinity for
DNA but that might require the cooperativity of eeal assymetrical features of the RTP:DNA
complex (Duggin, 2006, Vivian et al., 2007). Poleer sites are also present in the R6K
plasmid which carries only two copies located aswtniwally with respect to the two main
origins of replication (Horiuchi and Hidaka, 1988he twoTer sites of the R6K plasmid share
15 and 12 nucleotides witherA and TerB respectively and are also organized to form a fork

trap (Neylon et al., 2005).

Mitochondrial chromosome

Mitochondria have evolved fromu-proteobacterium and have conserved their circular
chromosome (16.6 kbp) following endosymbiosis irkasyotic cells (Gray, 2012). The
chromosome has two origins where replication fuegirectionally. For some time, it was
believed that leading strand synthesis (H strara imitiated from one origin (OH) and that
lagging strand synthesis (L strand) fired in thegagite direction once the leading strand
exposed the second origin (OL). More recent wonkntb Y-arc shaped DNA molecules in
between the two origins by 2-D agarose gel elebwogsis, indicative of the classic
synchronous leading- and lagging-strand replicafitoks (Holt et al., 2000). Subsequent work
proposed a third model called RITOLS (ribonucleetidcorporation throughout the lagging
strand) where the lagging strand is initially ldiolvn as RNA before being converted to DNA
(Yang et al., 2002). These three models are cuyrenhder debate (reviewed in

Kasiviswanathan et al., 2012). The H strand fretjyestalls 700 bp downstream of OH
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producing a triple stranded structure called thiedp. At the 3’-end of the D-loop, a short (15
bp) termination-associated sequence (TAS) wasiitsh{Brown and Clayton, 2002, Clayton,
1991) and shown to bind a 48 kDa DNA-binding prot@i bovine mitochondria (Madsen et
al.,, 1993). In other species, it was speculatetl dha of the uncharacterized proteins of the
MTERF family (for mitochondrial termination factagsponsible for transcription termination,
replication-termination regulation and protein $dis, may be the long-sought-after TAS-
binding protein (Falkenberg et al., 2007, Pellegenal., 2009). This was supported by the
finding that an mTERF orthologue in sea urchin (BE) binds to a site at the 3’ end of the D-
loop and acts as a bidirectional contrahelicaséo@oet al., 2005). It was later shown that
MTERF induces DNA replication pausing in human mtDN the D-loop and to additional
sites upon overexpression (Hyvarinen et al., 20Ditgrestingly the binding of mMTERF to its
substrate is stabilized by a base flipping mecmamtthree nucleotides (adenine, thymine and
cytosine) formingr-stacking interactions with the mTERF R162 (styicbnserved), F234 and
Y288, as well as hydrogen bonds (Yakubovskaya.e®@ll0). Like Tus irE. coli mMTERF1
binding also induces a DNA bend of 25° (20°Encoli) and DNA relaxing (underwinding).
However this base flipping mechanism occurs inyfdbuble-stranded binding sites without

DNA melting like inE. coli

1.2.6.5 The fork trap, DNA transcription and chromosome organization

Contrary to eukaryotes, transcription and replaatare not uncoupled in bacteria but occur
simultaneously. A characteristic of the fork trapthat the outermoster sites (with the
exception ofTerY) are positioned within ORFs whereas the inhersites (with the exception
of TerB which lies within thetus promoter; Roecklein and Kuempel, 1992) are pasgib

between ORFs (Table 1). Since the outerniastsites are less likely to encounter a fork
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approaching the non-permissive face of the compilleey may have another biochemical
activity related to transcription-replication cooration.

The TusTer complex was shown to mediate the polar arrestEofcoli RNA
polymerasesn vitro andin vivo, protecting replication termini from RNA chain efgation at
the non-permissive face of the complex (Guajardd Sousa, 1999, Mohanty et al., 1996).
Nevertheless, the orientation of mdsr sites within ORFs is such that RNA polymerases are
unlikely to encounter the blocking face of the Ties-(Table 1). Only twoTer sites, the
predicted weakTerL (within iap protease gene) anderB (within the tus promoter) are
presenting the non-permissive face to the RNA pelgase. Tus blocks its own transcription
and prevents the RNA polymerase from binding topitzenoter.

In yeast, polar replication fork barriers (RFBsjvd been identified within ribosomal
DNA (rDNA) intergenic spacer and the mating typgioa in S. pombgDalgaard and Klar,
2001, Eydmann et al., 2008). rDNPer sites are recognized by FoblpSncerevisia@and by
the transcription terminator Rebl or the genombiitang protein Sapl inS. pombe
(Eydmann et al., 2008, Mohanty and Bastia, 200dhd¢r and Bastia, 2005). The protein Rftl
recognises the RTS1 element in the mating typeone@natl). In S. pombgrDNA intergenic
regions contain foufer sites which are bound to either Rebl or Sapl biyt 8apl bounder
site is polar (Krings and Bastia, 2005). Thesessat@ oriented to promote the selective pausing
of the fork that moved in opposite direction to theection of transcription. Interestingly Sapl
is also a chromatin—organizing protein, a matingetgwitch and a replication origin binder
(Krings and Bastia, 2005, Bastia and Singh, 201d raferences therein). On the other hand
Rebl was shown to mediate interaction betw&ensites resulting in chromosome kissing
control of DNA replication termination (Bastia aBthgh, 2011, Singh et al., 2010). Reb1 also
has transcription activation functions and appéarsoordinate replication and transcription

processes. It was suggested that chromosome kislsinggh Ter sites could help Rebl
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binding to promoters of sporulation protein genesl anodulate cell-cycle-directed gene
expression (Bastia and Singh, 2011). RFBs were falsod at tRNA genes (Deshpande and
Newlon, 1996) and RNA polymerase II-dependent wapSon units in S. cerevisiae
(Azvolinsky et al., 2009). Fachinetti et al. (201@¢ntified 71 termination regionIER 5 kb
each) inS. cerevisiaavith the majority (62/71) being polar pause eletaemterestingly,TER
sites were occupied by the topoisomerase 2 befmie drrival and participated to genome
stability. The replication termination sites in emjotes have therefore developed additional
functions in transcription-replication regulationdachromosomal organization.

In E. coli, Ter sites are generally located at the border of tlomchromosomal
domains with the exception d®rB, TerCandTerJ (Figure 5A; Scolari et al., 2011, Valens et
al., 2004). In these interdomain regions, transiompis directly linked to genome spatial
organization mediated by Fis and N-NS binding (8acét al., 2011). The edges of ther
domain delimited bylerA D andE on one side andlerF, G andK on the other side (Figure
5A) are flanked by the whole flagella regulon ary kegulators of biofilm formation (Scolari
et al., 2011). Their symmetrical distribution wasggested to help maintain the relative
proportion of flagellar proteins during replicati¢8colari et al., 2011). Although there is no
evidence of Tu§-er involvement in transcription, the occurrence @ thuterTer sites within
ORFs along with the conservation of polar fork leas in higher organisms and their role in
transcription-replication regulation suggest thegtE. coli Tus-Ter complex could also have a
role in transcription (Table 1).

The position of dler site within an ORF varies for eadler site (i.e. can be found at
the beginning, middle or end of the ORF). It wasveh in eukaryotes that a significant
proportion of TF binding sites are found within GREnd are correlated with non-coding
RNAs (ncRNA; Cawley et al., 2004). In bacteria, N#Rare at the cross roads between

regulons of many biological pathways including #emption reprogramming, carbon
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metabolism, iron homeostasis, envelope homeossasistoxicity (reviewed in Repoila and

Darfeuille, 2009) and are usually expressed as qfatthe stress response regulatory system
(Gottesman, 2005). Although there is no evidenc@us acting as an accessory transcription
factor other than for its own regulationTadrB, Ter associated genes fall within the above cited

pathways (Table 1).
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Table 1: Position and orientation ofTer sites within transcribed regions.

CHAPTER 1

Ter ) Gene )
_ ORF and Ter polarity . o Gene function Comments Reference
site identification
? CUSA Cooper/silver efflux Inner membrane protein in
H | ’ (NP_415107) ppS stem conjunction with CusB, CsuC Franke et al., 2003
- y and CsuF
> ent_C . .| Secreted protein, role in biofilm
Isochorismate | Siderophore enterobactin :
| , . . .| formation. Regulated by Fur Hancock et al., 2010
— —— synthase (iron carrier) biosynthesis (ferric uptake regulator)
(NP_415125) P 9
’19 15 BetweenefeU Functional inE. coli 0157:H7| Baichoo and Helmann
E || | andefeO Defective Iron transporter but not in K12 strains. Alsp 2002, McHugh et al.,
(NP_415537) regulated by Fur. 2003
— Betweemark narG is part of the operon
180 300 ' i ' i
D i - (NP_415741) Nltrate_ reduc@ase encoding respiratory nltrafle Hartig et al., 1999
E— andnarG (Anaerobic respiration) | reductase andharK encodes a
(NP_415742) putative nitrite transporter
pyrF encodes an out
BetweenyciM membrane protein and is part |of
A ’17 148 > (NP_415796) Nucleotide metabolism- | &7 °Peron yvlt_hyc_lﬂ (unknowrl Jense_n et al., 1984,
] I | SR function, similarities with a Lomakin et al., 2006,
andpyrF Translation initiation facto . o :
translation initiation factor), Niba et al., 2007
(NP_415797 . . -
yciM has a role in biofilm
formation
- BetweeryneE yneE encodes a membra i
C 134 49 | (NP_416037) Swarming - protein anduxaB is part of the _Bl_a nco and Mata
] | . ! Gilsinger, 1986, Inoue
anduxaB Carbohydrate metabolismexu regulon coding for et al.. 2007
(YP_025302) dehydrogenase "
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Ter _ Gene )
) ORF and Ter polarity _ o Gene function Comments Reference
site identification
BetweerrstB Within  tus promoter. rstB| Hidaka et al., 1989, Hil
(NP_416126) Sensory kinase - encodes a transmembranegust al., 1989, Roecklein
B 43 andtus Re Iicatior?termination sensory histidine kinase thatet al., 1991, Yamamot
— — (NP_416127) P phosphorylate the transcription et al., 2005
- regulator RstA
-« TerK is directly at the begin ¢
K yeiG Unknown function the yeiG (unlnown function, Novikova et al., 2007,
— ‘ —— | (NP_416686) may possess enzymatic activity Soo et al., 2011
against antibiotics)
€ I [ f the Carballes etal., 1999
= rcsC Sensory system for capsulecontr? expression g ”e S?rt 4G tt" '
1 : .| 'Capsule operoncps and ce out and Gottesman,
‘ (NP_416722) | synthesis and cell division division control genétsZ 1990
¢ menH(oryfbB) Manaquinone synthesis
G ‘ (L 416y766) pathway (essential electrarSHCCHC synthase (respiration) Jiang et al., 2008
- carrier)
- ,
J maeB(or ypfF) @ clz)/:agics/errjgcr)neenesis TerJ is located towards the end Bologna et al.. 2007
— { —— | (NP_416958) | \9YCOWSISIGILCOY of maeB 9 5
and TCA cycle)
ygbMsequence has homology |to
— BetweenygbM X
10 55 (NP_417219) Putative isomerase - | XYlose isomerase genes gnd | |
vy | —L | andybnN permease ygbN encodes ~an inner Daley et al., 2005
(NP_417220) membrane protein from the
- gluconate transporter familly
< . :
L iap (NP_417233 Protease Isozyme conversion of alkaline | .0 ot o1 1987

phosphatase
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Ter _ Gene )
_ ORF and Ter polarity _ - Gene function Comments Reference
site identification
> . . . .
Z i fmt (NP_417746 Methionyl-tRNA Egsentlal role in translation Guillon et al., 1993
- — formyltransferase initiation

Ter sites are represented by a black triangle withtithef the triangle representing the non permissace of the complex. The grey box represent©tRE. The thin black
arrow represents the direction of ORF transcriptidme numbers indicate the distances in bp betweeand ORFs whefier was found in between two ORFs. Gene numbers
correspond to the RefSeq database (NCBI). The dinst second genes cited are upstream and downstietira Ter site respectively when reading the top strandhef t
chromosome in the clockwise direction. The red hiighlights the limit between the two oppositelyeotatedTer clusters.
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Nine Ter sites are located within ORFs and five in betwiem ORFs. The genomic context
of all Ter sites span a variety of metabolic pathways inclgdanetal ion transporférH, I, E,
andY), sensory system for capsule synthesis and swegrhinfilm; TerC andF), respiration
(TerD, G andJ), carbohydrate metabolisn€rC), transcription-translationTérA B, L and

Z) and cell division TerF). The identified genes are generally associated eell response

to environmental stimuli (either membrane assodigt®teins, signaling proteins or secreted
proteins). Within the identified gene, two haveuapive function fark andygbM) and two
have an unknown functiory¢iM andyeiG). It is not known whether the genes associated
with Ter sites are differentially expressed irtusnull mutant and in response to different

stimuli.

1.3 About this thesis

In E. coli, the molecular mechanism responsible for the pglaitthe TusTer complex in
arresting the DnaB helicase is still being deba#dce the discovery in 2006 of the Thesr
lock mechanism, no effort has been made to invatigurther its formatiom vivo and/or
with the remainingTer sites. Indeed, most of the work intended to charame the
mechanism of polar fork arrest has been focusdth@mnermoster sites(TerA-Q leaving
the essential question of whether or not the reimgifer sites maintained the same
biological properties unanswered. The affinity aisTfor the 14Ter sites has only been
inferred from mutational analysis ®&rBand a direct comparative study of the kineticsliof a
complexes is lacking for mog&ter sites. The variation in pausing efficiency obsersy

Duggin and Bell further justifies the biochemichbecacterization of all Tu$er complexes.
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The main aim of this work was therefore to chassze the structure of the fork trap
through comparative analysis of the propertiedeften primary Tu3-er complexesn vitro
andin vivo. The specific questions addressed are:

* What are the affinity and kinetic parameters of-Tesand TusTer-lock complexes?

Are all Ter sites able to form a TT-lock?

Is the TT-lock responsible for fork arrest?

What is the distribution of Tus orer sitesin vivo?

* Are outermosTer sites able to stop a replisome?

Several new methods were developed to answer tipngsstions and monitor protein-DNA
interactions. Parts of this thesis have been pudisand the original maunscipts were
adapted to incorporate the development and udeesttnew methods for the characterization

of the TusTer complexes.

The general materials and methods are describ€tapter 2.

Chapter 3 describes the development and validafi@anmedium throughput thermal stability
assay for the rapid screening and ranking of ligafdhis technique called GFP-Basta was
validated with three different proteins and pubdidhin Molecular BioSystems. Only the

results obtained for Tus were included in this ¢bap

Chapter 4 describes the kinetic and affinity chemdzation of the ten primary TuBer
complexes and their ability to form a TT-lock. Thetudy provides detailed mechanistic
information on the TuJ-er complex. This chapter has been published in Mddecu

BioSytems.
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Chapter 5 presents the development of a new higluginput method derived from GFP-
Basta for the rapid determination of protein stgbiind ligand binding. This technique
called DSF-GTP was applied to the characterizatbrii2 proteins (published in RSC
Advances) but only the validation part of the metheing Tus as a model protein was
included in this chapter. DSF-GTP was applied talyse the effect of ionic strength on the

stability of the ten Tu§-er and TusTerlock complexes (unpublished data).

Chapter 6 describes an alternative new qPCR-bas#dimDNA binding assay that was
used to determine the affinity of Td®r complexes. This chapter has been published in

Analyst.

In Chapter 7, a ChlIP-gPCR method was developectermine than vivo distribution of
Tus onTer sites using exogeneous expression of Tus-GFPIimetopic Ter sites were
introduced into theE. coli genome to determine the effect of the TT-lock eplication

dynamics and whether out€er sites can stop replication forks.

The results from this study are summarized andudsed in Chapter 8, and some

perspectives are introduced.
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Chapter 2. General material and methods

2.1 Materials
2.1.1Reagents and enzymes

The specific chemicals, buffers and solutions um®ddescribed in the appropriate methods.
All antibodies were purchased from Abcam exceptlierHRP-conjugated goat anti-chicken
IgY (103-035-155) which was purchased from Jacksomuno Research. All enzymes but
EcoRI (Promega) were purchased from New EnglandaB# as were T4 DNA ligase, Taq
DNA polymerase with Thermopol buffer. Quick loadkih DNA ladder and 100 bp DNA
ladder, iProof High-Fidelity DNA polymerase and grpolymerase were obtained from Bio-

Rad.

2.1.2Growth media and agar

Luria and Burrows (LB) medium
Broth: 10 g peptone, 5 g yeast extract, 5 g Na&3alved in 1 litre ofH.O. For agar plates,

15 g agar (1.5 %) were added.

41



CHAPTER 2

Overnight Expression Medium
Broth: 60 g of Overnight Expression Media granyldevagen) dissolved in 1 litre gH>O

with 1 % glycerol.

Terrific Broth (TB)
Broth: 12 g peptone, 24 g yeast extract, 4 ml gtgtol dissolved in 900 ml oH,O and
autoclaved. Once the media cooled to 60°C, 100 n@).8 M filter sterilized potassium

phosphate was added.

2.1.3Bacterial strains and plasmids

Table 2: Bacterial strain genotypes.

Strain Description Genotype Source
®80dlacZ AM15 mcrAA(mrr-
Used for cloning and hsdRMS-mcrBC)araD139
DH12S preparation of genomic or  A(ara, leu)7697AlacX74 galU Invitrogen
plasmid DNA galK rpsL(StrY) nupG recAl / F’

{ proAB+ lacl® lacZDM15}
Contains\ prophage carrying

the T7 RNA polymerase gene, - +
underlac promoter and B F—ompl hsd%rs” ms ) dem

BL21(DES3) contains extra copies of the Tet gal MDE3) ench Hte [argU Stratagene
RIPL Pt proL Cani] [argU ileY leuwW 9
rare codons argUu, ileY, and Strep/Spel
leuW as well as the proL
tRNA genes
[F traD36 AomgP proA™B* lagl?,
Contains the T7 RNA A(lacZ)M15] Aomprl endAl
polymerase gene under the recAl gyrA96(Nal) thi-1 hsdR17
KRX control of a rhamnose (r<’, m¢’) el4 (McrA') relAl Promega
promoter suE44 A(lac-proAB)

A(rhaBAD)::T7 RNA polymerase
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Table 3: Parent plasmids used in this study.

e Selection
Name Description Promoter marker Source Reference
. T7 RNA - Dr.l.  Moreatet al.
pIM013  GFP-cloning cassette polymerase Ampicillin Morin 2010
. T7 RNA - M. Dahdalet.
pMMOO1 His-Tus polymerase Ampicillin Moreau al., 2009
Used to insert gene
pIM033 under T7 promoter T7 RNA Ampicillin Dr. .I' Unpublished
: . polymerase Morin
region, without tag
. T7 RNA - Dr. P. Dahdah et al.
pPMS1259 Hisg-Tus-GFP polymerase Ampicillin Schaeffer 2009

2.1.40ligonucleotides

All oligonucleotides were purchased from Sigma-Addr

2.1.4.1 Primer sequences used to amplify genomiber- and oriC- containing
regions.

The sequences of the primers used to ampkfiycontaining genomic DNA regions froi.

coli strain DH12S by PCR or for gPCR analysis are shiovirable 4. These oligonucleotides
were designed to amplify a DNA fragment no londpemnt 150 bp (except farerE amplicon).
The genome of BL2OEJ3)RIPL and DH12S were not yet fully sequenced atttimee of
primer design, therefore, the primer sequences b@sed on the genomic DNA sequence of
E. coli K12 MG1655, in DNA regions where no mutation wdsserved in the B7A and
DH10B E. coli strains. Oligonucleotides were resuspended atuM0n TEso (10 mM Tris

(pH 7.5), 0.1 mM EDTA and 50 mM KCI).
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Table 4: Primer sequences for amplification of gemaic Ter- or oriC- containing regions.

Forward Primer JCU Reverse Primer JCU Amplicon
(5-3) # (5-3) #* size
(bp)
TerA CAACCATTAAACCGATTCGCGGTC72 AGTTGCGATTTCTCCCCTGG 73 145
TerB TTACCTCTGCCTGACACTACGC 74 TGTTGAGTCGGTCTACGAGATCG75 123
TerC CTGCATGTGGCACCTGTTAATGA 76 GCTGTACGTCCGTTGTGCTA 77 123
TerD GGCATGATGTCGCGCTTTTTTTAT@ GGGTATTAAGGAGTATTCCCCATGG 125

TerE GAAGTCGCCGTCTGGTTTAT 180 TACGGCGGAAGTTAATGGTC 181 172

TerF CACATCTTCGGGAGTCGGTTC 82 GGTTGAGTGGTAAACGCTGCTG 83 131
TerG CCAAGCGAGTACCCCACCAG 84 CACGGTTGTATGTTGATCTCCCA 85 142
TerH TGAAGGACAAACTGGAAACGCTGAS6 CAGACTACCGCCACCACAAT 87 148
Ter] ATTGCTGGAACGGTTGATTGCG 88 CTCGCCGTCTTTACGTAGCA 89 11€
TerJ] GACGATACGACGCACCGATG  9C CTGGTGATGCCGAACATGGAAG 91 15C
oriC CGCACTGCCCTGTGGATAACAA 92 CCCTCATTCTGATCCCAGCTTA 93 115

* JCU numbers included in this table and all thélofeing tables are the reference number of each
oligonucleotide in the Schaeffer’'s laboratory datsd

2.1.4.2 Oligonucleotides used for GFP-Basta

Oligonucleotides used for GFP-basta were designedidlude the 23 b@er or Ter-lock
sequence followed by a stabilizing 10-mer GC riegion in order to elevate théiy, values
above 70°C (Table 5). A 34 bp sequence fronoti€ of E. coliMG1255 was used as a non-
specific DNA control. All oligonucleotides were tespended at 200 uM in F&H10 mM Tris
(pH 7.5), 0.1 mM EDTA and 50 mM KCI). Complementafjgonucleotides were annealed

by heating 2 minutes at 80°C and progressivelyingalown to room temperature.
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Table 5: Ter and Ter-lock oligonucleotides used for GFP-Basta.

Ter JCU Ter-lock JCU

# #

4 AATTAGTATGTTGTAACTAAAGIGOGOGCEG 97 TATGTTGTAACTAAAGT GGGGGOGGGG 140
TerA TTAATCATACAACATTGATTTCBOCCGCOCC 98 TTAATCATACAACATTGATTTCBOCCGOCCC 98
Terp PATAAGTATGTTGTAACTAAAGIGGO0CECG 99 TATGTTGTAACTAAAGT GGGGGCGGGG 140
€rS  TTATTCATACAACATTGATTTCBCOCOGCCCC 100 TTATTCATACAACATTGATTTCBCCCGOCCC 100
¢ ATATAGGATGTTGTAACTAATBAGEGE0GCCG 101 GATGTTGTAACTAATATGGGGGCGGGG 141
TerC  ATATCCTACAACATTGATTATBOOCGOCCC 102 TATATCCTACAACATTGATTATECCCGCCCC 102
CATTAGTATGTTGTAACTAAABGSGGCGEEG 103 TATGTTGTAACTAAATG GGGGGCGGGG 142

TerD GTAATCATACAACATTGATTTBECCOGOCCC 104 GTAATCATACAACATTGATTT®OCOCGOCCC 104
TTAAAGTATGTTGTAACTAAGEISGGCGGGG 105 TATGTTGTAACTAAGCA GGGGGCGGGG 143

TerE  pATTTCATACAACATTGATTCGICOCGOCCC 106 AATTTCATACAACATTGATTCGICCCGCCCC 106
CCTTCGTATGTTGTAACGACGAEGGCGEEG 107 TATGTTGTAACGACGATEGGGGCGEEG 144

TerF  GGAAGCATACAACATTGCTGOIEOOGOCCC 108 GGAAGCATACAACATTGCTGOIBCCGCCCC 108
GTCAAGGATGTTGTAACTAAGGBGECGEGG 109 GATGTTGTAACTAACCASGGGGCGGEG 145

TerG  cpAGTTCCTACAACATTGATTGBTCCGCOCC 110 CAGTTCCTACAACATTGATT@GTCCGOCCC 110
CGATCGTATGTTGTAACTAT@CEGGECEEEG 111 TATGTTGTAACTATCTCGGGGGCGGGG 146

TerH GCTAGCATACAACATTGATAGSGCOGOOCC 112 GCTAGCATACAACATTGATAGBGOCGOCCC 112
AACATGGAAGTTGTAACTAAGGGGGCGEGG 113 GAAGTTGTAACTAACCGGGGGCGGEG 147

Terl TTGTACCTTCAACATTGATTGCCOGCOCC 114 TTGTACCTTCAACATTGATTGIEOCCGOCCC 114
ACGCAGTAAGTTGTAACTAATGGGGGCGEGG 115 TAAGTTGTAACTAATGC GGGGGCGGGG 148

Ter] TGCGTCATTCAACATTGATTATIGCCGCCCC 116 TGCGTCATTCAACATTGATTATIGCCGCCCC 116

 CCGGCTTTTAAGATCAACAACCTGGAAAGGATEA  TTTAAGATCAACAACCTGGAAAGGATCA 149
oriC  GGCCGAAAATTCTAGTTGTTGGACCTTTCCTAGd GGCCGAAAATTCTAGTTGTTGGACCTTTCC 1g

Italicized sequence corresponds to the 10-mer QB region used to elevate oligonucleotides melting
temperature.

2.1.4.3 Oligonucleotides used for SPR analysis

For SPR experiments, aller andTer-lock DNA were designed to include a single-stranded
decamer overhang after base 23 to allow their bigation to a 10 bp-long biotinylated
complementary oligonucleotide (“velcro”; Table 6kdividual oligonucleotides were
resuspended at 100 uM in 10 mM Tris (pH 7.5), 0.1 mM EDTA and 50 mM KClhé

25 ul of the oligonucleotide containing the 10-no@erhang was mixed with 50 ul of the
complementary oligonucleotides, and 175 ul of gFPBuffer (50 mM Tris (pH 7.7), 0.1 mM
EDTA, 0.2 mM B-mercaptoethanol and 250 mM KCI). Hybridization washieved by

heating at 80°C for 2 minutes followed by slow @oglto room temperature.
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Table 6: Ter and Ter-lock oligonucleotides used for SPR.

Ter JCU Ter-lock JCU

# #

AATTAGTATGTTGTAACTAAAGIGGEECGRGEG 97 TATGTTGTAACTAAAGT GGGGEGCGERE 140

TerA TpAATCATACAACATTGATTTCA 163 TTAATCATACAACATTGATTTCA 163
AATAAGTATGTTGTAACTAAAGISGGCGRGG 99 TATGTTGTAACTAAAGT GGGGGCGRGE 140

TerB T1ATTCATACAACATTGATTTCA 164 TTATTCATACAACATTGATTTCA 164
C ATATAGGATGTTGTAACTAATEAGGECGEGG 101 GATGTTGTAACTAATAT GGGGGCGGRE 141
TerC T ATATCCTACAACATTGATTATA 165 TATATCCTACAACATTGATTATA 165
CATTAGTATGTTGTAACTAAATESGGCGEGG 103 TATGTTGTAACTAAATG GGGGGCGGRE 142
TerD GTAATCATACAACATTGATTTAC 166 GTAATCATACAACATTGATTTAC 166
TTAAAGTATGTTGTAACTAAGEIGECGEGE 105 TATGTTGTAACTAAGCA GGGGGCGGGE 143

TerE ppATTTCATACAACATTGATTCGT 167 AATTTCATACAACATTGATTCGT 167
CCTTCGTATGTTGTAACGACGABGGCGEGG 107 TATGTTGTAACGACGAT GGGGGCGEGE 144

TerF GGaAAGCATACAACATTGCTGCTA 168 GGAAGCATACAACATTGCTGCTA 164
GTCAAGGATGTTGTAACTAAGGBGGCGEGG 109 GATGTTGTAACTAACCA GGGGGCGGERE 110

TerG cpGTTCCTACAACATTGATTGGT 169 CAGTTCCTACAACATTGATTGGT 145
CGATCGTATGTTGTAACTATAXGGGOGEGG 111 TATGTTGTAACTATCTC GGGGGCGERE 112
TerH GcTpAGCATACAACATTGATAGAG 170 GCTAGCATACAACATTGATAGAG 146
Terl AACATGGAAGTTGTAACTAAGGGGGCGEGE 113 GAAGTTGTAACTAACCG GGGGGCGERE 114
erl TTGTACCTTCAACATTGATTGGC 171 TTGTACCTTCAACATTGATTGGC 147
T, ACGCAGTAAGTTGTAACTAATGGGECGEGE 115 TAAGTTGTAACTAATGC GGGGGCGGGE 116
er] TGCGTCATTCAACATTGATTACG 172 TGCGTCATTCAACATTGATTACG 148
Velcro Biotin-CCCCGCCCCC 173

The italicized sequence is the complementary stodrible velcro used to immobiliZeer andTer-lock sites on
NLC chips.

2.2 Methods

2.2.1Construction of plasmids
2.2.1.1 Preparation of plasmid DNA

E. coli DH12S was used routinely as host strain during tcoogon of plasmids. Fresh
overnight cultures of DH12S cells carrying the piab of interest were harvested by
centrifugation. Plasmid DNA was extracted and pediffrom DH12S cells using the
Nucleospin plasmid kit (Macherey-Nagel) and proedssccording to manufacturer’s

instructions. Plasmid DNA was eluted from the smtumn in 30 pl of elution buffer.
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2.2.1.2 Preparation of genomic DNA

Genomic DNA was obtained froi. coli DH12S cells grown in 2 ml LB broth overnight at
37°C and harvested by centrifugation. Genomic DNAswdirectly extracted using the
Wizard genomic DNA purification kit (Promega) acdimg to manufacturer’s instructions.
The DNA was recovered from isopropanol and ethanetipitation by adding 100 ul of TE
(20 mM Tris (pH 7.5), 0.1 mM EDTA) or TBS (20 mMi$rpH 7.5, 150 mM NaCl) and
incubating the mixture at 65°C for 1 hour. The DMAality was verified by agarose gel

electrophoresis and quantified using Nanodrop.

2.2.1.3 Polymerase chain reaction

The polymerase chain reaction (PCR) was used tdifgntp.coli genes from strain DH12S
genomic DNA for subsequent cloning or to ampliigr- andoriC-containing regions for the
gPCR-DNA binding assayc{ Table 4 and Table 7 for primer sequences). A BipRCR
reaction (50 pl) contained 1 ng of genomic DNA wth in autoclavedqH.O, 1X iProof
High-Fidelity DNA polymerase buffer, 2 units of daf High Fidelity DNA polymerase
(Bio-Rad), 200 uM dNTP and specific primers at 30@ each. The protocol consisted of a
denaturation step of 30 s at 98°C, followed by $€las at 98°C, 10 s, 60°C, 10 s, and 72°C,
10 s (according to amplicon size), and a final esien step at 72 °C for 5 minutes. Product

size was verified by agarose gel electrophoresis.

2.2.1.4 Agarose gel electrophoresis

DNA fragments were routinely separated using a dg#rose gel. Agarose | gel/TBE blend 2
% (Amresco) powder was dissolved in 0.5X TBE. Gmistained Gel Red (1X) to enable
visualisation of DNA under UV light. DNA samples mgein 1X DNA loading dye (50 mM

EDTA, 10 % glycerol, bromophenole blue). One micerg of either 1 kbp DNA ladder
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(NEB) or 100 bp DNA ladder (NEB) was loaded on gie¢s according to the size of the DNA
fragment to be analyzed. Gels were run in TBE (88 mM Tris, 90 mM boric acid, 3 mM
EDTA) at a constant voltage of 120 V using the P&ae (Bio-Rad). DNA was visualised

using a 302 nm transiluminator or a molecular Ima&je-Rad Gel Dof” XR System.

2.2.1.5 Cloning

The dnaA andssbgenes were obtained by PCR amplification of DH§28omic DNA ¢f
section 2.2.1.2) using primers designed to incagoenzyme restriction sites for subsequent
cloning into either pET-GFP (pIM013) or PelB-TusIMi®33; Table 7). The pET-GFP
cloning cassette encoding an N-terminalgHiégy and a C-terminal GFP-tag was used to clone
dnaA-gfp and ssb-gfp (Moreau et al., 2010, Morin et al., 2012). Theemdative vector
pIM033 was used to clomr#naAandssbunder the control of the T7 promoter (Table 7 and

Table 8).

Table 7: Primer sequences for PCR amplification ofenes of interest and restriction sites.

Protein Forward primer  Restriction Reverse primer Restriction
of (5-3) site (5’-3) site JCU#
interest
AAAAAACATATGGCC AAAAAAGAATTCTTAGAAC
SSB AGCAGAGGCGTAAAC Ndel = GGAATGTCATCATCAAAGT EcoRl 235/236
AAG( CCAT(
AAAAAAGATATCGCC AAAAAAGCTAGCGAACGGA
SSB-GFP AGCAGAGGCGTAAAC EcoRV ~ATGTCATCATCAAAGTCCA Nhel 218/219
AAGG TC
AAAAAACATATGTCA AAAAAAGTCGACTTACGAT
DnaA  CTTTCGCTTTGGCAG Ndel = GACAATGTTCTGATTAAAT  Sall 237/238
CAGTGTC TTG
DnaA.  AAAAAACTTAAGTCA AAAAAAGCTAGCCGATGAC
CTTTCGCTTTGGCAG  Aflll AATGTTCTGATTAAATTTG  Nhel 275/276

GFP  cacTGTC

Underlined sequences correspond to enzyme restrisiies.

PCR products and vectors were separately digestadiive restriction enzymes specified in

Table 7 in the reaction buffers recommended byntla@ufacturer (New England Biolabs).

48



CHAPTER 2

Double digests were carried out in compatible bsfféor both restriction enzymes or
sequentially allowing for buffer compensati@enerally, 50 pl digest reaction mix contained
1 pgof purified DNA (insert or vector), 1X enzyme sgecibuffer, 2 units of restriction
enzyme and BSA when required. Digestion controlsewsarried out in 20 pl reaction mix
and all samples were incubated for 1 hour at tlm®menended temperature. Digestion
reactions were loaded into a 1 % agarose gel in aBE20 V. Digestion of pIM33 with
Ndel/Sall or with Ndel/EcoRExcised the pelB-Tus sequence. DNA fragments afrést
were excised from agarose gel using a sterile stalpde under a 302 nm transilluminator
and extracted from the agarose using the AxyPrepA DOg¢l extraction kit (Axygen
Biosciences) following manufacturer’s instructiomfe DNA fragments were eluted twice in
30 pl elution buffer.

A fraction of purified insert and vector was arrag on a 1 % agarose gel to
determine the amounts to use for ligation. Two tiga mixtures (10 pl) were prepared
containing either 1:1 or 1:3 insert to vector ratimd 400 units of T4 DNA ligase (NEB). A
control ligation was set up containing only the editpd vector and T4 DNA ligase. All
ligation mixtures were incubated at 16°C overnidfite following day, 50 pl of chemically
competentE. coli DH12S cells were transformed by heat shock with 10 pl of ligation
mixture as described in section 2.2.2. Positivedi@rmants were selected on agar plates
supplemented with ampicillin (100 pg/ml). Severahsformants were transferred to a small
starter culture grown at 37°C to late log phaspuify plasmid DNA as described in section
2.2.1.1. Correct DNA insertion was then verifieddsyzyme digestion on the freshly isolated
plasmid using the appropriate restriction enzymes €utting in the insert). Alternatively,
transformants were screened by colony PCR as folosingle colony was transferred with a
sterile plastic loop on a new LB agar plate contgjrantibiotics (master plate) and to a PCR

tube. A PCR master mix was prepared for the nurob&olonies screened containing 0.5

49



CHAPTER 2

UM of each specific primer, 1X Tag DNA polymerasdfér, 200 uM dNTP mix (total) and
2.5 units of Taq polymerase (10 pl per reactioffje PCR protocol consisted of a
denaturation step of 30 s at 95°C, followed by $€les of 10 s at 95°C, 10 s at 60°C, 10 s
(depending on amplicon size) at 68°C and a fin&msion step of 5 minutes at 68°C. Band
size was verified by agarose gel electrophoressifiéd plasmids (Table 8) were sequenced
at the Australian Genome Research Facility (AGR¥&quencing reactions contained 10 pl

of purified plasmid and vector primer(s) at 0.7 |@fivial concentration).

Table 8: Recombinant plasmids.

Plasmid Protein Parent
Name Encoded plasmid Reference

. Moreau et
pMMO084 His-SSB-GFP pIMO13 al., 2012
pMMO085 SSB pIM033 Unpublished
pMM200 DnaA pIMO33 Unpublishe:

. Moreal et
pMM220 His-DnaA-GFP pIM013 al., 2012

2.2.2Bacteria transformation
2.2.2.1 Chemical competence

E. coliDH12S, BL21DE3)RIPL or KRX cells were grown in 10 ml LB broth qalpmented
with the appropriate antibiotics at 37°C until g@Preached between 0.4 and 0.8. Cell
cultures were transferred to ice and centrifuged ml aliquots at 4°C for 30 s at 6,090
(Microfuge 22R centrifuge, Beckman Coulter). Cellsre washed once in 1 ml ice cold
CCMB (80 mM CaGl, 20 mM MnCh 10 mM MgCh, 10 mM K-acetate, 10 % glycerol
(v/v)). Following a centrifugation step, cells weesuspended in 1 ml ice cold CCMB and 50

pl aliquots were snap-frozen in liquid nitrogenngpetent cells were stored at -80°C.
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2.2.2.2 Heat shock transformation

Competent cells (50 pl) were thawed on ice and afdurified plasmid DNA or 10 pl of
ligation mixture was added and incubated on ice3fdominutes. Cells were heat-shocked at
42°C for 30 s for KRX cells and 1 minute for DH186BL21(DE3)RIPL cells. Cells were
placed back on ice for two minutes before adding 4bof LB broth. Cells were grown for 1
hour at 37°C and 50 ul were streaked on LB agdegpleontaining the selective antibiotic(s).

The plates were incubated overnight at 37°C.

2.2.3Large scale protein expression and purification

E. coliBL21(DEJ)RIPL was used for overexpression of ¢tiagged Tus, Tus-GFP and GFP
and strain KRX was used to express DnaA, SSB asid @FP-tagged homologuef(Table 2

for strain genotypes).

2.2.3.1 Protein overexpression

A fresh overnight culture of BL2ZDE3)RIPL carrying either HisTus, His-Tus-GFP or
Hiss-GFP encoding plasmids was used to inoculate 106fr@vernight Express Instant TB
Medium (Novagen) supplemented with ampicillin (1Q@/ml) and chloramphenicol (50
pg/ml). Cells were grown at 37°C until @20.5 and then shaken at 16°C for 60 hours.

KRX cells transformed with pMM200 (DnaA) or pMM22DnaA-GFP) were
streaked onto LB agar plates supplemented withpdg@dthl ampicillin and 0.4 % glucose and
incubated overnight at 37°C. Single colonies whentstreaked on a master plate and grown
for a further 6 hours at 37°C. A loop of bacterani the master plate was used to inoculate
100 ml of LB broth supplemented with ampicillin @@g/ml) and incubated overnight at
25°C (230 rpm). For DnaA overexpression, the temjpee was slowly increased to 37°C

and protein expression was induced ats§2.8 with 0.1 % rhamnose (final concentration)
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for 3 hours. DnaA-GFP expression was induced at X6f a further 24 hours to increase the
proportion of folded and soluble proteins.

Starter cultures of KRX cells carrying the plasmittoding SSB or SSB-GFP were
used to innoclutate 100 ml of terrific broth suppénted with 100 pg/ml ampicillin. The
culture was incubated at 37°C (230 rpm) until .8-1 after which the temperature was
decreased to 16°C or 25°C for SSB-GFP and SSB cteply and protein expression was
induced with 0.1 % rhamnose (final concentratioo) 24 hours. All cell cultures were
harvested by centrifugation at 4°C for 30 minute8@0 g (Eppendorf centrifuge 5810R).

Cell pellets were snap-frozen in liquid nitrogem atored at -80°C until purification.

2.2.3.2 Purification of replisomal proteins

Cells from 100 ml of culture (~3 g) were thawedio& and resuspended in their respective
lysis buffer at 7 ml/g. DnaA expressing cells weesuspended in DnaA buffer (50 mM
HEPES-KOH (pH 7.6), 1 mM EDTA, 1 mM-mercaptoethanol, 20 % sucrose (w/v))
supplemented with 625 mM KCI and 20 mM spermidideaA-GFP expressing cells were
resuspended in DnaA-GFP buffer (DnaA buffer suppleted with 200 mM KCI and 10 mM
MgCl,) containing 20 mM spermidine. The presence of M@CDnaA-GFP buffehelped
solubilizing the recombinant proteins. SSB lysidféau (50 mM Tris (pH 7.8), 1 mM
NagEDTA, 0.2 M NacCl, 10 % sucrose (w/v) and 15 mM spigine) was used to resuspend
SSB and SSB-GFP expressing cells. All cell suspassivere lysed by two passages in a
French press at 12,000 psi and the soluble lysateowllected by centrifugation at 39,00
for 30 minutes at 4°C (Beckman Coulter Avanti J>2@ centrifuge). All following steps
were carried out at 4 °C.

Tus, Tus-GFP and GFP proteins were affinity pedfusing Profinity IMAC nickel-

charged resin (Bio-Rad) as described in Dahdah é2@09). Proteins were eluted with 200

52



CHAPTER 2

mM imidazole and precipitated by adding ammoniufasel (0.5 g/ml of lysate) followed by
a centrifugation step at 30,090or 30 minutes (Microfuge 22R, Beckman-CoultemptBin
pellets were resuspended in buffer A (45 mMIRO;, 5 MM NabBPO, (pH 7.8), 2 mMp-
mercaptoethanol and 10 % glycerol).

The DnaA proteins were precipitated from the lgshy addition of ammonium
sulphate (0.20 g/ml) and collected by centrigutatid 30,000y for 30 minutes (Microfuge
22R, Beckman-Coulter). The protein pellet was dissb in 10 times the initial lysate
volume in DnaA-MN buffer (DnaA buffer supplementaith 10 mM MgCL and 50 mM
NacCl) to dilute residual ammonium sulfate and K@dl allow binding of proteins to Macro-
Prep High S support resin (Bio-Rad). Equilibratedim (3 ml for 270 ml of 10 times diluted
lysate) was incubated with the lysate with gentéation for 1 hour before transfer into a
glass column (Econo-column, 2.5 x 20 cm Bio-Radie Tolumn was washed 5 times with 3
ml of DnaA-MN buffer and the protein was elutediw@ times 3 ml of DnaA elution buffer
(DnaA buffer supplemented with 10 mM MgCand 1 M NacCl). Protein fractions were
concentrated by ammonium sulfate precipitation (@l) followed by centrifugation at
30,0009 for 30 minutes. Protein pellets were re-solubdiae DnaA buffer.

DnaA-GFP lysates were passed twice through a glalssnn (econo-column, 2.5 x
20 cm Bio-Rad) packed with 3 ml of Profinity IMACickel-charged resin (Bio-Rad).
Contaminant proteins were washed with 3 times 3ofmDnaA-GFP wash buffer (DnaA
buffer supplemented with 10 mM imidazole) and thetgins were eluted from the column
with 3 ml DnaA-GFP elution buffer (DnaA buffer supmented with 200 mM imidazole).
Proteins were precipitated with ammonium sulpha@e5 (g/ml). After 30 minutes
centrifugation at 30,008, protein pellets were resuspended in DnaA buffer.

To purify SSB, polymin P was added drop by droghie lysate (0.4 %) to precipitate

all DNA bound proteins. After centrifugation at B00g for 30 minutes, the pellet containing
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SSB proteins was resuspended in TGE buffer (50 mis1(pH 8.3), 1 mM NgEDTA, 20 %
glycerol (v/v), 0.4 M NacCl). Insoluble material wesntrifuged for 20 minutes at 6,09@nd
soluble SSB was precipitated by adding ammoniunfatul(0.15 g/ml). Protein pellets
obtained after centrifugation at 30,09@or 30 minutes were dissolved in SSB resuspension
buffer (20 mM Tris (pH 8), 0.5 M NaCl, 1 mM NaDTA, 10 % glycerol (v/v), 1 mM-
mercaptoethanol). The SSB-GFP proteins were dyreelftracted from the lysate by
ammonium sulphate precipitation at 0.2 g/ml andemasuspended in 50 mM phosphate
after centrifugation (pH 8). All proteins samplegr& snap-frozen in liquid nitrogen and

stored at -80°C.

2.2.4Protein separation and analysis
2.2.4.1 SDS-PAGE analysis of proteins

Protein samples were separated and analyzed omthvSDS-PAGE gels using the Mini-
Protean 3 cell (Bio-Rad) gel apparatus. Gels wespared by mixing 4.2 ml of 12.5 % Next
gel solution (Amresco) with 30 pl of 10 % ammonipersulfate (APS) and 3 pl of TEMED.
The solution was poured into the gel cast plateslaft to polymerize at room temperature
for 30 minutes. Protein separation was carriedvatit Next gel running buffer (Amresco).
Alternatively, a 10 % SDS-PAGE was prepared withyl#ois stacking and resolving gel
(Amresco). For a 0.75 mm gel, 3.5 ml of resolvired golution (10 % Acryl/bis 29:1, 40%
(w/v) solution (Amresco), 250 mM Tris (pH 8.8), 0% SDS, 0.1 % APS and 0.1 %
TEMED) was poured and sealed wiH,O to allow polymerization. The water layer was
removed and 1.5 ml of stacking gel (5.3 % Acryl/B&1, 40% (w/v) solution (Amresco),
125 mM Tris (pH 6.8), 0.1 % SDS, 0.1 % APS and @ ITEMED) was poured over the
resolving gel. The gel was set for 30 minutes atrdemperature and run with Tris-Glycine

buffer (25 mM Tris, 200 mM glycine, 0.1 % SDS). ®ios samples were mixed with 2X
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sample loading buffer (125 mM Tris (pH 6.8), 20 %cgrol. 4 % SDS, 0.005 %
bromophenol blue) and heat denatured for 5 minate85°C. For protein induction gels,
aliquots of cell cultures taken before and aftelurtion were centrifuged and the cell pellets
were resuspended in a given volume of 2X sampldingabuffer to obtain a cell suspension
concentration equivalent to an @pof 10. After heat denaturation (5 minutes at 95869
vortexing, 10 ul of cell suspension was loaded dhtogel and separated at 120 V (NEXT
GEL) or 150 V (resolving and stacking gel). Prosebands were stained with a Coomassie
staining solution (50 % Methanol, 10 % acetic addd)5 % Brilliant blue R) and the
background was destained with a solution of 10 #tia@cid and 40 % propan-2-ol until

clear.

2.2.4.2 Bradford assay

The concentration of proteins was measured by Brddhssay using the Bradford reagent
(Sigma). The standard was established using 05,512 and 3 pul of BSA stock solution at
10 mg/ml into 750 pl of Bradford reagent. After @thutes at room temperature, bwas
measured with a SmartSpec 3000 (Bio-Rad) and theetdration of the unknown sample
was determined according to the linear regressibtaimed with the BSA standard in

Microsoft Excel.

2.2.4.3 Fluorescence assay

The concentration of Tus-GFP was determined usingua-GFP sample of known
concentration as standard. Tus-GFP standard wéslysetiluted in a black 96-well plate
(Nunc) and the fluorescence was measured usindglubesscence plate reader Victor V

(Wallace Perkin-Elmer) with 355/535 nm excitationdaemission filters (+/- 40 nm). The
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concentration of the unknown sample was determimazbrding to the linear regression

performed on the Tus-GFP standard in Microsoft Exce

2.2.4.4 Western blot analysis

SDS-PAGE gelsdf section 2.2.4.1) were directly transferred intssfar buffer (12 mM
Tris, 9.7 mM Glycine, 0.037 % SDS, 25 % methandtgraelectophoresis. Immuno-blot
PVDF membrane (Bio-Rad) was activated for 10 sG@ % methanol prior to immersion in
transfer buffer with Xtra thick blot papers (Bio-dRaPads, membrane and SDS-PAGE were
assembled in a Trans-blot SD semi-dry transfer d@&io-Rad) and subjected to
electrophoresis for 20 minutes at 15 V. The PVDnio@ne was then blocked with PBST
(10 mM sodium phosphate (pH 7.4), 150 mM NaCl, @05 ween) containing 5 % skim
milk powder (50 ml per gel) for 1 hour at room tesrgture. Antibodies (primary and
secondary) were diluted in PBST with 1 % skim n{il® ml per gel) and incubated with the
PVDF membrane in a sealed plastic bag for 1 houroatm temperature under gentle
agitation. The PVDF membrane was washed 3 timem6&tas in PBST between primary and
secondary antibody incubations and between secpraddibody and revelation. Fast 3,3'-
diaminobenzidine (DAB) tablets set (Sigma) weresdliged in 5 mlygH,O in the dark and
applied to the washed PVDF membrane to reveal bodRP-conjugated secondary
antibody. The membrane was covered with aluminuihféo 5 minutes and DAB was
washed off the membrane with PBST. Membranes vwedrtoldry overnight in the dark and

were scanned the following day.

2.2.5Production and purification of polyclonal antibodies
2.2.5.1 Immunization of chickens Gallus gallug and collection of anti-sera

Purified Tus, SSB and DnaA proteinsf Section 2.2.3) were diluted to 2 pg/ul in their

respective bufferaf section 2.2.3.2) and mixed with an equal volum&miulsigen adjuvant
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(MVP technologies). Each chickeG#llus gallug received 100 pg of purified proteins (100
pl of proteins in adjuvant) per injection in breasuscles using a 26G needle. The

immunization and bleeding schedule was as follows:

Table 9: Chicken immunization schedule.

Immunization Day Bleeding
0 Pre-immune serum collection
Primary 0
1°' boos 14
2"° boos 28
35 Bleeding :
42 Bleeding :
3 boost 81
85 Bleeding 3

The blood was collected from the wing vein using3& needle. A small volumes 100 pl)

of tri-sodium citrate was present in the needlsléav down the coagulation of chicken blood
and enable blood collection. Collected blood wétsdieroom temperature for an hour prior to
centrifugation at 37@ for 5 minutes at room temperature. The sera (sapent) were mixed

with an equal volume of 100 % glycerol and stored?@°C until purification.

2.2.5.2 1gY purification

The sera were ammonium sulphate precipitated ag/m2for 1 hour on ice and centrifuged
at 30,000g for 30 minutes at 4°C. The pellet was resusperidefiltered PBS (10 mM
sodium phosphate (pH 7.4), 150 mM NaCl) supplentenith 10 % (bleeding 1 and 2) or 50

% (bleeding 3) glycerol.
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2.2.6 GFP-Basta

The development and validation of GFP-Basta ismil@sd in Chapter 3. The detailed method
and buffers used are described in section 3.2, Pftein samples were denatured in low-
profile 0.2 ml PCR tubes with caps (Bio-Rad) inhartmocycler (MyCycler, Bio-Rad). The

protein florescence was measured in black 96-wiatep (Nunc) with a fluorescence plate

reader (Victor V Wallace Perkin-Elmer).

2.2.7DSF-GTP assay

The differential scanning fluorescence of GFP-taggeoteins (DSF-GTP) was developed
and validated in Chapter 5. The detailed methoegslascribed in section 5.2.2, p110. All the
experiments were performed with the 1Q5 iCyclerod®ad). The automatic peak recognition

program was run with the RStudio interface.

2.2.8qPCR DNA-binding assay
The gPCR DNA-binding assay was developed in Chapi@nd the detailed procedures can
be found in section 6.2.2, p126. The streptavidatgs (Thermoscientific, Reacti-BindTM
Streptavidin coatded HBC black 96-well plates), bieginylated goat anti-GFP antibody (Ab

6658; Abcam) and the 1Q5 iCycler (Bio-Rad) weredus® the gPCR DNA-binding assay.

2.2.9SPR
The ProteON XPR36 and NLC chips (Bio-Rad) was usedetermine the kinetics of Tus
binding toTer sites at 20°C. The detailed procedure is includeGhapter 4 section 4.2.3,
p83. The max RU value was checked for each measuteroutliers were removed and the

average of alk, andky measurements were used to determindgéky/k,).
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2.2.10 Chromosome immunoprecitation (ChIP)

ChIP was performed in a microplate (96-well Maxigocoated with goat anti-GFP 1gG
(Abcam; Ab6673) to capture GFP-tagged proteinqtdrest from exponentially growirtg.

coli cells. The method is detailed in Chapter 7 secfi@n3, p139.
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Chapter 3: Quantitative determination of protein stability and ligand
binding using a green fluorescent protein reportesystem

This chapter has been published in Molecular BitSys (Moreau, M. J., Morin, I. &
Schaeffer, P. M) and describes the validation né& method developed to characterise Tus-
Ter complexes in high-throughput. In this artidlee technique was validated using Tus and
two other proteins, namely the glycerol kinase (GEhd the chloramphenicol
acetyltransferase (CAT) from E. coli. Only the dakdained for the Tus protein are included

in this chapter as the GK and CAT cloning and peaiions were generated dy Dr |. Morin.

3.1 Introduction

The stable conformation of proteins or native staigbtained by interactions between amino
acids forming secondary structure motiéshelicesp-sheets or random coils) held together
by hydrogen bonds, as well as hydrophobic and iori@ractions to form the tertiary folded
structure. These intra-molecular contacts drive ftilding pathway of proteins to a final

native structure corresponding to the lowest Gibbs energy conformation (Anfinsen, 1973,

! This chapter contains data published in Moreau,JM.Morin, I. & Schaeffer, P. M. 2010. Quantitativ
determination of protein stability and ligand bimgiusing a green fluorescent protein reporter systdol
Biosyst, 6, 1285-922 Moreau, M. J. and Schaeffer, P. M. 2012. Diffei@nTusTer binding and lock
formation: implications for DNA replication termitian in Escherichia coliMol Biosyst,8, 2783-91.
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Clark, 2004, Dobson et al., 1998). The measureaiem stability is therefore a measure of
the energy engaged in all these interactions. Ugamd binding, the newly formed inter-

molecular interactions add to the native energiestad contribute to the total stability of the
protein (Brandts and Lin, 1990, Schellman, 197&8he and Freire, 1992).

Currently, methods such as differential scanniatprimetry (DSC; Jelesarov and
Bosshard, 1999) isothermal denaturation (ITD; Semia et al., 2008), differential scanning
fluorimetry (DSF; Ericsson et al., 2006, Niesemlet2007, Pantoliano et al., 2001, Senisterra
and Finerty, 2009, Vedadi et al., 2006) and ligtgtering (Leung et al., 1996, Senisterra et
al., 2006, Vedadi et al., 2006) can be used to ureabe increase in thermal stability of a
protein upon binding to a ligand, drug, or inhibitdhe ligand-dependent changeTin(ATy)
is directly proportional to the concentration arw the binding affinity of the ligand
(Jelesarov and Bosshard, 1999, Lo et al., 2004,uldaet al., 2005). These methods
determine the stability of a protein by measuringe tfraction of folded or
unfolded/aggregated protein as a function of timdemperature. DSF is one of the most
promising technologies used for high-throughput XHharacterization of protein stability
and ligand binding, as it is adaptable to any delyivotein even without known function.
Unfortunately, neither DSF nor the remainder ofie denaturation based methods can be
used with partially purified or mixtures of protsinas they cannot identify which of the
proteins in the mixture is unfolding.

In order to compare the affinity of Tus for alht€er sites and circumvent the above
mentioned issues, | developed a fast and sinmplétro method using the green fluorescent
protein (GFP). GFP was used as a reporter systequdatify the stability of a partially
purified protein and its ligand-associated staétlan. GFP is a very stable protein that has
previously been fused to proteins of interest (P@smonitorin vivo protein folding and

solubility (Waldo, 2003, Waldo et al., 1999). A dian in vivo assay was also designed for
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the screening of A peptide aggregation inhibitors (Kim et al., 2008gre, the GFP-based
protein stability assay (GFP-Basta) takes advantHdgthe fact that most proteins, when
subjected to thermal denaturation, follow an urifaidpathway leading to irreversible
aggregation as illustrated by the reaction cootditdagram (Figure 9A; Chi et al., 2003).
The hypothesis was that if GFP was to be used ssparter of protein unfolding and
aggregation, then the unfolding of the POI and @Bmains in the fusion protein should be
totally uncoupled (independent unfolding) to avaifluencing each-other’'s unfolding
kinetics (FigureoB). Also, if the aggregation process has been ceta@] then the
measurement of the residual population of foldemtgins (non-aggregated) could simply be
determined by measuring the fraction of proteint tremains soluble Fgq) after heat
treatment. Consequently, the thermal stabilityhaf POI could directly be obtained through
the measurement of the fluoresceniy of the GFP fusion protein after heat denaturation.
this simple case, the apparent aggregation ratstaotk.qq reflects the unfolding kinetics of
the POI as the rate-limiting step is the unfoldimgpcess. As a result, the full range of
physical and chemical conditions where GFP is stabl fluorescent can be used to monitor
the aggregation properties of a less stable PQU(Ei9B).

This chapter describes the validation of a newntla¢ stability assay capable of
guantitatively determining the thermal stabilityaoPOl in the presence of other proteins and
rank protein ligands according to th&ig. It requires neither special equipment nor extensi

purification steps.
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Figure 9: Principle of GFP-Basta. (A) Reaction codtinates of irreversible protein aggregationAG* is the

change in free energy of activation (Chi et al., ZB). (B) Principle of GFP-Basta. The thermal
denaturation of POI-GFP fusion proteins produces éeterogeneous population of folded and denatured
fluorescent proteins. The fraction of denatured preeins forms aggregates, which are further discarded

from the solution to allow the measurement of theduble fraction Fyq.

Three well characterized proteins, the monomeridABfihding protein Tus (Kamada et al.,

1996), the trimeric chloramphenicol acetyl trana$er (CAT; Panchenko et al., 2006) and the
tetrameric glycerol kinase (GK; Koga et al., 2008prner and Paulus, 1973) were used to
validate GFP-Basta, but only the results obtairdlius and its ligands are reported in this

chapter ¢f Moreau et al., 2010 for additional validation dadth GK and CAT).
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3.2 Material and methods
3.2.1Protein expression and purification
The plasmid encoding HiSTus, Hig-Tus-GFP, and HisGFP were previously described
(Dahdah et al., 2009, Ozawa et al., 2005). Theetpreteins were expressed and purified as
described in Dahdah et al. (2009). After ammoniwtfiage precipitation the proteins were
resuspended in buffer A (45 mM M&PO,, 5 mM NalPO, (pH 7.8), 10 % glycerol (v/v), 2
mM B-mercaptoethanol). The purity of proteins was assdkdy SDS-PAGE (NEXT-GEL

Amresco,cf section 2.2.4.1 p54) and band quantification ushegyimage analysis software

ImageJ kittp://rsbwed.nih.gov/i)/

3.2.2DNA ligands

Ter oligonucleotides were obtained from Sigma andtedun Tk (10 mM Tris (pH 7.5),
0.1 mM EDTA, 50 mM KCI). DNA ligands were preparby heating at 80°C for 2 minutes
followed by slow cooling of complementary pairs aigonucleotides. These DNA ligands
correspond to previously described sequences (lmeléy with the exception that they have
each been extended with a GC rich dsDNA regionrdeto obtainT, values above 70°C
for each of them. Sequence details along with thespectiveKp values (Mulcair et al.,

2006) are listed in Table 10.

3.2.3Determination of thermal aggregation profiles andT 544

Samples (6 or 10 pl) of Tus, Tus-GFP and GFP (10gabh final concentration) were mixed
and incubated in a thermocycler (MyCycler, Biorad) on algorithm measurement for 15 pl
sample volume for 5 minutes along a temperatur@igna from 38 to 53.5°C. Protein

concentrations were typically between 10-13 uM inffdr A (cf section 3.2.1). After
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incubation, reactions were stopped by transferiregsamples to ice for 10 minutes prior to
centrifugation at 18,009. for 20 minutes at 4°C in a Beckman Coulter céunge (rotor:
F12x8.2). The supernatants (3 or 5 pl) were theyaad by SDS-PAGE (10 % NEXT-GEL
Amresco). The gels were illuminated on a transilhator at 365 nm followed by Coomassie
blue staining. Coomassie-stained protein bandssponding td=;,q were integrated using

ImageJ fittp://rsbwed.nih.gov/i)) normalized against the fluorescence of an utddeéut

centrifuged sample and plotted against the temperaTo determine th€,gg at which 50 %
of proteins were aggregated, the thermal aggregatiofile data were fit to the following

sigmoid function:

1
Tagg—T)

1+e ¢

Froia =1—(

whereFq is the normalized fluorescence intensity at tempee T, andc is the Hill slope
factor. In the presence @krB, the change in aggregation transition temperafiligg could

be calculated as follows:

ATagg = lagg(Tus—GFP-Ter) — Tagg(Tus)

3.2.4S Method

The S method refers to the use of a spectrofluotenier fluorescence measurement. Protein
samples (6-10 pl) were incubated along a temperaguadient in a thermocycler for 5
minutes for the determination dkgg Or in isothermal conditions and increasing times t
determinekagg After heat treatment and centrifugation as descriabove, half the volume of
the supernatant was transferred to a black 96pl@ié (Nunclon), diluted with buffer A and
the fluorescentiq was determined with a fluorescence plate readést@V V Wallace
Perkin-Elmer). The excitation and emission filtasere set at 355 nm and 535 nm

respectively, with 40 nm band-width. Data were ralized against the fluorescence of an
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untreated but centrifuged sample. To evaluate ffezteof additives, Tus-GFP (13M) or
GFP (control, 1gM) in buffer A were mixed with equal volumes of feifent additives in
water. To determine the effect of DNA ligands, teat samples containing 5.4 pl of Tus-
GFP (11uM in buffer A supplemented with 272.2 mM KCI) and QI of DNA ligand (100
uM in TEso, pH 8) or TEyo (pH 8) for the control were incubated 10 minute@&(C to allow
complex formation prior to the heat denaturati@psReaction volume was L0and 5ul of
the soluble fraction was analyzed by plate reatter aentrifugation. Thégg (s*) measured
the loss of fluorescence of the soluble fractiorpaiteins over time. Thk,yg values were
determined by the exponential fit of normaliZzggly as follows:

Frorq = e Fasg)t

wheret is the time in seconds.

3.2.5EMSA
A modified version of an electrophoretic mobilityift assay (EMSA) was used to determine
the Tagg Of Tus-GFPTerB complex. Briefly, equal volumes of Tus-GFP (1@ in buffer A)
andTerB (100uM in TEsg) were mixed, diluted 5 times in buffer A and inatdd at 25°C for
10 minutes. The samples (8 ul) were heated in anibeycler at the specified temperatures
for 5 minutes followed by 10 minutes on ice. Trelasamples were loaded ) onto a 1 %
TBE-agarose gel where tlftg,q of complexes were separated from the fractionggfegated
proteins Eagg) at 80 V for 20 minutes. Here, the bindingTarB to the Tus-GFP induces a
shift in electrophoretic mobility of the complexwards the anode, whereas, unbound Tus-
GFP (i.e. aggregated) stays in the wells. GFP ésmence was detected at 365 nm and
integrated with ImageJ to determine thgy of Tus-GFPTerB which showed increased
mobility towards the anode. THggg of Tus-GFP was obtained in the same buffer withSh
method to determine thiT .y
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3.3 Results

3.3.1Design of the model fusion proteins

The fusion construct consists of an N-terminalH®! domain followed by a minimal
LGSGGH linker sequence and a C-terminal GFP. Tikel was first used for the
construction of a fully functional Tus-GFP fusiomofein to develop a TT-lock-based
immunoPCR system (Dahdah et al., 2009). Tus bin@i tbpTerA-Jsequences (Kamada et
al., 1996, Mulcair et al., 2006, Neylon et al., 28p@nd the association and dissociation rate
constants of complex formation can be altered byatmg theTer sequence, providing an
invaluable tool to evaluate the effect of ligantirdéfy on Tus stability using GFP-Basta. The
GFP was chosen due to its high excitability in tié and its extreme stability in various
conditions. The limits of GFP-Basta are therefoepahdent on the stability of GFP in the

various tested conditions.

3.3.2Principle and validation of the GFP reporter system

To show that the POI and GFP domains unfold indégetly, the respective stabilities of
Tus, Tus-GFP, and GFP were compared by incubatmeg proteins for 5 minutes at
temperatures ranging from 25 to 53.3°C followedabgooling and centrifugation step to
remove protein aggregatdSeq was then determined by SDS-PAGE in order to meathe
residual fraction of wtTus. For this experimentuaigamounts of the three proteins were
mixed to avoid variations in buffer composition gmtein concentrations. Thigyg values
(temperature at which 50 % of proteins are aggesjdtom the thermal aggregation profiles
for Tus and Tus-GFP were 45.4 and 44.2°C respdgtiffeigure 10B). The same was

observed for CAT, GK and their GFP fusions (datasmown;cf Moreau et al., 2010).
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Figure 10: Thermal aggregation profiles of Tus, TusGFP and GFP. (A) SDS-PAGE off,q for equal
amounts of Tus, Tus-GFP and GFP (10 uM each) heatgiated during 5 minutes at temperatures ranging
from 25°C to 53.3°C. Fluorescence (top gel) was mealed with illumination at 365 nm before Coomassie
blue staining (bottom gel). (B) Thermal aggregatiorprofiles of Tus, Tus-GFP and GFP obtained from
triplicate SDS-PAGE, and by the S methoddf section 3.2.4) performed in the same conditionshE€ Togq iS

the temperature at which 50 % of the proteins are ggregated.

This demonstrated that the unfolding of the POtlileg to its aggregation was unaltered in
the GFP-fusion protein and that no substantialcefieas induced by the GFP domain. The
data indicate that the aggregation rate const&gjg,(and therefore all preceding unfolding
processes, must be essentially identical for the@®&P and POI. As expected, GFP was not
affected in this temperature range (Ishii et @024, Ishii et al., 2007b). Thgyy of GFP was
determined to be 79.6°C by measuring its residuaréscence after heat denaturation and
centrifugation at a higher temperature range uaitiilgiorescence plate reader as readout (S
method). TheT,yy of Tus-GFP was also reproduced using the S-me(dd®B°C, Figure
10B). Furthermore, the total fluorescence includifigs and Fagg (fraction of aggregated
proteins) remained unaltered if heat denaturatmouoed at temperatures below ~75°C for 5
min, meaning that GFP is still folded in the fusfmotein aggregates and that aggregation of
the POI portion did not trigger the unfolding of BFThe aggregation of POI-GFP is

therefore the result of the unfolding of its moasiable POl domain. These results validate
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GFP-basta and demonstrate that the minimal LGSGér is long enough to uncouple the

unfolding of POl and GFP in the fusion protein.

3.3.3Isothermal aggregation and evaluation of additives

To evaluate the kinetic parameters of this systieen §ggregation ratk,gg, a 96-well plate
format was designed that enabled the measuremetiteofesidualF,y of Tus-GFP over
time. Isothermal aggregation reactions were moedoat a temperature close to the
previously determinedl,gy of Tus-GFP (46°C) to quantify the effect of staddilg or
destabilizing salts and additives on thgy of Tus-GFP (Figure 11A). Here, an increase in
protein stability due to an additive is reflectgdebdecrease ikiggcompared to the Tus-GFP

control sample (without additive; Figure 11C).

A Tus-GFP B GFP
14 ¢ & <
3
u-_.? 0.1
0.01 i : . 0.01 T r 1
0 200 400 600 0 200 400 600
Time (s) Time (s)
Tus-GFP kagg £ SE (103.57)
Control -51+022 -#- NaCl -31+019
-©- Glycerol -06+0.17 -~ KCI -3.7+021
<%~ (NH4)2804 -13+015 | ™ MgClp -64+044

Figure 11: Effects of additives on Tus-GFP. (A) Agregation rates Kagg) at 46°C of Tus-GFP (12 uM) in
the presence of additives. Additives were present &inal concentrations of either 25 % glycerol, 0.3M
(NH,),S0O,, 0.3 M NaCl, 0.4 M KClI or 0.3 M MgCl, in 0.5X buffer A. (B) Aggregation rates of GFP (13
KM) in the same conditions as Tus-GFP. (R,,4 Values obtained at 46°C by the S-method in tripliate.
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As each additive or salt could influence the sigbdf the GFP portion of the fusion protein,
it was essential to use a GFP control to showttietdditive did not affect the fluorescence
or stability of GFP (Figure 10B). The effect of &deés commonly used in storage buffers to
improve protein stability was tested and as exmgea#/cerol was found to have the largest
stabilization effect, but MgGlhad a detrimental effect on Tus-GFP. These additdid not
affect the stability or fluorescence of GFP. Ittierefore possible to quickly screen for

optimal protein storage conditions using GFP-Basta.

3.3.4TerB induced stabilization of Tus

Tus is a DNA binding protein that binds to 21 bp ABequences calletier (Kamada et al.,
1996, Mulcair et al., 2006, Neylon et al., 2005heTight binding Kp ~ nM) (Mulcair et al.,
2006) of TerB to Tus-GFP should therefore induce a strong ligaddced stabilization
effect resulting in a large shift Magg (ATagg). The Tagg Of the Tus-GFPrerB complex was
first measured by a modified electrophoretic mop#ihift assay (EMSA; Figure 12A). Tus-
GFP andTerB were mixed in equimolecular quantities in low saihditions Kp < pM) and
treated at room temperature for 10 minutes to attomplex formation prior to being heat-
treated at temperatures ranging from 37 to 67°GeHso centrifugation step is required as
the Tus-GFP aggregates are retained in the wetlseodgarose gel due to their low mobility
and Ter-bound Tus-GFP proteins correspondingrtgq, migrate more rapidly due to their
increased net negative chargédection 3.2.5 for detailed procedure). The fluoees bands
corresponding td-iq were integrated and revealedTgg of 63.5°C for Tus-GFHerB
complex which compared to thiggy of 42.8°C for Tus-GFP obtained with the S method i
the same conditions (Figure 10B) corresponds tonarease in thermostability of 20.7°C

(Figure 12A).
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Figure 12: Thermal aggregation profiles of Tus-GFPand Tus-GFP-Ter complex. (A) The T,y Of Tus-

GFP-TerB complex was obtained by EMSA (63.5 + 0.2°C). Th&,yq of Tus-GFP was obtained by S
method (T,e= 42.8 + 0.3°C). The double-headed arrow indicates ligand-induced AT,qq Of 20.7°C. (B)
Isothermal denaturation at 62.5°C for 5 minutes (tiplicates) of Tus-GFPTerB complex obtained by
EMSA (Fiq= 0.51) and S methodK,q= 0.63) in identical buffer conditions.

Heat induced aggregation of Tus-GIFerB complex was also determined with the S method
and compared with the EMSA method in isothermalditioms (Figure 12B). Thd-q
obtained with the two different methods were in djaagreement confirming thdfg

obtained with the S method consists mainly of fdlded active proteins.

3.3.5Relationship between ligand affinity and aggregatio rates of Tus-
Ter complex

The ligand induced stabilization on Tus-GFP of @asi well-characterizeder variants was
investigated by isothermal aggregation reactionigushe S method. The dissociation
constantsKp), for various TusFer complexesTerB, Ter-AG, Ter-AAG and TT-lock) were
previously determined by surface plasmon resoné®P&; Mulcair et al., 2006). The same
oligonucleotides were used to determine their éfbecTus-GFR,qq but they have each been
extended with a 10-mer GC rich dsDNA region in orteobtainT,, values above 70°C for

each of them (Table 10). Here, the relationshipvbeh Kp and kagg Was investigatedn
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conditions were the Tus-GFRer complexes were at concentrations at least ~1@D&bbve

their respectivékp to ensure that at least 99 % of proteins wereeir ttound form.

Table 10: Sequences anHp values of TerB variants in 250 mM KCI. The Ter sequences used by Mulcair

et al. (2006) to determine thé, values using SPR are highlighted in grey.

Ter Kp (nM)
TerB 5-CTTTAGTTACAACATACTTATCCCCGCCCCC 14
GAAATCAATGTTGTATGAATAGGGGCGGGGG :
Ter-AG 5-CTTTAGTTACAACATACTTATCACCCCGCCCCC 16.5
AATCAATGTTGTATGAATAGTGGGGCGGGGG :
Ter-AAG 5-CTTTAGTTACAACATACTTATCACCCCGCCCCC 113
ATCAATGTTGTATGAATAGTGGGGCGGGGG
TT-lock 5-  CCCCCGCCCCCAATACTTTAGTTACAACATACTTAT

GGGGGCGGGGGTTATGAAATCAATGTTGTAT 0.4

The kagg Values of the complexes were determined at 50°Z5tihmM KCI, where unbound
Tus-GFP proteins aggregate very quickly. As expkctiee kygg Values of the complexes
increased with increasingp values (Figure 13A). The ligand-induced stabilmateffects
due to the gain of inter- and intramolecular int&icans could simply be extracted by dividing
the kagg Of Tus by thekagg Of the complex and this value should correlatéilite Kp of the
interaction.

Indeed, a linear correlation was obtained betwleéfp) from published SPR data
(Mulcair et al., 2006) and the kgyrusykagytusTen) Obtained with GFP-Basta (Figure 13B).
Meng and coworkers recently studied the stabiliragffect of glycerol on the irreversible
thermal denaturation of creatine kinase using ttievated-complex theory (Meng et al.,

2004).
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Figure 13: Correlation betweenk,gg and Kp. (A) kagq 0f Tus-GFP in complex withTer variants (TerB, Ter-
AG, Ter-AAG or TT-lock) were determined at 50°C by the S rathod. (B) Correlation between InKp)
from published SPR data (Mulcair et al., 2006) andhe In(Kaggrus)KaggTus-Ten)-

This theory was used to demonstrate the relatipnsbetween Ifp) and the
IN(KaggTusyKaggTusTen) S€EN IN Figure 13B. The activated complex isr@rmediate transition
state between reactants and products. The actieataglex theory postulates the existence
of an equilibrium between reactants (P) and thevatetd complex (P*). In this case, the

kinetic scheme of irreversible denaturation and-eg@gtion of a protein is expressed as:

P (K:> P* Iﬂ U - Aggregate
Where U is the unfolded aggregation competent iméeliate (Figure 9A). If the fraction of
unfolded proteins after heat denaturation is drivegn an irreversible aggregation pathway
then the extent of aggregation should therefordectethe proportion of unfolded proteins. In

this case, the apparent aggregation rate conls{gns related to the change in free energy of
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activationAG* and can be expressed in accordance with theaaet-complex theory (Meng

et al., 2004) as:

which can be transformed to:
AG* = —RTlnk,z4(h/kg T)

The difference in change of free energy of actorafAAG*) between Tus-GFPAG* (tus)

and Tus-GFP-ligandAG* (ruster) Can be obtained with the following expression:

kagg(Tus)

AAG™ = AG(*Tus) - AG(*L“us—Ter) = —RT In( )

kagg(rus—-Ter)
AG* is connected with the equilibrium constant bg tielationshipAG* = —RTIn K*. This
term can be replaced in the previous equation givin

INK(7us) = MK (rus—rery = IN(Kagg(rus)/Kagg(rus-rer))
In the situation where most of Tus is in complexhwis ligand, the term InK* Tu3er can
be represented as the sum of InK*(Tus) and thendiganduced stabilization of Tus given by

InK*(ligand effect). The previous equation can @fere be simplified as:

. kagg(Tus)
—an(u’gand ef fect) = ln(m)

InK*(ligand effect) is proportional to th&AG* induced only by ligand binding and should
therefore be proportional toK of the Tus-ligand complex. To test this, the témK* jgand
effecty Was replaced with the termHKp in the last equation and a linear correlation was
obtained between I|R{gyrusyKaggtusTen) @and IKp. GFP-Basta can therefore be used to

accurately estimate th&, values ofTer variants using this reference curve (Figure 13B).

74



CHAPTER 3

3.4 Discussion

The Tagg Of Tus and Tus-GFP were very similar with no mitven ~1°C difference and the
same was observed for CAT and glycerol kinase (Blo®t al., 2010). Given that thigyg of
GFP was higher than thiyq of POI-GFP, the main driving force in POI-GFP aggtion
must be the unfolding of POI that subsequently eausggregation of the whole fusion
protein. This result demonstrates that the therdematuration of a fusion protein can
essentially be driven by the less stable domaitog as these domains are uncoupled. A
small loss of GFP fluorescence of ~10 % occurretivéen 35 and 53°C and has been
described in the literature (Vessoni Penna eR@D4). TheT,qq0f GFP was determined to be
79.6°C using the S method. The thermodynamic ptigseof GFP have been thoroughly
studied (Crameri et al., 1996, Ishii et al., 2008Akii et al., 2007b, Penna et al., 2005, Tsien,
1998, Ward and Bokman, 1982). Ward and Bokman tegoa 50 % loss of GFP
fluorescence at 78°C (Ward and Bokman, 1982). Mecent studies measured the stability
of GFP by isothermal denaturation at 80, 85 and’@5(Ishii et al., 2007a). These
experiments attest that the loss of GFP fluoreszehe to the unfolding of thg-barrel
around the fluorophore (Tsien, 1998) is accompahiedggregation and that the S method is
an accurate tool for measuring protein stabilitge TGFP variant used in this study (uvGFP)
is resistant to pH between 5.5 and 12 with optinmhirbetween 7 and 8 (Penna et al., 2005).
The assay must therefore be carried out under exeetal conditions that do not
significantly affect GFP stability. The loss of diescence signal occurring around 75°C
under physiological conditions and the intrinsistability of GFP at pH < 5.5 are limitations
for GFP-Basta compared to other methods such as(Bf¢sson et al., 2006, Niesen et al.,
2007, Pantoliano et al., 2001, Vedadi et al., 2@06)TD (Epps and Taylor, 2001, Foster et
al., 1999, Leung et al., 1996) but they are needes negligible as a large majority of

proteins are much less stable than GFP.

75



CHAPTER 3

Thermal aggregation profiles were obtained to raefihe Togg Of the proteins and
therefore the temperature at which isothermal aggien reaction should be performed.
Thermal scans are not very sensitive to detect Ispf@inges in thermostability. The
isothermal aggregation method was therefore fava@de it is more sensitive and requires
fewer data points to determine accutalg Under conditions of high irreversibility, a kinet
analysis is both more appropriate and more inforaglLepock et al., 1992). Indeed, GFP-
Basta could readily detect modest stabilizing/dekting effects of additives on overall
protein stability (Moreau et al., 2010). GFP-Basgtas also able to identify and rafler
ligands according to their reportéd (Mulcair et al., 2006) for Tus using the S method.
Indeed, a linear correlation was obtained betwakp from published SPR data (Mulcair et
al., 2006) and the IR{ggTusfKagg(tus-Te) from GFP-Basta data (Figure 13B) and was
demonstrated mathematically using the activatedptexntheory (Meng et al., 2004).
Although more data need to be acquired to confiris telationship with other proteins and
ligands, it nevertheless shows that GFP-Basta caorately identify and classify similar
ligands according to their affinity.

Many additional applications can be predicted. daBta could be used to screen
libraries of mutants for improved thermostability & identify unstable domains in
multidomain proteins. It could also be used asmdracreening assay to identify protein-
protein interactions as the aggregation of the &l be monitored in a mixture of proteins.
It is also expected that the effect of inhibitorsrdpting protein-protein interactions could be
identified using GFP-Basta. Most of these applaregi are not possible with other thermal
denaturation based methods as their main limitagoto be performed with pure proteins.
GFP-Basta also eliminates the requirement for 8scent dyes, some of which have been

shown to provoke unwanted interferences upon negip binding to proteins (Lavinder et
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al., 2009). Finally, GFP-Basta is also amenableht screening of inhibitors for protein
aggregation diseases as GFP is very stable (Kah,&006).

GFP-Basta is adaptable to different formats @6gwell plates, SDS-PAGE, EMSA)
and the protocol is fast. Each experiment (i.e.dd®mn) was studied in 6-10 pl reaction
volume, allowing for the screening of about 300ditans per mg of protein. It is expected
that, by using only one time point measurementapptopriate robotics, one set of reactions
should take ~40 minutes from denaturation to datmigition. GFP-Basta could therefore be

used for the HT screening of stabilizing compouaadd ligands.

3.5 Conclusion

In conclusion, GFP-Basta can be used to providatgatve information on the stability and
ligand affinity of proteins, regardless of theiragernary structure. GFP-basta can identify
stabilizing compounds and ligands and, most impista affords a mean to correlate the
affinity of various DNA ligands with respect to theffect on thekagy of Tus using the
activated-complex theory (Meng et al., 2004). GEBth can therefore be used to study the

affinity of Tus for the teMer sites which is presented in the following chapter.
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Chapter 4. Differential Tus—Ter binding and lock formation: implications
for DNA replication termination in Escherichia coli

The majority of this chapter has been publishellatecular BioSystemfi§Moreau, M.J. and
Schaeffer, P. M.). The crosslinking study is pdragaper in preparatioh (Oakley, A.J.,
Moreau, M. J., Schaeffer, P.M., and Dixon N.E.) drad been added to this chapter as it

provides structural insights on the TT-lock.

4.1 Introduction

In E. coli, two replisomes are assembled at the unique ooigieplicationoriC and proceed
bidirectionally to replicate the circular chromoseonuntil they meet in the replication
termination region (Neylon et al., 2005). This teration region is defined as the section of
the chromosome containing a series of terminafl@n) (sites (Figure 14A). These sequences
were originally identified as 21 bp in length (Hidaet al., 1988, Hill et al., 1988a) with a

highly conserved 11 bp core sequence (Figure 18B9.ten primarylerA-Jsites are spread

2 Moreau, M. J. and Schaeffer, P. M. 2012. Diffei@rtus-Ter binding and lock formation: implications for
DNA replication termination ifEscherichia coliMol Biosyst,8, 2783-91.

8 Oakley, A.J., Moreau, M. J., Schaeffer, P.M., &ixlon N.E. Flexibility in the TusFer Complex Modulates
its Function. In preparation.
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over 2800 kb and are arranged in two clustersvef ites, with one cluster on each side of
the region directly opposite tmiC. This polar organisation creates a “fork trap” tmsivain
forks meeting in the terminus region (Duggin ef 2008, Hill et al., 1987). Replisomes can
proceed through the first cluster Bér sites on their way to the terminus, but will bepgied

by the second cluster containimgr sites in opposite orientation (Figure 14A).

A OriC B

Ter |57 3" |Position

site [P 30 15 10 5 NE| (kb)

0/4640 kb TerA ACTTTAGTTACAACATACTAATT 1340

TerB | —F———————— T—— 1682

TerC R ————=======f C——-TA- 1607

TerD CA—— ey — — i — —— — G 1279

TerE TGC——— TTAR 1081

TerF -TCG-C——-————————= G-—-GG 2316

J H TerG TGG————————————— C—-TGAC 2375

| TerH GAGA—————————————— G-TCG 599

G Terl CGG——————————— T-C-ATG-—— 625

TerJ G-A-——————————— T-———GCG— 2574

TerK GAC-—-CA-————— TCT-AATCG 2276

TerL TGCG-CA---—————— CC-AGTGC 2875

TerY T-CC——RA-————— G--—CCATA 2863

B C A TerZ G-—-C—C———-————C-G-GGGTR 3433

Figure 14: Genomic location and sequence identityf der sites. (A) Relative position ofTer sites on thek.

coli DH12S chromosome. The arrowheads represent the eritation of Ter sites with the base of the
arrowhead representing the permissive face of the us-Ter complex and the tip representing the non-
permissive face. The cluster of red arrowheads arsgs fork progressing in the clockwise direction andhe

blue cluster stops the anti-clockwise progressingofk. The brown arrowheads represent four recently
identified Ter sites. The blue square represents theus gene. (B) Sequence of aller sites and their
position on the chromosome. The C(6) responsiblerféhe TT-lock formation is in bold. Bases forming

direct contacts with Tus in the crystal structure ae underlined.

The cluster includingrerB, C, F, G andJ is oriented to block a clockwise moving fork
whereasTerA D, E, | andH are oriented to block anti-clockwise moving forkie (Massy et

al., 1987, Hill et al., 1987, Neylon et al., 200%his polar fork arrest is mediated by the
asymmetrical binding of Tus tder sites that creates a complex with a permissive face

allowing fork progression and a non-permissive fédnz stalls the fork (Neylon et al., 2005).
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It is postulated that when DnaB helicase at theffont of the replisome encounters the
permissive face of the TuBer complex, Tus is displaced upon duplex DNA sepamnasind
the fork progresses unimpeded. However, when Dmafdnds the duplex DNA ahead of the
non-permissive face of the Td®r complex, a G- C base pair located at position GaTer
core sequence is broken and the C(6) moves 14 itsonormal position to bind tightly in a
cytosine-specific binding pocket at the surfacehaf non-permissive face of Tus. This base
flipping results in a tighter interaction betweeunsTandTer, called the Tug-erdock (TT-
lock), which stalls the replication fork until treecond replisome arrives (Mulcair et al.,
2006).

Surprisingly, it has been shown that the protais iE not essential 6. colisurvival
(Hill, 1992, Hill et al., 1987, Hill et al., 198®Roecklein et al., 1991) and that it is conserved
only in closely related bacteria (Neylon et al.02p Although an analogous system exists for
replication termination irB. subtilis it involves a different replication terminatoropein
(RTP) and termination sites using a different meddra (Bussiere et al., 1995, Duggin,
2006, Vivian et al., 2007). More recently and afterlong search, 71 chromosomal
termination region§ ER containing fork pausing elements were identifiediudding yeast;
these involve binding of Top2 DNA topoisomerasehhghting the biological importance of
replication fork barriers (Fachinetti et al., 2010)

In E. coli the dif site was recently proposed as an alternative tertioim site
(Hendrickson and Lawrence, 2007). It is the siteaction of the XerCD site-specific DNA
recombinase and is located 18 kbp fréerC (Blakely and Sherratt, 1994, Hendrickson and
Lawrence, 2007). According to the replication fdrp model, the position ofer sites
restricts replication fork fusion to the terminusgion. Duggin and Bell examined DNA
replication intermediates dter sites andlif and identified two definitive signatures of site-

specific termination afer sites thus supporting the fork trap model (Duggid Bell, 2009).
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To date, 14lersites have been identified i coli (TerA-L TerYandTer2), of which
nine have been derived by consensus sequence seanchtheE. coli GenBank database
(Coskun-Ari and Hill, 1997, Duggin and Bell, 2008harma and Hill, 1992). However, the
recently identifiedTerK, L, Y and Z were found to be very weak DNA replication fork
pausing sites (Duggin and Bell, 2009). The remajifiar sites TerA-J) were able to arrest
forks but they significantly differed in their effency €f Figure 6 p22; Duggin and Bell,
2009). The TT-lock formation was recently proposednly act as a fail-safe mechanism
after it was demonstrated that its formation waseassential to block the activity of DnaB
helicasan vitro (Bastia et al., 2008).

The consensus based-identificationTalr sites, the variation in their efficiency in
pausing replisomes, and the controversy about Theodk raises two essential questions: (a)
what is the affinity of Tus for the differeiier sites and does it correlate with the sites that
are most often used in DNA replication pausing; @odare all tenTer sites capable of
forming the TT-lock to block fork progression anded it correlate with their efficiency in
pausing forksn vivo. A combination of SPR and GFP-Basta (Chapter 3o et al., 2010)
was used to determine the thermodynamic and kipetiameters of Tus binding to the ten
primary TerA-J sites and their respective lock-forming sequenagants {Ter-lockA-J in
order to better understand the role of the Tensites in termination and to evaluate their
ability to form TT-locks. This study provides dé¢ai mechanistic information on the Tus-

Terinteractions and explains their differences in fartest efficiencyn vivo.

4.2 Material and methods

4.2.1Protein expression and purification

The His-Tus-GFP (referred as Tus-GFP) and ¢Hiss (referred as Tus) proteins were

expressed ifE. coli BL21(DEJ3)RIPL and affinity purified with Profinity IMAC Nieharged
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resin as previously described in Dahdah et al. §200After ammonium sulphate
precipitation, the Tus-GFP protein pellets wereispended in buffer A (50 mM Tris, pH 7.6,
250 mM KCI, 0.1 mM EDTA and 0.2 mM-mercaptoethanol) and dialysed (SnakeSkin
pleated dialysis tubing 10,000 MWCO; Pierce) twacminst 200 ml of buffer A at’@. Tus
was expressed and purified as for Tus-GFP. Aftanamum sulphate precipitation, Tus was
resuspended in buffer A. The purity of proteins vaasessed by SDS-PAGE (NEXT-GEL

Amresco) and concentration was determined by stdri8ieadford assay.

4.2.2GFP-Basta

Oligonucleotides used for GFP-basta are describetable 5, p45Ter and Ter-lock DNA
were designed to include the 23 Ber or Ter-locksequences followed by a stabilizing 10-
mer GC rich region in order to elevate thEirvalues above 70°C. An example of the design
is shown in Figure 15A-B.

The aggregation rate constants of Tus-GFP aloie @ymplex with eacfieror Ter-
lock sequence were determined by the isothermal methGdB-Bastadf section 3.2.4 p65;
Moreau et al., 2010). For these reactions, an eguame of Tus-GFP (1.6 uM) in buffer A
or buffer B (buffer A with 150 mM final KCI concenattion) was mixed with an equal volume
of Teror Ter-lockDNA (2 uM) in the corresponding buffer A or B. Theactions were left
10 minutes at room temperature to allow complexnttion. Each reaction (70 pl) was
heated at a constant temperature in a MyCyclerRBd), i.e.at either 52°C in 250 mM KCI
or at 58°C in 150 mM KCI reaction. After heatingingples were transferred to ice for 10
minutes to stop the reaction. Aggregates were tleatrifuged at 18,000 rpm for 20 minutes
at 4°C in a Beckman Coulter Microfuge 22R centr&wgsing the rotor F12x8.2. The residual
fluorescence in the supernatant after thermal deai@n was quantified by transferring 60

pl of the supernatant into a black 96-well plateifslon) and the residual fluorescence was
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measured with a fluorescence plate reader (VictaWallace Perkin-Elmer). The excitation
and emission filters were set at 460 nm and 53%aspectively, with 40 nm bandwidth. The
values obtained were normalized against the fleemse of an untreated sample.
Aggregation curves were fitted as described preshoto obtain aggregation rate constants

Kagg (cf section 3.2.4 p65hggregation half-livest(,.ag9 Were obtained as In@jyg.

4.2.3SPR

For SPR experiments, aller and Ter-lock were designed to include a single-stranded
decamer overhang (velcro) after base 23 to allowir thybridization to a biotinylated
complementary oligonucleotide immobilized on the QNIChip via a neutravidin coated
surface (Table 6 p46). An example of the desigrshewn in Figure 16A. Individual
oligonucleotides were resuspended ing(B0 mM Tris-HCI (pH 7.6), 1 mM EDTA, 50 mM
KCI) to a final concentration of 100 uM. They wezembined by mixing 25 pl of the
oligonucleotide containing the 10-mer overhang wBB pl of the complementary
oligonucleotides, and 175 pul of buffer A. Hybridiza was achieved by heating at 80°C for
2 minutes followed by slow cooling to room temparat

Measurements were carried out at 20°C using ae®hdt XPR36 (Bio-Rad) with
freshly diluted Tus in buffer A or B. The biotinygal pCBio (5’-Biotin-CCCCGCCCCC-3’)
was used as a molecular “velcro” to captureTheoligonucleotides on the neutravidin NLC
chip (Bio-Rad). The pCBio was immobilized onto therface at 50 nM for 300 s at 25
pl/min. Ter or Ter-lock DNA were hybridized through their complementarygéinstranded
GsCG4overhang to the pCBio at a concentration of 25 mid #ow rate of 25 pl /min during
~100 s. The kinetics of complex formation betwees &ndTer were measured in buffer A
and B. Six Tus concentrations ranging from 100 oN3.6.25 nM in buffer A and from 30 nM

to 0.91 nM in buffer B were injected at a flow rate25 pl /min for 120 s, and dissociations
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were analysed over 900 s. When required, Tus wses®diated fronTer sequences with 1 M
NacCl injections (25 pl/min for 120 s). The surfacas regenerated with 50 mM NaOH and 1
M NacCl (30 pl/min for 60 s), leaving the pCBio dretsurface. Experiments were carried out
at least in triplicate and fit to the Langmuir bimgl model with all the variables fitted locally.
For graphical representation and to facilitate aisaomparison ofTer versus Ter-lock
sequences, only one representative concentratienstvawn for each sequence. All curves

were normalised by the RU value obtained at theaéridis injection (t = 120 s).

4.2.4Photo-crosslinking

The sequences used for the photo-crosslinking @aubld strandederB modified at position
7 with an adenine instead of a thymine (P1), thedck variant of wild typelerB (P2) and
the TT-lock variant of the T7A mutatdaerB (P3). They harbor a bromodeoxyuridine (BrdU,

underlined) at position 7 in the core sequencéaw/s below:

P1l: 5-ATAAGAATGTTGTAACTAAAG
TATTCBTACAACATTGATTTC

P2: 5- TATGTTGTAACTAAAG
TATTCBTACAACATTGATTTC

P3: 5- AATGTTGTAACTAAAG
TATTCBTACAACATTGATTTC

The photo-crosslinking experiment was performedescribed in Dahdah et al. (2009) with
the following modifications: wtTus and F140A Tusrealialyzed in crosslinking buffer (50

mM phosphate, pH 7.8, 10 % glycerol and 2 rBvhercaptoethanol). Oligonucleotide pairs
were prepared by mixing equal volumes of each aligteotide to a final concentration of 50

UM in TE (10 mM Tris (pH 7.5), 0.1 mM EDTA) supplemted with 125 mM KCI and

annealed by heating 2 minutes at@3and slowly cooling down to room temperature. Wild
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type Tus and F140A Tus were diluted in crosslinkindfer to 38uM. Equal volumes (ul)

of proteins at 3§1M and oligonucleotides at 50M were mixed and incubated at room
temperature for 10 minutes to allow protein-DNA gqex formation. For each complex, two
drops of 5ul were spotted under the cover of a Nunclon 96-ypédte with a pre-cooled
block (-20C) placed on top to avoid overheating of proteiftsee drops were then irradiated
for nine minutes using a UV-transiluminator se842 nm (Vilber Lourmat). The two drops
for each complex were then pooled andul®f 2X SDS-PAGE loading dye were added.
Samples were then heated for 2 minutes &€a8d 15.1 were loaded in a 10% SDS-PAGE
gel (Next gel 10 %, Amresco). Gels were run foraurat 120 V, stained with Coomassie
Brilliant Blue for 30 minutes and destained in duson of 40 % isopropanol/10% acetic

acid. Gels were scanned and bands were quantsied the ImageJ software.

4.3 Results

4.3.1Comparison of the effect ofTer and Ter-lock-induced thermal
stabilization on Tus-GFP by GFP-Basta

A new method for quantifying the strength of protégand interactions was previously
developed using a GFP reporter system called GFRPaBand showed it was a reliable
method to study protein-DNA interactions (Chaptenv®reau et al.,, 2010, Morin et al.,
2012). Here GFP-Basta was used to compare thergirafi Tus to the ten differefiterA-J

sites (Figure 15A) and their lock-formifiger-lockA-Jvariants (Figure 15B) to determine if
the stability of these complexes correlates witrtlefficiency in fork pausing seen vivo.

Ter-lock sequences were partially single-stranded at timeepeomissive end until the C(6)

that is critical for TT-lock formation (Figure 15B)
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A Ter B Ter-lock
CCCCGCCCCCACTTTAGTTACAACATACTAATT CCCCGCCCCCACTTTAGTTACAACATACTAATT
GGGGCGGEGETGARATCAATGTTGTATGATTAA GGGGCGGGEETGARAATCAATGTTGTAT

C 10000< T 150 mM KCl D 10000 4 150 mM KCl
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Figure 15: DNA-induced thermal stabilization of TusGFP. Sequence and structure information of the
TerA (A) and Ter-lockA (B) sequences with their stabilizing decamer depied in blue. First-order
aggregation kinetics were measured at 58°C in 150MKCI for Ter (C) and Ter-lock (D) sites, and at
52°C in 250 mM KCI for Ter (E) and Ter-lock (F) sites. The error bars represent the upper andower
limit of the 95% CI of the mean obtained fromt;,.qqin duplicates. Values oft;,..qqfor eachTer and Ter-

lock site in 250 mM KCl are given in Table 11. See alsdppendix A for aggregation rates of reactions.

Aggregation rate constants (expressed in halfvidfleiesti2-agg of Tus-GFP in complex with
either Ter or Ter-locksequences were obtained in buffers containing 1BDKEI at 58°C
(Figure 15C-D; lower-salt and high-affinity conditis) and 250 mM KCI at 52°C (Figure
15E-F; high-salt and moderate-affinity conditiots)evaluate the effect of ionic strength on
complex stability (Mulcair et al., 2006, Neylonadt, 2000). Additionally, a sequence derived
from oriC as well as its partially single-stranded variamt@-lock, cf Table 5 p45) were used

to evaluate the stabilization effects of non-spe®@MNA-binding on Tus.
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Aggregation profiles obtained for the Tlisr and TusTer-lockcomplexes in lower-
or high salt conditions were similar within eaclogp (Figure 15C-F and Table 11). In both
salt conditions, the strongest binders wé&erA-E and G, and their respectiv@er-lock
sequences, whereas moderate binders consislegttdf| andJ and their respectivéer-lock
sequences. Surprisingly, the stabilizing effectsTefF and theTer-lockF on Tus were
comparable with those of the non-specditC in 250 mM KCI, immediately suggesting that
TerFis not a functionaTer site fvalues in Table 11). This further suggests frext-forms
mainly non-specific electrostatic interactions withs and cannot bind Tus-GFP at 250 mM
KCI at a concentration of 1 uM. Nevertheless, iwdo-salt conditions, a weak stabilizing
effect was observed from binding DérF or Ter-lockFto Tus that were significant compared
to the nonspecifioriC suggesting that some specific interactions stituoc In high-salt,
Ter-lockA-E,G,Jwere more stabilizing than their respectifer sites suggesting that
formation of the TT-locks is impaired foferF,H-I (Figure 15F and Table 11). On the
contrary, in low-salt, except foferC, all remainingTer sites were systematically more
stabilizing than th&er-locks(Figure 15C-D and Table 11). This is most likelyeda the loss
of non-specific electrostatic interactions resgjtfrom six nucleotides that are missing in the
partially single strandeder-lock oligonucleotides when compared to their doublersteal
Ter. Here, the difference in net electrostatic intéoars between the two species could very

well explain these data.

87



Table 11: DNA-induced thermal stabilization of TusGFP.

CHAPTER 4

Ter site 150 mM KCI 250 mM KCI
t1/2-agg* SEM (S) t1/2-aggx SEM (S)
Ter Ter-lock Ter Ter-lock
A 7445 + 2653 2009 + 436 746 + 129 1532 + 138
B 4064 * 362 3085 £ 694 1271 + 157 1721 + 151
C 2484 + 130 2997 + 1107 511 + 46 2250 £ 132
D 1848 + 69 1305 + 120 329 + 36 1045 + 27
E 799 +31 744 + 35 191 £ 22 523 + 59
F 68 +8 28+1 303 24+ 1
G 2044 £ 519 1299 + 32 407 + 23 708 £ 50
H 294 + 17 144 + 14 107 +5 1317
I 355 +45 103 +3 100+9 885
J 244 + 8 178 £ 4 55+ 2 114 + 13
oriC 101 11+2 25+3 25+3
No DNA 8x£0.2 24+ 04

Mean values and SEM ofy,..¢q for eachTer andTer-locksite in low-salt (150 mM KCI) and high-salt (250vm
KCI) conditions. Tus-GFP aggregation reactions waeasured at 52°C in 250 mM KCI and at 58°C in &B@
KCl for all TerandTer-locksequences.

The stabilization effects observed fiogrH-Jand their respectivéer-lockswere not uniform.
Only for TerJ, which is the weakest of thEer sites in this group, could be observed a
significant increase in stabilization effect whée Ter-lockJwas bound to Tus-GFP in high
salt conditions (Figure 15D).

If we consider the combined stabilizing effectsedherTer or Ter-locksites, TerA-D
are clearly the strongest binders. These sitee@uesalently placed in botfier clusters at
their most proximal regions to the terminus regiderG, andE, are the next strongest
binding sites, followed by the moderate bin@erJ H andl and the weak bindérerF. As a
result, there are three strong and two moderatwetak binding sites on each side of the

termination region (Figure 14A).
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4.3.2Kinetics of binding of Tus to Ter and Ter-lock sequences by surface
plasmon resonance

Although the GFP-Basta data already suggestedath@er sites might not be able to form a
TT-lock equally well, the difference in stabilizati observed could still be due to additional
electrostatic interactions in the double stran@ledsites compared to theer-lock.To obtain

a clearer answer to the question of whether alllrsites are capable of forming a TT-lock
to block fork progression, the kinetic parameterstiie binding of Tus to the térerA-Jand
their respectiveler-lock sequences were determined by surface plasmon resnsing a
ProteON XPR36 (BioRad) instrument.

A universal biotinylated-polyG “velcro” was desggh to reversibly immobilize the
different Ter and Ter-lock sequences on a neutravidin-coated surface so asassively
reduce the cost of this study (Figure 16A). Wheossjble, the kinetic parameters of Tus
binding to eacierandTer-locksites were determined in 250 mM KCI (Figure 16Bj 460
mM KCI (Figure 16C). It was not possible to fit alata sets obtained at a single KClI
concentration because at 150 mM KCI, strong bindkssociated immeasurably slowly,
while at 250 mM KCI weak and moderate binders caudtl reach their maximal binding
values Rnay Within the tested concentrations. For instanee250 mM KCI, the binding of
Tus to the moderate binderBerH, Terl and TerJ, reached only 46%, 24% and 10% of the
Rmax and 13%, 12%, and 11% to th&er-lockanalogues respectively at a concentration of
100 nM. The kinetic parameters — i.e. associate constantkf), dissociation rate constant
(kq), half-life of dissociation t{;;) and equilibrium dissociation constarKpEky/ks) were
determined for each complex. For clarity, oKlyandt;,, values are shown in Figure 16. The
k, obtained were similar for mo3er and Ter-locksequences (Table 12). Accur#tevalues
could not be determined fdrerF,H-J, Ter-lockF,H-dn high-salt for the reasons described

above.
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A TerA N
Vel ACTTTAGTTACAACATACTAATT L CCCGCCCCCACTTTAGTTACAACATACTAATT
elcro GGGGCGGGEETGARATCAATGTTGTATGATTARA C GGGGCGGGEETGARATCAATGTTGTATGATTAR
N
or
L CCCGCCCCC _I_ —
C TerA-lock 5
ACTTTAGTTACAACATACTAATT L CCCGCCCCCACTTTBGTTACAACATRCTMTT
GGGGCGGGGGTGAAATCAATGTTGTAT C GGGGCGGGGGTGAAATCAATGTTGTAT
B: '
x4 1] 1 1 1 1 5 1
-§ Lft R [/ft No binding P
g o — 0 ] 0! o [} 0 \‘-m
S 0 400 800 0 400 800 O 0 800 0 400 800 400 800 400 800 0 400 800 400 800
= Time (s) Time (s) Time (s) Time (s) Time (s) Time (s) Time (s) Time (s) Time (s)
250 mM A B C D E F G H ] *
kal | ds  # | ds #t | ds ot | ds # | ds ® | ds ot [ ds # | ds #t | ds ot | ds  tt
T.(s) | 315.8 3310 | 380 4367 243 3409 | 217 2589 | 137 2979 NA NA 157 2277 | 31.6 59.1%| 28.7 196 | 27.3 332
Ky (nm)| 10.7 134 | 116 1.05 18 1.24 17 199 | 256 2.05 NA NA | 16.7 3.25 NA NA NA NA NA NA

3 1 2 .

o q) . 1 1 e A 1) 1 1 1

E} y | T i {\& %
Eol ol 0 ]

2

040 800 0 400 600 400 800 0 400 800 0 460 800 0 400 B0 0 400 860 0 400 800 0 40 860 0 400 800
Time (s) Time (s) Time (s) Time (s) Time (s) Time (s) Time (s) Time (s) Time (s) Time (s)
150 mM A B C D E F G H 1 J
KCl ds t | ds ds &t | ds t [ ds ottt | ds tt [ ds ot ds tt ds it | ds tt

Tl | NA NA | NA NA | NA NA [ NA NA | NA NA | 318 194 | NA NA | 1244 412 | 949 1069 357 1322
KoioM) NA  NA | NA NA | NA NA | NA NA | NA NA | 884 NA | NA NA | 136 334 | 132 205| 607 418

Figure 16: Surface plasmon resonance binding kinats of Tus to the differentTer and Ter-lock sequences. (A) Principle of the reversible “velar” surface. Red and
blue sequences represent the “velcro” complementg base pairing sequences. (B) Binding kinetics oained in 250 mM KCI (see alsarable 12for kg, kg and +
SEM values). (C) Binding kinetics in 150 mM KCI (se alsoTable 12for k,, kg and £ SEM values). All sensorgrams were normalizeth a Ry, Value of 1 to allow for
direct visual comparison of theirt;;; values of dissociation. All curves were normalisely the RU value obtained at the end of the Tus ingtion (t = 120 s). The blue
and red curves represent the sensorgrams of Tus lding to Ter and Ter-lock sequences respectively. Thig, and Kp are given as mean values. *;,, value was

determined by direct visual analysis of the dissoation phase. For direct comparison ofTer versusTer-lock sequences, only one representative curve is shofam
each sequence.
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In our SPR experiment, a ~20-fold lowlgrand a 3-fold longet;,, were observed foferB
compared to the most recent study run in similarddé®ns (Mulcair et al., 2006). This
variation ink, is probably due to the radically different surfatemistry and oligonucleotide

binding method used in the other study —alginate surface and “velcro” in our studsrsus

Table 12: Kinetic parameters of Tus affinity for Ter sites and theirTer-lock variants at 250 and 150 mM
KCI.

10° k, + SEM 10° kg = SEM Ko ta

(M* st (sh (nM) (s)
TerA 2.05+0.17 2.2+0.07 10.7 315.8
Ter-lockA 1.56 +0.29 0.21+0.0.5 1.34 3309.9
TerB 1.57 +0.12 1.83+0.08 11.6 379.8
Ter-lockB 1.52 +0.20 0.16 +0.01 1.05 4366.9
TerC 1.58 +0.12 2.86+0.17 18 242.6
Ter-lockC 1.64 +0.16 0.20+0.01 1.24 3408.9
TerD 1.88 +0.16 3.2+0.15 17 217.4
Ter-lockD 1.34+0.17 0.27 £0.016 1.99 2588.8
TerE 1.97+0.1 5.1+0.15 25.6 137.0

Ter-lockE 1.13+0.07 0.23 + 0.005 2.05 2979.3

TerG 2.63+0.31 44+0.1 16.7 157.4
Ter-lockG 0.94 +£0.06 0.3+0.02 3.25 2276.5
TerH NA 22+1.2 NA 31.6

Ter-lockH NA NA NA 59.1*

Terl NA 241+0.4 31 28.7

Ter-lockl NA 3.53+0.4 18.9 196.4

Terd NA 254+0.4 NA 27.3

Ter-lockJ NA 2.1+0.18 NA 3321

Shaded rows represent 150 mM KCI data while cleasrcorrespond to 250 mM KCI data. NA: Data notilatxée.
* t1p,value was determined by direct visual analysis.
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dextran and biotinylated abasic linker in the othedeed, for alller sites, thek, values were
similar for the double stranded af@r-lock oligonucleotides suggesting that access to all
surface immobilized ligands by the analyte wascaéfé by the surface chemistry in a similar
fashion. The data are therefore directly comparahk further supported by the GFP-Basta
data.

Confirming the results obtained with GFP-Bastas @id not bind torerF nor Ter-
lockF in 250 mM KCI in the range of concentrations tegtieigure 16B). The SPR data for
TerA-Jcorrelated well with the stability profile obtainedth GFP-Basta. All strong binders
in their Ter-lock configuration were able to “lock” the Tus proteia demonstrated by a
dramatic increase in theif, compared with their double-stranded analogues (Eig6B).
The sensorgrams for Tus binding to the moderateeogTerH-Jwere in agreement with the
GFP-Basta data demonstrating that the weaker lgndirthese species is mainly due to a
shortert;, compared to those obtained for the strong bindére.sensorgrams obtained with
Ter-lockH-Jrevealed the inability oferH to form a strong TT-lock in 250 mM KCI (Figure
16B). It also revealed that tiyg, obtained withTer-locklandJ were similar to those obtained
for Tus in complex withTerA-Eand G. The Ter-lockl-Jwere able to induce a 10-15-fold
longerty; than their respectiv@erl-J, demonstrating that they could form a locked campl
with Tus. In lower-salt conditions, sensorgramsaoigd for strongrer and Ter-lock sites
could not be fitted accurately, but were still oéat value as they showed that the stroeg
lock sites induced the slowest dissociation of Tus (fEdL6C). Interestingly, thig,, of Tus
for TerHwas longer than fofer-lockH Terl exhibited the sami,asTer-locklfor Tus, and
Ter-lockJhad a longety, thanTerJfor Tus. Finally,TerF and Ter-lockFbound weakly to
Tus in lower-salt conditions, with both exhibititaw affinity and very shorty,. This is in
agreement with the data obtained for these spégi€sFP-Basta (Figure 15C-D) suggesting

that binding of Tus to these species is only maifyrmore specific than to the non-specific
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oriC and oriC-lock. The SPR data also revealed that the higher gyabil the TusTer
complexes over the Tuker-lockcomplexes previously observed with GFP-Basta inrh50
KCI (Figure 15B-C) was due to a greater effecthsd tonic strength on thig, of TusTer
than on their respective Tdser-lock complexes (Figure 16B-C). This conclusion is in
contrast with a previous study showing that khevas mainly affected by the ionic strength
of the buffer forTerB (Neylon et al., 2000)Although not directly comparable, the data
presented here suggest that Tar species botlk, andty, are significantly affected by an
increase in ionic strength. This of course doesmean that the lock is lost in low-salt
conditions but rather reflects the large contribtof cooperative electrostatic interactions to
the TusTer and TusTer-lock complex and reflects also the importance of thecifipe

interaction of R198 with A(5) and G(6) which canweatur with our syntheti€er-locks

4.3.3F140 interaction with T(7)

In the crystal structure of Tuker-lock structure (PDB ID 2016; Mulcair et al., 2006) iaw
observed that the T(7) base is stacked againsEiH® phenyl ring without forming base
specific contact. Crosslinking studies aiming avedeping covalently linked protein-DNA
conjuguates (Dahdah et al., 2009, Schaeffer andm)i2009) showed that &erlock
oligonucleotide containing a bromodeoxyuridine (Bydat position 7 in the core sequence
could be photo-crosslinked with high yield with Twgon photochemical activation.
Crosslinking was also obtained with fully doubleastedTer site though in much lower
yields and slower kinetics. It was proposed thattpactivation produced a uridyl radical that
could form a covalent carbon-carbon (C-C) bond i neighbouring electron rich phenyl
ring of F140 (Schaeffer and Dixon, 2009). Since@-#ldes not contact fully double stranded
Ter directly in the crystal structure (PDB ID 1ECR)etlow crosslinking yield obtained with

this species was expected to involve a differerthranism and residue. In order to verify that
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crosslinking was indeed occurring between base & taa F140 phenyl ring, the photo-
crosslinking reactivity of Tus mutant F140A was mewaed for bothTer (P1) andTer-lock
species (P2, P3). It was expected that the lowdiyigl photo-crosslinking reaction with

double strandeder would still occur in the F140A mutant for the abawnentioned reason.

WT Tus F140A Tus
& P1 P2 P3 = P1 P2 P3
i =
- - o - = U,
fXL 0.26 0.52 0.49 NA NA NA

Figure 17: Crosslinking of wild-type and F140A Tuswith TerB or Ter-lockB. P1: fully dsTer with BrdU
substitution at position 7. P2:Ter-lockB variant of P1 with a mismatched BrdU-T(7). P3:Ter-lockB
variant of P1 with a BrdU-A(7) base pair. Fractions of crosslinked protein-DNA complexes f(,) are
indicated below the bandsf, for Tus with P1, P2 and P3 were (mean + SEM) 0.260.01, 0.52 + 0.023 and
0.49 + 0.023 respectively (data obtained in triplites). No crosslinking was observed with the F140Fus

mutant.

As expected, F140A did not cross-link with the Taek variants P2 and P3, which confirms
that F140 is essential for the reaction to occiguife 17). However, Tus F140A crosslinking
was also abolished witherB (P1) andTer-lockB with paired T(7) (P2), suggesting that it is
the same phenylalanine that is involved in the @e@d formation. In the Tu$erA structure,
F140 and A(7) are about 9 A apart implying thaglineng motions of protein or DNA occur
with sufficient frequency (i.e. transient interact) to allow these groups to interact. These
results suggest that the helid containing F140 has significant flexibility. This in
agreement with a molecular dynamic simulation of Tinding toTerB which revealed
potential transient protein-DNA interactions andngiicant flexibility of TusTer and TT-

lock complexes. (Oakley A. et al., in preparation).
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4.4 Discussion

4.4.1TerF and TerH are unable to form a significant TT-lock

The SPR analysis revealed tia&rF andTerH were unable to form an obvious TT-lock and
that binding of Tus to th&erF could only be achieved in the low-salt conditiohattbetter
reflect the physiological conditions found in thacteria (Figure 16C)TerF has been
identified by searching thE. coli genome for consensuser sequences (Sharma and Hill,
1992). Initially, the affinity ofTerF for Tus was overestimated ~ 50-fold because the GC
base pair at position 18 was replaced by TA (Coskirand Hill, 1997).TerF was found to
have only ~5% fork pausing efficiency compared &o3for TerB in a plasmid context
(Duggin and Bell, 2009)Jsing SPRa Kp of 8.8 x 16° M was obtained in low-salt, and no
binding was detected at 250 mM KCI (Figure 16B-@)addition to its low binding affinity,
TerFis also unable to form a TT-lock. This result coalplain whyTerF cannot efficiently
pause replication forkis vivo although the more distdlerGcan (Duggin and Bell, 2009). In
the same studyerF was only able to induce fork pausing when Tus wasexpressed to
~5% of total cellular protein content reflecting weak affinity for Tus (Duggin and Bell,
2009).ConverselyTerH (t12= 32 s in Figure 16B), which is unable to form gngiicant TT-
lock (t12 = 59 s in Figure 16B), was categorised as a moeldriader — i.ebinding to Tus
can be observed in 150 mM and 250 mM KCI — witkof 1.4 x 10 M in lower-salt.
Interestingly,TerH was still found to pause forks with 12.5 % effiatgrn(Duggin and Bell,
2009). Thus, formation of the TT-lock, althougharlg important, is not the only factor
controlling polarity of fork arrest by Tus. The kopausing activity ofTerH is therefore
believed to be the result of the remaining (andstauttial) resistance of Tus to dissociation
when forks approach the non-permissive face inabsence of a TT-lock, as shown by

Mulcair et al. (2006)
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4.4.21mportance of non-conserved bases for Tu$er binding and TT-
lock formation

To clarify the understanding of the binding of TtasTer or Ter-locksites, the data obtained
here and all other available base substitution @iz their effect on Tus-binding were
summarised in Table 13. The strong bindeesA-Eand G have very similaKp and kinetic
values in high salt — i.&p of 10-25 nM and;/, of 140-380 s (Figure 16B). Theer-lockA-E
and G were also very similar with again only little matean 2-fold difference between the
strongest and the weakest complex of this group.Kp of 1-3 nM andt;, of 2280-4370 s

(Figure 16).

Table 13: Effect of base substitutions on Tu3er binding and TT-lock formation.

Ter Base Ko Ter-lock
Site (NM) 12 (s)°
A (A4 (T)5 (A7 (A9 (A)18 (T)20 (T)21 10.7 3310
B (M= 11.6 4367
C (c)=* A = 18 3408

D 17 2589
E (M= (C) 4x* 26 2979

F (G)2X"2X° (C) 60X* (G) 7.5X* (C)4X* NB NB

G M= (© = (G) 10X* 17 2277
H (G)2X"2X° (A)3X*  (G)10X* 37 ~59

I M= (A)® (C)y=* (T)25%x* (G) 10xX* 31 196

J (G)2x° (T) 25%° (A)=* 240 332

K (A (A)® (T)5X* (T) 25X* (C) 60X* (C)4x* - -

L (G)2X" (A (C)=* (C) 60X* (G) 7.5X* (C)4x* - -

Y (©F ©) (G)23%* (C)18X* (C)4x* - -

Z (G)2X" (G)2x"2X° (G)®  (C)47X* (C)60X* (C)18X* - -

3ncrease ifkqps compared tderBin potassium glutamate (Coskun-Ari and Hill, 199Reduction irk, in 250

mM KCI (Mulcair et al., 2006)°Reduction inty, in 250 mM KCI (Mulcair et al., ZOOGﬁDissociationtl,z

obtained in 250 mM KCI from Figure 16BBase substitution data is not available. = bindmginchanged.
TerK,L andTerY have a further substitution at position 17 thd¢ts their binding by 17-fold antlerK and
TerL have both a substitution at position 8 affectingjit binding by 15-foldl
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These data suggest that bases 1-4, 7 and 21-23bcoatittle to the affinity and kinetics of
the TusTer or to the formation of the TT-lock complex in 25GvhnKCl but their effects
increase in lower salt. Substitution of base T(@1JerAby a C or a G has been shown to
increase th&p by 4- and 10-fold respectively, but no change wlaserved if substituted to
an A (Coskun-Ari and Hill, 1997) in high-affinityoaditions. The affinity of Tus foferF,H-

J was predicted to be much weaker thanTerA due to the presence of single or multiple
substitutions in the bases Befl-J), 18 (TerF), 20 (TerF,H) and 21 TerF,H) that have been
shown to significantly weaken the stability of fhes-Ter complex (Table 13). The SPR data
for TerF andH correlate well with these earlier findings. As ecteel TerF was found to be
the weakest of all'er sites andlrerH was the strongest of the moderate binders (FigaBe 1
C and Table 13). Interestingly, althoudierd was expectedo be the strongest of the
moderate binders because it has fewer base stiost#uhanTerH-I, i.e. only A(9) to T
(Table 13), it was systematically found to be thealest of this group. This substitution is
most likely responsible for the overall lower aitynof Tus toTerl and TerJ, affecting both
on- and off-rates. The data obtained with the wasatk moderate binders were most valuable
to refine the understanding of the TT-lock as aebagbstitution affecting its formation was
identified. Indeed, within thesger sites, the non-TT-lock forminger-lockHand Ter-lockF
sites, are the onlyer-locksites with a G at position 5 instead of the T pnése all other
strong TT-lock forming sites (Table 13). It has\poeisly been shown that substitution of
T(5) by G affected the binding of Ber-lock (cf F5-TerB(G5), Figure 3 in Mulcair et al.,
2006) to Tus by more than two-fold reductiortig and four-fold increase iKp, suggesting
the presence of some base-dependent interactiohgxdrances occurring at this position,
albeit not being obviously important in either Terystal structures (Kamada et al., 1996,
Mulcair et al., 2006)Although these changes are quite modest, the ctiveuleffects due to

the presence of additional non-optimal substittion preceding bases (1-4) might further
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affect TT-lock formation as a result of cumulatsteric and/or electrostatic hindrancéer-
lockJ produces the strongest TT-lock of the moderate dsmgbrobably because it has the
conserved T(5) found in all strong binders.

Interestingly,Terl is the onlyTer site to have an A at position 5 instead of the oano
T(5), but this does not seem to significantly affféd@-lock formation withTer-lockl The
highly conserved T(5) within the strong binderslwiously important for TT-lock formation
following strand separation at the non-permissaaefof the complex and might help C(6) to
better dock into its position, i.e. the specific cytosine binding pocket at the surfac&us.
Furthermore, in the Tu$erA structure the N3 of A(5) is in contact with R198the Tus
protein which also contacts the N3 of G(6) (Coskuinand Hill, 1997, Kamada et al., 1996).
The mutation R198A resulted in a 130-fold increimskp mostly due to a ~50-fold decrease
in ka in 250 mM KCI, as well as a 5-8-fold increaseKip in low-salt conditions indicating
the importance of R198 fofer binding (Neylon et al., 2000). Indeed, R198 is édyg
responsible for holding the C-domain against Tlee site at the non-permissive end of the
complex (Kamada et al., 1996, Neylon et al., 2008 R198 residue could be one of the
key residues implicated for scanning of DNA by Tushe search for @er site when pushed
by the replisome. These are the first specific montspecific interactions between a base and
an amino acid residue that a progressing replicdtiok will disturb at the non-permissive
face of the Tusrer complex. The A(5) of the T-A(5) base pair intenagtiwith R198 is
proposed to play a critical role in Ta®r complex formation and following strand
separation, T(5) strengthens the TT-lock through fibrmation of additional electrostatic
interactions (Figure 18). This is further supporgda similar reduction df/, obtained with
a single C(6)-overheater-lock(cf “single O/H C” and F5FerB(G5) in Figure S1 in Mulcair

et al., (2006)).
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Taken together the quantitative data herein andbdme substitution analysis by
Coskun-Ari et al. (1997) also provides a simplelargtion on why the recently identified
TerK, TerL, TerYandTerZare only marginally pausing replication forks.dtabvious from
Table 13 that the large number of base substitsifpyesent in their core sequencefsTerF
and Figure 14B) would result inks, of these species for Tus comparable to that medsur

for non-specific DNA sequences.

4.4.3The Ter sites and TT-lock formation in the replication termination
fork trap

Six Ter sites were found to form a strong TT-lodke(A TerB, TerC, TerD, TerE TerG). In
the group of moderate bindefBefH-J), a significant difference was observed in théifity
or not to form a TT-lock (Figure 16). Indeed, ugonding to Tus,Ter-locklandJ were able
to form moderate TT-locks whosg, were comparable to the one observed for a sti@ng
and Ter-lockH did not produce a relevant TT-lock. The GFP-Bastaile (Figure 15) and
SPR data (Figure 16) were compared with the plasanidpausing data of Duggin and Bell
(cf Figure 6 p22). It is immediately evident that @i&nity and kinetic data obtained for
TerA-Jdo not fit with the fork pausing efficiency profibtained by Duggin and Bell but the
data obtained for th€er-lockfits well (Figure 15D,F and Figure 6 p22). Indetking only
the three lasfTerH-J sites into accountJerJ is the weakest binder of this group (Figure
15C,E and Figure 16B) but comparatively the strehdd -lock-forming site (Figure 16B).
These findings correlate perfectly with the higfak pausing efficiency observed foerJ
compared withTerH-I (Duggin and Bell, 2009)Thus, fork pausing efficiency data obtained
by Duggin and Bell is best explained by the formatf the TT-lockin vivo.

The results presented here provide essential nEtbon about the efficiency of

binding, strength of the TT-lock and the importarae bases in theler and Ter-lock
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sequences, but they do not necessarily refleathh@mosomal situation, which is influenced
by the location ofler sites, Tus occupancy and the frequency of forkscgmhing each side
of the Ter-Tus complex. Duggin and Bell observed significaatising aferA(0.19%),TerB
(0.14%) andrerC (0.85%) in the chromosomal wild type context (Duggnd Bell, 2009)n
accord with the thermodynamic and kinetic datatf@se sites and their ability to form a
strong TT-lock (Figure 15 and Figure 16). In prplei overexpression of Tus should result in
higher Tus occupancy ofer sites if they are not already fully occupied, cirggtan even
tighter fork trap. The innermo3ierAandTerCwere expected to be fully occupied, but upon
overexpression of Tus, fork pausing increased sogmitly at TerA (0.64%) and to a small
extent afTerC(1.01%; Duggin, 2006)-ork pausing aterB (0.12%), which can only occur if
the replisome breaks throudlerC (~15% of the time), was unaltered and consistetit thie
notion thatTerCis already fully occupied by Tus. Interestinglyeyhobserved only weak or
no pausing at the remaining strongrD,EandG (Duggin and Bell, 2009)

Taken togetherTerAD are the strongest and innermadst sites of the fork trap able
to form the tightest TT-locks. They are locatedhie central part of the termination region.
Within these sitesTerBandC are the strongest TT-lock forming sites; they asthlocated
in the cluster as the two first sites capable adcking clockwise moving forks. Not
surprisingly,TerAandTerD are also located in a similar configuration in tdpposite cluster
stopping anti-clockwise moving replication forksorideringTerF is probably not involved
in replication fork arrest, the two remaining sgorerEandG and the moderat€erH-I and
J are positioned towards the middle and the extiemidf each cluster respectively with
rather intriguing symmetry. Thus, with the exceptif the weakTerF, the more distal the
Ter sites are from the centre of the termination regibe weaker their binding with Tus.
Indeed, it is quite striking thaterH, which forms the weakest TT-lock, afi@rJ, which is

the weakesTer site, are the outermoser sites in each cluster. This could suggest that the
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more distalTer sites, which are rarely used in fork arrest, hawdbably devolved from their
original function as morder sites appeared in the chromosome during evolufibe. data

obtained by Duggin and Bell seem to support tre®th (Duggin and Bell, 2009).

4.4.4Fork arrest: a three-step model

Based on the above analysis, it appears that essefiessential steps are required to arrest
fork progression, including the non-specific birgliof Tus to DNA followed by its correct
docking to a stronJer site and finally, the formation of a strong TT-lotiduced by the
unzipping action of DnaB helicase (Figure 18A-Ckrél the formation of the TT-lock
involves the proper docking of C(6) in the C(6)dimg pocket of Tus, which is dependent on
the helicase activity of DnaB, i.the rate of unwinding. Recently, Bastia etsdlowed that
DnaB helicase could translocate over short stretabfedouble stranded DNA and that
removal of Tus from &der site was easier when DnaB was moving towards theipsive
face than the non-permissive face, and proposedfonanation of the TT-lock is only a
failsafe mechanism (Bastia et al., 200B)ese findings could also suggest that when Tus
docks on itsTer site it functions as a linear ratchet on the DNAdsist the “pushing action”
from DNA binding proteins such as RNA polymeraddsitanty et al., 1998} i.e. Tus can

be pushed and dislodged from the permissive fatddss from the non-permissive face

(Figure 18A-B).
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TerB

DNA

nucleotide contact

AA contact

DnaB %

5
Figure 18: A three-step model for fork-arrest. (A)Non-specific binding of Tus to DNA mediated by
cooperative electrostatic interactions allows slidig. (B) Proper docking of Tus to itsTer site upon correct
alignment of nucleotide and amino acid (AA) contad results in a linear ratchet. (C) Unzipping of the
DNA by the action of DnaB at the non-permissive (NPface leads to formation of the TT-lock through
docking of C(6) in the C(6) binding-pocket of Tus.

The fact that all functionaler sites with the exception of the outermdstrH were able to
form a TT-lock and that C(6) and the C(6) bindinggket have been maintained during
evolution (seanulti-alignment in Figure 19) demonstrates the dmodal importance of this
dynamic process.

Finally, if we assume that fork pausingTarBis the result of a fork breaking through
TerC and that break-through is mostly due to failurddon a TT-lock, then Duggin and
Bell's chromosomal data would suggest that,TflerC, the TT-lock fails to form only 15% of

the time.
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Figure 19: Multi-alignment of Tus with Tus from diverse bacteria. The alignment was generated with Tus
from E.coli (LIECR_A) as the query sequence using the ConservBdmains Database (accessed from the
NCBI website)’. (A) Top listed sequences (most conserved seques@xcludingE.coli strains). Bacteria
include: Cronobacter sakazakiATCC BAA-894, Klebsiella pneumoniaesubsp.pneumoniaeMGH 78578,
Enterobacter sp638, Shigella dysenteria&sd197 Salmonella entericasubsp.entericaserovar Paratyphi A
str. ATCC 9150, Sodalis glossinidius str. 'morsitag, Pectobacterium atrosepticum, Yersinia
pseudotuberculosidP 31758, Photorhabdus luminescensubsp. laumondii. (B). Most diverse sequences
included: IncT plasmid R394, Proteus vulgaris Pseudoalteromonas tunicatB2, Photobacterium damselae
subsp.Piscicidg Moritella sp. PE36,Marinobactersp. ELB17, Salmonella entericasubsp.enterica serovar
Typhi, Pseudomonas fluorescenSBW25. The shaded box highlights residues F140-G14n the C(6)
binding pocket domain. Residues with direct contastto the C(6) are asterisked.

4 .5 Conclusion

The quantitative analysis of the tdrer sites and their respectiveer-locksallowed the
definitive classification oflTer sites from strong to weak Tus-binders and provideskential
information on base-residue interactions — leeir importance for formation of Tuber

complexes and TT-lock. Within the tier sites studied here onlyerF was found to be too

4 A. Marchler-Bauer, S. Lu, J. B. Anderson, F. CiitsM. K. Derbyshire, C. DeWeese-Scott, J. H. Fan,.
Geer, R. C. Geer, N. R. Gonzales, M. Gwadz, D.urwitz, J. D. Jackson, Z. Ke, C. J. Lanczycki, B, G. H.
Marchler, M. Mullokandov, M. V. Omelchenko, C. LoBertson, J. S. Song, N. Thanki, R. A. Yamashita, D
Zhang, N. Zhang, C. Zheng and S. H. Bryant, Nudi&ils Res., 2011, 39, D225-229.
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weak to possibly be involved in fork pausing. Tleaddemonstrate that Tus’s resistance to
dissociation mediated by the formation of a lockether weak or strong, correlates best with
fork pausingn vivo. Further studies providing structural informatmm unbound Tus will be
required to fully describe the complex dynamicshi$ system. The location of Tus and how
it finds a Ter site remain also mysteries, which could be solvgdabcombination of
genomewide localization, single-molecule aimd vivo imaging studies. Finally, recent
applications of Tus in proteomics (Askin et al.120Chatterjee et al., 2008, Kaczmarczyk et
al., 2010, Moreau et al., 2010, Sitaraman and €ha#, 2011) and its potential use as a
connector between DNA and antitarget proteins inltiplex immuno-PCR diagnostics
(Dahdah et al., 2009, Morin et al., 2011, Morinaét 2010, Schaeffer and Dixon, 2009)
currently driving the search for even stronger and Ter-lock sequences capable of never
dissociating from Tus. The methods and data de=trierein will undoubtedly be invaluable

for this purpose.
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Chapter 5: Salt dependence of the Tu3er complex by differential
scanning fluorimetry of GFP-tagged proteins (DSF-GP)

Parts of this chapter are taken from a previoushplghed manuscript in RSC Advances
(Moreau, M. J., Morin, I. Askin, S. P. Cooper, Apreland. N. J,. Vasudevan, S.G. &

Schaeffer, P. M)

5.1 Introduction

The affinity and stability of a particular protedNA complex are usually characterized by
their binding constant and Gibbs free energy ofdinig, but these parameters are not
sufficient for elucidating the nature of the phyditorces acting between the two molecules.
lonic contacts play a major role in the interactmtween highly charged DNA and protein
DNA-binding domains. The fine tuning of highly sifex protein-DNA interactions can be

further understood by separating the overall bigdémergy into its electrostatic and non-
electrostatic components. The relative magnitude &nportance of each component

modulates the functional specificity and activifyagprotein at various binding sites (Minton,

5 The validation described in the introduction ofstbhapter has been published in Moreau, M. J.,itMadr
Askin, S. P. Cooper, A, Moreland. N. J., Vasudeva®. & Schaeffer, P. M. 2012. Rapid Determinatidn

Protein Stability and Ligand Binding by Differerti&canning Fluorimetry of GFP-Tagged Protgif®SC
Advances, 2, 11892-11900.
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2001). The electrostatic component of an interaatgsults solely from the entropy of mixing
the displaced DNA counter-ions with ions in bulkduimn according to the counter-ion
condensation (CC) concept (Manning, 1978, Recoral.e1978, Record et al., 1991, Record
et al., 1976, Waldron et al., 2005). The contriitof electrostatic interactions to complex
formation can therefore be determined from the shpendence of the association
equilibrium constant. Salt resistance of proteinAONomplex indicates a dominant
contribution of non-ionic interactions.

TheE. colitermination protein Tus binds to 14 terminaticlesiJTer) scattered on the
chromosome. Ten of these sites (primagr sitesTerA-J) were characterized in terms of
binding affinity by SPR at two salt concentratiqgnEChapter 4, Figure 16 p90; Moreau and
Schaeffer, 2012a). The salt dependence of Tusaktiag with TerB has previously been
studied (Neylon et al., 2000) and revealed a lafject of salt concentration change on
association kinetics. However, there is no studytrensalt dependence of Tus in complex
with the otherTer sites or with their TT-lock analogue. NotablerF was shown to be only
marginally more specific than a non-specificgC DNA fragment ¢f Chapter 4, Figure 15
p86; Moreau and Schaeffer, 2012a). Kinetic stusliesved thaferF bound weakly to Tus at
150 mM KCI but not at 250 mM KCkft Figure 16 p90), suggesting thegrF forms mainly
electrostatic interactions with Tus (Moreau and&dfer, 2012a).

The recent development of differential scanningpfimetry (DSF) and the high-
throughput (HT) capability of the protein stabilapd ligand binding assay Thermofluor have
vastly facilitated research in the field of macrdeonlar interactions (Ericsson et al., 2006,
Lavinder et al., 2009, Magliery et al., 2011, Niesst al., 2007, Pantoliano et al., 2001,
Senisterra and Finerty, 2009, Vedadi et al., 20068g previously developed method GFP-
Basta ¢f Chapter 3 p60) was developed as an alternativbadeb DSF since it could be

used with samples containing substantial amountsdafitional proteins, i.e. ligands or
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contaminants (Moreau et al., 2010). However thé tigoughput potential of GFP-Basta to
generate large amount of data on protein stalslitffers from the fact that it requires a
separation step. Although this issue could be @lted by using adequate robotics, a higher
throughput method was developed to study the saistance of all Tu$er complexes.

It was noticed during the development of GFP-Bdhktt the initial fluorescence
intensity of TerBbound Tus-GFP was systematically increased comparfrde Tus-GFP at
the same concentration (unpublished data). As paitein domains unfold independently in
the fusion proteindf Figure 9 p63; Moreau et al., 2010), this phenomerauld only be the
result of changes in the proximal environment & @FP upon binding oferB to the Tus
domain, i.e. GFP acts as a sensor and reportds @giréoximal environment. In this case, a
change in fluorescence should also be measurabdaistime by DSF when Tus unfolds and
aggregatesHrror! Reference source not foundA).

To test this hypothesis, a solution of Tus-GFISBP (control) was gradually heated
using the melting curve protocol of a real-timerthal cycler and a transition in the melting
curve profile was clearly observed for Tus-GFP befoss of fluorescence of GFP at ~80 °C.
This transition was absent in the profile obtaif@dGFP alone (control) confirming that the
effect was induced by the Tus domain in Tus-GFPe Thrves were mathematically
transformed to the first derivativé&iror! Reference source not foundB) resulting in the
transition in the melting curve being visualized agpeak with its tip representing the
transition midpoint Ty). It was shown that th&, peak was indeed a reflection of the
aggregation stage of the Tus-GFP by measuringeidual fraction of folded proteinEifiq)
present in reactions stopped before, at the maximudhat the end of the peak using GFP-
Basta Error! Reference source not foundC). The Fq values at these temperatures

indicated that the protein is unfolding and aggtieggaat the peak obtained with DSF-GTP.
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This confirmed that the peak and associaigccorresponded to the transition midpoint of

aggregationTagg Of Tus-GFP Error! Reference source not foundC).
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Figure 20: Concept and validation of DSF-GTP. Thelfiorescence of a POI-GFP (protein of interest fused
to GFP) is monitored in real-time over a temperatue range. At low temperature POI-GFP is in the fully
folded state S1. POI-GFP switches to the lower fluescent state S2 when POI unfolds and aggregates.
Fluorescence is lost when GFP unfolds (S3 state)F: difference in fluorescence. (B) Melting curves
obtained with Tus-GFP and GFP at 2.5 pM each in prephate buffer (45 mM NgHPO,4, 5 mM NaH,PO,,
10% glycerol (v/v), 2 mM B-mercaptoethanol) (0.5°C/cycle, 10 s dwell time)C]j Correlation between the
T obtained with DSF-GTP and the residual fraction offolded Tus-GFP §r4) at the temperature
immediately before, at the midpoint, and at the enaf the T, peak determined by DSF-GTP. (D) Thermal
shift of Tus-GFP upon binding toTerB in SPRy5, buffer (0.5°C/cycle, 30 s dwell time). (E) Concerdtion
effect on the melting curve of Tus-GFP in phosphatbuffer (1°C/cycle, 10 s dwell time). (F) Melting arve

108



CHAPTER 5

of a mixture of equimolar Tus and GFP in phosphate buffe at concentrations from 1.25 to 10 uM. The

inset is a close up look of the peak obtained foruk. Melt curve settings and curves color match paret
B).
The phenomenon was best explained by a fluoresmpreeching mechanism resulting from

shielding of the fluorophore by the proximity ofethlus-aggregates. This was further
supported by the fact that a smal peak was apparent for a mixture of Tus and GFRat
MM each corresponding to thkgg of Tus-GFP Error! Reference source not foundF).
Thus, the fluorescence quenching is highly enhabgetie physical linking of Tus with GFP
as it becomes only apparent at the highest coratenis tested for a mixture of Tus and GFP
(Error! Reference source not foundE-F).

As expected, the binding dkrBto Tus-GFP at 250 mM KCI resultedarsignificant
shift in T, of about 10°C Error! Reference source not foundD). The analysis of the
melting temperature dependence on the protein igadd concentrations has been used to
determine dissociations constants (Zubriene e2@09) and the concentration dependence of
TerB on Ty, of Tus-GFP was investigated using DSF-GTP (Moraad Schaeffer, 2012a).
The so obtaine#p value of 9 nM in SPR, buffer (pH 7.5) correlated well with th&, of 11
nM obtained by SPR in the same conditions demaisgrahat DSF-GTP can be used to
quantitatively monitor protein-DNA interactions. 8lmethod was also validated with eleven
other proteins for which large quantities of protetability data as well as ligand-induced
stabilization effects were generated (Moreau et28112). DSF-GTP could therefore be used
to determine the specificity of eadler andTer-lock for Tus by comparing the contribution
of electrostatic interactions to the stability betten TusFer and TusTer-lock complexes.
The effect of increasing potassium chloride ondkerall stability of these complexe§.j
was determined simultaneously and compared to thieilisy induced by a non-specific

DNA.
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5.2 Material and Methods

5.2.1Protein expression and purification

Hise-Tus-GFP (refered as Tus-GFP) was expressed arifieguas previously described
(Dahdah et al., 2009) except that here protein®wesuspended in SRR buffer (50 mM
Tris pH 7.6, 250 mM KCI, 0.1 mM EDTA and 0.2 mRimercapoethanol) and dialysed

twice against the same buffer at 4°C.

5.2.2DSF-GTP

Melting curves were obtained with an 1Q5 iCycleigqad). The temperature range was 35-
75°C at 0.5 or 1 °Cl/cycle and 30 s dwell time. Rieas were performed in triplicate with 60
ul of proteins at 2.5 uM yielding initial RFUs betan ~4000-6000. The first derivative of
the fluorescence curve was used to determineTthet the maximum change in GFP

fluorescence by visual inspection of the curvebyoautomatic peak recognition.

5.2.2.1 Automatic peak recognition using RStudio

The following program was adapted from Thermal SAEsays — Xtalwild. After a DSF-
GTP run, the raw data were exported to Excel. TRE Bnd -d(RFU) sheets were each saved
as a CSV file. The following script commands RSbutdi read the CSV files (the characters

in red are to be adapted for each user, run onéitae).

raw_data <- read.csv("C:/Documents and settiregb/to fildRFUfile.csv")

grad_data <- read.csv("C:/Documents and settipgst to file/-dRFUfile.csv")

8 http://thermofluor.org/resources/Thermal-Shift-Agsa-Xtalwiki.pdf. Retrieved the 1.11.2012
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The following script commands RStudio to scale plof RFUs and —dRFUs on a single
graph and choosg, at the maximum of the derivative function betw@&&AC and 71.5°C to
avoid taking into account the peak correspondingGfeP unfolding. It then generates

individual plots for each well in a pdf file.

find.tm <- function(temp=temp, I=I, grad=grad, waillell) {
Igrad <- matrix(1154), nc=2)

Igrad[,1]=I

Igrad[,2]=grad

scaled_data<-scale(Igrad)

plot(x=temp, y=scaled_data[,1], type="'p', col="re¢ib="", ylab="",ylim=c(-5,5))

lines(x=temp, y=scaled_datal[,2], type="l', col=8#3Juwd=2,xlab=
title(main=well)

tm.s=temp[which.max(lgradf732])]

title(sub=sprintf("Tm = %4.1f", tm.s, cex.sub=1.2))
return(tm.s)}

pdf(file="C:/Documents and settings/usernapa¢fi to filéThermographgdf”, width=30,
height=21,pointsize=9)

layout(matrix(data=1:96, nrow=8, ncol=12, byrow=TRJY

tma<-matrix(nrow=12,ncol=8)

for(i in 2:97) {try(expr=tmali-1]<-find.tm(temp=rawdata[,1],I=raw_datal, i,
grad=grad_datal,i], well=names(raw_data)[i]))}

dev.off()
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It has to be noted that in line 2 of the abovepscthe matrix scale was adapted for the range
of temperature tested in a particular experimeatramping speed determines the number of
rows in the database) and can be generally cagzlil follow: (Total number of rows in the
dataset — 1) x 2. In the above example, the tertyreraange was 35°C to 73.5°C with 0.5°C
increment. In line 9, the red numbers indicate thege of rows corresponding to the
temperatures over which the program identifieshigiest value on the y-axis @s. Since

the peak corresponding to the unfolding of GFRtst@amund 72°C and rapidly increases, the
range of temperature used fby determination was set at 71.5°C (row 73 in the d&t) to
avoid false peak identification.

The following script generates a 2-D heat map ef36-well plate with a color gradient code

from red (lowTy) to yellow (highTy):

pdf(file="C:/Documents and settingskrnamiesktop2Dheatmaypdf", width=6, height=5,
paper="a4", pointsize=8)

tmaplot<- matrix(nrow=12,ncol=8,data=0)

for(i in 1:8) {tmaplot[,9-i]=tmal,i]}

image(tmaplot)

dev.off()

The correlation betweeil, values obtained with the automatic peak recogmisgstem

described above and the visual curve analysis @sisd using the Pearsptest in GraphPad

Prism.
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5.2.2.2 Effect of ionic strength on TusTer complexes stability

Tus-GFP was incubated with eaChr site in the presence of eight KCI concentrationd a
subjected to the melt curve program of a real-tthermal cycler. Stock solutions of Tus-
GFP, Ter oligonucleotides and KCl| were prepared at threeesi the desired final
concentration in SPR buffer (50 mM Tris (pH 7.7),1 0OmM EDTA, 0.2 mM f-
mercaptoethanol). An equal volume of each was mireal gPCR 96-well plate (Bio-Rad).
The mixture was left 10 minutes at room temperataneach equilibriumTer were in slight
excess (3 uM) compared to Tus-GFP (2.5 uM) and ¢@@kentrations ranged from 8.4 to
351.5 mM. The IQ5 iCycler (Bio-Rad) was set on thelt curve program from 35°C to
75°C, 0.5°Cl/cycle, 30 s dwell time. Thg values were determined by graphical analysis of
the first derivative of RFU signal, or using theé@natic peak recognition program developed

with the free RStudio interface as described above.

5.3 Results and discussion

5.3.1Automatic determination of T, values and 2D-heat map screen

The first step was to increase the throughput @fniethod to be able to handle the volume of
data generated in this study. A universal autonagik recognition program was developed
for the RStudio interface that produces a 2D-heptofaa 96-well plate directly from raw
data. This script provides individual thermoplot:iormalized RFU and —dRFU/dT variables
and reports the temperature at the maximum valuthefderivative ad, (see script in
section 5.3.1). Figure 21A shows the thermoplotaiakd for free anderCG-bound Tus-GFP

at increasing KCI concentrations. The peak of fiees-GFP shifted to slightly higher
temperatures with increasing salt due to the stainy effect of KClI on Tus-GFP as

previously observed:{ Chapter 3, Figure 11 p69).
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Figure 21: Automatic peak recognition of melt curve using RStudio interface. (A) Example of
thermoplots showing RFU signal (red) and its derivave —dRFU/dT (blue) obtained for free or TerC-
bound Tus-GFP at increasing KCI concentrations from8.4 to 351.5 mM KCI. (B) 2D-heat map
representing theT,, values of all TusTer and Tus-Ter-lock complexes at increasing KCI concentration.
The T, was determined from the average of three —dRFU/d€urves. Tus-GFP was at 2.5 uM ander or
oriC DNA was at 3 uM in SPR buffer (50 mM Tris pH 7.60.1 mM EDTA and 0.2 mM B-mercapoethanol)
supplemented with KCI at the above mentioned concémtion. NA: not available due to false T,
determination as the peak corresponding to the unfding and aggregation of Tus was below the peak of
GFP at 71.5 °C.T,, values ranged from 45°C (red) to 71.5°C (pale yelv). (C) Pearson r correlation
between T, values obtained by visual analysis of DSF curvesnd by automatic peak recognition
(RStudio) for each data point Ter, oriC, their lock-forming analogues and free Tus-GFP da were
obtained in triplicate for each salt concentration,n=183). The red error bars represent the 95 %

confidence interval.
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When bound toTerC the Tus-GFP peak initially shifted by 28°C at tlmvest salt
concentration and gradually shifted to lower terapge with increasing salt due to the
weakening of electrostatic interactions. Due togheminent GFP peak between 75 and 80°C
depending on the conditions usdeirpr! Reference source not foundB), the melt curve
derivatives were only analyzed up to a temperawere the GFP signal was minimal in
order to reduce false peak recognition rate. HB&F; curves were analyzed until 71.5°C to
detect peaks as small as 100 —dRFU/dT. An arbiffaryalue of 71.5°C was automatically
assigned to peaks at or above this temperaturs. Was only the case fdrer sites at the
lowest KCI concentration (high affinity conditiomjth the exception oTerFwhich had ar,
value below 71.5°C. Th€&,, values for the remaininger sites could be visually determined
and were generally within 0.5°C of the arbitrarjuea Only for TerG and Terl, peaks at
73.6°C and 73.1°C respectively were missed byrtieghod but could be obtained by visual
examination (Figure 22C). Overall the data from ¢hegomatic peak recognition program
correlated well with those obtained by visual deteation of T,, for each curve (Figure
21D). Out of 552T, peaks analyzed with the program, only 24 were dardified
corresponding to an error rate of 4.3 %. Out of¢herrors, 50 % were due to the GFP peak
being higher at 71.5°C than the POI peak and thmair@ng errors were from the unresolved
peak on the original curves. This error rate cdogdfurther decreased by increasing the
protein concentration and thus increasing the sig@raor! Reference source not foundg).

The 2D-heatmap of the 96-well plate provides aarexplicit representation of the
experimental screen by transformiiig values across the plate by a 2-colors gradien¢ cod
with the lowestT,, shown in dark red and the highdgstshown in pale yellow (Figure 21B).
The profile obtained fofer andTer-lockbinding sites at 150 and 250 mM KCI were in good

agreement with GFP-Bastacf(Chapter 4, Figure 15 p86 and Table 11 p88). This
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demonstrated the accuracy of both visual and autonmaethods and the significant

advantage of the program for the analysis of higlames of data.

5.3.2Effect of ionic strength on TusTer complexes stability

The salt dependence of binding of Tus-GFP to allTer sites, theifTer-lockanalogues and
oriC was examined in the presence of 8.4 to 351.5 mMI KEigure 22). The
oligonucleotides used in this study were the sameha ones used in the GFP-Basta
experiments with the locked species having a 6eauiitle single stranded tail at the non-
permissive face that allow the C(6) to bind inte ttytosine-binding pocket of Tus (Figure
22A).

The increase i, of Tus-GFP with increasing KCI concentration (Fg®22A-B)
indicates that ions bind and stabilize the prof@#aldron et al., 2005). The non-specificC
and oriC-lock conferred an increase in stability to Tus-GFP dmyow 150 mM KCI and
resulted in aATy, with free Tus-GFP of more than 10°C at the lowsst concentration
highlighting the significant contribution of elegstatic interactions in these conditions. The
salt-dependent profiles obtained for fher and Ter-lock species correlate well with the data
obtained with GFP-Basta at 150 and 250 mM K&ZHgure 15p86; Moreau and Schaeffer,
2012a). The strong binderFdrAE and TerG induced a larger thermal shift than the
moderate bindersTérH-J) at almost all salt concentrations reflecting thigher affinity of
Tus for the strong binders (Figure 22A). Ofilgrl was as stabilizing as the strong binders at
the lowest ionic strength (8.4 mM KCI).

The profiles obtained for all strong binders hadilsr slopes and amplitudes (Figure
22A and Table 14) witfferG having the highest,, at the lowest salt concentration. These
Ter sites (and their analogue) responded similaripmac strength suggesting that essentially

the same ionic bonds are broken in these complexes that additional or stronger
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electrostatic interactions may occur in the TiesG complex (Figure 22E). In accordance
with previous datacf Figure 15p86; Moreau and Schaeffer, 2012&¢r species were more
stabilizing than theifTer-lock analogues in low salt due to the missing baseifspemnd
electrostatic interactions between G(6)/A(5) an®®in the partially single-stranderer-
lockscompared to th&er species. The R198 residue forms polar and Vamdsis contacts
with A(5) and G(6) sugars ifier species and a water-mediated ionic interactiotn it
phosphate group of G(6) (Kamada et al., 1996)Isth forms specific hydrogen bonds with
these two bases (Figure 23). Therefore R198 cantégbsignificantly to the overall affinity of
the complex (Neylon et al., 2000). The R198A mutsad a 150-fold reduced binding affinity
for TerB (mainly affecting k) and also has a lower affinity for non-specific BN
demonstrating the significant contribution of tiesidue to complex formation rather than
complex stability (Neylon et al., 2000). The higls&bility induced byler compared td'er-
lock species in low salt is therefore mainly the restilh decreased association rate constant
(k) with the TusTer-lockcomplexes. In high salt, all ionic contacts arekkn, reducing the
difference ink, between the two species and making the effech@fTil-lock apparent, at

least for the strong TT-lock forming sites.

117



A

Ter

CCCCGCCCCCACTTTAGTTRACAACATACTAATT
GGGGCGGGGETGARAATCAATGTTGTATGATTRAR

CHAPTER 5

Ter-lock

CCCCGCCCCCACTTTAGTTACRAACATACTAATT
GGGGCGGEGGETGARATCARTGTTGTAT
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Figure 22: Effect of ionic strength on Tus-GFP in omplex with Ter sites or their Ter-lock analogue. (A)

KCl-dependent stability of Tus-GFP-Ter or Tus-GFP-Ter-lock complexes.TerA and Ter-lockA sequences

and structures are shown as an example of the oligocleotide design used for alller sites. TheTer-lock

species are partially single stranded at the non-pmissive end allowing C(6) to bind into the cytosia

binding pocket at the surface of Tus. (B)fer (blue) and Ter-lock (red)-induced stability at increasing KClI

concentrations (8.4 mM to 350 mM). Tus-GFP (2.5 pMand oligonucleotides (3 uM) were assembled in

the presence of KCI and incubated for 10 minutes abom temperature prior to DSF-GTP.
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As the KCI concentration increased, a shouldeeiffigct was observed that was more
prominent for the stronger sites TerA-EandTerG than the remaininger sites (Figure
22B) indicating a stronger contribution of specifiteractions in these complexes that could
not be outcompeted at low KCI concentrations.

As the KCI concentration increased further, a mteeegative slope and amplitude
was observed folrer species than for theifFer-lock analogue (Table 14), resulting in the
crossing ofTer and Ter-lock profiles around 150 mM KCI for mogter sites (Figure 22B).
This trend indicates a larger contribution of alestatic interactions iffer species and the
presence of additional specific interactions with-lock species that reduce salt sensitivity.
lonic strength affects both site-specific DNA bingli(Ksp) and non-specific DNA binding
(Kng). However, Ks, varies less severely with salt that ddég for non-specific binding
(Engler et al., 1997, Garner and Rau, 1995, Reebal., 1991, Saecker, 2001, Sidorova and
Rau, 1996). InTer-lock specieKs varies with less amplitude than Trer species due to the
missing interactions with G(6) comparedTier species (Figure 23). On the other h&gglis
negatively affected by the loss of specific intéiac with A(5) and G(6) but positively
affected by the formation of the TT-lock (Figure @2B). Therefore the only factor
contributing to an increase in resistance to deatin in high salt is the formation of the
TT-lock.

Above 150 mM KCI, where only specific interactiacentribute to the stability of the
complexes (i.e. no binding toriC), the contribution of the TT-lock was sufficiend t
overcome and/or surpass the loss of both electiostad specific interactions with the
nucleotides missing at the non-permissive facehefTer-lock(A-E and G)pecies. The
magnitude of the contribution of each componentbinding (TT-lock, specific and
electrostatic) is reflected by the KCI concentnatad the crossing point betwe&ar andTer-

lock profiles.
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Table 14: Effect of ionic strength on Tus-GFP in camplex with Ter sites or their Ter-lock analogue.

Ligand A B C D E F* G H I J oriC**
Ter .0.085 -0082 -0.079 -0.081 -0.087 -0.094 -0.085 -0.087 -0.092 -0.095 -0.092 +
slope +.005 +.007 +.006 +.004 +.003 +.005 +.006 +.005 +.004 +.006 .008
Max Tp 714 715 716 715 713 684 736 717 731 7 574
Min T, 498 501 49 488 484 446 49 463 464 4 446
'(Ac‘,rg;’"t”de 216 214 226 227 229 238 246 254 267 2 128
Ter-lock  -0.057 -0.058 -0.058 -0.061 -0.057 -0.091 -0.063 -0.067 -0.075 -0.066 -0.10+
slope +.004 +.004 +.007 +.003 +.004 +.004 +.003 +.003 +.005 +.005 .007
Max Tr, 680 680 685 679 677 616 694 655 656 6 57.0
Min T, 525 529 520 517 512 448 515 467 466 4 446
'(Aog)pl'tu‘je 155 151 165 162 165 168 179 188 190 1 124

Slope (+ SD) were obtained from linear regressiom,pvalues in the linear portion of the curve. Thepslof all
TerandTer-lockcurves were taken between 150 and 250 mM KCI efogdterF, oriC and their respective lock
analogues. TerF andTer-lockFwere analysed betwed®0 and 200 mM KCI, and #%iC andoriC-lock were
analyzed between 8.4 to 100 mM KCI. The max and Tgjivalues are thd,, at the lowest and highest KCI
concentration respectively and the amplitude igdifference between these two values.

TerH-Jdiffer in their electrostatic and specific contritons to bindingTerH has a less steep
negative slope (Table 14) thdrerl andJ as a result of the maintained specific interaction
with T(9) which is mutated in the other two speciesan adenine. In accordance with
previous datadf Figure 15 p86 and Figure 16 p90; Moreau and Stéma&f012a), although
Terd was the more susceptible to ionic strength suggeshat it forms less specific
interactions,Ter-lockJwas able to strengthen the complex and confeng#noresistance to
ionic strength tharTer-lockl Like TerG, Terl has the highest,, value at the lowest salt
concentration compared ferH and TerJ, howeverTer-lockl was strongly affected at low
KCI concentrations (Figure 22B). This data suggektt Terl forms numerous small
cooperative electrostatic interactions. The saftedelent profile offer-lockH crossesTerH
profile around 250 mM KCI whereas the profiles afa for Terl and Ter-lockl did not
cross.Ter-lockl had the steepest slope of Bdr-lock species. This was surprising given that
TerH was shown to not form a TT-lock whereBsrl could form a moderate TT-lockef(

Figure 16 p90).
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Figure 23: Tus-Ter interactions at the non-permissive face. Crystaltaicture of Tus in complex with (A)
TerA (PDB 2105) and (B) with Ter-lockA (PDB 2106) with mismatched T(5) and C(6). In (A), anino-acids
R198, S193, V200 and R302 and in (B) the cytosinenbding pocket (G149, L150 , H144) and V200 and
R302 are shown in red (spacefill of Van der Waalsadius). Contacts between Tus and (CJerA and (D)
Ter-lockA used in this study. Sequence specific interactiorae in red and non-specific interactions with
the backbone DNA are in green. The black dot represits hydrophobic interactions. R198, with the
nonpolar W208 and V200, is holding the C-carboxyl dmain, namely a-helices VI and VII at the non-
permissive face ofTer. In the Ter-lock species used in this study, residue (1-6) were natluded to allow
C(6) to flip out into the Tus cytosine specific biding pocket, therefore both R198 and S193 mediated
contacts can not form. The domain is likely to betabilised only by the nonpolar V200 and W208 resides
and R302. Additional specific contacts occur with @) in Ter-lockA. The contacts with the remaining
bases of thecore sequence are maintained in botfierA and Ter-lockA (Mulcair et al., 2006).

This could be explained by the fact tiadrl has reduced specific interactions compared to
TerH and is therefore more strongly affected by ionrerggth. The effect of the weak TT-

lock is masked by a reducég(and increase&p) compared to the other moderate binders.
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These results also suggest that some specificagtitens might still occur in th&er-lockH
structure.

As expected from previous resultf Figure 15p86 and Figure 16p90; Moreau and
Schaeffer, 2012a), thBerF andTer-lockF curves were essentially parallel (slopes of -G&94
0.005 and -0.091 + 0.004spectively) confirming thakerF does not form a TT-lock (Table
14 and Figure 22). The differenceTierF andTer-lockFis presumably the direct result of the
effect of the loss of non-specific binding of R1@Bh the phosphate groups of G(6). The low
affinity of TerF for Tus determined by SPR raised concerns aberk being a realler site
(cf section 4.4.1 p95; Moreau and Schaeffer, 2012h¢. domparison oferF curves and
oriC curves showed thdterF maintained specific interactions with Tus up t® 26M KCI
(Figure 22A-B). At physiological concentrations 501mM), oriC did not stabilize Tus-GFP,
whereas the low affinityerF induced a thermal shift of 12.5°C. This resultwbdhatTerF
has maintained some specificity for Tus amdld still act as a pausing site despite its low
affinity and its inability to form a TT-lock.

It has to be noted that vivo, Tus recognizes aller sites as fully double stranded
DNA whereas here, Tus bound to partially strand@®ADgiving therefore only a partial
measure of the TT-lock contribution as explainedvab(i.e. masked by a reduckg and

therefore subtle lock formation might be missecwiitis method like foferl.

5.4 Conclusion
Taken together these results suggest that eléafiioteractions play an important
role in TusTer complex formation and stability. All TuBer complexes reacted similarly to
ionic strength, their differences in stability bgimainly attributed to the number of specific

interactions occurring between Tus and e@ehsite and their respective TT-lock forming
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capacity.TerF was the weakest termination site followedT®rJ, Terl and TerH, although
TerJforms a stronger TT-lock. This was previously alied using GFP-Basta and SP& (
Chapter 4; Moreau and Schaeffer, 201J&yA, BandC were the most specific sites. These
data also confirmed the importance of R198 in cexpbrmation. This residue is likely to be
the first step inler recognition and binding, bringing the flexible Ldp of the C-domain
close to DNA where additional specific interactisgsequently form. The data obtained
with DSF-GTP were in good agreement with the resalitained with both GFP-Basta and
SPR, and enabled the acquisition of informatiornthenspecificity and salt dependence of all
Tus-Terand TusTer-lock complexes.

Finally, DSF-GTP is simple, fast, robust and in#&res to variations in reaction
volumes. The technology is well suited for the gtud protein-ligand interactions as it
doesn’t require solvatochromic dyes, eliminating tiisk of interferences with additives,
ligands or the protein itself. An advantageous amdue feature of DSF-GTP is that melting
curves provide information on the effect of adait\vand buffers on fluorescence and stability
of the GFP reporter itself, providing an in-builuadity-control measure for individual
reactions. The expression and folding reportertioncof the C-terminal GFP tag (Waldo et
al., 1999), combined with its new function as asserfor protein aggregation, equips DSF-
GTP with all essential features to become a powedmprehensive HT tool for monitoring

protein expression, folding, stability and ligandding.

123



CHAPTER 6

Chapter 6: A new polyplex gPCR-based DNA-binding assay to detaine
the preferential binding of Tus to genomicTer sitesin vitro

The data included in this chapter have been pubtish Analyst(Moreau, M. J & Schaeffer,

P. M). The original manuscript was slightly adapfed coherence with the rest of this thesis.
The binding of Tus for the ten primary Ter sitesr-J) has been characterized in Chapter 4
and the effect of ionic strength in Chapter 5. Tdhiapter describes the development of a new
gPCR-DNA binding assay enabling to study the efieffanking sequences proximal to Ter

sites.

6.1 Introduction

In E. coli, two replisomes proceed bidirectionally to repicthe circular chromosome until
they meet a section of the chromosome containisgris of terminationTer) sites. These
sequences are 21 bp in length (Hidaka et al., 1B@Bet al., 1988a) and arranged in two
clusters that act in a polar manner to constrapligation termination opposite toriC.

Replisomes can proceed through the first clust@ieokites on their way to the terminus, but

"Moreau, M. J. & Schaeffer, P. M. 2012. A polypleR@R-based binding assay for protein-DNA interaction
Analyst, 137, 4111-3.
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will be stopped by the second cluster containirey sites in the opposite orientationf (
Figure 14p79).

The study of protein—-DNA interactions is challemgiand often involves the
manipulation of radioisotope-labelled material sashin electrophoretic mobility shift assays
or radioactive filter-binding assay (Forwood anes]a2006, Oehler et al., 1999). Surface
plasmon resonance (SPR) and fluorescence baseddsdthve also been widely used for the
study of protein-DNA interactions (Favicchio et &009, Moreau et al., 2010, Moreau et al.,
2012, Mulcair et al., 2006). These techniques aseally useful and very sensitive in
acquiring quantitative data on binding affinitiathough with limited throughput. Recently a
promising microfluidics platform called MITOMI wasleveloped that can be used to
determine binding affinities in high-throughput @& and Maerkl, 2010, Maerkl and
Quake, 2007). For all these methods, the leveddirical difficulties is high due to the need
for specialised facilities or equipment and tragni®pecifically, for ChiP-seq and ChIP-chip
experiments, where genome-wide binding data areirsdd, there is also a need for more
quantitative and comparative methods to rapidlyded¢ the newly identified genomic DNA
regions containing putative targets, in a time eost-efficient manner.

The aim was to develop a simple and fast methodbtain comparative TuSer
binding affinity data using genomiter sites of about 150 bp in a competition and polyple
format. The method presented here is a new qPC&dbaslA-binding assay that involves
the immunoprecipitation of GFP-tagged Tus in compldth a stoichiometric mixture of
genomicTer sites followed by gPCR quantification of the immunocaptl DNA targets
(Figure 25A). This method was also used as a vaidastep for the immunoprecipitation

protocol for the ChIP-gPCR experiment on Tus déscriin Chapter 7.
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6.2 Material and methods
6.2.1Protein expression and purification
The Hig-Tus-GFP proteins were expressed and purified egqusly described (Dahdah et
al., 2009, Moreau et al., 2010) except that hemd,like in Chapter 4 and 5, the ammonium
sulfate pellets were resuspended in buffer A (50 8, pH 7.6, 250 mM KCI, 0.1 mM
EDTA and 0.2 mMpB-mercaptoethanol) and dialysed (SnakeSkin pleatetysis tubing
10,000 MWCO; Pierce) twice against 200 ml of bueat 4°C. The purity of proteins was
assessed by SDS-PAGE (Next-gel, Amresco) and ctratiem was determined by standard

Bradford assay.

6.2.2Determination of Tus-Ter binding by gPCR DNA-binding assay

The method was developed to compare the affinityusf for eachrer site in polyplex. For
this assay, genomic DNA regions (~150 bp) contagiriier sites ororiC sequences (non-
specific binding control) were amplified frof. coli DH12S using a MyCycler (Bio-Rad)
with Tag DNA polymerase (New England Biolabs). ©hgcleotides, used to amplify the
individual genomic regions containing tierA-J sites, were standardized for PCR and are
described in Table 4, p44. The protocol consisted denaturation step of 30 s at 95°C,
followed by 40 cycles of 15 s at 95°C, 10 s at 6@1@ 20 s at 68°C and a final extension
step of 2 minutes at 68°C. DNA amplicons were ppedifand quantified after electrophoresis
on an agarose gel using the image analysis softimaaged (http://rsbweb.nih.gov/ij/). All
DNA amplicons were diluted to a final concentrat@mné nM in TBS (20 mM Tris pH 7.5,
150 mM NacCl and 0.005% Tween 20). A solution cantej one volume of Tus-GFP (6 nM
in TBS) and one volume of each DNA amplicon (6 mMI'BS) was diluted in TBS buffer to
obtain a final concentration of 0.4 nM of Tus-GHRil&.4 nM of combined DNA amplicons.

The reaction mix was left 10 minutes at room terapee to allow Tus binding tder sites.
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Streptavidin coated plates (Thermoscientific, RieRirtd ™ Streptavidin coated HBC black
96-well plates with SuperBlock blocking buffer) weroated overnight with 5d of 1 ug/ml
biotinylated goat anti-GFP antibody (Ab 66858; Aflmgain TBS at 4°C. The antibody
suspension was removed and the wells were washed2@@ul of TBS. A volume of 5Qul

of Tus-GFP-DNA reaction was bound to each well@@rminutes at room temperature. The
supernatant was removed and wells were washed &stiwith 200ul of TBS. DNA
amplicons were dissociated with iDof TBS containing 0.5 M NaCl during 30 minutes at
room temperature, transferred into a new tube adoted 10 times with water to reduce the
salt concentration (output). The salt concentratiod dilution of the initial Tus-GFP-DNA
reaction were adjusted (input) to match the outmnditions. Background controls were
obtained using the same protocol with the omissibthe anti-GFP antibody binding step.
The 1Q5 iCycler (Bio-Rad) was used for qPCR. Byiefieactions contained | of input or
output, 8ul of primer pair (0.5uM) and 10ul of SensiMix SYBR & fluorescein mastermix
(Bioline). The protocol used included 10 minutesvation at 95°C followed by 40 cycles at
95°C, 10 s and at 60°C, 10 s. A melt-curve wasedmut to verify that the correct regions
were amplified. Standard curves were obtained fheprimer set with a 10-fold serial

dilution of input matching the output buffer condits (10-, 100- and 1000-fold).
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25 Primer | Slope
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Figure 24: Determination of primer specific efficiscy. (A) qPCR standard curve for TerB. (B) Slope

values obtained for each primer.

ACt-values were obtained by subtracting backgroutdaliies (no Ab) from output Ct-
values (with Ab). Slope values of the standard esirifor each primer set; see Figure 24)

were used to obtain the enrichment factor usingetsionship 16CVs°P®)

6.2.3GFP-Basta

The thermal stability of Tus in complex wilfer and Ter-lock oligonucleotides at 150 mM
KCIl was carried out as described in secdah2 p82 in buffer B (50 mM Tris, pH 7.6, 150
mM KCI, 0.1 mM EDTA and 0.2 mM-mercaptoethanol). Oligonucleotides are described i
Table 5, p45. Briefly, Tus-GFP (1.6 pM) was mixedhwan equal volume ofer DNA (2
uM). The reactions were left 10 minutes at room terafpure to allow complex formation.
Each reaction (7@l) was heated at 58°C in a MyCycler (BioRad). Feilng cooling and
centrifugation, the residual fluorescence in thpesoatant (60 pl) was measured with the S
method and aggregation rate constakigy(were determined as described previousfy (

section 3.2.4 p65). Aggregation half-liveg.(.g9 Were obtained as &g
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6.2.4SPR

SPR experiments were carried out as described apt€h4 ¢f section 4.2.3 p83) in buffer B

(50 mM Tris, pH 7.6, 150 mM KCI, 0.1 mM EDTA and?0nM B-mercaptoethanol) at 20°C.

6.3 Results and discussion

6.3.1Preferential binding of Tus to the ten primary Ter sites

A new gPCR based DNA-binding assay was developedotopare the affinity of GFP-
tagged Tus (Tus—GFP; Dahdah et al., 2009, Moreal, 2010, Moreau et al., 2012) for each
Ter site in polyplex. For this assay, ten genomic DEgments (~150 bp) containing the
TerA-Jsites and one region containing t@C (non-specific binding) were amplified from
E. coliDH12S €f Table 4p44 for primer sequences). Each of these DNA regjias well as
the Tus—GFP, was combined in a single reactiominneolar amounts (each at 0.4 nM). The
mixture of protein—DNA complexes was immuno-capduvéth an anti-GFP antibody and
the relative amounts of eadler- andoriC-containing DNA region were quantified by gPCR
and converted into enrichment factor (EF) valuegufe 25B-C). It is important to note that
the assay was performed in a competition formae(al’en DNA regions were present in the
same reaction in equimolecular amounts during thdifg step), so the EF values should be
directly proportional to the relative differencesaffinity of Tus—GFP for the different DNA

regions (see section 6.2.2 for detailed experinhgmteedure).
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Figure 25: Binding of Tus—GFP toTerA-J-containing genomic DNA regions determined by the BCR
DNA-binding assay. (A) Schematic representation ofhe assay. Ten genomic regions comprising each
individual TerA-J site were amplified fromE. coli DH12S genomic DNA by PCR and pooled in equimolar
ratio with Tus—GFP. The DNA-Tus-GFP complexes werémmunocaptured with goat polyclonal anti-
GFP IgG and the DNA was eluted and quantified by gBR. (B) Comparison of enrichment factors of
each individual Ter genomic region. (C) Mean enrichment factor and SEMvalues (n=2) are given.
Enrichment factor values were obtained by dividingthe relative abundance of each genomic region by
their relative background value. Background valueswere obtained by omitting the anti-GFP capture
IgG. (D) Measurement of DNA-induced thermal stabilzation of Tus—GFP using GFP-Basta. First order
aggregation kinetics were measured at 58°C in 150MKCl and transformed into half-life values (ty/-agg-
The error bars represent the upper and lower limitsof the 95% CI of the mean obtained fromty; 444 in

duplicate. (E) Meant;,..qq values and SEM values (n=2).
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To confirm that the gPCR DNA-binding assay dataeweflecting real differences in
affinities the binding of the teferA-Jsites was compared to the half lives of aggregatio
obtained with GFP-Basta (Moreau et al., 2010). Heraffinity profile was generated using
30 bp sequences containimgr sites (Figure 25D). The profile obtained with GB&sta was
almost identical to that obtained with the new gFQIRA-binding assay (Figure 25B)erA—

J could be ranked into strong, moderate and lownigfibinders.TerA—E and TerG had
similar strong affinities for Tus—GFP wherebsrH-J had moderate affinity for TugerF
was binding only slightly better than the non-sfieariC region which correlated well with
the GFP-Basta data and a recent study by DugginBaiid (2009). Taken together the
differences in binding seen féerA-Jcontaining genomic DNA fragments to Tus confirmed
the data obtained with the GFP-Basta for theseispeand that no other significant effect on

Tus-binding is conferred by bases adjacent to &riyedl er sites.

6.3.2Estimation of Ky values from enrichment factor obtained by gPCR

The fraction of bound'er is defined by the equilibrium dissociation constéfy). Hence,
the comparative analysis of t&er sites using the g°PCR DNA-binding assay enabledrik
all primary Ter sites with regards to their affinity for Tus-GHRurthermore, if a reference
Kp value (Kp) is obtained or known for one of the ligands ie ttonditions tested, then the
Kp values for the remaining sites can be inferredctlyefrom the difference in enrichment
factors between the reference liganéEH) and the unknown ligand,HF) from the
relationship:

EF
JEF

cKp = 1Kp * ( )
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This relationship was tested with og€y (TerF) and three controKp (TerH-J) values
obtained by SPR using the untaggedeHigs (f methods section 6.2.4 and Table 15 for

values obtained by SPR).

Table 15: Determination ofcKp values for all Ter sites.

Ter EF SPRKp (nM) cKp (nM)
F 8 88’ 88
H 513 14 1.4
I 321 1.3 2.2
J 15% 6.1 4.€
A 7287 ND 0.1c
B 4087 ND 0.17
C 3347 ND 0.21
D 2910 ND 0.24
E 1435 ND 0.49
G 3637 ND 0.19

2Reference EF valué Referencep values obtained by SPRControl values obtained by SPR. ND: could not be
determined by SPRKp:calculated values using SRR of TerF as a reference value.

In the tested condition (150 mM KCIKp values could only be obtained foerFH-J by
SPR because the remaining Tlis~interactions were outside the range of the SPRhimac
Using TerF as a reference, thep values were calculatedKg) for all Ter sites using the
previous equation. TheKg values forTerH-Jwere almost identical to the values obtained
by SPR (Table 15). The system allowed the detetimmaof the &p values for the
remaining sixTer sites with confidence (Table 15). This would navé been possible using
the well established SPR method only. Héfg, values in the picomolar range could be
determined but the limits of the method for higfiray binders were clearly not reached.
For low affinity binders of Tus—GFRp values as low as 4 x 10M can be determined

based on three times the SEM of the EFodfC. This value is only indicative as the
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sensitivity of the method for low-affinity bindensill be affected by the nature of the

proteins, DNA, and their individual concentrations.

6.4 Conclusion

In conclusion, the new gPCR DNA-binding assay way sensitive, fast, convenient and
simple-to-use, when compared to traditional methodigh the additional benefit that
multiple DNA sequences can be analyzed in polypk&irg one reaction. The system can be
used in combination with GFP-Basta and SPR, andatsm in principle be extended to
determine dissociation rate constants. The enrichrfaetors obtained for 150 bp lorger
sites in competition format correlated well willer induced stability of Tus-GFP previously
determined for the 21-bper sites and confirmed that no nucleotide sequener dhan the
core sequence was involved in Tus binding. The gBTFA-binding assay can easily be
adapted to determine the binding specificity otuatly any soluble and functional epitope-
tagged DNA-binding protein. Finally, the system Iwile a useful and cost-effective
alternative to tiled microarrays for refining lowesolution and qualitative ChIP-chip and

ChlIP-seq data.
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Chapter 7: In vivo distribution of Tus in the replication fork trap

7.1 Introduction

The replication termination protein &. coli Tus, binds to a 21 bp sequence including a 16
bp consensus sequence (5-AGNATGTTGTAACTAA-3’) thatrepeated ten times in the
chromosomal termination region (called primdrgr sites in this manuscript). In 2009, a
more permissive consensus sequence (GNRNGTTGTAAYikantified four newTer sites
(TerK L, Y andZ), one within the termination region and the otifieee being on the left part
of the chromosome (Figure 26). Interestingly, twehem (TerZandY) are oriented to block
origin-to-terminus replication forks and are loch#90 and 1060 kbp away from the origin
(Duggin and Bell, 2009). The ten primafer-sites TerAJ) are arranged in two clusters of
five sites, one on each chromosomal arm, orientéd @pposite polarity. One cluster arrests
the clockwise moving forkTerB, C, F, G andJ) and the other cluster arrests the anti-
clockwise moving fork TerA D, E, I, H, Figure 26A). Tus binds to these sites with vagyin
affinity as demonstrated in Chapter 4, 5 and 6hidgster is composed of three high affinity
and two moderate-to-low affinitfer sites (Figure 26A; Moreau and Schaeffer, 2012b,
Moreau and Schaeffer, 2012a). The affinity of Taisthe remaining fouTer sites TerK L,

Y and Z) has not been determined but is likely to be wsgak based on their respective
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sequences (Figure 26B and Table 13 p96) and om ihinsic fork arrest efficiency

measured by Duggin and Bell (2009).

A OriC B ¥ 5

TerA TTAATCATACAACATTGATTTCA

TerB —— T

0/4.64 TerC @ -AT---C———————————— AT-

L TerD G-——————————————————— AC
Y MG1655 genome TerE B AATT-————— CGT
TerF GG--G——————————— C-GCT-

~_ TerG CAGT-—C————————————— GGT

> TerH @ccr-G——————————— AGAG

P4 Terl —-GTA-C-T-——-——————— GGC
TerJ -GCG-——-T-—————————— A-G

“ D TerK GCT-A-TCT-——-——- AC--CAG

A TerL CGTGA-CC———————— AC-GCGT

BC
\ TerY A--CC———-G-—————~— A-—CC-T
* ‘ TerZ A-GGG-G-C-———-————C-C—-G

Figure 26: Distribution and sequences ofrer sites and their affinity for Tus in E. coli. (A) The colored
circle represents the chromosomal macrodomains (ge&: ori domain, dark blue: left domain, red: right
domain, light blue: termination domain, white: non-structured domain) according to Scolari et al. (201)
and Valens et al. (2004). The ten primaryer-sites [TerA-J) are color coded from blue to red as a function
of decreasing dissociation rate constantk) determined for double-strandedTer sites at 250 mM KCI.
The grey triangles represent the orientation of theTer sites with the tip corresponding to the non-
permissive face of the complex. The grey labelékkr sites have no affinity data available and are thkeast
conservedTer sites. TerY and Z are oriented to block a fork moving in the originto-terminus direction
(white triangles). The outer black arrows pointingtowards Ter sites show where paused fork has been
detectedin vivo under wild type conditions, with the size of the @ow indicating the frequency of pausing,
the larger, the more frequent according to Duggin ad Bell (2009). (B) Ter site sequences with the

conserved C(6) highlighted in yellow. NP: non-perngsive face, P: permissive face.

The well studied polarity of the Tuker complex is mediated by the unusual asymmetric
binding mode of Tus tder DNA and by the unwinding action of the DnaB hedieat the
non-permissive face (Bastia et al., 2008, Duggih Bell, 2009, Kaplan, 2006, Mulcair et al.,
2006, Neylon et al., 2000, Neylon et al., 2005, #&dfer et al., 2005, Moreau and Schaeffer,

2012a). Tus binds tightly tder, bending the double helix and precisely docking dua the
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chromosome for its subsequent locking when DnaBinasvDNA at the non-permissive face
of the complex (Kamada et al., 1996, Mulcair ef 2006, Moreau and Schaeffer, 2012a).
The formation of forked DNA on this specific sidé the TusTer complex results in the
flipping and locking of the C(6) base of ther core sequence into a specific cytosine binding
pocket on the surface of Tus. This Tierlock mechanism prevents Tus dissociation and
inhibits DnaB translocation (Kaplan, 2006, Moreand é5chaeffer, 2012a, Mulcair et al.,
2006). It has also been proposed that a speciferdation between DnaB and the non-
permissive face of Tus has a role in the polaritfodk arrest (Bastia et al., 2008, Mulugu et
al., 2001). AllTer sites where shown to have some DNA replicatioasaractivity but their
use and efficiency varied dramatically (Duggin aBell, 2009). This variation in DNA
replication arrest efficiency was best correlatedhteir ability to form a TT-lock whether
strong or moderate{ Chapter 4; Moreau and Schaeffer, 2012a).

In Chapter 4, Tus was shown to bind with varyiffghdy to the ten primaryTer sites
(TerA-J) and these differences were mostly due to a If)fatiation in dissociation ratég
between the stronger sites TerA-EandTerG) and the moderate affinity siteSgrH-I) at
250 mM KCI f Figure 16 p90; Moreau and Schaeffer, 2012a). A-fekD difference in
calculated dissociation constant&4) was also obtained at 150 mM KCI between strordy an
moderate bindersc{ Table 15p35; Moreau and Schaeffer, 2012b). The weakestiffsite,
TerF,had a 20 to 880 times higher dissociation constiptat 150 mM KCI compared to the
weak TerJ and strongTerA and was not able to form a TT-lock. All the stroher sites
(TerA-EandTerG) were shown to form a strong TT-lock whereas ndistal and weaker
Ter sites TerH-J) produced a weaker lock or were not able to forlmch (cf Figure 16 p90;
Moreau and Schaeffer, 2012d)erH was unable to form a TT-lock due to the T to G
substitution at position 5 in the core sequend®se important for DNA recognition and TT-

lock formation €f 4.4.2 p96; Moreau and Schaeffer, 2012a). Intergisti Duggin and Bell
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(2009) showed that no pausing occurred etk whereas some occurred at the odterH
andl in vivo (Duggin and Bell, 2009). To be arrestedratH, the fork has to break through
the strongeiTerE and moderat@erl, but no fork pausing was observedlatE and little at
Terl (Duggin and Bell, 2009). NevertheleserE could arrest forks in a unidirectional
replication plasmid assay with an efficiency prdjoral to its affinity and lock strengtlef(
Chapter 4, Duggin and Bell, 2009, Moreau and Sé¢bget012a). The low probability of the
anti-clockwise fork to reaclerH, the absence of pausing at the stroege and the non-TT-
lock forming characteristic oTerH, suggest that the pausing observedretH could be
either due to the pausing of the clockwise movint fat the permissive face of TuigrH or
to recombination events &erH (Horiuchi et al., 1995, Mohanty et al., 2009, Rséin et al.,
2000). Duggin and Bell (2009) showed that pausiag abolished aterCin atusnull strain,
confirming that the Y-shaped DNA intermediates wedeed due to the blocking effect of
the TusTerC complex. Nevertheless, they did not verify if thausing observed at the
outermosflerH-I sites was also strictly due to Tus binding.

The presence of the distdler sites and their involvement in DNA termination
remains unclear. Forks most frequently meefaaC and to some extend @erAas a result
of different rates of accumulation of paused forkgdeach site (Duggin and Bell, 2009).
Assuming the two forks progress at equivalent rdtaks are most likely to meet aerC
than atTerAsinceTerCis almost perfectly located directly oppositeotdC whereas the anti-
clockwise moving fork must travel an additional 92&b to encounter the non-permissive
face of the TusFerA complex. Despite the strength of the Thes-lockC(cf Figure 16 p90)
significant pausing still occurred &erB and to some extend derG (Duggin and Bell,
2009). A three step model has been proposed fopoier fork arrest involving the non-
specific binding of Tus to DNA followed by the pree docking of Tus to a stroriger sites

where it acts like a linear ratchet that becomekdd when the DnaB unzigsr at the non-
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permissive face and induce the TT-lock (Moreau Sadaeffer, 2012a). One explanation for
pausing afferBis that in some cases, the ratchet-lock mechafagmto form and the next
site serves as a backup for DNA replication arrest.

The low affinity and usage of distakr sites raises the question whether or not Tus,
expressed at low level (Roecklein et al., 1991,dRleen and Kuempel, 1992) is bound to all
Ter sitesin viva? The affinity and kinetic parameters of the teimpry Ter sites have been
described in Chapter 4 but there is no data on tieiwr binding properties relate to their
occupancy by Tum vivo.

Chromosome-immunoprecipitation (ChlIP) techniques powerful tools to study
protein-DNA interactionsn vivo. In E. coli, ChlP has been mainly used for the identification
of transcription factors (CRP, MelR, FNR) and noaleassociated proteins (FIS, N-HS,
IHF) targets or to study the effect of chromosomendin organization on gene expression
and replication (Grainger et al., 2007, Graingealgt2005, Grainger et al., 2004, Oshima et
al., 2006). Amongst the DNA replication associdi@ctors, SegA (replication initiation and
chromosome dynamics) has been extensively stugi€tht® as well as SImA (chromosome
segregation with FtsZ) and MatP (chromosome setfjmggand cell division; reviewed in
Dame et al.,, 2011). With regards to replisomal girst, the chromosomal distribution of
DnaA binding sites, helicase loading factors anlicase were characterized B subtilis
(Breier and Grossman, 2009, Ishikawa et al., 2@its et al., 2011) but no study on the
chromosomal distribution of replisomal proteingliing Tus, was ever reportedin coli.

In this chapter, | attempted to determine the paogy of Ter sites by Tus in
exponentially growing cells by ChIP-gPCR using talternative approaches. One approach
was to raise antibodies against Tus, DnaA and S8Bhis approach was unsuccessful. A
second successful approach was to use GFP-taggeantuDnaA proteins and a commercial

anti-GFP 1gG for their immunoprecipitation. Thisagher presents the first comparative and

138



CHAPTER 7

quantitative study on the binding of Tus to the pemary chromosomaler sitesin vivoand

the effect of the orientation of ectopier sites on cellular growth rate.

7.2 Material and methods

7.2.1Expression and purification of DnaA-GFP

Hisg-DnaA-GFP proteins were expressed and affinityfiggtias described in section 2.2.3
p51. Following ammonium sulphate precipitation aotein elutions, protein pellets were
resuspended in DnaA buffer (50 mM HEPES-KOH (pH),756 mM EDTA, 1 mM B-

mercaptoethanol, 20 % sucrose (W/v)).

7.2.2 Strains and plasmids used for ChIP

E. coli KRX (K12 derivative) was used to induce moderateels of plasmid-born DnaA-
GFP and Tus-GFP as it carries the T7 RNA polymegeses under the tight control of the
rhamnose promotenri{@aPsap). The Tus-GFP plasmid pPS1259 was previously desstr
(Dahdah et al., 2009). The construction of plasmpddM220 encoding DnaA-GFP is

described in sectio®.2.1.5, p48.

7.2.3ChIP-gPCR analysis
7.2.3.1 Protein induction and crosslinking

The de novodevelopment of the ChIP-qPCR protocol presente® keas influenced by
previous work by Regev et al. (2012) and Ishikawale(2007). Plasmids pPS1259 (Tus-
GFP) and pMM220 (DnaA-GFP) were transformed intmmpetent KRX cells and grown

overnight at 37°C. For Tus-GFP cells, colonies wesaspended and diluted to an gjf
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0.1 in 12 ml of LB broth supplemented with ampinil{100 pg/ml). For DnaA-GFP cells,
single colonies were first streaked on a masteelaB agar plate supplemented with 100
pg/ml ampicillin and 0.4 % glucose to avoid toxgiand incubated for 24 hours at 37°C.
These colonies were then resuspended in 12 ml obiddgh supplemented with ampicillin
(100 pg/ml) at an Ofo of 0.1. All cultures were grown for 45 minutes 3t°C before
inducing low expression levels of GFP-tagged pratewith 0.02 % Rhamnose (final
concentration). Cells were incubated for 2 hour872C, followed by 2 hours at 16°C. A 9
ml culture aliquot was transferred on ice for 3Ghaté and bacterial nucleoproteins were
crosslinked by the addition of 36 % formaldehydegitdd a final concentration of 1 %. After
20 minutes at room temperature, crosslinking wamnghed by the addition of solid glycine
(0.5 M final concentration) for 5 minutes at rooemiperature followed by 5 minutes on ice.
Cells were then centrifuged 5 minutes at 8CGft 4°C and washed twice with 4 ml and 10 ml
of cold TCS buffer (50 mM Tris (pH 7.5), 150 mM Na&hd 2 mM KCI). KRX cells without
plasmid were subjected to the same protocol inlieafaontrol). Cell pellets were stored at -

80°C until required.

7.2.3.2 Detection and quantitation of overproduced GFP-taggd proteins

An aliquot of each culture was taken prior to cliokgg, centrifuged at 1,000 g for 1 minute
and resuspended in SDS-PAGE loading buffer at aeanation of 7.8 x 0cells.mi*. The
mixture was heated for 10 minutes at 90°C and 6&f fibtal proteins sample (corresponding
to total proteins of 3.95 x 1®&ells) were separated in 10 % SDS-PAGEsgction 2.2.4.1
p54) alongside known amounts of purified Tus-GFP (0g) or DnaA-GFP (0.5 and 1 pg)
proteins as standards. Proteins were transferredmtouno-blot PVDF membrane as
described in section 2.2.4.4, p56. The membranebhaked with 5 % skim milk in PBST

(10 mM sodium phosphate (pH 7.4), 150 mM NaCl, @%0%ween) for 1 hour at room
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temperature with gentle agitation. After three wvesstwith PBST for 5 minutes, the
membrane was incubated in a sealed bag with 10 frilpg/ml chicken anti-GFP IgY
(Abcam ab92456) in PBST with 1 % skim milk for lun@t room temperature with gentle
agitation. Following three washes as described eb®® ml HRP-conjugated goat anti-IgY
(Jackson 103-035-155) was applied at 0.16 pg/mio@d dilution) in PBST with 1 % skim
milk for 1 hour at RT. Following three washes, fa®’-diaminobenzidine tablets set (DAB,
Sigma) were dissolved in 5 mH,O and applied to the membrane in the dark for lfubes.
The membrane was rinsed in PBS and allowed to deynight in the dark prior scanning.

Bands were quantified using imagedhttg:/rsbweb.nih.gov/ijy and intracelullar

concentrations were estimated based on the inyesfsitands of known protein concentration
and using cell parameters determined by Volkmer ldathemann (2011) for cell volume

(4.4 fL) and cell concentration at a given £gin LB (7.8x16 cells.mi*.0DY).

7.2.3.3 Immunoprecipitation and gPCR

Cell pellets were resuspended in lysis buffer (1@ ris (pH 8), 20 % sucrose, 50 mM
NaCl, 10 mM EDTA, 1 mg/ml Isozyme and 10 pg/ml R&)agn 1/10 of initial culture
volume (adjusted between replicates to reach sasmesasion concentration). Following a 30
minutes incubation period at 37°C, the lysate wistadl 5 times in IP buffer (50 mM
HEPES-KOH (pH7.5), 150 mM NaCl, 1 mM EDTA) and m$dhree times in a French
press at 12,000 psi to ensure maximum and reprolducell lysis and DNA shearing. The
Tus-GFP lysates were heated for 10 minutes at 5@ W&nature free Tus-GFP. Control KRX
lysates were treated accordingly in parallel farhegeplicate. After centrifugation at 30,080
for 20 minutes at 4°C, a 50 pl-aliquot of cleargshte (input) was incubated for 90 minutes
at room temperature in a 96-well MAXISORB plate teakovernight at 4°C with 0.5 pg of

goat anti-GFP IgG (Abcam; Ab6673) in 50 mM phosphbatffer (pH 7.5) supplemented
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with 10 % glycerol. Wells were washed once with 2(D of TCS buffer prior to
immunoprecipitation. An immunoprecipitation expeeint without antibody was performed
in parallel as a background control. After 90 masjtwells were washed three times with
200 pl of TCS buffer. Immunocaptured DNA was reéshby adding 50 pl of elution and de-
crosslinking buffer (2 mM Tris, 50 mM NaCl, 0.005t%een and 300 pg/ml proteinase K) to
each well for 1 hour at 37°C (output). In paralldle input was diluted 10,000 times in
elution buffer (2 mM Tris, 50 mM NacCl, 0.005 % Twgend 50 pl was transferred to a tube
containing proteinase K at the same final concéntra(300 pg/ml) to de-crosslink input
DNA.

Samples (inputs and outputs) were incubated 15utesnat 95°C to denature
proteinase K and residual crosslinked proteinserA& minutes incubation on ice, samples
were centrifuged at maximum speed for 5 minute4°&t and the supernatant was used as
template for gPCR. gPCR reactions contained 2 it or output, 8 pl of primer pairs at
0.5 puM each and 10 pl of SensiMix SYBR & fluorescenastermix (Bioline). The ‘no
template controls’ were run in parallel. The pratogsed included 10 minutes activation at

95°C followed by 40 cycles at 95°C, 10 s and 6°&s.

7.2.3.4 Standard curves

A standard curve was performed on purifieg andoriC amplicons and diluted 10-,
100- and 1000-fold matching output buffer condiiasf ChIP experiment as described in
section 6.2.2, p126. The average slope of trigic#ndard curves was used to determine the

primer specific efficiency (&) as follow:

1
An Eamp Value of 2 indicates that the primer amplify witB0 % efficiency, doubling the

guantity of starting material every cycle.
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7.2.3.5 Data analysis

Ct-values were obtained at the same threshold [Devar all experiments. A melt-curve was
performed to verify that the correct regions wemgphfied. ChIP-qPCR data were analysed
by comparative quantitation as follow:
Ctinpurrvalues obtained by qPCR were corrected for thetidit factor (Ctjnpur) according to
the following equation:

CCt(input) = Clinput — logEamp (dilution factor)
The immunoprecipitation efficiency of each specif@rget DNA region relative to a non-
specific DNA region (IP efficiengys) was calculated as follow:

(CCt(input)sp _Ct(output)sp)
amp

IP ef ficienc =
ff Y(ns) (CCt(mput)ns—Ct(output)ns)
amp

whereClnpur) and Cloupunare the Ct-values obtained for each DNA target feefmput) and
after ChIP (output). Specific DNA target (i.e. bimgl sites) and non-specific control DNA
region are indicated with “sp” and “ns” subscripgspectively.

The enrichment factor relative to the no antibodgtmol (ERno an) Was calculated as follow:

(Ct(no aby—Ctup))
EF(NOAD) = Eamp

where Cgpy and Ciyo an) are the Ct-values obtained with output samples freells coated
with or without anti-GFP antibody respectively.
The enrichment factor relative to control KRX c€BFkrx)) lacking the GFP-tagged protein

was calculated as follow:

((CCt(POI—GFP"' input) " Ctpor-crp* output))_(CCt(POI—GFP_ input)_Ct(POI—GFP_output)))
amp

EF(KRX) =E
where POI-GFP and POI-GFP refer to the strain expressing or lacking the G&gyed

protein (i.e. Tus-GFP or DnaA-GFP). Enrichmentdastwere calculated for each biological
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replicate and presented in a floating bar grapkhtow the minimum, maximum and mean

enrichment factor for each amplicon.

7.2.4Effect of ectopicTer sites
7.2.4.1 Strain construction

E. colistrains containing ectopiterB, TerH or Terl in the permissive (P) or non-permissive
(NP) orientation were created by Jiri Perutka, SaMandapati and Peter Enyeart in Prof.
Andrew Ellington’s laboratory (University of Texaat Austin, USA). Ter sites were

introduced into the chromosome Bf coli BL21(DE3J) (accession number AM946981) by
producingTer-targetrons (mobile group Il introns carryiig@r sequences). Targetrons were
designed to insefer sites in the safe insertion region SIR.5.6 defingdsaacs et al. (2011)

located in the right non-structured chromosome doraing a retrotransposition-activated

marker (RAM) constructed in the Ecl5 plasmid.

Table 16: Sequence of ectopiter sites and SIR.5.6.

Position in Distance

Sequence BL21(DE3) from oriC

(kbp)
5-ACTTTAGTTACAACATACTTATT

TerB (P) ~ 1GAAATCAATGTTGTATGAATAAS' 185,367-185,389 929.7
5-GAGATAGTTACAACATACGATCG

TerH (P)  CTCTATCAATGTTGTATGCTAGC-5' 184,460-184,482 928.8
5-CGATCGTATGTNGTAACTATCTC

TerH (NP) ~ GCTAGCATACANCATTGATAGAG-5' 184,460-184,482 928.8
5-GCATTAGTTACAACTTACTGCGT

TerJ(P)  CGTAATCAATGTTGAATGACGCA-5' 184,460-184,482 928.8
5-ACNCAGTAAGTTGTAACTAATGC

TerJ (NP) ~ TGNGTCATTCAACATTGATTACG-5' 185,367-184,489 929.7

Sir5.6 ATTGTGCAAATGCCTAAAGGATGATGAAGATGTATGGAGTTGHeR211-185,255 929.6

The SIR.5.6 is located about 930 kbp downstreaori@f (right chromosome arm, Table 16).
Insertion ofTerBin the non-permissive orientation was also attewhpising the Lambda Red

recombination system. Insertion of edddr site was detected by colony PCR and verified by
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sequencing (Enyeart, P., unpublished). The stram® checked by sequencing and some
scrambling was observed foerJ (NP) andTerH (NP), i.e. an N at position 3 and 12 in the

core sequence respectively (Table 16).

7.2.4.2 Growth curve analysis

The growth curve analysis was performed by SaMindapati in the Ellington laboratory
(University of Texas at Austin, USA). BL2DREJ) cells carrying ectopicler sites were
grown in LB broth supplemented with chlorampheniabl37°C and OBy was measured
every 5 minutes for 12 hours. The results weretgibas log(ODgog) versus time (minute). In
order to select the linear region of the curvehgamint was assigned a correlation coefficient
R? corresponding to the value of Bor the line consisting of that point and the fiveints
before and after. The variance was lower when dgimeestime window was used for all three
replicates so the resulting Ralues were averaged for all three replicatesaeh ¢éime point.
The longest stretch in which all these averagéddRies were equal to or greater than 0.99
was taken as the linear range. The slope of tist-tepuares linear fit of the lg@Deog) curve

of each replicate in that time range was then tasethe growth rate and the doubling time

was calculated as 1/growth rate.

7.3 Results

7.3.1Strategy

To determine thein vivo distribution of Tus toTer sites, the initial strategy was to
immunoprecipitate the endogenous nucleoprotein t¢exep with chicken IgYs raised
against the replisomal proteins Tus, DnaA and SBBA was to be used as an experimental

control and SSB as a marker of replisome dynantlogortunately these IgYs showed high
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levels of cross-reactivity and could not be vakdator ChIP experiment (data not shown).
Consequently, Tus occupancy on ther sites was analysed using vector-encoded and
rhamnose induced expression of Tus-GFP during exal growth ofE. coli KRX cells
(Figure 27). It was hypothesized that endogenopsession of Tus would be downregulated
by the overproduced Tus-GFP binding to the Tus ptem This in turn would allow the
exchange of Tus by Tus-GFP ®@er sites. The binding of DnaA-GFP to tbaC region was
also examined and used as a control experiment dime DnaA binding profile to the
chromosome is well characterized (Ozaki and Kataya?d12). Over-expression of DnaA
was shown to repress transcription of chromosomm naA (Kucherer et al., 1986)
suggesting that here again overexpressed DnaA-@G&ld ceplace endogenous DnaA on the
chromosome assuming a comparable activity for patkeins.

For this study, a new ChIP-gPCR method was dedigneolving formaldehyde-
mediated crosslinking of GFP-tagged Tus and Dnapressed at moderate levels using
formaldehyde and glycine, followed by French Pigss and immunoprecipitation on anti-
GFP IgG coated 96-well plates. Following crossimkireversal, immunocaptured DNA
fragments were quantified by gPCR using primerstierten primaryfer andoriC regions.
The strategy is illustrated in Figure 27. This noetlby-passes the need for specific beads,

overnight incubation or DNA purification prior td>@R analysis.
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KRX cells carrying POI-GFP encoding plasmid
(ODg00 0.1)

e

c’ Induction of protein expression
(0.02 % Rhamnose)
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__ Store at -80°C_

Day 1__ Anti-GFP coating __
Day 2 overnight at 4°C
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coated with anti-GFP IgG
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(Proteinase K)
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Figure 27: ChIP-gPCR protocol for GFP-tagged protens. Following crosslinking, cells were resuspended
and incubated for 30 minutes in lysis buffer contaiing lysozyme (10 mM Tris (pH 8), 20 % sucrose, 50
mM NaCl, 10 mM EDTA 1 mg/ml lysozyme and 10ug/ml Rise) and diluted in IP buffer (50 mM HEPES

(pH 7.5), 150 mM NaCl and 1 mM EDTA) prior to French Press lysis. Protein-DNA complexes were
captured using a commercial anti-GFP antibody (ligh green) coated on a 96-well plate. Following waske
in TCS (50 mM Tris (pH 7.5), 150 mM NaCl and 2 mM KkCI), DNA was released in elution and
decrosslinking buffer (2 mM Tris, 50 mM NacCl, 0.005% tween, 300 pg/ml proteinase K). Following
proteinase K denaturation (15 minutes at 95°C), cpurified DNA fragments were quantified by gPCR.

See section 7.2.3 for further details on the procede and volumes used.
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The use of the same anti-GFP 1gG to immunocaptw®@FP and DnaA-GFP bound to
chromosomal DNA ensures that both protein-DNA cames were captured with the same

efficiency, allowing the comparative analysis dittbinding.

7.3.2Validation

To validate this strategy, the binding activity Bds-GFP and DnaA-GFP needed to be
verified in vitro to demonstrate that these epitope-tagged protesns functional and could
potentially bind their targets on the chromosameivo. Thein vitro binding activity of Tus-
GFP has already been demonstrated several timesebeking various methodsf Chapter

4, 5 and 6; Moreau and Schaeffer, 2012b, Moreauseghdeffer, 2012a). The binding of Tus-
GFP to Ter-lock sites was in good agreement willer sites’ intrinsicin vivo pausing
efficiencies observed by Duggin and Bell (2009) gasiing that the GFP domain in the
fusion protein has no effect on Tus’ functionalithe DnaA domain that was amplified from
E. coliDH12S genomic DNA, carried a missense mutatiol8@ompared to the MG1655
sequenceE. coli DH12S is a derivative of the DH10B strain whichshaany missense
mutations compared to MG1655, including the sameatimn in dnaA (see Table S2 in
Durfee et al. (2008). This mutation is locatedhie domain | of the protein responsible for
oligomerisation and DnaB interactions @iC (Messer, 2002, Weigel et al., 1999). This
residue is not conserved across bacterial DnaAkZ&e et al., 2005, Sutton and Kaguni,
1997) and is therefore not critical for replicatimitiation activity. The binding activity of
DnaA-GFP to ATP, ADP andriC was previously demonstrated using the thermat akffay
DSF-GTP ¢f Appendix B; Moreau et al.,, 2012). All three ligandhcreased DnaA-GFP
stability upon binding in the presence of Mg@nd their combination resulted in cumulative
stabilizing effects demonstrating the ability ofdGFP to bind both cofactors and tmeC

fragment analyzed in this study. However, thevivo activity and efficiency of the GFP-

148



CHAPTER 7

tagged-proteins Tus and DnaA compared to the emdageproteins was not verified. ChAP-
chip experiments have been performed previouslyHm-tagged DnaA inB. subtilis
(Ishikawa et al., 2007) suggesting that the N-taahiHis-tag in the DnaA-GFP fusion
protein used in this study should not affect itsvaty. Felczak et al. (2005) have shown that
Hisg-DnaA functions as wild type DnaA i&. coli. However the effect of the C-terminal
GFP-tag on DnaA activitin vivohas not been verified.

The ChIP-gPCR protocol was first validated withrif)lgd and non-crosslinked
protein-DNA complexes at low concentration using tfPCR binding assay developed in
Chapter 6 ¢f Figure 25A p130 for the principle of the metho@us-GFPTer complexes
were successfully captured at 0.4 nM in an affimigpendent mannecf(Figure 25 p130;
Moreau and Schaeffer, 2012b). The same technigseapglied to DnaA-GFP pre-assembled
with equimolar amounts 0briC- or TerC- (negative control) containing DNA at final
concentrations of 4 or 0.4 nM eadfy(DnaA-R1 = 10 M; Schaper and Messer, 1995). The
protein-DNA mixture (input) was applied to Maxisonells coated with anti-GFP IgG and
the fraction of DnaA-GFP bound DNA was quantifigddPCR (Figure 28B). TheriC and
TerC DNA used in this experiment were obtained by P@ipldication of purified DH12S
genomic DNA using the same primers used for detec{cf Table 4 p44 for primer
sequences). The DnaA amplicon spans 115 bp outeoR45 bp-long full origin sequence
(Leonard and Grimwade, 2005) and contains the RIIRB1DnaA-box as well as five ATP-
DnaA boxes. They are the minimal elements of Dnagembly region (DAR) required for

origin unwinding (Figure 28A; Ozaki and Katayam@12).
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<—DUE—><€ DnaA-Assembly region (DAR) >
R1 R5 R2 R3 R4

PCR fragment

.I_
EF (No Ab)
&

- —» qPCR

4 0.4
[DnaA-GFP/DNA] (nM)

Figure 28: Map of oriC and immunoprecipitation of DnaA-GFP-oriC complexes. (A) Map ofE. coli
chromosomal origin. Blue boxes are DnaA box sequees recognized by DnaA, smaller orange boxes
represent | sites bound to ATP-DnaA. The small greyars represent GATC sequences recognized by
DNA adenine methyltransferase. TheoriC fragment used for gPCR binding assay and ChIP-qPCR
analysis is shown by the black bracket. (B) A mixtte of DnaA-GFP, oriC and TerC (negative control)
containing DNA fragmentswas applied at a final concentration of 4 nM or 40QM onto anti-GFP coated
wells. Following washes, bound DNA was eluted andigntified by gPCR. (C) Enrichment factors relative
to the no antibody control (ERo ap= Eamp"° % ~“P) with E ., being the primer specific efficiency
obtained from the serial dilution of the input (Eumy=10"""""*)). E,,, for TerC and oriC were obtained for

each replicate experiment. Error bars represent Sn=2).

The DnaA-GFP bound DNA was captured by anti-GFPs|g@luted in high salt and
guantified by gPCR. ThaC; method was used to determine enrichment factdes r@ative

to the background signal obtained in absence dbauaies (Eko an), Figure 28C). Specific
binding of DnaA tooriC was detected at both 4 and 0.4 nM with 14.4 (3 @rtd 9.75 (x
0.95) fold enrichment (x SD) at the respective emiations whereaserC was enriched
only by 3.58 (x 4.3) and 0.55 (x 0.15) fold (x SBY) the same concentrations. In this
experiment, neither Mgginor ATP was added to the binding reaction implyihgt DnaA
could only bind to high affinity R1 and weaker afty RS Kp > 50 nM; Schaper and

Messer, 1995, Weigel et al., 1997) and not to ATR«® boxes (shown in orange in Figure
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28A). A higher occupancy ariC by DnaA-GFP is likely to occun vivo. The enrichment of
TerC at the highest concentration could be the reguiiba-specific binding of DnaA due to
the absence of ATP or ADP (Makise et al., 2002)er@W, these results confirmed the
preferential binding of DnaA-GFP wiC and that DnaA-GFP could be immunoprecipitated
at picomolar concentrations.

For ChIP experiments, Tus-GFP and DnaA-GFP wemessed separately in two
differentE. coli KRX cultures. In order to achieve near endogermmuscomparable levels of
protein expression, Tus-GFP and DnaA-GFP expressis induced in KRX cells for 2
hours at 37°C with 0.02 % rhamnose followed by @rbat 16°C to increase the proportion
of folded proteins (Figure 29A). Control KRX ceNgere treated similarly. Under these
conditions, cells expressing DnaA-GFP or Tus-GF8emnwent about 3 and 4 cell divisions
respectively (Figure 29A). Proteins were detected Western blot analysis with a
commercially available chicken anti-GFP antibodig@fe 29B-C) and the cellular level of
GFP-tagged proteins was estimated from band irntesgif known amounts of pure proteins
and the cell parameters determined by Volkmer agishéann (2011) in LB broth (7.8X80
cells.m*.OD™ and 4.4 fL cell volume). The cellular concentratiof Tus-GFP was roughly
estimated to be between 30 and 45 pM corresportdiridp - 120.18 molecules per cell
which is a 1000-fold higher than the endogenouslle¥ Tus (fewer than 100 molecules)
reported by Natarajan et al. (1993) and at leastdérs of magnitude above tkg of the
moderate binders at 150 mM KCif Table 12 p91). Because Tus expression is autatsgyl
an increase in cellular concentration of plasmichbbus-GFP abov&p will most certainly
repress expression of Tus from the endogenous pesnamd will result in saturation of
chromosomalTer sites by Tus-GFP. DnaA-GFP was expressed at ttimated cellular
concentration of 14 pM corresponding to 37.hfblecules per cell which is about 37-fold

higher than the level reported by Sekimizu etE88) of 1000 molecules per cell.
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Figure 29: Expression of GFP-tagged DnaA and Tus pteins in E. coli KRX cells. (A) Growth curves of
KRX control cells (no plasmid), Tus- and DnaA-GFP gpressing cells (Tus-GFP and DnaA-GFP'
respectively). At t=0, pre-cultures were used to ioculate fresh media at O[3y, of 0.1 and grown at 37°C
for 45 minutes prior to induction of GFP-tagged prdein expression with 0.02 % rhamnose (represented
by the dashed line). Cultures were incubated at 3€ for 2 hours (dark grey area) and at 16°C for an
additional 2 hours (light grey area). (B) Detectiorof Tus-GFP proteins in the four independent repliate
cultures (1-4) used for ChIP-qPCR by Western blot malysis using a chicken anti-GFP IgY. The last lane
contains 0.5 pg of purified Tus-GFP. (C) Detectiorof DnaA-GFP proteins in the three independent
cultures (1-3) used for ChIP-gPCR by Western blot malysis using the same anti-GFP IgY as for Tus-
GFP. A DnaA-GFP standard (1 and 0.5 pg of purifiedproteins) was loaded alongside to estimate the
DnaA-GFP expression levels. (D) Distribution of DNAfragments size after French press lysis of
crosslinked cells. Example of Tus-GFP expressing lt® (Tus-GFP") and KRX control cells (Tus-GFP")
used for ChIP. Lysates (inputs) were de-crosslinkegvith proteinase K (300 pg/ml) for 1 hour at 37°C.
Samples were heated for 15 minutes at 95°C and ceifitged to remove denatured proteins. 35 pl of lysa
was loaded onto 1 % agarose gel. MWM: molecular wght marker; Quick-Load 1 kb DNA Ladder in
lane 1 and 100 bp DNA ladder in lane 4 (NEB).
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DnaA-GFP overexpression caused cell elongationfdamntient formation (data not shown)
which has been observed previously as a resulelbfdovision inhibition (Grigorian et al.,
2003). Cells with successful expression of GFPe¢dggoteins were selected for ChIP-gPCR
analysis (Figure 29B-C). Selected cultures weredyand the DNA was sheared by three
passages in a French Press at 12,000 psi. Thedséution of DNA fragments was
assessed by examination of de-crosslinked lysaitek% agarose gel (Figure 29D). This
method was highly reproducible and yielded DNA fregnts ranging from 150 to 1000 bp in

length with a maximum distribution of fragmentsrgei~300 bp in length.

7.3.3Determination of DnaA-GFP binding to oriC by ChIP-gPCR

In E. coli, DnaA is known to be bound twiC throughout the cell cycle to high affinity sites
like the R1 DnaA boxn vivo (Cassler et al., 1995, Miller et al., 2009, Nievet al., 2006,
Samitt et al., 1989). Therefore, to verify the sty of the immunoprecipitation protocol,
the binding of DnaA-GFP toriC was examined first. KRX cells expressing DnaA-GFP
(DnaA-GFP) or lacking DnaAGFP naA-GFP~; control) were crosslinked with
formaldehyde and homogenized with a French preks. grotein-DNA complexes were
captured on an anti-GFP coated microplate for 9utes and the crosslinking was reversed
using proteinase K and heat treatment (Figure RR)A fragments co-purified with DnaA-
GFP were analysed by qPCR using primers specifiofi© and TerC (negative control)

regions (Table 17 and Figure 30).
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Table 17: Mean Ct-values and enrichment factors olained for oriC and TerC in DnaA-GFP" and DnaA-GFP cells by ChIP-gPCR.

Ct(output) IP effiCienCy(TerC) EF(KRX)
Amplicon Clinput) Ct(no ab)—Clgp sample) EF o aB)
DnaA-GFP (SD) (SD) (SD)
(Eamp) (SD) (SD) (SD)
IP No Ab IP No Ab IP No Ab

oriC + 12.43 24.46  28.13 3.67 5.4 1.7 7.6 24.9 1.5

(0.59) (1.31) (1.14) (0.56) (2.9) (1.2) (2.2) (26.4) (0.6)
(1.73) — 11.95 28.86 28.26 -0.60 1.7 1.4 1.0

(0.1) (1.07) (1.13) (2.33) (0.1) (1.1) (1.3)
TerC i 17.56 31.98 33.31 1.33 2.3 9.4 2.1

(0.81) (1.43) (1.59) (0.93) (1.3) (12.1) (2.4)
(1.76) — 16.39 33.65 3257 -1.08 1.3

(0.61) (1.24) (0.65) (2.4) (1.6)

Eamp iS the primer specific amplification efficiency £&=10"°"%). Ct-values obtained fariC andTerC in the diluted input were corrected for the diwtifactor using
primer specific efficiencies (&) to yield Ctjnpuy IP: immunoprecipitated; No Ab: no antibody; IFi@éncyreq: input fraction oforiC enriched relative to the non-specific
TerC DNA region; Ekyo any: €nrichment factor relative to the no antibodytcoln EFxrx): enrichment factor relative @naA-GFP~ control cells (n=3).
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The use of the French Press allowed highly reprddii cell lysis as demonstrated by
the small standard deviation gt-values obtained for each DNA fragment of interaghe
input of replicate IP experiments (see SD in Tableand section 7.2.3.5 for calculation
procedure). In replicating cells, the copy numberonC should be larger than the copy
number ofTerC as a result of multiple initiations of DNA replitan events. The difference
in (Ct-values obtained forerC andoriC supported this hypothesis (S&€Hinpur in Table 17).
The oriC region was successfully enriched bmaA-GFP cells as demonstrated by an
increase in Ct-values of ~3.7 cycles compared éonth antibody control sample and little to
no enrichment offerC (Figure 30A and Table 17). The fold enrichment®o€ andTerC
were analyzed using three different normalizatioocpdures to demonstrate that the same
enrichment profiles were obtained regardless ohtirenalization method.

First, the IP efficiency obriC was normalized against the IP efficiency of TexC
containing region (Figure 30B) to highlight the doénrichment relative to a non-specific
DNA region. The IP efficiency is the fraction ofgaven DNA species present in the output
relative to its concentration in the initial inparnd was calculated using the efficiency.(fg
of each primer pair (Table 17). Anf value of 2 corresponds to an amplification efficig
of 100 %, and a value of 1.76 corresponds to daieficy of 76 %. The immunoprecipitation
of the oriC region was between 3.2 and 8.8-fold more efficiain the non-specifigerC
region while background values were less than @-6ol average (Figure 30B and Table 17).
Second, the enrichment factors were normalizednagdahe background obtained in the
absence of anti-GFP IgG (&F ab) and third, against thBnaA-GFP strain (Ekkrx)). The
EFno ab)Obtained fooriC was between 5.1 to 9.1-fold wher&as C enrichment was close to
background values (R an) of TerC between 1.7 and 3.9-fold iPnaA-GFP cells and

between 0.2 and 2.6-fold DnaA-GFP cells, Figure 30C and Table 17).
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A Background substraction B IP efficiency relative to a
non specific DNA region
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Figure 30: Binding of DnaA-GFP to oriC in E. coli KRX cells by ChIP-gPCR. The floating bars represet
the minimum, maximum and mean values (mean valuegeareported in Table 17 along with SD, n=3). (A)
Difference in Ct-values between immunoprecipitatedNA (IP) and background signal in absence of anti-
GFP IgG (No Ab) obtained for DnaA-GFP expressing dis (DnaA-GFP") or KRX cells lacking the DnaA-
GFP encoding plasmid (DnaA-GFP). (B) IP efficiency oforiC relative to the non-specificTerC region (IP
efficiencyrerg=(Eamp C MU Ctoupu) onicyg, - (eCtinput-Clioutpun Tercyy — ghtained for DnaA-GFP* and DnaA-
GFP~ cells in the presence (IP) or absence of anti-GFIgG antibody (No Ab). (C) Enrichment factor
relative to the no antibody control oforiC and TerC (EFpo ap=Eamp 0 ° A2 “P)) (D) Enrichment factor

of TerC and oriC relative to DnaA-GFP cells (EF(KRX):Eamp((cCt(DnaA-GFP+ input)-Ct(DnaA-GFP+ output))-(cCt(DnaA-GFP-

input)-Ct(DnaA-GFP- output)))

After subtracting the background obtained widhaA-GFP™ cells (ERkrx), Figure 30D),
oriC was enriched by 3.1 to 54-fold more tharDinaA-GFP cells andTerC was enriched

between 1.7 and 23.4-fold. With the last two normaion methodspriC was enriched
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between 2 to 6-fold more thaferC when comparing each biological replicates (data no
shown). Despite low enrichment values, this metbodd detect the preferential binding of
exogenous DnaA-GFP wwriC and suggested that the capture of Taseomplexes would be

possible with this method.

7.3.4Distribution of Tus-GFP on Ter sites

The binding of Tus-GFP to chromosombér sites was investigated by ChIP-gPCR in
exponentially growing cells expressing plasmid-b®@us-GFP following the same protocol
as for DnaA-GFP (Figure 27). An additional therrdahaturation step was included prior to
immunoprecipitation at the temperature at whicle ffeis-GFP denatures (50°C) in order to
remove unbound Tus-GFP. The Tus-GFP associated Dadgiments were quantified by
gPCR using primer pairs specific for the ten priyrier sites anariC (negative control).

Most primaryTer sites were significantly enriched by the immunacjpiation step as
demonstrated by an increaseA@t-values of ~6 to 7.7 cycles compared to the rdady
control sample, with the exception BérF andTerJthat hadACt-valuef only 2.4 and 4.54
respectively (see values for et anCtypy in Table 18 and Figure 31A). As expected, no
enrichment could be observed for thes-GFP control cells (Figure 31A). The data were
analyzed using three normalization procedures asDimaA-GFP ChIP experiment and

demonstrated similar enrichment profiles althoughable in amplitude (Figure 31B-D).
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Table 18: Mean Ct-values and enrichment factors olained for the ten primary Ter sites andoriC in Tus-GFP" and Tus-GFP cells by ChIP-qPCR.

Amplicon Clnput) Ct(no Ab) —Clgp sample) EF o ab)
Tus-GFP (SD) (SD) (SD)
(Eamp) (SD) (Sb) (SD)
IP No Ab IP No Ab IP No Ab
TerA + 15.71 24.13 31.72 7.59 32.3 0.9 129 249 2.9
(0.68) (1.58) (2.36) (0.98) (19.5) (0.8) (113) (85.5) (1.7)
(2.79) . 15.48 33.27 32.84 -0.44 0.7 0.7 0.9
(0.34) (0.80) (1.37) (0.57) (0.3) (0.5) (0.7)
TerB + 16.40 26.20 33.57 7.37 27.2 0.7 67.9 256 4.5
(0.82) (1.55) (1.94) (0.95) (16.9) (0.5) (60.4) (222) (3.1)
(1.69) . 15.78 35.60 35.26 -0.34 0.9 0.6 1.0
(0.31) (0.96) (1.41) (0.62) (0.4) (0.3) (0. 8)
TerC " 16.8( 26.21 33.2¢ 7.0t 217 0.6 95.¢ 26( 3.7
(0.52) (1.70) (2.25) (1.15) (12.3) (0.6) (109) (131) (1.7)
(2.76) . 15.92 34.97 34.48 -0.49 0.7 0.4 0.9
(0.59) (0.73) (1.51) (0.64) (0.3) (0.3) (0.8)
TerD " 14.71 26.0( 32.9¢ 7.0C 17.¢€ 0.7 48.% 15C 3.3
(0.86) (1.88) (2.33) (1.10) (12.8) (0.5) (47.8) (114) (2.1)
(1.64) . 14.25 35.15 34.41 -0.74 0.8 0.7 0.8
(0.43) (1.09)  (1.58) (0.62) 0.1) (0.4) (0.6)
TerE + 17.71 27.44 35.10 7.67 23.3 0.6 106 289 3.5
(0.59) (1.57) (2.24) (1.15) (13.5) (0.3) (109) (288) (1.8)
(2.72) . 16.89 36.35 36.34 -0.02 0.6 0.4 1.2
(0.34) (0.75)  (1.82) (0.66) 0.2) 0.2) 0.7)
TerF + 13.59 27.79 30.22 2.43 1.0 0.4 6.9 18.4 .
(0.56) (0.70) (2.05) (1.08) (0.2) (0.1) (6.3) (17.9) (1.6)
(2.79) . 13.17 31.82 31.14 -0.68 0.4 0.4 0.7
(0.58) (1.18) (1.70) (0.42) (0.1) (0.1) (0.3)
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Ct(output) IP efficiency(oric) EF(KRX)
Amplicon Ctinput) Ct(No Ab)—Clp sample) EF (no Ab)
Tus-GFP (SD) (SD) (SD)
(Eamp) (SD) (SD) (SD)
IP No Ab IP No Ab IP No Ab
TerG + 13.19 23.14 29.73 6.60 15.8 0.7 62.3 155 3.1
(0.17) (1.95)  (1.81) (0.82) (103)  (0.4) (69.5) (111)  (1.4)
a.77) . 12.54 30.97 30.86 -0.11 0.7 0.5 1.1
(0.67) 0.74)  (1.04) (0.55) (0.4) (0.3) 0.7)
TerH + 12.29 24.68 31.07 6.40 6.4 0.5 38.2 89.7 3.3
(0.51) (1.47)  (1.83) (0.86) (2.0) (0.2) (36.2) (786)  (2.8)
(1.68) . 11.75 32.35 32.30 -0.04 0.4 0.3 1.3
(0.67) (112)  (1.99) (0.78) 0.2) 0.1) (1.3)
Terl + 12.10 24.11 30.13 6.02 57 0.5 33.8 82.9 2.4
(0.50) (1.46)  (1.67) (0.69) 2.1) (0.3) (27.2) 655)  (L9)
(2.73) . 11.63 31.26 30.90 -0.37 0.4 0.4 1.04
(0.63) (172)  (151) (0.73) (0.2) (0.1) (0.9)
Terd + 11.91 25.74 30.28 4.54 1.9 0.5 16.7 58.0 3.3
(0.64) (1.65)  (1.90) (1.07) (1.6) (0.2) (15.1) 68.7) (2.1
(1.70) B 11.87 31.86 31.47 -0.38 04 05 0.9
(1.50) (1.09)  (1.33) (0.42) (0.3) (0.2) (0.3)
oriC + 13.01 28.1¢ 29.2 1.13 2.7 7.7 2. €
(0.70) 0.67)  (2.15) (0.97) (2.3) (8.7) 2.1)
(2.73) . 12.06 30.20 29.56 -0.64 0.8
(0.77) (156)  (2.14) (0.46) (0.4)

Eamp is the primer specific amplification efficiencya(,l.fs:ld'”s"’pe). Ct-values obtained fdrer sites andriC in the diluted input were corrected for the dibutifactor using
primer specific efficiencies &y to yield Ctj,pyy. IP: immunoprecipitated; No Ab: no antibody; IFi@éncy.ic): input fraction ofTerCenriched relative to the non-specific
oriC DNA region; Ekye an): €nrichment factor relative to the no antibodytcoln ERkrx): enrichment factor relative tus-GFP cells (n=4).
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The ratio of IP efficiency ofrer sites relative to the IP efficiency of a non-sfieci
DNA (i.e. oriC) is likely to be the most accurate normalizatioetimod as it takes into
account differences in concentrations in the inpatween the different DNA regions
analyzed. Indeed, the concentration of each andlf2BA region in the input sample
decreases with its distance framC (Table 18). With the Efk, any method, the background
signal varies for each DNA region due to their @aoin in concentration in the input sample,
thus affecting the resulting enrichment factorse Bfkrx) method does take into account
the differences in the initial concentration of R&INA region but some variability may arise
from the handling of two different cell cultures.fldating bar diagram was chosen to show
the range of enrichment factor obtained with eaethod (Figure 31). Despite the variation
in amplitude, the three binding profiles of Tus-G#Pthe ten primaryTer sites were all
relatively similar to the binding affinity profilpreviously obtained for fully double-stranded
Ter sites ¢f Figure 15 p86; Moreau and Schaeffer, 2012a). Adrignrichment of the strong
binders TerA-EandTerG) was obtained compared to the outermost moderateets, with
TerF andJ being systematically the least enrich&er sites (Figure 31B-D). The strong
binders were enriched between 10 and 60-fold abfweon-specifioriC region withTerD
and TerG being the least enriched in this group (Figure 3I&8hle 18) as also observed in

Figure 31C and D.
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A Background substraction B IP efficiency relative to a
non specific DNA region
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Figure 31: Binding of Tus-GFP to Ter sites in E. coli KRX cells by ChIP-gPCR. The floating bars
represent the minimum, maximum and mean values (me@avalues are reported in Table 18 along with
SD, n=4). (A) Difference in Ct-values between immuwprecipitated DNA (IP) and background signal in
absence of anti-GFP IgG (No Ab) obtained for Tus-GP expressing cells (Tus-GFB or Tus-GFP—
control cells. (B) IP efficiency of Ter sites relative to the non-specificoriC DNA region (IP
efficiency|oric)=(Eamp C("PUO-Cteutu) Teyg, | (ectineuy-Coutput oriCyy ghtained for Tus-GFP™ and Tus-GFP™ cells
in the presence (IP) or absence of anti-GFP 1gG aifiody (No Ab). (C) Enrichment factor relative to the

no antibody control of Ter sites andoriC (EFo ay=Eamp" " A2 ")), (D) Enrichment factor relative to
KRX control cells (EF(KRX):Eamp(Ct(Tus-GFP+ output)-cCt(input))-(Ct(Tus-GFP- output)-cCt(Tus-GFP- input))) of Ter sites and

oriC.

TerH andTerl were enriched with comparable efficiencies withyol4 and 5.7-fold above

oriC) which was ~3-fold higher than the enrichment lefelerJ of 1.9-fold (Figure 31B and
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Table 18).TerF could not be enriched compareddoC but ERno an) and Efkrx) values
were between 7 to 9-fold above background and @db-&boveoriC (Figure 31C-D and
Table 18). The ERo avn) vValues obtained foferH and Terl were only slightly lower than
TerD but between 1.8 and 3.8-fold lower than the remgirstrongTer sites. TerJ was
enriched ~2-fold less thaherH and Terl (Figure 31C). A similar profile was obtained for
EFkrx) values, only the amplitude of the signal-to—nosorincreased by a factor of 2 due

to a 2-fold lower background signal obtained wittaisis lacking the target protein.

7.3.5Effect of ectopicTerB, TerH and TerJ

To determine the effect of TT-lock strength on ieation dynamics, a strong TT-lock
forming site TerB), a non-TT-lock forming siteTerH) and a moderate TT-lock forming site
(TerJd) were inserted in the right chromosome armEofcoli strain BL21DE3), 930 kbp
downstream twriC (right arm) in the permissive (P) or non-permiss(iNP) orientations.
Although mostTer sites could be inserted in both orientations wgitiod efficienciesTerB
could not be inserted in the non-permissive origomausing either a retrotransposon
activated marker (RAM) or the Lambda Red recomimmasystem (Poteete, 2001). This
indicates that the presence of an ectdfeB in the non-permissive orientation in a strain
carrying the wild typdus gene is lethal for the bacteria as a result df fdockage 930 kbp
downstream t@riC. The effect of the insertion direction of the reniag ectopicTer sites

was investigated further dacoli growth rates (Figure 32).
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A — TerB(P) — TerH(P) — Ter) (P) B
— Control TerH (NP) — TerJ (NP) Growth rate (SD)| To (SD)
0 Strain
-1+ (logz(Aedo)/min) (min)
_:% §: TerB (P) 0.039 (0.0012) 23.53 (0.448)
8 ';' TerH (NP) 0.041 (0.0002) 24.13 (0.087)
S -6 TerH (P) 0.042 (0.0017) 23.69 (0.564)
S '7' a2 Ter) (P) 0.044 (0.0011) 22.70(0.327)
:g TerJ (NP) 0.042 (0.0008) 23.70(0.259)
-10 Control 0.039 (0.0012) 25.88 (0.469)
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Figure 32: Effect of ectopicTer sites on the growth rate ofE. coli BL21(DES3). TerB, TerH and TerJ were
inserted ~ 930 kpb downstream tooriC in the permissive (P) or non-permissive (NP) origation. (A)

Growth rates were measured in independent triplicags. Error bars represent SD. A culture of wild type
BL21(DE3) was grown as a control. (B) Averaged growth ratesbtained from the slope of the linear
regression performed between 100 and 210 minuteséssection 7.2.4.2) and averaged doubling timed)T

were obtained as 1/growth rate (n=3, except foferH (NP), n=2).

No difference in growth rates could be observedhm exponential growth phase between
these strains. Furthermore, all strains reacheddhee plateau as the control strain (Figure

32A-B) suggesting thaerH and the TT-lock erJ are not sufficient to induce fork arrest.

7.4 Discussion

7.4.1A fast microplate-based ChIP assay

A modified microplate-based ChIP-gPCR method wageldped to quantify then vivo

binding of two replisomal proteins, Tus and Dnad\tleir respective targets. As for Matrix-
ChIP (Flanagin et al., 2008), the entire proceduwen immunoprecipiation to PCR-ready
ChIP DNA acquisition is performed in a 96-well gateducing sample handling and
transfers, hence increasing reproducibility. Captmd analysis of crosslinked protein-DNA
complexes could be performed in less than 4 hdtes eell lysis and DNA shearing. The use
of French press lysis instead of sonication enabdey efficient cell lysis and DNA shearing,
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yielding a majority of DNA fragments in the 300 bgnge. Protein-DNA complexes were
captured using surface-immobilized anti-GFP antib®dThe use of the anti-GFP 1gG as
capture antibody ensures that all complexes areumoprecipitated with the same efficiency
(i.e. the epitope is not hidden by ligand bindingh alternative method using streptavidin-
coated plates with biotinylated anti-GFP 1gGs wasnfl to be equally efficient but much
more costly and therefore abandoned (data not shdyaing moderate expression levels of
GFP-tagged proteins . colicells, it was possible to immunocapture their eesipe targets
using this technique.

The ChIP-gPCR assay allowed the determinatiomefglobal distribution of Tus to
Ter sites in exponentially growing cells. The enriciminéactor data obtained fdrer sites
reflected their binding frequency and affinity assog that the crosslinking efficiency was
the same for the ten complexes. Taking into accthenaverag@Ct-values between outputs
and input, about 0.03 to 1 % of each target inrtbat DNA was specifically captured by Tus
and 0.3 % by DnaA which was at least 10-fold aboaekground. However, the low affinity
TerF site was enriched just above background (simdariC in terms of IP efficiency) and
was therefore close to the detection limit of tmethod. In total, 4.9 % of input DNA was
captured by Tus-GFP when combining all the Tensites and their enrichment profile was
similar to the affinity profile previously deterng@d (Figure 31 and Figure 15 p86)

demonstrating the reliability and sensitivity ofstimethod.

7.4.2Distribution of Tus in the fork trap

Transcription and translation (coupled in bactera) Tus occurs once Tus has been
dissociated fromTerB by the anti-clockwise replisome anferB has been replicated
(Natarajan et al., 1991, Neylon et al., 2005, Rt®uoket al., 1991, Roecklein and Kuempel,

1992). Transcription would rapidly cease once tha/ln synthesized Tus bind to old and
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new TerB. One study determined the transcript level of Twsing the cell cycle in
synchronized cells and could not detect a signiticzhange of expression during the cell
cycle (Zhou et al., 1997). It was suggested thattiange in transcript level was too small to
be detected. The negative auto-regulation of Tpsession coupled with the weakness of the
Tus promoter and the strength of thaes-TerBcomplex suggest that Tus expression may
occur as a short burst when Tus is dissociated frer8. In this condition, the innermost and
strongTer sites, especiallifferB, are likely to be occupied first due to their groiy to the
tus gene and their affinity. Thus, the remainihgr sites would be occupied as a function of
free Tus concentration. The endogenous Tus coratamntris estimated to be between 20 and
100 nM (Natarajan et al., 1993, Roecklein and Kuglin}992) which is at least 3 to 15 times
higher than theKp of moderate binders determined at 150 mM K&l {able 15 p132;
Moreau and Schaeffer, 2012b). Hence, the moderatesites should be occupied for a
significant portion of the cell cycldsf, of TerH-Jrange from 20 to 6 minutes, Figure 16C).
The termination sites where the forks most fregyemterge TerC and TerA Duggin and
Bell, 2009) should be bound during almost the etyiof the cell cycle due to the lotg
and locking of Tus on these sites. It could reaklynae anticipated thaterC, TerAandTerB
would be the most enricheler sites compared to the remainifigr sites by ChIP-gPCR
analysis.

The strong bindersTerA-E G) were bound to similar levels and only 3 to 6 &me
more than the remaining moderate and outermessites (Figure 31B). Tus-GFP was only
marginally bound tolerF if at all (Figure 31B-D). The distribution of TWFP on the ten
chromosomal primaryler sites, determined in conditions of moderate exgoasof Tus-
GFP, matched the affinity profile for double-straddler sites that has previously been
obtained by GFP-Basta and gPCR binding assakigure 25 p130; Moreau and Schaeffer,

2012b, Moreau and Schaeffer, 2012a). However, ifference in EF between the strong and
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moderate binders was significantly reduced comptodteir difference in affinitydf Table

15 p132 and Figure 31B; Moreau and Schaeffer, 20I12hs is not surprising in presence of
high levels of Tus-GFP relative to endogenous Bwelk. Indeed, due to the fact that Tus-
GFP is in competition with endogenous Tus, Tus-@GHRore likely to replace Tus on lower
affinity and fast dissociatinger sites than on the strong affinity sites. This vadboértainly
lead to a reduction in the difference in EF expéchetween these twder groups.
Nevertheless, the large excess of Tus-GFP compiarefus should allow Tus-GFP to
compete for binding on the stroiigr sites after removal of Tus by the replisome.

The data demonstrate that dlér sites can be bound by Tus. The existence of
additional factors contributing to the distributiof Tus onTer sites such as the effect of
adjacent sequencesf Chapter 6; Moreau and Schaeffer, 2012b), DNA sugkemng (i.e. site
availability) can be definitely ruled out. This sas the question, whierE was enriched to
similar levels than the other strong binders desgié fact that no pausing has been observed
at this sitein vivo (Duggin and Bell, 2009)? Two hypotheses had preshobeen proposed
by Duggin and Bell (2009), i.e. eithdrerE is non-functional or it does not encounter a
replisome at the non-permissive face. The datairsdahere support the second hypothesis
and therefore suggest that forks never break ttrdegA andTerD (see below for discussion
on the pausing aterH andTerl observed by Duggin and Bell (2009).

Overall, the data suggest that Bdir sites are functional although differently occupied
and that under natural conditions, moderate sites are likely to be significantly less
occupied than strong binders. Their occupancy dégpen free Tus concentration and Tus’
ability to be recycled on these sites. Surprisingly correlation between occupancy and
replication fork stalling or pausing could be imét. More work is necessary to clarify the
distribution of Tus orTer sites in natural conditions and synchronized céllgs new assay

will be invaluable for such experiments.
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7.4.31s there a role for the weakTer sites?

Of the ten primaryTer sites, TerF was again found to be the least bound by Tus. This
confirms the low affinity ofTerF in vivoas suggested by previowsvitro data ¢f Chapter 4
and 6; Moreau and Schaeffer, 2012b, Moreau ande®ena2012a). Duggin and Bell (2009)
observed Y-forked structures d@erF only when Tus was overproduced, further raising
guestions about its occupancy under endogenouts letdus expression. The ChIP-gPCR
data obtained with a moderate expression levelusFGFP showed that, chromosoriiarF
was enriched 18-fold less than the strong bindedsjast 2.5-fold more than the non-specific
oriC (Figure 31C-D. The small specific enrichment observed could e tesult of a
transient yet specific interaction of Tus for tlsise. This could explain why pausing was
observed aferF when Tus was overexpressed to 5 % of the celpratein content. Given
that Tus-GFP was expressed at concentrations dtsokeg for TerF determined by SPR at
150 mM KCI f Figure 16 p90, (Moreau and Schaeffer, 201Ze)F is likely to be only
transiently if at all occupied by Tus in wild tygells and may not have a significant role in
terms of fork pausing. The sequence similaritylbfrar sites does not strictly imply that they
all perform the same role or function. A functionT@rF could reside in the coordination of
replication and cell division based on its positiithin thersc gene whose product controls
capsule synthesis and the cell division controkedtsZ; but this remains to be demonstrated.
The most recently discovereter sites TerK, L, Y and Z) share the deleterious
mutations present ifierF, H, 1 and J and harbor additional mutations (Figure 26A). Thei
combination suggests that Tus will bind with evewdr affinity to these sites based on the
destabilizing effects of each of these mutationswling kinetics ¢f Table 13 p96). The
occupancy of these sites is therefore suspectbd tower than the occupancy BérF. This
is further supported by the fact that two of thesies are oriented to oppose origin-to-

terminus moving forksTerYandZ) and must be weakly bound by Tus since the ocooere
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of a similarly oriented strong TT-lock forming siteo close tooriC would trigger
homologous recombination and SOS induction for eelbility (Figure 32; Bidnenko et al.,
2002, Bidnenko et al., 2006). Therefore, these Wealsites are unlikely to have a role in the
inhibition of oriC-initiated replication forks (see below).

The surprising observation of Y-forked speciesTatH but not atTerE under
endogenous levels of Tus expression (Duggin andl Be09) did not correlate with their
expected occupancy by Tus vivo. Therefore, the question still remains, how daarH

pause a replication fork althouglerE that is positioned upstream BérH can not?

7.4.4Moderate TT-locks cannot stop DNA replication

TerB has previously been inserted ectopically at séyawaitions in the genome either to
determine a link between DNA replication terminatiand the cell cycle or to examine the
structure and recombination events occurring &sftstocked at a Tu$erB complex. In one
study, twoTerB have been introduced back to back betwkenC andTerA preventing forks

to replicate a 2 kbp region (Sharma and Hill, 1996)another study, twder sites were
introduced so that both forks were arrested at myd{@idnenko et al., 2002). In all cases the
viability of mutant strains was strictly dependem homologous-recombination pathways
(Bidnenko et al., 2002, Esnault et al., 2007). disvehown that blocked forks are stable until
the arrival of a second round of replication whitten triggers the RecA and RecBC
pathways for homologous-recombination (Bidnenkalgt2002). In an attempt to determine
the respective strength ®ér sites, Esnault et al. (2007) inverted large chreonual domains
(0.4 to 1 Mbp) containing eithd@rerg TerHlI, Terl or TerJ and examined viability, cell size
and nucleoid morphology (Esnault et al., 2007wdts shown thafTerE severely impacted
cell viability, and the rare successful recombisawere RecA-dependent and induced the

SOS response. Thus, the ChIP-gPCR data obtaindf&rsuggest that this site is bound by
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Tus in vivo and is able to stop the replisome. This furthemfioms that the absence of
pausing observed by Duggin and Bell (2009)TatE is due to the fact that it never
encounters a replisome approaching towards itkbigdace.

The inversion of large chromosomal regions coimagireitherTerl or Terd had no
effect on growth but the inversion derHI induced mild growth defects (Esnault et al.,
2007). Since th&erHI inverted region encompasses thmC-distal end of the right non-
specific domain and theriC-proximal end of the right domain (i.€erHl is at the interface
of the two chromosomal domains, Figure 26A) thenghodefect observed in the inverted
TerHI strain could also be attributed to detrimental-ngplication associated events such as
the perturbation of chromosome organization. Ireokd rule out this possibility and evaluate
the strength of the TT-lock vivo, a representative of eadrer site category (i.e. strong
(TerB), moderate TerJ and non-TT-lock forming sitesTérH) was inserted in the right
chromosome arm oE. coli recA strain BL21DE3), 930 kbp downstream toriC in the
permissive and non-permissive orientations. It wapected that the growth rate of these
strains would be affected by the strength of TTklé@rmation close twriC. All Ter sites
could be inserted in the permissive orientatiorhaitt any observable effect on growth rate.
The absence of growth defect in the strain carryamgectopicTerB in the permissive
orientation suggests that no significant pausingucg at the permissive face of Tuer
complexes.TerB could not be inserted in the genome in the nomjssive orientation
despite the fact that the comparatively strdieg had previously been successfully inverted
in the genome and the strain retained some, dlheitviability (Esnault et al., 2007). It is
important to note thaTerE is one of the weakest of the stroiigr sites (Moreau and
Schaeffer, 2012a). Two different targetron-basetirigues were used to insderBin the
non-permissive orientation but it was systematycalutated or truncated and therefore non

functional in the few recombinant colonies obtaigeersonal communication of P. Enyeart).
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This was not too surprising considering that prasip, ectopic TerB could only be
successfully inserted in the non-permissive ori#main a Atus strain (Bidnenko et al.,
2002). These results and previously published datmest that replication forks can only
break through the TT-locks of the weakeerE and TerD. Indeed, The;,, of dissociation
measured folferA-Cwere systematically longer than foerD, E andG (cf Figure 16 p90).
Duggin and Bell (2009) also showed tA&rA andTerB had the same (and highest) intrinsic
pausing efficiency whileTerC had a fork arrest efficiency only slightly superio TerE (cf
Figure 6 p22).

Overall, these data support that T@rB and probablyTerA are sufficient to fully
arrest replication forks; forks arrested TarB might be the result of rare forks breaking
through the slightly less efficiefterC, (ii) forks are unlikely to break through the immest
Ter sites TerA-D) and reach the outdrer sites; (iii) anyTer site weaker thailerE such as
TerH is unable to significantly block a replication koit is anticipated thaterK, L as well
as TerY and Z, oriented to block origin-to-terminus moving forksannot stop or pause a
replication fork in a significant manner either.

The low probability oforiC-initiated forks to reacfierH or Terl and the fact that no
pausing is likely to occur at their permissive facggests that the pausing observedvo at
these sites (Duggin and Bell, 2009) is due to tleeking of noneriC initiated replication
forks. The outeiTer sites may be needed to pause recombination-deperagication forks
travelling towards the origin and avoid collisionthv oriC-originated forks. This could
explain the growth defect observed by inversionmefH and Terl by Esnault et al. (2007)
which may have induced recombination events andeased the proportion of fork
progressing towards the origin, resulting in genamséability.

A systematic analysis of the effect of ectopicafigerted wild-type and mutaifer

sites on bacterial survival, growth rates and molgdies could provide valuable information
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on the minimal affinity and kinetic properties ofrar site and its TT-lock required to stop a
replication fork. It would also be interesting &st the pausing efficiency of various helicases

(i.e. PriA and UvrD; Bidnenko et al., 2006) by thetermosfTer sites.

7.4.5A new paradigm for the multiplicity of Ter sites?

The function of the outeFer sites is still a question of debate but it is ety clear that
they are not involved inriC-dependent DNA replication pausing. As suggestewabthey
may be involved in the control of nariC-initiated forks. However, another role for the Tus
Ter complex was envisaged that could also explain titeyfork trap is so large. Several
membrane associated proteins have been predicteal ftonctional Tus partners according to
the String 9.0 database, such as rstB sensoryinistkinase (directly upstream to thes
gene), ftsQ (growth of wall septum), or yrfF (inmaembrane protein, Figure 33). Most of
these proteins were identified due to their co-oecce withtus in prokaryotic genomes
(confidence > 0.7). This leads to the possibillgtt Tus bound to the outer binding sites
could act to tether the chromosome to the membrandielp distributing the sister
chromosomes in their individual cells by an, as yeknown, mechanism. Indeed, when
considering the symmetry and orientation of thenpry Ter clusters within the chromosome
(Figure 26), Ter sites could very well act as anchor points forheaewly replicated

chromosome to the poles of the bacteria to fatalitheir segregation during cell division.
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Figure 33: Predicted functional partners of Tus inE. coli K-12 MG1655 according to the String 9.0
databasé. The association map was simplified to represennty the proteins associated with Tus and not
the associations between the predicted partners. i€le color is used as a visual aid only. Circle siz
depends on whether or not there is structural infomation available for this protein; there is no strictural
information for proteins shown with a small circle. The biological pathway in which each protein is
involved is described next to each circle. The thikcdark blue line between Tus and DnaB means that th
interaction has been proven by direct experimentakvidence (Mulugu et al., 2001). The light blue line
connecting Tus and rstB shows that this partner wa&entified as a neighbor (gene occurs repeatediy i
close neighborhood to Tus in prokaryotic genomes $tB is 76 bp upstream to Tus irE. coli) and was
shown to be co-expressed with Tus. Thin dark bluérles connecting the other proteins to Tus mean that
they are predicted partners based on their co-occuence in prokaryotic genomes. IMP: inner membrane
protein, OMP: outer membrane protein. UniprotKkB numbers: yacC (POAA95), rscF (P69411), yrfF
(P45800), yiiQ (P32160), ybaJ (synonym TomB POAARO)stB (P18392), uspB (POA8SS5), ftsQ (P06136),
LptC (POADVY), DnaB (POACBO).

This could also explain why Tus is not an essemptiatein (Hill, 1992, Hill et al., 1987, Hill
et al., 1989, Roecklein et al., 1991). It is veeynpting to imagine that the almost perfect

positional symmetry of the two primary clustersTar sites could act in such a simple yet

8 http://string-db.org/
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elegant manner to assure that each dividing cel§ evith one chromosomal copy but this

remains to be demonstrated.

7.5 Conclusion

The global distribution of Tus to its ten primargremosomalTer sites could be obtained
using a modified ChIP-qPCR assay where Taseomplexes were captured on a microplate
coated with anti-GFP antibodies. It is anticipatadt the use of anti-GFP antibodies for
ChIP-gPCR will enable the comparative study ofugtlly any protein-DNA interaction even
without the availability of a specific antibody,sasning that the GFP-tag does not impede
protein function. Using this techniquerF was shown to be a very weak bindevivo and
that no other factor contributes to Tus bindinglar sites.TerF is likely to be only rarely
occupiedin vivo in natural cellular concentration of Tus. The wigition of Tus onTer sites
correlated well with their individual affinity. Mvas expected th&terd might be crosslinked
and immunoprecipitated in higher yield th@erl and TerH as a result of longer pausing
induced by the stronger TT-lock that it forms, ks was not the case suggesting that the
replisome probably never passes the infarsites TerA-D). The crosslinking offer sites
was a reflection of Tus binding tder rather than TT-lock formation and suggested that
moderateTer sites are more transiently occupied than the gtiar sites. Finally, it was
shown that only the strong TT-lock forming sites able to arrest replication forks and that
the moderate outefer sites are likely to not be involved significanily oriC-initiated

replication termination.
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Chapter 8: General Discussion

TT-lock or not TT-lock: that is the question!

Despite its importance, DNA replication terminatisrihe stage of replication that is the least
understood both in prokaryotes and eukaryotek. koli, 14 termination sitesTerA-J TerK,

L, TerY, Z are spread throughout the genome; fiaesites are on the left arm and fiVer
sites are on the right arm of the chromosome (Duggid Bell, 2009). Two of the newly
identified Ter sites TerY, 4 are oriented to block origin-to-terminus movingrks,
increasing the complexity of the fork trap. Ther sites are arrangedith an intriguing
symmetry that has puzzled scientists for decades.significance of having maintained such
a wide fork trap is still poorly understood. It waisggested that the presence of a series of
termination sites served as back-up fork barriersaise fork arrest failed at the fifgtr site

of each cluster. In 2009, the pausing efficiencyatf Ter sites was investigateith vivo
(Duggin and Bell, 2009). Fork pausing was deteckedevenTer sites in wild type cells,
namely TerA-D, TerG, TerH and Terl (Duggin and Bell, 2009). The remainirfiger sites
(TerE TerF, Terd TerK, Terl, TerY, Terd were qualified apseudeTer sites pTen since
they were either non-functional or did not encourdereplisome approaching the non-
permissive face. Nevertheless, @kr sites were able to arrest forks in a unidirectiona

replication plasmid assay, yet with varying effiiiees (Duggin and Bell, 2009).
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Furthermore, replication forks generally meet @&t ittmermostTer sites directly opposite to
oriC (i.e. TerA TerB or TerCQ) prompting the question of whether or not the reing Ter
sites maintained their biological function.

The mechanism by which the Tlisr complex acts in polar fork arrest is still a
matter of debate. One model proposes that forkstiee mediated by a protein-protein
interaction between the DnaB helicase and the momigsive face of Tus (Bastia et al.,
2008, Mulugu et al., 2001). This mechanism is base weak Tus-DnaB interaction that
has been detected by yeast-two-hybrid analysi€ah8A (Mulugu et al., 2001). One mutant
with an affinity for Ter similar to wild type Tus, E49Q, was defective imkf@rrest but later
findings showed that this residue is implicatecthe alternative Tu3er-lock mechanism
involved in fork arrest (Mulcair et al., 2006). ke, in 2006, Mulcair et al. showed that a
specific protein-DNA interaction was formed at then-permissive face of the Td®r
complex upon DNA unwinding. Here, the cytosine @ipon 6 in theler core is captured by
Tus resulting in slower dissociation of Tus frome tekomplex (Mulcair et al., 2006).
Interestingly, E49 is involved in this mechanismotigh a water mediated hydrogen bond
with the phosphate of the displaced A(7). Theretbeedecrease in fork arrest by the E49Q
Tus mutant observed by Mulugu et al. (2001) coudtvehbeen the result of defective
formation of the TT-lock. Mulcair et al. (2006) sted that the E49A Tus mutant had a two-
fold decrease in dissociation half-life comparedwidd-type Tus by SPR. In order to
discriminate between the contribution of the TTK@nd the Tus-DnaB interaction, Bastia et
al. (2008) designed an experiment capable of djgitghing DnaB helicase sliding activity
from DNA melting activity and observed that Tus kbblock the sliding helicase without the
need for TT-lock formation, but blocking efficienégcreased upon lock formation. They
also showed that the E49K was defective in stopfiieghelicase on a bubble substrate with

paired C-G(6). They further dismissed the involvetmef C(6) flipping and TT-lock
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contribution in stopping the helicase by showingttthe transversion of C-G(6) to A-T(6)
did not affect Tus blocking efficiency. Neverthedesince the assay was designed to prevent
the helicase from unwinding DNA (i.e. C or A(6) caot flip out), it did not really measure
the impact of this substitution on helicase arréserefore, even though the TT-lock may not
be the only mechanism responsible for the polaoityork arrest it certainly contributes,
justifying the need for further studies to deterenifi it occurs in all TusFer complexes.
Indeed, since its discovery in 2006 with the TesB complex, there has been no further
investigation of its occurence in the other Tes-complexes oin vivo. It was only assumed
that since the C(6) is conserved inBdr sequences, all Tuber complexes could form a TT-
lock. The work presented in this thesis provides fhist in vitro as well asin vivo
comparative study of the ten primargr sites TerA-J in terms of:

» the affinity of Tus for the ten primarler sites and their ability to form a TT-lock

» the correlation between affinity, TT-lock formingmacity and intrinsic efficiency in

arresting a replisomia vivo.
» the relative distribution of Tus on the primdrgr sites invivo and,

» the ability of the outeTer sites to cause fork arrest

The Ter sites are not equal neither in their affirfor Tus nor in their ability to form a TT-
lock

A new GFP-based stability assay (Moreau et al.0p@ilas developed to provide a rapid
method to determine and compare the affinity of ftuseach primary'er and theirTer-lock
analogue. GFP-Basta afforded a new quantitativénodeto correlate the affinity of various
DNA ligands with their effect on the aggregatiorterdayy) of Tus-GFP. Importantly it
allowed the ranking ofTer ligands according to their reporte€, for Tus. Using a

combination of GFP-basta and SPRer sites could be classified from strong to weak
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binders. Six strong affinityrer sites TerA-E and TerG) were identified for Tus, wittKp
values in the sub-nanomolar range at 150 mM K@tH, Terl andTerJ were classified as
moderate bindersTerF was the weakest binder and demonstrated a bindfimgtyaup to
880-fold weaker than the strongest bindeer@) and could not bind to Tus in the presence of
250 mM KCI. The binding of Tus tderF was only marginally stronger than to non-specific
DNA, leading to thequestioning of its role in the fork trap. All st@minders were able to
form a strong TT-lock as observed by a decreask;inf more than 10-fold by SPR.
Interestingly, TerJ was the weakest of the moderate binders but wastiiongest TT-lock
forming site of this groupTerF andTerH were unable to form significant locks. These data
enabled the identification of a base - i.e. T(8nportant for TT-lock formation. T(5) is
present in all strong TT-lock forming sites andsighstituted to a G in the non TT-lock
forming sites. This base seems to be importanttier precise docking of C(6) into the
cytosine binding pocket on the surface of Tus.regengly, the complementary base A(5)
has previously been shown to form base-specifitams with R198 and seems to be crucial
for the association of Tus Wer.

These data prompted the development of a highewginput method based on
differential scanning fluorimetry of GFP-tagged teias (DSF-GTP; Moreau et al., 2012) to
study the effect of ionic strength on the Tiex-=complexes. The specificity of eadler site
was determined by screening the effect of increpgotassium chloride concentration on the
stability of Tus in complex witier, Ter-lock or non-specific DNA. The data revealed that
ionic strength did affecter and Ter-lock induced stability differently. The stroriger sites
were more stabilizing in low salt than their redpecTer-locksbut this trend reversed in
high salt. This could be attributed to the formatad specific TT-lock interactions and some
non-specific interactions missing in the TOsrlock complexes. These data confirmed the

importance of the missing interactions between AG)p) and the R198 residue as well as
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the specific contacts occurring in the C(6) bindaagket in complex formation with thier-
lock sequences. Moderate binders showed a varietyltedleygendent profiles indicating that
the nature and strength of the interactions inetuesnplexes are more diverdeerl was the
least specific of this group and showed a strongeddence on small cooperative
electrostatic interaction3.erH was more specific thaferl andTerJ and surprisingly, some
TT-lock specific interactions still occurred in thas-Ter-lockH complex.TerF showed some
specificity compared to non-specific DNA only beld&0 mM KCI.

The affinity of Tus forTer sites in their genomic context was also investidab
verify that there are no additional sequences alesabunt for binding. A new gPCR-based
DNA-binding assay was specifically developed foisthburpose (Moreau and Schaeffer,
2012b). Using a single binding reaction, enrichnfantors were obtained for ~150 bp DNA
containing the ten primaryer sites. The data correlated well with the affirdigta obtained
by SPR and GFP-Basta confirming that no other mticle other than the core sequence was
involved in Tus binding. This method could deteicopolar concentrations of DNA and was
successfully employed as a platform to perform Gihperiments.

These data, taken together with the latest puddisiork (Bastia et al., 2008, Duggin
and Bell, 2009), lead to the proposition of a thstap fork arrest model at TT-lock forming
sites involving the non-specific binding of TusDMNA followed by its correct docking to a
strongTer site using a linear ratchet-like binding mode aindlfy, the formation of a strong
TT-lock induced by the unzipping action of DnaBiba$e (Moreau and Schaeffer, 2012a).
The fact that all functional'er sites with the exception of the outerm®etH andTerF were
able to form a TT-lock and that C(6) and the C(B)dmg-pocket have been maintained

during evolution, demonstrated the biological intpoce of this dynamic process.
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The TT-lock is formed in vivo but is not solelyp@ssible for fork pausing

The data presented in this thesis revealed thabtlkepausing efficiency profile obtained by
Duggin and Bell (2009) was best explained by themfdion of the TT-lockin vivo.
However, the formation of the TT-lock, althoughaly important, is not the only factor
controlling the polarity of fork arrest by Tus aglilighted by the facts that significant
pausing was observed &érH in vivo despite its inability to form a TT-lock and thatnse
pausing was also detectedTatrF when Tus was overexpressed. The pausing at thése o

Ter sites must therefore be influenced by other facteee below).

The distribution of Tus-GFP on Ter sites correlateth their affinity but cannot explain fork
pausing events

Following the in-depth thermodynamic and kineticawcterization of the TuSer
complexes, the binding of Tus to the ten prim@ey sites was investigateid vivo using
ChIP analysis to determine if the occupancy onviddial Ter sites was affected by other
factors than their intrinsic affinity (i.e. accesgdactors, supercoiled DNA). The new ChIP
assay incorporating a French Press step and aptateebased GFP capture surface yielded
highly reproducible data. Immunocapture and destiigng steps were performed in a 96-
well plate in three hours. The distribution profdé moderately expressed Tus-GFP on the
ten primaryTer sites andriC was similar to the binding affinity profile prewisly obtained
for fully double-strandeder sites, confirming that Tus can bind to B#r sites in an affinity-
dependent mannem.erF was only marginally enriched compared to the noecgic oriC
demonstrating thaferF is only very transiently bounth vivo. Under endogenous Tus
expression levelsferF is therefore unlikely to be occupied. This is suped by the fact that
the cellular concentration of endogenous Tus has lestimated at 20-100 nM (Natarajan et

al., 1993, Roecklein and Kuempel, 1992) which suad the,Kp of TerF (dissociation half
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life of about 30 seconds at 150 mM KCI). At thissTeaoncentration, the strong affinity sites
would be occupied first and the remainihey sites would be partially occupied as a function
of free Tus concentration, leavii@rF only transiently occupied by Tus if at all.

When the ratio of fork pausing at eatér site was investigated in the chromosomal
context (i.e. fork pausing at a givé@er site depends on whether or not this site encosirter
replication fork at the non-permissive facé@rEandTerJwere classified agTersites along
with the last fourTer sites andTerF, based on the characteristic that no Y-shaped DNA
intermediate was observed at these sites undegendas Tus expression (Duggin and Bell,
2009). Using ChiP-gPCR.erEwas demonstrated to be a true Tus binding sitestiauld be
significantly occupied by Tus under natural corutis. SinceTerE has been previously
shown to be an efficient fork barrier (Duggin andllR2009, Esnault et al., 2007, Hidaka et
al., 1991), it was concluded thBerE does not encounter replication forks moving towatsl
non-permissive face. This also suggested freatH and Terl should not encountewriC-
initiated replication forks at their non-permissitace either, although some pausing was
detected by Duggin and Bell (2009). The pausinthase outermosker sites observed by
Duggin and Bell must therefore be the result of-ndf initiated replication forks travelling
towards theoriC. This is supported somewhat by the fact that pausias increased at these
sites upon Tus-overexpression which should resudt fighter inner fork trap and increased

inhibition of fork progression towards the outermnber sites.

Only strong Ter sites can arrest the replisome

Finally, in order to determine the effect of TTH4dormation on replication dynamias vivo,
a representative of each categoryief site, i.e. strongTerB), moderateTerJ) and non-TT-
lock forming site TerH) was inserted in the right non-structured domdik.ocoli, 930 kbp

downstream t@riC in permissive and non-permissive orientations. dsvexpected that the
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formation of the TT-lock would delay DNA replicatiand cell division proportionally to its

strength.TerB could not be inserted in the genome in the nomjssive but the remaining

Ter

sites TerH and J) could without any noticeable effect on growtheraThese data

demonstrate that a strofi@r site is able to fully block DNA replication withotite need for

backupTer sites which strongly suggests that replication $aske unlikely to break through

the four innermoster sites TerA-D).

Table 19: Summary ofTer sites affinity and characteristics.

Affinity

Ter Ter TT-lock Characteristics

(fold increase in
ti)®

A Strongest Stronger (10.5) Innermastr site, second most frequently
used termination site

B Strongest Strongest (11.5)  Strongkstand TT-lock forming site, auto-
regulation of Tus expressigrsufficient to
fully block replisomes

C Stronger Stronger (14) Innerma&r site, most frequently used
termination site’

D Strong Strong (12) Very likely to cause fork arrest

E Strong Strong (22) Never encounters replicatiokd@t the non-
permissive fackbut can arrest replication
forks®if reached

F Weak - Too weak to be significantly occupied ordav
a role in replication termination ofiC-
initiated forks

G Strong Strong (14.5) Unlikely to encounter replicatforks at the
non-permissive face but very likely to cause
fork arrest if reached

H Moderate - Cannot arrest aoriC-initiated replication fork,

I Moderate Weak (1.1) likely to be involved in the control of

J Moderate Yes (3.7 recombination forks

};nla Very weak i Predicted to be very weak, unable to generate a
Y. Z TT-lock or stoporiC-initiated replication forks

4TT-lock induced increase in dissociation half lifgrelative tot,, Tus-Ter determined by SPR at 250 mM KCI
and® at 150 mM KCI (Natarajan et al., 199fDuggin and Bell, 2009f(Esnault et al., 2007).

In addition, the absence of a clear phenotype varerctopicTerB was inserted in the

permissive orientation suggested that no pausimgrecat the permissive face of TuUsr
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complexes. The data also demonstrated that moderateakTer sites, such as the newly
identified Ter sites, cannot significantly arrestriC-initiated replication forks and are
therefore likely to be involved in the control ecombination-initiated forks.

The major outcomes and conclusions about theafthe primaryTer sites reached
during this thesis are presented in Table 19. Witk function of the inneffer sites is
relatively clear, the significance of the presewéethe remainingTer sites is still to be
determined. Most of the outdier sites have non-canonical base substitutions iin toee
sequences that are affecting their binding to Tasit due to random mutagenesis of a
chromosome in constant evolution or has it beee-fimed to serve a desirable function? In
other words, did they devolve from their originah€tion as strongerer sites appeared in
the fork trap during evolution, and should theydtessified agpseudeTer sites? Can they
have another function than coordinating DNA reglma termination? A new paradigm for
an alternative use of TuBer complexes and further work are suggested in thiewmng
sections to deepen our understanding of the ewolaty advantage of maintaining such a

wide fork trap.

Can pausing at Ter sites vary depending on DNA readeng and the composition of the
replisome?

The discrepancies between the affinity, TT-lockrfimg efficiency and the pausing
observed at the outdier sites (i.e. pausing dterH andTerl but not afTerE) suggested that
the outer Ter sites may be involved in the pausing of i€ initiated forks, i.e.
recombination forks or forks initiated at altermatiorigins. If that was the case, they may
have a different pausing efficiency depending om iature of the replisome approaching
these Ter sites or the distance a fork has travelled (Bittoeet al., 2002). The base

substitutions in the outefer sites may cause Tus to bind in a different conédiom
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affecting the pausing at Tuser complexes differently depending on the sequenee Tius
conformation), orientation ofer and nature of the approaching helicase. FurthexmpoiE.
coli, a topoisomerase | mutant resulting in increasedative supercoilingabolished
replication arrest at Tuber (Valjavec-Gratian et al., 2005). It was suggestéet t
topoisomerase-mediated supercoiling relaxation ravelsi the activity of Tu3er complex.
Indeed, supercoiling could affect the permissival aron-permissive face of Tuser
complexes differently, generating tighter or weakek blocks depending on the state of the
DNA and speed of the helicase. More studies aralatedo determine if the variable
sequences at the permissive sideTef can differentially influence fork pausing vivo as
well asin vitro. It would also be very informative to determine tirystal structure of Tus in
complex with the outeTer sites to determine if Tus takes a different cami@tion on these

sites.

Can Ter sites be involved in chromosome segregaitioimg cell division?

A new paradigm on the role and significance ofilg@wnaintained such a wide fork
trap emerged from the following observations: (ajsTis not essential for cell viability
(Sharma and Hill, 1995, Hill, 1992, Hill et al.,&B Hill et al., 1989, Roecklein et al., 1991);
(b) the termination region is maintained at a giyasition with litle movement until cell
division (Bates and Kleckner, 2005); and finally) $everal sensory and cell division-related
membrane proteins have been predicted to be partfeTus, leading to the question of
whether Tus could facilitate cell division throughchromosome management mechanism
during replication. When combined, these obserati@ise the possibility that tHer sites
could act as membrane anchoring points to ensateetich new cell ends up with one copy

of the chromosome.
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TerB

TerD

TerC TerA

TerD
TerC TerA

Figure 34: Hypothetical model on the role of Tus inchromosome segregation. Tus is represented by a
grey triangle with the tip representing the non-pemissive face and is tethered to the membrane by a&ty
unknown mechanism. The replisome is represented bg light blue circle. Parental and daughter
chromosomes are represented by full and dashed liseespectively. The sister chromosomes are in red
and blue respectively. (A) Following initiation thetwo replisomes proceed in opposite directions. (B)
Following passage of the right replisome throughTerD and TerA, Tus reassociated to these sites and
tethers the right chromosome to the right membranecompartment. (C) While the right replisome is
stalled at TerC, the left replisome passederB where Tus reassociated and tethered the left chramsome
to the left membrane compartment. The left replisore dissociates Tus fronTerC and the two replisomes

merge. (D) Each sister chromosome is tethered todtopposite cell compartment prior to cell division.
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Indeed, when taking into account the symmetry cheaduster of primaryer sites and their
opposite polarity within the chromosome, it seemssjble that by tethering the chromosome
to the membrane, the TU®r complexes could help in the distribution of thestesi
chromosomes into the daughter cells during celkdin. A simplified diagram is presented
in Figure 34 to illustrate this theory. In this @digm, Tus is associated with the membrane
through an unidentified protein partner and caragseciate withTer after it has been
dissociated by the passage of a replication fone model requires that at least one Tes-
complex on each side of the chromosome must bertthto their respective membrane
compartment at any time (Figure 34). In this coptéxe orientation of Tus ofer sites in
each cluster would allow each leading strand toertowards the outer poles as observed by
White et al. (2008). Furthermore, if the sisterathosomes are attached to the cell membrane
and cell wall growth takes place in between theosfip attachment sites, DNA segregation
could be achieved passively as a by-product ofetefigation as suggested early on by Jacob
et al. (Ryter et al.,, 1968, Toro and Shapiro, 20It)romosome-anchoring proteins have
been found inCaulobacter(ParB-PopZ) and. subtilis(RacA-DivIVA) but not inE. coli
(reviewed in Toro and Shapiro, 2010) although itlesar thatE. coli maintains the origin
region around midcell and left and right replictona separate cell halves (Bates and
Kleckner, 2005, Toro and Shapiro, 2010, White et 2008). Therefore segregation is
nonrandom, and the leading strand replicated armslauttled to the outer edges of the cell
(Toro and Shapiro, 2010, White et al., 2008). Edrigchemical experiments i&. coli
showed that multiple chromosomal sites, includiong anly the region aroundriC but also
the terminus and the site of ongoing replicatiar, faund to associate with the membrane
(Hendrickson et al., 1982, Leibowitz and Schaecht®75, Ryter et al., 1968, Toro and
Shapiro, 2010). More recent experiments on chromessegregation i&.coli showed that

the origin region undergoes a short period of ésisthromatid cohesion,” after which the
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entire region is segregated as a single unit (BatesKleckner, 2005, Espeli et al., 2008).
Other regions of the chromosome segregate progedggNielsen et al., 2006). Tus could be
the long sought-after anchoring landmark. The osgof sister chromosomes would be
segregated only once the oufa@r sites move apart upon cell wall growth and thé¢ oéshe
chromosome would segregate progressively. This imeadald also explain why the fork trap
is so large. How the chromosome is organized agdcegated is still unclear (Dame et al.,
2011), although there is evidence that segregasidinked to replication rather than cell
division (Nielsen et al., 2007). Therefore it woude very informative to determine if a
fraction of Tus is associated with the membraneitnlbcalization within the cell. The Tus-

GFP could undoubtedly be an invaluable tool togrenfthese interesting experiments.

Conclusion

This thesis has shed light on the structure of fiwk trap in terms of biochemical
characterization of Tus in complex with the termarty Ter sites and their ability to form a
TT-lock. The variation in affinity among3ter sites correlated with their intrinsic efficiency
in pausing a replisome and suggested that the @l does occum vivo. A three-step fork
arrest model was proposed. Although the TT-loadasrly important, it is not the only factor
responsible for replication fork arrest. While ttode and use of the innermoBgr sites was
consistent betweeim vivo andin vitro data, the role of the moderate and w&ek sites in
replication termination is still debatable as tla¢une of the pausing observed at these sites by
Duggin and Bell (2009) remains uncertain. It wasndestrated that only strong TT-lock
forming sites can efficiently arrest replicatiorr® suggesting that replication forks can not
break through the innermoser sites and that the outermd&r sites (including the newly

identified Ter sites) have no role in the terminationasiC-initiated DNA replication. These
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findings negate the theory that a serieJef sites act as “back-up” fork barriers in case of
fork blocking failure at the firster site of the cluster. Finally the new assays,GEP-Basta,
gPCR-based DNA-binding assay and DSF-GTP, develapetiaracterize the fork trap will
undoubtedly have uses for the study of other pneBNA complexes, and will certainly

increase the pace of current and future genomidgesteomics programs.
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Appendix

Appendix A
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Figure S1: Tus-GFP aggregation rates in presence ofer, Ter-lock or oriC (non-specific control)

sequences obtained with GFP-Basta. (A) Aggregatioates of Tus-GFPTer complexes in 150 mM KCI at
58°C. (B) Aggregation rates of Tus-GFPFer-lock complexes in 150 mM KCI at 58°C. (C) Aggregation
rates of Tus-GFPTer complexes in 250 mM KCI at 52°C. (D) Aggregation r@s of Tus-GFPTer-lock

complexes in 250 mM KCl at 52 °C.
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Appendix B
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Figure S2: Thermal stability of DnaA-GFP. (A) Correlation between theT,, peak and the aggregation
state of DnaA-GFP in the presence of 10 mM Mggl Melting curves were stopped immediately before,ta
the midpoint, and at the end of theT,, peak and centrifuged to discard aggregates-(,q; squares). The
melting curve of DnaA-GFP expressed as -dRFU/dT isepresented for comparison (diamonds). (B)
Effects of nucleotides and divalent cations on Dna&FP. (C) T, values of DnaA-GFP in the presence of
nucleotides and divalent cations. (D) Effect of DNAbinding in the presence of ATP, MgC] or
ATP/MgCl,. Reactions contained 60 pl of DnaA-GFP at 2.5 mMnitial RFUs were 3800-4700. Melting
curves were recorded from 30-75°C with 0.5°C/cyclend 30 s dwell time.
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