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Abstract

FtsK is a prokaryotic rirghaped hexameric DNA translocase that localises to the septum

between dividing cells. Hidsduplicated chromosomzinto daughter ce and resolvethe

physicalinks betweenchromosomescaused byecombination events that frequently result in

catenated or dimerised chromosomes. The C terminal segment of FtskK) (kisKhree

Ydzt GAFdzyOQOUA2Y &dzodzy A A h Jaycerystdl 2R NI RIK{ES [Rde2y60 S Kl
subunit to contain a Reckke ATPase fold, which classes FtsK as part of the AAA+ enzyme

superfamily. Sequence alignments have suggested that FtsK contains an arginine finger motif,
thoughnonehasbeenidentified in the only structur@ublished at the time of writingUsingm

vivoandin vitroassays ofhe activity of trimeric Ftslkg constructs this study showed that an

ArgC Ala mutation in the putative arginine finger motif caused loss of function (l.0.f.)

consistent with an argininBnger motif. Results further point tpossiblesystemslevel

compensation for moderateffenses tathe hexamer (i.etwo l.o.f mutations ina hexamey.

This study also set out to investigate what role (if any) the putative arginine finger may have in

FtK mechanochemistrPrecise hexameric combinations of mutant kistdem repeatdhave

beencreated by fusing monomers to form trimers that are thought to-sslfemble into

native-like hexamersThis study cloneth mutations to specifitandem repeats tanvestigate

coordination betweersubunits during DNA translocatioResults suggest that optimal Ftsk

DNA translocation is conditional on a moderate degree of coordination between subunits that

is impaired by lossf-function mutations in arginine fingeds ¢ KA & a i dzRé Qa LINBf A Y
call for further structuralsingleparticleand proteomiowork, plus investigation into the

optimal linker length and flexibility between fused tandem repeats.



Table of Contents

L) (e Lo [¥ o3 110 o VTR 4
MaterialS AN MEINOTUS. ... cee ettt et e et et e e e e e e e e reaneee 10
ST I £ 15
[T EY 10 13- [0 T 24
[ (<Y (=] 16T 29

Appendix A: pGBIUNt IFTOPO (INVItTOGEN).......euiiieeiiiiiiieie e 32

APPENTIX B: PECTLOB. ......uviiiiieiiiiiiiiiiee ettt 32

Appendix C: DNA ManipulatiQnl..............uuuiiiiiiiiiieiiiereeee e 33
Abbreviations

AAA+:ATPasegssociated with various celluléctivities

Bp: DNA base [g(s)

dsDNA Double-stranded DNA
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KOPSFtK Crienting Polar Sequence

LB:LuriaBertani nutrient broth

L.o.f:Loss of Function

MES:2-(N-morpholino)ethanesulfonic acid

ODy0 Optical density at 600nmwavelength

RF:Lossof function mutation in gutative arginine finger motif

SDSSodium dodecyl sulphate

SSRSitespecific recombination

TAM buffer:Buffer containinglOmM tris(hydroxymethyl)aminomethangris)-hydrochloride
(pH 7.9, 10mM magnesium atate, 10mM ammonium chloride, 1mM dithiothreitol. Used at
10x dilution with HO

WB: Loss of function mutation in the Walker B motif

Wt: Wild-type



Introduction

Background

Active DNA transporfDNA translocationplays an important roleluringvegetativecel

division directingchromosomal choreograplst the divisome, a complex of 15 or more
proteins that forns a ringat mid-cell andgraduallyconstricts the membrane to form a septum
betweenthe future daughter cellsf\Wang and Lutkenhaus, 1998heEscheichia coliprotein
FtsKis avery largeDNA translocse(1,330amino acids; ~147 kD#)at acts late in cell division,

concomitant with the narrowing of #aseptum.

Ftskforms hexameric ringat the septunthat functionas ATRIriven doublestranded DNA

(dsDNA) pumg(Aussekt al, 2002; Saleh et al., 2004; Massey et al., 2006/itroWwa A y 3t S

Y2t SO0dzZ SQ SELISNAYSy(la &K2g inwtiodtcldsditer Kilobases O LI 6 f
per second (approximate®um/s), making it one of the fastest metular motors currently

known (Salelet al, 2004; Peaset al,, 2005).The FtsK/SpolllE/Tra family of DNA translocases

are highly conserved in eubacteria (Battal., 2000; Possoet al., 2001; Aussedt al., 2002),

and a homologous protein, HerA, cas@be found in Achaea (lyet al, 2004).

ciavyQa (GNryatz20FlGA2y FOGAGAGE Aad (K2dAKG G2 I 7
replicated chromosomes into daughter cdllesterlinet al., 2004) Itis essential in cell division

however becausef its key roleamportantin removing physical linksetween newly replicated

sister chromatidsTwo types of physical link are commantercatenation links and

chromosome dimerd=tsK involvement in decatenation is poorly understobae generally

heldview is thatthe ParC subunit of Topo iWaycolocali® in vivowith FtsK taegulate

TopolVmediateddecatenation(Espeli and Marians, 2004; Waeigal., 2005)

ciavyQa RRO5 aésyifidd & Shromosome dimeisas been better characteriseth

about 15% oE. colireplication eventainderstandard laboratory conditions, incomplete



homologous recombination between sister chromosomes will resudhmomosome dners
(Steiner and Kuempel, 199Beralset al., 2000). FtsK plays twbstinctrolesin their resolution
by sitespecific recombination (SSR)first alignsdif sites €onserved recombinationesjuences
in theter regionof the bacterial chromosome the chromosome dimeit doesthis by
recognising directional signs¢équences in thdsDNAO I f £ SRNWEYI &GNy 3 LI2f | NI &S]
(KOPS[Bigotet al., 2005).Theseconserved sequence elements are found primarily intdre
regionflanking dif sites. Theyreinverted either side ofdif such thatthey point towardst; thus
Ftsktranslocaes towardsdif sites,not away from them. Thigery rapidlypullsdif sites together
at the septum(Figurel) (Corre & Loumn, 2002) Tyrosine recombinaseserC and Xerfaorm a
stable complex atlif that are thought tostop FtsKranslocation (Yatest al., 2006) FtsK
interacts with XeDto activate the XerCD complex, whictalysea secondary recombination
event in the cell, strictly between these tvdif sites, thus resolving the chromosome dimer

(Aussekt al., 2002).
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Figurel: AmodelofCi A Y Q& 5b! (NI yat 2 Ol-iediatetl SSR/aivityIatEhereptuindefwes

two nascent cells (taken from Bigot et al, 2007)




The most recent research suggests tiK@dP %re not read during translocation (Biget al.,

2006) butare preferential FtsK loading sites and that translocation is prevented by another FtsK
protein either at rest on the nopermissie KOPS, or moving in the opposite direction, with the
collision causing cessation, reversal or dissociation of the transldcaseet al., under

revision).

Protein structure

FtsK is a multidomain protein. The function of the lagg200 amino acid)-terminal domainis
poorly characterisedut it is known to be a transmembrane segment essential for localising
FtsK at the septal ring. It also contains residues important for hexamerisation of the protein.
The Niterminusis joined by a linker (of variablerigth in different species) tde tripartite G
terminal helicase domain of FtsK (named Bistomposed of > 1 domgifs Ftskis
responsible foDNAtranslocation promotion ofdecatenation andXerCD recruitment¢ K S
domain contains residues @ interact with XerD to activate Xer@iediatedSSRAussekt al,,
2002).It alsocontains a wingeghelix DNAbinding motif thatallows FtsK teenseKORS

(Sivanatharet al., 2006)

Domaing | YR | mad NY
unit of the protein. Sequence
alignmentshows thatl K S unit & d

housesa RecAlike fold a conserved

nucleotidebinding domain

containing motifscharacteristic of Figure2: 3D structure of FtsK (taken from Massey et al., 2001
The hexameric arrangeme&t¥ CGO avhi +  LINZ
the AAA+ (ATPases Associated With central cavity capable of accommodating a double stranded

. Lo molecule.
various cellular Activitie®nzyme



superfamily These motifs includdhe Walker AP-loop andWalker B.Sequence alignmerutf
the ftsk genealso identifest & S1j dzSy OS GKIF G Yl & 0S (se¢ Gl NHEAYAY

following section).

The Arginine Finger motif

An FtsK arginine finger could be an important mechanochemical detail-monomer sensing
and/or catalytic interactions via arginine fingers have been observed in other AAA+ class
hexameric proteingOguraet al., 2004) for example RuvB (Putnast al., 2001), bacteriophage
T7 gene 4 helicag€ramptonet al,, 2004), Papillomavirus E1 prot¢lEnemark & Joshud#or,
2006) Rho(Adelmaret al., 2006)andthe P4 protein of bacteriophagel2 (Kainowet al.,

2008) In the lattertwo, the arginine finger was found to lmeganising the firingequence of

the hexameric protein by relaying tlomnformaional change induced in one subunit by ATP

hydrolysis to adjacent protomers, agditing them in turn such that subunits fire sequentially

J-

Figure3: Detail from the structure of Pseudomonas aeruginosa FtsK in the absence of(Dldéseyet al.,

2006). Residuesidedt TA SR & | Lizil GA DS | NBAYAY-Phodphate afshed Y 2

FtsK motor mechanism

Therotary inchworm modehas beermproposedby Masselet al. (2006)to explain Ftsk DNA
translocation(Figureb). It postulates that motor units fire sequentialgtalysingalternating

attachment oftheh | y R | ofapaitotagrd i @K GKS 5b! & / 2YLI NAazy



WOt 2 & Sy cEdtaio@raphy structures suggest minimum of 1.6bp of ®NA (5.5A) can

be translocated per catalytic event, assuming one jaw event per catalytic event.

structure: ATPYS Figure4 : Alternate conformations of an FtsK monomer wi
N outside non-hydrolysable ATP and ADP analogues, showing a
: 12/558 movey Sy i 2 F . Niotodonialis abeQ
hypothesisedo alternate between these conformations ar
OKly3S GKS &dzo dzy Aiidteratts witk DNAI
¢ KA&a @Ay 0K éveuNdXotrespoaditaiazDNA step <
of approximately 1.6bp. The authors difet structural paper

inside
channel

suggest that this is a miniim, and that 2bp is more likely
12° hinge
movement

(adapted from Massey et al., 2006)

Thestep sizanust be a integralnumber of DNAasepairsto maintain register between FtsK
active sites and the DNA. A putative 2bp step size reconciles this model with experimental
observations from singtmolecule studies thashow one positive supercoil being induced
ahead of the protein, and a negative supercoil behind, per 150bp translo¢aigare5)

(Aussekt al,, 2002; Salelt al., 2005; Massewgt al., 2006).

Figure5: The rotary inchworm model of FtsK
DNA translocation

For simplicitythis diagram does not shoindividual
LINE G 2 Y S N& Sorfour oRsi X ternifialt also
shows C h directionality of DNA transpartvhich
wasput forwardby Massey et abased on the

LJ2 & A (i Aafdyby a@hdlogy to similar proteins.

(A) DNA is displaced by a 2 lgmgitudinal
translocdion step as the active catalytic site (red) , Fat
undergoes an inchworrdike movement R
to the protein

(B) Thisresults inanew alignment between the
protein and the DNA that would correspond to 70
rotation

(C) An actual 8 backrotation of the DNA relative to
FtsK is needed to gl the new active site with the
DNA grip point, causingpsitivesupercoiling aheadf

/ Ny
the protein, and negative supercoiling behind it. §0° acy Mpgition 14

align new site with DNA

/.
7/

[ ]
< -ve supercoils induced +ve >




Aims of this study

The existencefoan arginine finger and its involvement in the mechanochemistitsK has so

far been hypotheticat indeed, none is apparent in the crystal structure obtained by Massey

al. (2006), which shows the putative arginine finger positiotmmlfar from thei LIK2ALKIFGS 2
the ADP in the active sifer interaction(Figure3). Thecentral aim of this study is therefore to

establish or disprove the existence of an arginine finger ingFtsk

Three important mechanistic parameters ofgishapedNTPase are highlighted by Donmez &
Patel (2006): coordination between protomers (randomness in time of a hydrolysis event
relative to others in the ring), concertedness (number of simultaneous hydrolysis events), and
the freedom/numberof permutations of the firing sequenceén the absence of any structural
basis for sequential ATP hydrolysis, bubaservedrole for arginine fingers in coordinating

firing sequencein other hexameric AAA+ proteindig secondary bjective of this project was

to investigate the coordination between FtsK protomers in the hexamer. Whether they fire in
strict sequence or independentigan important factor in the interpretation of kinetic data and

the verification of the rotary inchworm modér FtsK translocatian

Strategy
This study takes place within ongoing work in the research unit to characterisedxaiers

using an approach that emulates a successful study of another hexamerghdpgd AAA+
enzyme ClpX, a prokaryotic protein chaperone and proteassaiated motor (Martinet al,,
2005). This project uses trimeric F¢sKutants createdprior to this projecj by fusing three
Ftskcdomains in tandem, linked together by flexible 14 amino §&i@GSEGGGSEGGiBkers

(Figure6).



« BW vy « BW vy «a BW y

Figure6: Diagram showinghe fusedFtskh i + (i | y R S Btard$adSte igéndral positiaf the RecAike
fold, and an Nerminal grey rectangle represents a 6xHis.tagroughout this study, mutants are representec
identifiers of the form wawt-wt, indicating the presence or absence of mutations in the first, second and third |
respedively. Abbreviations are wt = wiliype, RF = Afg Ala mutation in the putative arginine finger motif, and \

an inactivating mutationn the Walker B motif

This approacls usedo overcomeseveralimitations of monometbased studiedtsk, which
lacks theN terminus oligomerisatiodomain is only activéi.e. will only form viable hexamers)
in high concentration®f Ftsike monomer or dimer (E. Crozat, personal communication).
Furthermore it allowsspecific combinations of muted motor units {.e.in the T, 2 and/or

3 tandem position Figure6, Figurel7). Thisshouldallow the coupling between motor units in
the FtsK hexamébo be investigated different combinationsare expected tdave signature

effects on theactivity of FtsK that can be matched models.

Materials and Methods

Strains, media & plasmids:

TheEscherikia colistrains were based on DS9041, a derivativE abliK12 strain AB1157.
Cultures were grown in Lurgertani brothand 50 pg/ml ampicilling LB+amp which selected
for cells containing the vector plasmid (pE&)37°C or 30°C before arin vivodif SSR assay,
see below) The tandem repeat gene is under the control of #ra (L-Arabinose response)

promoter.

10



a) b} RF mutation c
TOPO-I: Ecofl Xbal CG>GC

TOPO-I: Xbal PpuMl  Sacll Kpnl —_ 4 -~
TOPO-III: : N, \ 70 <
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Figure 7: Example construction of a mutant tandem repeat trimer gene QiD0), by replacement of tt
middle wild-type repeat segment withone containing aR1146ACGC GC6 & wiBwation. a) The pCrBlunt
II-TOPO (see Appendix A) derivative, TORCcontains the FtsKgene (red+blue) betweerXba and Kpnl
restriction sites. Asub-segment (blue) corresponds to the wild type sequence of the putative arginine fir
b) The subsegment was excised from the plasmid by digestion of TAPKY PpuMI and Sadl followed by ge
purification. The replacement insertusing T4 DNA Ligasejas a PCR product containingnautation (yellow)
in the putative arginine finger.c) The mutant FtsKrepeat was excised from TOPRID using Xba and Kpnl
restriction enzymes, again followed by gel purification. d) pEC106 (see Appendix B) was cuiXwihand
Kpnl. The large fragment was then extracted and ligated with the mutant insert using T4 DNA ligase. Ti
repeats in the pEC plasmids (d) are colaxaded to match their respective restriction enzymes (a).
Vector plasmidsarrying the tandem repeat trimer gene were derived frolagmidspEC106
and peC114gifts fromE. Crozat)Construction of pEC106/pEC114 derivatives consisted of
exchangingvild-type putative arginine finger motifs in a single kigkne (carried in a TOPO
vector, derivative opCRBIlunt IFTOPQ(see Appendix Awith inserts containing a GGGGC
mutation in the putative arginine finger motif, then inserting the enfiitsK genénto a tandem
position inpEC106 or pEC11Higure? outlines this processTablel shows the plasmidthat
were constructed After ligation(see Appendix C fatandardDNA manipulation methods
used, the plasmid was transformed into competent DS9041 cells (previously preparetChy C
permeationandstored at-80°C as per Morrison, 1977). Plasmid constructi@s subject to a
twofold verification. Newlymade plasmids were verified by douldéestion of the purified

plasmid. The digestion fragments were run alongside undigestediagtecut plasmid,so that

the size of fragments could be checked for sucegss$ertion of mutant repeatsSecondly,

11



fragments weresequenced after digestion by the & unique pairs of restriction enzymes

(listed inFigure?).

Toxicity assay

A culturecontaining 3 ml of LBampwasinoculated from plate of pECplasmid transformed
DS904kells and grown overnight. Tewasused to inoculate 20ml of HAmp which was
grown at 37C. At Ol =0.5,the culture wassplitto give two 10ml cultures. One culture
received 0.2% (w/v)-arabinose to induce expre®n; the other served as a contrdlheODyqo

of aliquots takerover a2h periodwas measuredising a spectrophotometer

In vivodif site-specificrecombination(SSRassay

DS9041 cells carrying either plasmpd$2 orpFXL42were transformed with a pEGQgsmid
(Tablel) and plated oragar plates containing 50ug/ml ampicillin, 1% glucose and either
25ug/ml Kanamycin or 33ug/ml Spectinomygelécting fopFXL42 orpV$2 respectively) and
incubated at 37C. Thesglated cellsnoculated 2ml of overnight culturgLB, 1% glucose,
ampicillin) In turn, this was used to inoculate 20ml ofHaBp At OD=0.5, protein expression
was induced with 0.02%w/v) arabinose Aliquots (3ml)were taken at severalmepoints over a
2hr timeperiod aw spun down(10,000 rpm, 60sPNA was purifiedsee Appendix) and then
run on 0.8% agarose gel overnight at 30V prior to staining and processing on a B{DBLA

image analyzer.

Protein purification

LB+ampg4ml)wasinoculated fromplates ofnew trangormations of DS9041 with a pEC
plasmid andgrown overnightat 37°C. These were used to inocula®0ml of LBamp that
were shakerat 37°C.Once the Olgy, of the cultures reached 0.5xpression was indred for 1
hr by the addition 0D.2%(w/v) arabinose Cells were spun dow@000 rpm, 20 mirg°C) and

frozen(-20°C) Pellets were resuspended in 25ml Resuspension Buffer (pH 7.5; 50 mM HEPES,

12



250 mM NacCl, 10% glycerol, plus 3 drops of Tritd@00 detergent added after cell lysis),
pressure lysed12,000¢ 19,000 Mbay Glen Creston Emulsiflex)C&iven two 10second

sonication pulses antthen spundown (19,000 rpm4°C, 25 minutes).

The supernatant was loaded on a 5ml gravity drawn chromatography column containing 1.75ml
TALON cobalvased immobilized ntal ion affinity resin (Clontech) that was peguilibrated

with 3ml resuspension buffgsee above)The column was washed with 75ml of wash buffer

(50 mM HEPES, 250 mM NacCl, 5% glycerol, 5 mM Imidazole). The protein was eluted using 7 ml
elution buffer 60 mM HEPES, 250 mM NacCl, 10% glycerol, 250 mM Imidazole) into 0.5ml
fractions. Protein concentration of each fraction was estiméted their Ag, (Nanodrop NB
1000spectrophotometey and a suitable range of fractiomgasrun on SDPAGE. Gels were

stained with Gelcode BlueStaiReagenor Brilliant Coomassie BlueZ50 (Pierce) and the most
suitable fraction to conserve was chodasised on a visual estimation of purity and protein

concentration(Figurel3) andwas frozen at80°C.

ATPase Assay

ATPase assays were carried out as per Cairns (1996). Reaction volumaavas@@eaction
buffer contained 1 mg/ml salmon sperdsDNA, 1 mM Mggl2.5 mM TrigpH 7.5, and water.
Purified trimer protein was added and left to equilibedfor 1 minute at room temperature.
The reation was started by adding ATé®a concentration o2 mM. The reaction was
quenched (a range of reaction times wéed, 2-30min)with 10ul 50mM EDTA. To detdote
phosphateproduced by the reactior600ul of Malachite Green and Ammonium Molybdate
(MGAM,see Cairns, 19986olution were addedto this and vigorously mixed. The green colour
was allowed to develop a0 secondsand then100ul of 34% (w/v) Sodium citrate were
added to stop this reaction. Theihwas then measuredlanked against a control reaction

that contained no proteinA standards curve wasbtained as per Cairns (1996).

13



Triplex displacement assay

Triplex substrates were prepared as per Lewgl.(2005). Twenty pmol dfT1 (Sigmagy 24

y dzOt S2 i ARSCHEHCTABACTIPrOTIANES NE  {abelle8 witR 3 uf*P- -ATP
using 1 pl Phosphonucleotide kinase (NEB) in 20 pl PNK buffer for 28Cat_B¥ncorporated
nucleotides were removed by passing the mixture with 30 pl of biftethrough a Sephadex
G-25 centrifuge column (GE Healthcare). 0.4 pmol of labelled oligo were annealed to 1.6 pmol
of linearisedpVR2 orpVR3 duplex DNAFigurel’) in 5 pl buffer MM (25 mM MES, pH 5.5, 10
mM MgC})) in an overdlreaction volume of 50 pl. This was heated t6@@r5min then left to

cool slowly.

The triplex displacement was performedrabm temperaturewith 0.04 nM DNA tripleand
250nM protein in a 200 pl reaction volume at pH 7.5 containing 50 mM HEPES$/ 25isnand
10 mM MgGl After a 10min equilibration period following the addition of the protein, 100 pM
ATP were added to start the reaction. Aliquots were taken at intervals between t=0 and
t=30min and quenched with 10 pl stop solution (0.1% SDS, Braznopblue, 10% glycerol).
These aliquots were loaded on 6% polyacrylamide gel and run in TAM buffer at 10@/fat 4
approximately 60 minutes. Gels were dried and exposed on autoradiograph screens (Fuji)

overnight, then analysed onFuji FLA000.

14



Results

The primary aim of this study was determine whetheran Arginine fingeis involved in the
mechanochemistry of Ftskin ArgC Ala substitution in other AAA+ enzym@sg. RuvB )
disrupts the catalytic function of arginine fingefnked to the guardinium ion group othe
Arginineside chaipwithout alteringthe secondarstructure (Putnamet al,, 2001) The

followingmutantswere constructed as detailed in Materials & Methods

Tablel: Trimer proteinsused in the study

Name Parent EX/XK/KH tandem | Purified/assayedn
repeat mutations vitro?

pEC106 | n/a wt-wt-wt "H
pEC114 | n/a wt-WB-wt

pEC200 | pEC106 wt-RFwt "H
pEC201 | pEC106 RFwt-wt

pEC202 | pEC106 RFRFwt "H
pEC203 | pEC114 RFWB-wt "H
pEC204 | pEC202 RFRFRF "H
pEC216 | pEC114 wt-WB-RF "H

Prior work has compare#tsi trimers with monomers and dimers to control whether products
of trimer degradation may be responsible for the observed actiMignomers and dimers
showlimited activity in vivg andrequired much greater concerations than trimer(5um, 1um

and 250 nm respectivelydr in vitro activity (E. Crozat, personal communication). This suggests
that at moderate to low concentrations, the trimer is the only form able to reconstitute

functional hexamers.

In vivotoxicity assay

The cause of FtsKverexpressionoxicity is thought to be overondensation of chromsomal
DNA(I. Grainge, personal communicatjoifhis study looked at whether mutatioirsthe

putative arginine finger motif affectethis activity. Presentation of toxicity is defined in this

15



study as a 5% difference between the &yfoptical density a600 nmwavelength) of induced

culturesandthe control (i.e.nODye X Pi°2 U

70% -
60% -
50% -
40% -
NODy30% -
20% -

10% -

0% n yoie |. : T T T 1
30 60 90 120 150
Time (min
o ®0 &0 (min)
O OO.
——=pEC106: wivt-wt =——pEC200: wRFwt pEC201: RWwt-wt

-10% L

Figure 8: In vivo toxicity of proteins pEC106 (wivt-wt), pEC200 (WRFwt) and pEC201 (Rkt-wt). nh h5 g1l &
calculated from growth cures (measured by Ofg,) of cultures induced at t=0ys non-induced cultures. Values

displayed are averaged over three repeats.

Toxicity presents at approximately t=30 min for pEC@éwnt-wt), t=24 min for pEC20@vt-
RFwt) and t=27 for pEC20RFwt-wt) cultures. Toxicity of the trimer protein itherefore not
significantly reduced by an ABgAla mutation at one of the three putative arginine finger
Y2GAFa ol oTheBndemzégeaipasiioh ofiihe RF mutatiohas notimpactedthe

toxicity of theprotein.
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2 60%
15 \ 40%
ODyo0 .O. noD
1 ...-""“ . 20%
05 1° DG ®eccccccccc® R X 0%
0 T T i i T T T -20%
0 30 6o Time (min)g, 120 150

= pEC202 not induceé=—— pEC202 inducec = pEC204 not inducec
——— pEC204 inducec ¢+:--+- NOD pEC20Z eeeeeee NOD pEC204

Figure9: In vivotoxicity of pEC202 (RIRFwt) and pEC204 (RRFRF) Left axis ODyy 0f cultures over time.Right
axisY n NdeTthat the n h ®f pEC204 does not exceed- 5%in 2 hr 30 mins Note that within 25 minutes

following the presentation of toxicityin pEC202the ORQy, 0f the culture completely ceases to increase.

Toxicity was reduced by RF mutations in two ofithree motor units; mutating all three totally

ablated toxicity-causing activity

In vivorecombination

a) b) pFX142 c) pVS52

Chromosome
(supercoiledforms)

PEC106 plasm

o8

ori . o
w Oh 1h 2h Oh 1h 2f

Figurel0: In vivodif site-specific recombination (SSR) assqg) Schematic diagram qFX142 and pVS52 showi
dif, KOPS (on pVS52, mpermissve) andori. (b) Photograph of the pEC106 (wit-wt)-pFX142 lanes. Quantitatiol
compares the contrast of the two bands lying on blue lines (two readings per lane, averaged). Note the
redistribution of the pFX142 band to two smaller DNA molecules, arftesEttwo, the relative enrichment for the
plasmid that containsri (c) Photograph of the pEC106 ¢wt-wt)-pVS52 lanesnote the absence adif SSR when
dif is protected by nonpermissive KOPS
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The major function for FtsK is the promotion of XerCDsiecific recombination (SSR) at

aligneddif sites. If iactive, it will not aligrdif or activate XerCD.

50

B pvS52

40 -

30

20

over 2h

10 -

Absolute change in %
recombined plasmid relative
to unrecombined plasmid,

o pPEC106 % PEC204

Oed pEC200 -

Figure11: Promotion of plasmid recombinatiomn vivo of mutant trimeric protein variants, shown as the absolute

change in the % of recombined : unrecombined gfaid V2 orpFXL42) over 2 hours

None of the proteins tested were able fsomote pV$%2 (in whichdif is shouldered by non
permissive KOP&combinationbeyondwhat appears to be haseline levebf XerCDlactivity
of approxmately +7.5% change overtiours. Only the winvt-wt (pEC106) and wWRFwt
(PEC200) proteins showed strong recombination activity of the HEX¥3BFXL42 plasmid, with

little difference between the two proteins (41% and 43% respectively).
Protein purification

Having demonstratedn impact ofarginine finger mutdons onin vivoactivity, investigation
moved ontoin vitro assaying of the proteinsnitial attempts to produce very high purity
trimers (listed inTablel) using anikta FPLQGE Healthcarayere efficient butresultedin low

yields Figurel2c).
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Figure12: Gel photographs (8% SEBPAGE, denaturing) showing protein content of fractions at three ste
of the Akta FPL®ased protein purification of pEC20%) Nickel affinity Markerlane shows protein mark
weight, dashed box highlights the 161kDa trimé) Heparin; c) Strong aniaxchange (HiTrap Q) colur
Note the progressive enrichment for the 161 kDa trimer
This led to an alternative protein purification protocol being usdte TALON resin single
column was more successfoffering greate yields anda faster purificatiorand so was used

exclusively to obtain protein for subsequéntvitro assays. However, protein purified this way

suffered fromlower purity (Figurel3).

Figure 13: Representative result of a singletep

e L e G e e TALON column purification. Photograph show

188 -— fractions collected from the purificain of pEC2C

95 (dashed) and run on 8% SBBGE (denaturing

—-" Contaminant may include degradation products (

72 po— dimers at ~80 kDa) resulting from proteolysis
55 inter-multimer linkers.

ATPase actity in vitro

FtsKis known to have ATéependent DNA translocatioactivity. Mutant trimers were assayed
for this by measuring free phosphatevelsproduced by the ATPaseactionas they
translocatedsDNAIn vitro. The experiment was calibrated agaibtsb additional types of
control, in whicheither no ATP or no DNA were added, showing thatactivity of all trimers is
dependent on added ATP and DNA (which could otherwise have been presentjfeed with

the protein) Figureld).
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Figurel4: In vitro ATPase activity gpurified trimers. (top) The concentration of the protein used for this particular
experiment was 250nM. Each protein was reactiedvitro with 2mM ATP at 37Cfor 10 minutes. Readings were
blanked against controls in which no protein was added. Further controls to which no ATP or no DNA was added

are also shownlfottom) Variation of ATPase activity with concentration of protein in the-600nm range

At 50nM prdein, no activity was detectable for any prote#st 250nM protein, there was an
approximately liear decrease in ATPase activity witbreasinghumber of mutated subunits.
Surprisingly, the triple mutant pEC204 {RFRF) retainedow-levelactivity despte having
100% mutant subunits in the hexamer. This activityeased slightly with increasing protein

concentration.
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Triplex displacemenassay

FtsKhas previously been shown to be able to displace a DNA ti{plgxrel5) in vitro
(Sivanathan2007). It is thought that this activity is caused by Ristdslocating alonglsDNA
and is thus the basis for this next assayich looks at the capacity of mutant trimers to
displace triplexesThe previous ATPase assays determihatl 250nM was a suitable protein

concentration for thesén vitro assays.

i t=0 60,min
C‘O >
Q 5 .
Pttcttttctctttcttettt® B L Triplex
...ggatccaagaaaagagaaagaagaaacc. . .
...CCtaggttcttttctetttettetttyy. ..

7/ \_TF0_, M Free oligo
/L 1BS
7/
| - -——
~2.9kbp ||2bp 20bp 15bp 7
KOPS

Figure 15: (left) Schematic representation of a DNA triplex (taken from Sivanathan, 2007). The f
Ras5b! &4S81jdzSy0S O2yilAya G662 WLSNN¥AEZAADBSQ Yht
pVS23, the KOPS are reversed, i.e. in the fp@nmissive orientaton. The insertion site marks the locati
of KOPS. TFO: Tripkarming oligo. TBS: Triplex binding sequence (rigfiypical autoradiograph of
triplex displacement assay showingradual redistribution of the radiolabelled oligo (TFO) from triplex

free oligo state

100%
x 2
>
55 75%
s @©
st
2 £ 50%
zs
- 25%
8o
0%

106 200 202 BSA

Figure 16: Triplex displacement assagneasuring he amount of oligo displaced from oligpVS2 DNAtriplexes
over 10 minuteshy 250nM mutant trimer, as % of the activity observed for the wit-wt protein (pEC106)Results
were obtained as detailed in the Materials & Methods sectioNote the non-linear relationship between number

of mutant subunits, and activityThere was insufficient time to assay pEC204-fRRF)
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Background triplex displacement activity was controlled by substitution of the trimer protein
with 250nM BSAnon ATP hydrolysing, non DNA translocatiAghon-linear) decrease in

triplex displacerent activity with increasing proportion of mutant subuniteis observed

Secondary aim

Having demonstrated that the R1146A mutati@md identical mutations itandem repeats)
causes loss of function in FtsK trimexgtention was turned to the question afhether the

FtsK arginine figer governs the firing of adjacent subuniBEF mutant subunits were combined
with WB (Walker B, loss of functipsubunitsto see whether RF mutatiortontinued to have

an effect if placedbefore or afterthe inactive WB sulit in a firing sequencélhe RF was
either placed on theN-terminussideor the Gterminusside ofthe WB middle tandem repeat

(Figurel?).

wt-wt-wt

RFWBg i «k @& dzL.

wt-WB-RFk datvrd (G NB |

Figure17: Possibleeffects of upstream/downstream positioning of an RF subunit relative to a WB sub
A) wt-wt-wt (pEC106); B) RWBwt (pEC 203); C) wtVB-RF (pEC 216A full hexamer (lineaised) it
NELINBASYGISRT WLz T €S LI SOS-Hyme Wikt Byfed ¥/sikeB 0580fifindtibn

mutant). Circles represent arginine fingers (green: wiighe; red: ArdC Ala lossof-function mutant)

Allin vivoandin vitroassays detailed iNlaterials and Methodswere run on RF+WB mutants
pEC203RFWB-wt) and pEC216nt-WB-RF) The results are summarisedtire context of

earlier results
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