Role of the unstructured Nterminus of the
centromere binding protein ParG in mediating
segregation of the multidrug resistance plasmid

TP228

Madhuri T anaji Barge

PhD

University of York

Biology

January 2015



Abstract
TP228 is a large low copy number plasmid harbouring gheFGH partition

cassetteThe entromerdike siteparH is located upstream of thparFG genes. ParF

is a Walkertype ATPase of the ParA superfamilyParG is a centromere binding
protein and a transcriptional repressor of ga&FG genes. ParF associates with
ParG bound tgarH forming the segrosome complex. It has been recently observed
tha ParF oscillates over the nucleoid in the presence of the gatiF&GH system

and oscillation is responsible for plasmid segregation. ParG is a dimeric protein:
each monomer consists of a folded riblt@tix-helix domain and an unstructured
N-terminal #il. ParG enhances ParF ATPase activity and promotes ParF self

assembly through its flexible-drminus.

In the present study, the role of the Par@ehminus in plasmid partition was
dissected. Residuesucial for plasmid partition were identified and found to form
three clusters within the tail. One cluster is located at the extreme tip of-the N
terminus that is the most flexible region. The second cluster is present in a linker
type region around aminacids 1112-13 and the third is positioned in the arginine
finger loop. When ParG mutant proteins were purified and characterised, they were
all found to be efficient in DNA binding, transcriptional repression and in enhancing
ParF polymerization. Howeveall the ParG mutants were impaired in stimulating
ParF ATPase activity. Alteration of the residues in the tip and linker region resulted
into a weaker interaction with ParF. The mutants were further investigated by using
confocal and super resolution nmoscopy to visualize protein and plasmid
positioning in the cell. Timéapse experiments showed plasmids were static over
time and that ParF oscillation over the nucleoid was abolished in the presence of
mutant proteins. All the three clusters of thetéxmnal tail are responsible for
stimulating ParF ATPase activity and failure to do so may lead to lack of ParF
oscillation. It is possible that the residues in the Par@rhinus are strategically
placed to carry out interaction and activation functionsarol the common goal of
coordinated interplay with ParF for efficient plasmid segregation. The data indicate
that, a functional ParG #&rminal tail is a prerequisite for ParF oscillation and
plasmid segregation. Based on these findings, a novel plasmitiopamodel is
proposed which may apply to Pamediated partition in other plasmid systems.
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Chapter 1

1.1 Plasmids

Plasmids are extrahromosomal genetic elemerftsederberg, 1952present mostly

in bacteria and some lower eukaryotes. Most plasmids are detudeled circular
entities, whichare physically separated from the host chromosome. Plasmids are not
essential for the growth of the host under normal conditions, so they can be
accommodated or removed from the cell without any lethal ef€aciwves, 197
Plasmids can be divided into conjugative and-oonjugative types. Conjugative
plasmids encod&a genes that can induce conjugation and the transfer of plasmids
to bacteria. There are various types of plasmids depending upon the funBtions
plasmid encodes antibiotics, F plasmid facilitates transfer of chromosomal DNA, col
plasmid produces bacteriocin and the virulence plasmid causes diseases in its host.
Plasmids sizes range from 1 to 1000 kilobase pairs (kbp). Plasmids also vary in thei
copy numbers. Low copy number plasmids like P1 and F are maintained at one to
two per cell whereas in medium to high copy number plasmids like ColE1 over 50
100 copies per cellare found. Plasmids exhibit organized and independent
replication machineryandare stably transferred to the daughter cédllse plasmid

has to replicate its DNA once per cell cycle to transfer its copy to the daughter cells
on cell division.Irrespective of its independent replication system, plasmids also use

host components ding replication.

1.2 Multidrug resistance plasmids

Among the many interests in the study of plasmids, one is the fact that plasmids are
small and relatively simple in their genetic composition and can be easily modified
and used in recombinant DNA teclogy. Another important feature of plasmids is
their ability to confer crucial properties like virulence and antibiotic resistance to
bacteria. Concern about antibiotics resistance was imminent since the discovery of
penicillin in 1928, but a marked incimin this phenomenon has been seen in the
last three decades. Antibiotics act on bacteria by using different modes like
impairing or inhibiting cell wall synthesis, protein synthesis and targeting the DNA
(Neu, 1992 Resistance to antibiotics can be developed through different
mechanisms, for example, by utilizing changes in bacterial clsomes and/or
more rarely, by changing expression of some of the chromosomal genes. Another

method is by acquisition of mobile genetic elements such as transposons, which can
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integrate in the chromosome and can harbour resistance genes. But the most widely
occurring mode is the presence of drug resistant plagloithson and Nolan, 2009
Plasmids can transfer the resistance laterally or horizontally i.e. intra and inter
transfer both in species and genera is widely ¢€amattoli, 2009 and is found in
Grampositive as well as Gramegative bacteria. Plasmid mediated resistance is
observed in a number of -ladams égipeniciliz c | as s
ampicillin and cephalosporin), amino glycosides (eggntamycin), various
tetracycline drugs, macrolides and chloramphen{@¥dilliams and Hergenrother,
2008. The presence of antibiotic selective pressure for longer duration in bacterial
environment results in emergence of drug resistance. Increase in the prevalence of
drug resistance may be attribditéo various factors such as generous use of
antibiotics, inconsistent prescription practices among physicians worldwide, patient
demands for antibiotics in viral illness and extensive utilization of antibiotics in
animal feeds. The study of the drug remige plasmid has thus becomes a very
important approach to control infection. These studies will help to devise a strategy
for restraining the occurrence of drug resistance and reduce the iimitait
antibiotic chemotherapy.

1.3 Plasmid replication

Similar to chromosome, plasmids also contain an origin of replicasiomvhich isa
cis-acting region where replication starts and proteins involved in replication bind
(Bramhill and Kornberg, 19§8Most of the jasmids employ Rep preins which

are specific to the plasmid origin and which are encoded on plasmid(Bbi& et

al., 1999. The Rep protein has two motifs, a leucine zipper like (LZ) motif for
proteinprotein interaction which regulates monordéner equilibrium and a DNA
binding helix-turn-helix motif (HTH) (Garcia de Viedmaet al, 1996 Garcia de
Viedma et al, 19958). Rep protein along with theri region also binds to the
inverted repeats of thep promoter region wére it acts as an autegulator(Garcia

de Viedmaet al, 19954. There are three general mechanisms involved in plasmid
replicationwhich aretheta, rolling circle and strand displaceméael Solaret al,
1998.
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The system under investigation in this project is of plasmid TP228. The partition
cassetteparFGH of plasmid TP228 is cloned into a vector pFH450. This vector
contains two origins of replication i.e. P1 for low and pMB1 for medium copy
number. P1 and R2 exhibit theta type replica(idiewiet et al., 1998 P1 type ori

sites contain directly repeatedegaiences, termed iterons. Iterons mediated
replication is established in many unit or a low copy number plasmid replicons.
Iterons contain binding sites for the plasreiicoded Rep proteins and have
properties essential for plasmid replication and itsrobnPlasmid P1 replication is
dependent on the initiator protein RepA and the chromosome encoded DnaA protein.
RepADNA binding is stimulated by heat shock chaperones. The heat shock
chaperons convert RepA dimers into monomers and actmat@meric RepA,
which recognizes the iterons in tloei site and results in wrapping of the DNA
around RepA. DnaA melts the DNA and stimulates the RBp¥A binding. DnaB
favourably loads on to one of the DNA strands and replication proceeds into the
unidirectional modeEfficient replication of P1 requires adenine methylation of the
five GATC sites of the origiidel Solar et a.1998. The pMB1 origin of replication

is similar to ColEltype, whichis extensively studied. Replication of Colgbhe
plasmids is commenced at a distinctive site and unlike other plasmid families,
instead of plasmigncoded protein for replicat initiation; ColE1 requires the host
encoded DNA Polymerase | (Poll), RNA polymerase and ribonuclease RNase H.
During the replication process upstreanonfregion synthesis of an RNA molecule,
called RNA 1l is occurred first. This RNA Il extends frots initiation and its 3' end
forms a duplex with the template plasmid DNA. RNase H, which digests the RNA Il
at the replication origin, recognizes RNADNA duplex and generates free 3'
hydroxyl group which acts as primer for DNA synthesis. Once Polhkefge DNA
strand synthesis, RNase H digests the remaining part of RNA I, which is still
complexed to the template DNA. ColE1 DNA replication proceeds unidirectionally

i n tslaped ohanner with the initiation of the lagging strand synthesis at specific
ColE1 siteqActis et al, 1999.

1.4 Plasmid maintenance

After replication,the plasmid copy has to be transferred to the daughter cell stably.

There are a number of mechanisms utilised by plasmids to carry out effective
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transfer of plasmid copiesMedium to high copy number plasmids are usually
transferred to daughter cells by passive diffusion to avoidsegsegation of
plasmids At the replication level, the copy numbers are maintained for stability. The
addiction system, which involvehe toxin-antitoxin (TA) encoding geneshelps to

kill daughter cells that lack plasmids. Virulence and antibiotic resistance genes
encoded by plasmids, force bacteria tetain plasmids for survivalMost
importantly, plasmids also harbour dedicated partititechanism to ensure their
stable inheritance.nportantly, all these mechanisms provide potential targets to
fight bacterial infection.

1.4.1 Replication control

It is important for plasmid stability that the copy number is maintained at its standard
level. Plasmid copy numbers are controlled at the replication level by two
mechanisms, antisense RNA and DNA iter@stis et al, 1999. Antisense RNA
controls the replication either by keeping Rep protein synthesis in check or by
reducing the RNA primer aciiy. In plasmid R1, CopA which is antisense RNA
interacts with CopT, an mRNA for Rep protein and thus produces inhibition of the
Rep protein synthesi@lomberget al, 1990. Wheeas in the plasmid ColE1 (in
which antisense RNA was discovered for the first time) the antisense RNA |
interacts with the RNA primer, RNA I, and the duplex formed inhibit initiation of
replication (Lacatena and Cesareni, 198%kerons are repeated sequences present
within the plasmid replicons and are found in a variety of plasmids. Rep proteins
interact with iterons and exhibit negative control on replication. In plasmid P1, the
copy control locusncA contains iteron. Whendund toincA, RepA is proposed to
create a steric hindrance at origin of replicatmniR which leads to a negative effect

on replicationAbeleset al, 1995.

1.4.2 Multimer resolution system

Homologous recombination in circular DNA gives rise to dimers during the
crossover process and theltmerization of DNA can cause plasmid instability also
call ed as idi nBummercea tah s1093.0 phe esitespecific
recombination system has been shown to act on the dimers to convert them to

monomers and thus helps in maintaining plasmid copy nur(®eerrattet al,
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1984). These multimer resolution systems are found in both high and low copy
number plasmidéSummers and Sherratt, 198t multi-copy plasmids like ColE1,

the host encoded recombinase proteins XerCD act on plagmicesolution)site to
convert dimers into monomer3he low copy number P1 plasmid is efficiently
maintained owing to itsloxP-cre sitespeific recombination system. P1 Cre
recombinase mediates the ssigecific recombination between twoxP sites on
dimer(Austinet al, 198)).

1.4.3 Toxinantitoxin system

Plasmid maintenance is also ensured by the {amirtoxin system, which is also
referred to as postegregational cell killing or addiction system. The principle
behind this mechanism is that bacterial cells are killed due to the deleterious effects
of plasmid removal. The TA system is based on two components; one is a toxin
gene, which encodes a stable protein, and the other encodes an antitoxin. If-plasmid
free cells are generated because of any error, the TA complex is still transferred to
the bacterialcell. The toxin can cause detrimental effect on bacteria as the
neutralising antitoxin is short lived and the source of antitoxin is removed in the
plasmidfree environmen{Hayes, 2008 TA cassettes are classified into five types
(Hayes and Kedzierska, 2014 type | TA systemsmallbut stableproteinacts as a

toxin whereas antisense RN#the antitoxin In type Il TA systemboth toxin and
antitoxin are small proteinisut toxin protein is stable and antitoxin is labile type

[II, RNA acts asan antitoxinanddirectly interactswith the toxin proteinin type 1V,

both toxin and antitoxin are proteins but antitoxin prevéms from binding to its
target. In the last type of TA system, mRNA acts as a toxin on which antitoxin
protein acts in the form of ribonuclease and impair the mRNA synthesis. Type | and
Il TA systems are widely present in the prokaryoBlasmid R1 exluits both types

of TA systems. Théoksok system encoded byarB locus is a type | system in
plasmid R1 where the expression of toxin Hok (host killing) is repressed by the
antitoxin antisense RNA sok (suppressor of killii@gerdeset al, 1989. TheparD

(kid, kis) locus of plasmid R1 is type Il TA system. The toxin Kid is an
endoribonuclease which is neutralised by the unstable Kis p(@&igo-Navarroet

al., 2010. Plasmid F also shows type Il TA systetcd in which the toxin CcdB
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inactivates DNA gyrase, whideads to DNA lesions and cell de&@ritchlowet al,
1997.

1.4.4. Active plasmidpartition system

For low copy number plasmids, it is extremely important that the replicated plasmid
copies be transferred to the daughter cells with the highest precision. Extensive work
carried out recently in the field of plasmid research contradietdaihg standing
notion that passive transfer is sufficient for plasmid maintenance from one
generation to the next. It is now established that plasmid segregation is an active
process and utilises a dedicated partition sygtdordstrom and Austin, 19§9A

typical par system containsis-acting centromere sequences and two partition genes
parA andparB. The plasmid partition system is the basis of this study and will be
discussed in detail with respect to all its aspects ifafl@ving sections.

ParAB-parS system haslso been implicated in bacterial chromosome segregation
(ReyesLamothe et al, 2013. ParABparS partition system inC. crescentusis
essential for viability. Chromosomphr systemsfunction similarly to plasmigar

system.

1.5 Plasmid partition systems

Partition systems are indispensable for segregaifdow copy number plasmids.
Partition systems are composed of three componerts:-agcting centromeréke
partition site, a Walker or an actin or tubulin type NTPase and a centromere binding
protein (CBP) (Hayes and Barilla, 2006bThe centrome-like site performs its
function similarly to the eukaryotic centromere, where a partition complex forms.
The partition genes generally designatega®\ andparB, are usually present in the
same operon and one of the partition proteins act asregtiator of this operon
(Mori et al, 1989. It is very important to control the transcription of partition genes
for plasmid stability. The plasmid partition system also serves as incompatibility
determinants as plasmids with similar partition sites cannaxisi (Austin and
Nordstrom, 1990 In 1983 Austin and Hiraga groups reported the partition
mechanism of P1 (ParABS) and F plasmid (SopABC) respectidgtin and
Abeles, 198B(Ogura and Hiraga, 1983Subsequently in 1986 the Gerdes group
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reported the characterization of partition locus of R1 plasmid (ParN@&}les and
Molin, 1986. These initial studies into active partition systems were instrumental in
the field of low copy number plasmid segregation. Depending on the differences
between ATPase, plasmid partition systems can be classified into four different types
(Schumacher, 2008

1.5.1 Type |
Type | partition system exhibits a Walkigppe ATPase and is further divided into

two subtypesla and Ib. There are a number of differences between la and Ib
systems with respect to the position of centromere, length of ParA and ParB proteins
and mode of transcriptional repressi@chumacher, 2008Type la has centromere
downstream of thpar operon and type Ib shows the centromere upstream pfthe
operon. Type la ParA proteinsrgand 251420 residues) and ParB proteins (4182
336) are longer compared to Ib ParA proteins {2P8 residues) and ParB proteins
(46-113 residues)Schumacher, 2008 ParA proteins of type la also act as a
transcriptional repressor. This is attributed to theliH motif at the Nterminal end
(Schumacher, 2007In type Ib systems, instead of Ragproteins, ParB proteins act

as transcriptional repressors. Type | ParB proteins do not show any sequence
homology with each other. CBPs of la are complex and usually contain three
domains i.e. NTPase binding {&rminal), DNAbinding (central, HTH motifand
dimerization domain (€erminal) (Schumacher, 2007Type Ib CBPs, although not
homologues by their amino acid sequences, show a common RifabierHelix

(RHH) structural motifSchumacher, 2007

1.5.1.1Partition system of P1 plasmid

P1 is a unit copy numbé&t. coliplasmid. Partition cassetparABSis responsible for

the stable segregation of plasmid P1. TaetromergarSof P1 is around 80 bp and
present downstream of tiparAB genegFigure 1.1). Tk parSsite contans A boxes
which are formed byour hexamers and B boxes, formed by two heptamers present
at two different locations on the DNA and the DNA binding protein ParB recognises
both these motif§Martin et al, 1987. TheparSsite is made available for ParB by
the action of Integration Host Factor (IHF) qarS. For efficient P1 plasmid

partitioning, the spacing between A and B boxes and IHF is cr(i¢eleset al,
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1994). IHF introduces a bend iparSsite on binding to its recognition site and by
doing this it facilitates the binding of ParB to the A and B box across the bend of
each arn(Hayes and Austin, 1994IHF and ParB binding giarSis cooperative as
they 1 ncr eas eniteta thadpar site byr ndodifying forbteyDNA
interactions. In the resultant partition complgarS wraps around the ParBiF

core (Funnell, 199). ParB binds toparS site as a dimer. ParB contains three
important regions HTH domain a flexible linker and a dimerization domain
(Schumacher and Funnell, 2Q05ParB dimerization domain is made up of
antiparallel sheet and coilembil structure. ParB binds to hexamer and heptamer
motifs in various combinations, hence the A and B boxes incorporate ParB
dimers or pairing of adjacent plasmi@gecchiarelliet al, 2007. ParB dimers load

on parSsite and ParBParB and ParBDNA interactions lead to the formation of a
large nucleoprotein complgBouetet al, 2000. ParA, a Walkettype ATPase does

not bind directly toparSDNA but is recruited by ParB to form a segrosormarA
structure contains ferminal region, HTH motif and the larget€minal domain for

the interaction with ParBDunhamet al, 2009. The ParA Nterminus contains a
DNA binding HTH domain which promotes association with the operator and thus
acts as transcriptional represg@unhamet al, 2009. ParB also enhances this
repression activity. ParA performs various functions depending upon its NTP bound
form. ParAADP is required forparAB operon repressiorfDavis et al, 1992
whereas ParfMATP is responsible for dimerizatigidbavey and Funnell, 1994and
interaction with ParB(Bouet and Funnell, 1999 ATP hydrolysis by ParA is
essential for segregation and is also responsible for controllingA@RP switch.

ParA binds to nospecific DNA and the ATPbound form is required for this
activity (Vecchiarelli et al, 2010. The intracellular studies of the P1 partition
proteins showed that ParB forms foci when it is bound tq#r& site on plasmid

and ParA is required for the movement of plasmid to the cell quarter pdsitiand
Austin, 2002h. Plasmids harbouring ParB mutations were seen as a stagnant foci at
the midcell position and produced division defects in the cell. It is possible that the
plasmid segregation is linked to the cell divis{thand Austin, 2002a Contrary to

the ParB foci, ParA was found to be diffuse indicating that it is not directly bound to
the plasmidErdmanret al, 1999.

25



Chapter 1

1.5.1.2 Partition system of F plasmid

The E. coli F plasmid is a low copy number plasmid and contains stability of
partition (sop) cassettsopABCof type la The centromeresopC site is located
downstream o$opABgenes and contains 12 repeaitg3 bp sequences (Figure 1.1)
(Austin and Abeles, 1983Each of the 12epeats contains 7 bp inverted repeats.
SopB recognises the repeatsswpCard binds to it as a dimer to form a partition
complex. ThesopCin F plasmid angarSin P1 plasmid are different in sequence
and their organisation indicating that the partition complexesddiny them are
different. When bound toopC, SopB wraps arounBNA in a righthanded coil and
thusinducesoverall relaxationof supercoils in F plasmid. The ParB homologues in
type la partition loci have low sequence similarity but many of them use HTH
domain for the DNA binding indicating that even though ParBs recognise different
centromere motifs they may employ similar stcral domains for DNA binding. A
single repeat in theopCis sufficient for the F plasmid partitio(Biek and Sh

1994). SopB binding to the single repeat sopC serves as a nucleating core to
which many SopB dimers bind to form a large partition comg\éori et al, 1989.

The SopA is a Walketype ATPase and binds to SopB to form segrosonse@C

SopA also acts as an atrEpressor osopABopera and binds to the four repeats
within the sopABpromoter regionMori et al, 1989. The ATP binding motif of
SopA is important for partition and mutations in this domain change the integrity of
Walker motif and results in partition defedfisibante et al, 2001). SopAATP
complex undergoes polymerization and shows long filaments. SopA polymerization
is inhibited by DNA (Bouetet al, 2007. It has been demonstrated by intracellular
studies that the SopA filaments extend proportional to the rate of plasmid partition.
In the presence of Sop&pCcomplex, SopA polymers radiate out, a feature which
resembles the mitotic spindle in eukaryofesn et al, 2005. SopA was shown to
oscillate from pole to pole at nucleoid tip and thus place the plasmid at required
position for the segregion. An alternative model for F plasmid partition was also
proposed which relies on the SopA gradient and is described in section 1.9.1.1 later

in this chapter.

1.5.1.3Type Ib partition systems
The Agrobacterium tumefacieqdasmid pTAR containparABS partition cassettef

type Ib. The partition gengsarAB are situated downstream of the pTARBrSsite
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(Figure 1.1).The ParA protein ia Walkertype ATPase (222 residues) and ParB (94
residues) is a centromere binding protein. ParB acts as a transcriptional repressor and
ParA augments this functiorfKalnin et al, 200Q. Pasmid pSM19035 of
Streptococcus pyogenkarbourgl / parSpartition cassettef type Ib. TheparSsite

in pPSM19035 is made up of six separate DNA sequences. The downpaekitus
encodes twarans-acting genesi andy. Proteint is Walkertype ATPase. Protem

is CBP and a transcriptional repres@®rattoet al, 2009. The focus of this study is

the partition locus of plasmid TP228 which is type Ib partition cassette and discussed
in detail later in this chapter.

1.5.2 Type Il

In the type Il segregation cassette, the ATPase protein, ParM, belonpe to
actin/Hsp70 superfamily. The partition siparC is located upstream of thear
operon. The type Il partition system is similar in organization to type Ib. The
plasmid R1 is a wektudied example of the type |l systefiie centromere binding
protein, ParR ad as a transcriptional repressor. The ParM proteins are3266
amino acids long whereas ParR proteins are small and range betwd@® 46

residues.

1.5.2.1 Partition system of R1 plasmid

The partition cassettparMRC of plasmid R1 encodes for ParM, an actin type
ATPase and ParR, a centromere binding prof(@emsen and Gerdes, 199The
centromere sitparC is located upstream gfarMR genesand comprises 5 tandem
repeats of 2 sets of 10 bp sequenEegure 1.1).The centromersite also contains
the promoter sequence fparMR operon. ParRacts as a transcriptional repressor of
parMR operon (Moller-Jensenet al, 2007. ParR binds tgoarC and forms the
partition complex. ParR dimerization might be responsible for the plasmid pairing
which is proposed to be the first step in plasmid segregéhitmiler-Jenseret al,
2007). Plasmid pairing increases in the presence of P& complex. ParM is a
member of the actin superfamily of proteins and eukaryotic actin anblatterial
MreB are members of this family. ParM forms double helical protofilaments similar
to Factin(van den Enet al, 2002. But in contrast to factin, ParM filaments have

a left handed twist and exhibit bidirectional growth. When bound to ATP ParM
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undergoes polymerization. ParM can also bind to GTP and its GTPase activity is
more efficient than the ATPase activiijoppet al, 2009. The short and unstable
ParM filaments, present throughout the cell get stabilised by the-pgaR
complex. The ParM poiyers extend by addition of ParMTP complex to the
stabilised ParM filaments. This process is called insertional polymerization and
mediates the movement of plasmid towards the pole (Moller-Jenseret al,
2003. ParM depolymerizes, plasmid isfidsed back into the cell and other ParM

polymers capture thenthis process continues till the plasmid segregation.

1.5.3 Type I

The type Il partition system was recently identified aféw plasmids oBacillus
species exhibit the partition cassette of type Ill. The main characteristic of this type
Is the nucleotide binding protein TubZ, which is part of the tubulin/FtsZ GTPase
superfamily(Ni et al, 201Q. An example of the type IIl system is plasmid pBtoxis

in Bacillus thuringiensigTanget al, 2007. The partition sitéubC contains four 12

bp pseudaepeats. The TubR eoding gene is foundowrstream in thear locus

and TubZ is found downstreafiigure 1.1).TubR is a DNA binding protein with no
sequence homology with any other CBP. TubR structure contains HTH motif and
acts as a transcriptional repressort@dRZ genes. The Tub protein, a GTPase,
shows GTP dependent polymerization and the polymers formed appear-tikeulin
(Larsenet al, 20079.

1.5.4 Type IV

The Type IV partition system is most unusual as it contains onlypangene for
plasmid stabilization. It was proposed that this single protein playokhef both
centromere bindg protein and motor proteiithe plasmid pSK1 oBtaphylococcus
aureusis the example of type I(Simpsonet al, 2003. The Par protein (245
residues) of pSK1 performs the segregation function and ipaheperon no other
gene was identified. The Par protein possibly contains an HTH motif and-coiled
coiled domain as dicted by structural studie$he Nterminal HTH motif may
help in binding the centromere, whereas the central codddd domain may play a

role in polymerizatio{Schumacher, 2008
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Figure 1.1.0Organization of partition loci in various plasmid systems.

Partitiongenesshown in green are either Walkigpe ATPase or actin or tubulin homologues. Centromere binding protein encoding genes are shown in red.
The centromere sites containing repeated sequence are asgney arrows. P1 centromere site is complex, it contains hexamer (purple) and heptamer
(yellow) repeats and an Integration host factor (IHF) binding site (blue). AdaptedHiayes and Barilla, 2006b
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1.6 Partition system of plasmid TP228

This project involves the study of theotacular mechanisms and dynamics of the
segregation of the multidrug resistance plasmid TP22B. inoli. Plasmid TP228
was originally isolated fronSalmonellanewportand confers resistance to a wide
range of antibiotics such as aminoglycosides, tetramycbulphonamide and some
metal ions. Plasmid TP228 falls under the IncX1 incompatibility grouparthours a
well-studied partition system, ParFGH of type Ib, in which ParF is a Walker
ATPase and ParG is a centromere binding prdtdayes, 2000 These twdrans
acting proteins are assembled on teacting parH centromere site. ParG was
shown to bind to the DNA region upstream of gagF gene which was speculated

to contain the partition sit@Barilla and Hayes, 20Q3Later on, it was revealed that
this site contains repeat elements and part of this region also acts as an operator
(Carnelo et al, 2009. ParG binds to both the centromere and the operator site.
Thus, ParG acts as the transcriptional repressor opultetive parFGH operon.
ParF, on ATP binding, undergoes polymeriza{Barilla et al, 2009. ParG binds to
parH and then recruits ParF in this complex to form a segrosome. The typical
organization of the TP228 partitionssgm is shown in Figure 1A2

1.6.1 Centromere sitgparH

In eukaryotes, theemtromere is @&egion towhich mitotic spindlelike microtubules
associatelt is part ofthe chromosome and is known t primary constrictiorsite

Cell division fails to progress properly in thbsence of theemtromere and leads to
chromosome instabil. In bacteria, like the origin a&plication, the entromere site

is also speculated to lesent as a single copy pgiromosomeAlthough theB.
subtilishas multipleparSsites.In plasmids, centromere site provides the foundation

to which ParB proteins bind and form the partition complex known as segrosome.
Plasmids exhibit diverse centromeres, which are variable in sequence, positioning,
numbers, lengths and directighlayes and Barilla, 200%aCentromere sites are
specific for each partition system and are optimised to ensure that the ParB proteins
from the same partition system bind to th€rblayes and Austin, 993. The
centromere site is present downstreainthe two partition genes in caséthelarge

parA operors, and upstream of the genes for the sipatiA operors.
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The DNA sequence upstream of therF translation start codocontains direct and
indirect repeat motifs. During initial efforts to study the region upstream of the
parFG genes, the 8@p DNA sequence immediately upstreampafF gene was
analysed. An inverted repeat (IR) was identified in this region, which cedsit
imperfect 16bp halfsites separated by abp spacer. These 1Ifp halfsites were
shown to be the operator site for {heeFG genegCarmeloet al, 2005. Subsequent
analysis of this region showed that the operator sitg (Onsists of 8 tetramer
repeadCsC3®0 (t hr ee divertedy sepamtaddby AfichvZ4bp i n
spacergZampiniet al, 2009. Par G does bind a-AGTC-8B84§1 e t e
but two adjacent tetramer boxes are required to formcéeoproteircomplex. Thus

the entire operatcsite is coated by eight ParG diméZampiniet al, 2009. Recent
analysis examining regions further upstream ¢f Qe revealed that the DNA
sequence about 160 bp upstreanparff translation start codon contains in total 20
direct and i ndi rrACEG3 & epemd ropnhdeidh $pagerod 56
(Figure 1.2B). A boundary between the partition site and operator site in this region
was drawn. Out of the 20 repeats, eigipiesds adjacent to thgarF gene constitute

the operator site and a cluster of 12 repeats further up from this site acts as the
partition site of plasmid TP228, denotedpasH (Wu et al, 20113. The partition

site parH and the operator site,s@re both able to act as a centromere, although the
efficiency of operator site is more modest than that ofpdued site (Wu et al,

20113.

All the twelve repeats in thearH site (Figure 1.2C)are essential as the sequential
deletion of tetramers reduces centromere function. Changes in the tetramers by
inserting base variations did not show any adverse effecteocetitromere activity,
suggesting that thparH site is elastidn vivo (Wu et al, 20113. Along with the

invert repeats in th@arH site, the spacers also play an importané rr proper
binding of ParG to the entire centromere. It was also reportegdhdtsite lacks the
intrinsic curvature found in other centromere sifd& et al, 20113. The lackof

bend inparH DNA avoids the centromere being locked in a fixed position. Thus
during segrosome formation the centromere might become stretched and bind to
ParG and ParF.
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Figure 1.2 The parFGH segregation module

A. The TP228 plasmid partition cassette comprises two genes which encode a-Wfadk&TPase ParF (gen), a CBP, ParG (brown) atite centromere

parH (blue), which is located upstream of the segregation locus. ParG binds to operator site and acts astitr@nspipssor. ParG also assembles on
centromere. The ParF is recruited into the segrosome by interactions wittBP@r@anization of the partition sifgarH and operator site upstreamprF

gene The partition site is made up of 12 degenerateatspavhile the operator site contains 8 rep€at®NA sequence of partition sifgarH. 12 degenerate
repeatACTCBfé6 5w t h AT r i ch psrplaite efiplasmid ©P228t Tihd repeats are boxed and denoted by arrows. The green arrows

indicate direct repeats and the blue arrow represents the inverted repeat.
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1.6.2Walker-type ATPaseParF

ParF, a 22 kDa protein, is a Walkgpe ATPase and is a member of the ParA
superfamily of plasmid and chromosome segregation proteins. Proteins that bind and
hydrolyse nucleotides are cruciabrfvarious cellular processe$hese proteins
belong to several chain folds, for example the dinucledtidding fold and the
related tubulin/FtsZ fold, the mononucleotide binding foldidép NTPases), the
protein kinase fold, the histidine kinases/HSP90/Topoll fold and HSP70/RNAase H
fold (Leipeet al, 2009. Among these, #oop NTPase are the most widespread. At
the sequence level, theléop NTPase foldis characterized by the -términal
Walker motif, which consists of a flexible loop. The loop typically adopts the
sequence pattern GXXGXGK (a classic Walker A motif) whose function is to
properly position the triphosphate moiety of a bound nucledielker et al,
1982. The ParA superfamily of ATPases falls under the superclass-l@bpP
NTPases. The Walker A motif of this family is XKGGXXK, which is known as
deviant motif as it differs from the classical mdtfoonin, 1993. ParA ATPases
show a conserved lysine in the KGG motif, which interacts with the terminal oxygen
at om o-phosphate grdup of ATBcross the interface. The conserved lysine
suggests that these proteins might be din{fetgkenhaus and Sundaramoorthy,
2003. Deviant Walker A motif containing proteins are involved in various
functions. MinD, a Walketype ATPase, is involved in the correct placement of the
cell division site inE. coli and is ubiquitous in bacteria. ThearR/Soj family

ATPases are involved in chromosome and plasmid segregation.
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Figure 1.3 Structure of ParF.
A. ParF monomer. PartitioproteinParF of plasmid TP228 in the presence of ADRB isonomer The secondary structures are labelled. Binelices are

agua,b-sheets are purple and the loops pirk. B. ParF dimer ParF in the presence abnhydrolysable ATP, AMPPCIB a dimer (Schumacheet al,
2012. ATP is shown as silver stick§he structurs weregenerated by using PyMdDéLanq 202).
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Evolutionarily, ParF is more related to the MinD stdagp of cell division proteins
than to the archetypical ParA proteins. ParF is shorter than ParA and does not have a
DNA binding domain. ParF homologues are found in plasmids pTAR, pVT745 and
pB171 Machon, C., et al 2007). The deviant Walker A motif in Fa is
PKGGSGKTand it is located at the-drminal end (residues56). In Walkertype
ATPases, the less conserved Walker B motif is also present. In ParF, residBes 73
constitute the Walker B motif. Recently the crystal structure of ParF was solved in
the presence of ADP amthosphomethylphosphonic acid adenylate €88PPCP)
(Schumacheet al, 2012. ParF is monomeric wheim complexed with ADPand
binding to ATP leads to dimerization. The ParF monomer is composed of Beven
sheetsand eightU-helices(Figure 1.3A). The lysine at position 10 from the ParF
Walker A motif interacts with ATP across the interface and formsitherd (Figure
1.3B). ParF was shown to be able to -saiociate and ATP binding promotes
polymerization of ParHBarilla and Hayes, 2003 Partner protein ParG further
enhances this polymerization into extensive rmttanded ifaments(Barilla et al,

2005. ADP is reported as a repressor of ParF polymerization. The cycle of ParF
polymerization and depolymerization may drive the partitioning process in plasmid
TP228. It has been reported that PEFS5Q and Parks11V mutations in the
Walker A motif failed to polymerize and are partition deficient, thus pointing at the
connection of polymerization anmartition (Barilla et al, 2005.

1.6.2.1ParF polymerization and its ultrastructure

The crystal structure of ParF revealed a striking feature of ParF. TheAPRrF
complex formed linear ParF polymers within the crystals, with various -cross
contacts between ParF dim¢Bchumacheet al, 2019. A patch of multiple proline
residues (102412) is responsible for one of the cr@smtacts. This prolineich

motif from one unit is inserted next to the nucleotide bingiogket of another unit.
The 6di mer of di mersdé of ParF is shown
polymer (Figure 1.4A). The ParF polymer has two interfaces: interface 1 is created
by contacts made by residue-B1 with two separate groups i.e. regdB8798 and
residues 11-429 and interface 2 involves contact made by residuegO4¢hd 168

192.
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The stagef ParF polymerizationwere previously investigated bynegativestain
electron microscopy (EM)In the absence oATP, purified ParF appearedas
globular particles whose sizanges from 10 to 20 nm (Figure 1.4BBarilla et al,
2005. When ParFwas incubated with ATP, it quickly assembled imedlelike
projections {100 nm long) that soomppearedo increase in length (Figure 1.4Bii).
Oneend of nany of the polymers had an uneven, ravelled appearamegeas the
opposite end was more compact. Higinesignification images revealed a muilti
stranded ultrastructureof parallel protefilaments (Figure 1.4Biii). High-
magnification EM images show that Pdibres assembleith the presence of ParG

are thicker and longer thdhose observed in its absence

Nucleotidedependent polymerization by NTPases plays an important role in
fundamentalprocessedike cell division, which isessential for thesurvival and
propagation of alliving species.FtsZ is a tubulinlike proteinthat selfassembles
into linear protefilaments( t er med as Oih & GTEdependerimanmez nt s 6 )
by the interaction of the plus end of osebunit with the minus end of another
subunit, resulting in headto-tail geometry(Tonthatet al, 201). The ParM protein
encoded by th&. coli plasmid R1 representssubfamily of bacterial actingarM
assembles into twstranded helical filaments ia nucleotidedependent manner;
these filaments are actlike in structure but exhibit the dynamic indbaity of
ewkaryotic microtubules. Polymerizatiaf ParM between plasmidgas been shown

to drive plasmid separation; and PaiMrequired for thenovement of replicated
plasmids from mietell toward the celpoles(Moller-Jenseret al, 2003. ParA of
thepar2locus of plasmid pB171 has been shown to form cytoskdlkeatructures
that dynamically relocated over the nucle@®inggaardet al, 2009. As someParA
proteins have shown polymerization properties and filasilemtstructure they are

indicated as the bacterial cytoskeleton apparatus.
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A
interface 1
'~ interface 2
ParF Dimer ParF Dimer
B

Figure 1.4 ParF-AMPPCP complex lead to ParF polymerization and observed as
filaments by EM.

A. The linear ParF polymer is composed of diroedimer units. The ParF dimers and two
polymer interfaces are denoted. The diagram is taken (Bohumacheet al, 20129. B.

The EM images of ParF filaments.In the absence of ATP, ParF appeared as globular
protein, indicated by white myw headsii. In the presence of ATP (2 mM), ParF (2(1)
shows polymer formationii. ParF filaments are observed at higher magnification. Image is
reproduced fronfBarilla et al,, 20035.
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1.6.3 Centromere binding protein,ParG
ParG is a8.6 kDa centromere binding protein and present in monaimeer
equilibrium in solution. ParG is unrelated to any of the ParB proteins. The ParG
dimer consists of two highly interwined-ddmains, which form a folded structure,
and two mobile Nlerminal tals (Figure 1.5Golovanovet al, 2003. Residues 34
4 form a b Shand6od4 fwhrimet w® U helices tl|
ribborthelix-hn el i x ( RHH) structur e. I n the di me
antiparall el b sheet structure and the f
t h esheét (Figure 1.5). The foldedddmains have a hydrophobic core formed by
side chains of amino acid residues V37, V39, F41, K45, R48, F49, V64, L67, V68,
W71 and L72 which are involved in ParG dimerizati@olovanovet al, 2003.
The folded Gterminal domain is involved in three functions:

1. Dimerizdion of ParG.

2. DNA binding at the centromere and operator site.

3. Interaction with the partner protein ParF and recruiting it to dggosome

complex.

The Nterminal region present at the two ends of the dimer is a flexible tail
consisting of amino acid residues32. Two structural characteristics of the tail are:

the presence of an arginine finger motif with an arginine at thepa8ition (Barilla
etal,200dand the transient b s-29(Carnelaerag f or me
2006. The transient b struct uterminal dohaeny act s
exhibiting an extended b sheet.

1.6.3.1 Role of ParG as a centromere binding protein and transcription factor

Most of the prokargtic transcription factors have a HTH motif and previously it was
assumed -tedognition helixefrontUthis motif is inserted into the DNA major

grove. However, the structures of MetJ and Arc transcriptional repressor proteins

have shown that their-N er mi n al b strand is positione
These structures led to the identificatiof the new ribbotelix-helix (RHH)

superfamily of transcription factordnight et al., 1989. The positively charged

amino acids I|ike arginine -@midusinyestiaie f r o

the RHH proteins make direct sequence specific contact to the nucleotide bases
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(Schreiter and Drennan, 2007Thus, the RHH superfamily is defined by the feature

of DNA binding byb-strands, whereas the HTH superfamily members empldy an
helix to contact DNA at the major grooyAravind et al, 2005. The Nterminal
residues of transcriptional repressors Arc and Mnt determine the operator binding
specificity (Knight and Sauer, 1989This functionally diverse protein superfamily
regulates the transcription of genes that are involved in various cellular processes
including cell division and control of plasmid copy numf@&chreiter and Drennan,
2007). Auto-repressors of the tyda partition family contairN-terminal HTH fold,
whereas type Ib, e.g. ParG, and type Il, e.g. ParR, centromere binding proteins
contain a RHH fal (Schumacher, 2008Most of the RHH proteins form dimers of
dimers upon DNA bindingZampiniet al, 2009.

Like other RHH family members, Par G bind
t w oshdets ito the major groove (Figure3). The residues R36, N38 and N40

| ocated on o0ne @nedch mandmertate enplicated in makingdkeyf r
interactions with DNA(Golovanovet al, 2003. ParG binds to the centromegyarH

and the operator siter@ith equal efficiencyParG binds differently to the stdites

of partition siteparH (Wu et al, 2011a. The tetramer motifs are responsible for the
direct contact with ParG whereas the spacer boxes might confer stability to the ParG
DNA complex. The ATrich spacers might also be responsible for providing
flexibility because of which ParG may be able to become associated as a dimer of
dimers to coat the entiggarH site. ParG binds to the eight repeats of thesi@ and

acts as a transcriptional repressor of plaeFG genes. A detailed study of ParG
binding toOr demonstrated that ParG binds with different affinities to thesgels

of the operator DNA sequence. The operatortsii@meranay have evolved wita
sequence variation in inverted and direct repaat$ different AT contents in the
spacer boxes to fora wellorganisechucleoproteircomplex which is necessary for
transcription controbf parFG (Zampiniet al,, 2009.

39



Chapter 1

N-

Figure 1.5. Structure of ParG dimer.
ParGdimerTwo ri bbons {fsdhremeds Hyetheoewh in antipar
helices compactly arranged (red}t&fminal tails (green) are seen at the left and right side

of the structure. The structure was generated by using Pyéblahq 2002).
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1.6.3.2Importance of the ParG N-terminal flexible tail
The ParG Nerminal domain is unstructured but still multifunctional. The N
terminal truncated proteing® ParG, qd9 ParG andp® ParG have been
instrumental to determingne importance of the #&rminus in various functions of
ParG(Carmeloet al, 20035.
The Nterminal flexible tail of ParG is involved in the functions described below:
1. Partition site binding affinity of ParG is altered by thedximinal end (Wu,
M., et al 2011). The ParG deletion mutant proteins showed an increase in
nonspecific DNA binding. The transient secondary structure formed in the
N-terminal region by residues 2® may provide additional contacts within
the partition site conferring the specificitelated to the DNA binding
(Carmeloet al, 2009.
2. ParG acts as a transdrgnal repressoof the parFG operonand this function
is modulatedby the N-terminal end(Carmeloet al, 2005 Zampini et al,
2009. The 19 andp® ParG displayed weaker repression of plaeFG
genes, suggesting the requirement of alarpth tail for the regulation of
parFG cassette.
3. ATP triggers Parkpolymerization and addition d&?arGfurtherenhanceshe
polymerization ParG might carry out this functidoy either bundling the
ParF filaments or stabilizing the prefitaments The effect of ParG on ParF
polymerization is independent of ATP. ParF emis, defective in ATP
induced polymerization, were shown to be responsive to ParG that was able
to induce polymerizatio(DobrukSerkowskeet al, 2012. In the absence of
ATP, ParG flexible tails may help to wrap around the Fadromers either
on the same or parallel filaments activate the polymerization process. The
truncated ParG mutantgieins were shown to be unable to enhance ParF
polymerization beyond the ATP induced polymerization. This indicated that
the tail may help to arrange the ParF polymers into filam@udslla et al,
2007). This behaviour is similar to that of formlike factors wlch act on
eukaryotic actin or microtubulgke protein which regulate tubulin kinetics.
4. ParG augments the ATPase activity of PayFaround 30 foldBarilla et al,
2005. The arginine finger motif present in the ParG flexibkehminal end
has been demonstraténl be responsible to bring out the ATPase activation

in ParF(Barilla et al, 200%.1 nt erestingly @9 Par G al
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the ATPase activation even though the first nine residues do not harbour the
arginine finger motif. This provided key evidence for tnecial role for the

entire Nterminal tail in stmulating ParF ATPase activity.

1.7 Other ParF related Walker-type ATPases

1.71 SopA protein of plasmid F

TheE. coliF plasmid has its own active segregation mechanism operated by the type
la partition casettesopABC(Mori et al, 1986. SopA is a Walketype ATPase and
homologous to ParA ATPase of the P1 plasmid. SopB contains an HTH motif and is
a centromere binding protein. SopA interacts V8dpB andsopC Excess of SopA
showed destabilization of the plasmid, hence the role of SopA as a repressor of the
sopABoperon is important for the segregation of plasm{lémonnieret al, 2000.

The Nterminal domain of SopA showed a putative HTH motif which confers
specificity during promoteoperator bindingRavin et al, 2003. The SopASopB
interaction is also responsible for the proper regulation of the partitias.ldtie N
terminal domain of SopB was demonstrated to be essential for the strong interaction
with SopA (Kim and Shim, 199P During an intracellular localisation study, SopA
was also found to be localised on the nucle@iitano et al, 1998. Mutation
K120R, in the ATPbinding motif in SopAresulted in a lack of segregatifinbante

et al, 200). SopA showed ATRIependent polymerization amNA appeared to be

the inhibitor of the polymerization process. SopB displayed an opposite effect to that
of DNA and helped to further enhance SopA polymerization resulting in plasmid
displacement and segregati@ouetet al, 2007. Apart from binding specific DNA
sequences at the centromere, SopB also demonstratespecific contacts, which
bridge the DNA motifs in the centromere site. This way SopB spreads over the DNA
and makes it unavailable to antagonise SopA polymerizgBohumacheet al,

2010. The interaction of SopA with the na@pecific DNA is attributed to the lysine
residue at position 340. Mutatioof this residue resulted in plasmid destabilization
(Castaing et al, 2008. ATP-dependant nospecific DNA binding is also
responsible for the ATP hydrolysis by SopA protein. Thengaurprotein SopB also
showed the stimulation of SopATPase activity by employing 35 of the arginine
finger motif (Ah-Senget al, 2009. Two different mechanisms are postulated for F

plasmid segregation. The cycle of SopA polymerization and depolymerization may
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shuttle the plasmidLim et al, 2005. On the contrary, it is ab proposed that the
SopA molecules form a concentration gradient and display a diffuatohet

mechanism for plasmid segregatidfecchiarelliet al, 2013.

1.7.2 ParA protein ofplasmid pB171
The E. coli plasmid pB171 has two partition locparland par2. The par2 locus

exhibits a type Ib partition system and the partition cassette encodes Myaker
ATPase ParA and centromere binding protein R&iBersbach and Gerdes, 2001
ParB binds to theis-acting centromere sitparC2. ParA of pB171 is more related to
MinD protein than to the ParA from P1 plasmid. ParA showed interaction with ParB
protein. ParA protein also binds to both ATP and ADP. ATP binding results in ParA
polymerization (Ebersbachet al, 2009. The intracellular study of fluorescently
labelled ParA and ParB proteins showed that, the f&fR protein localised to the
nucleoid and in the presencepzirC and ParB exhibited oscillation from one end of
the nucleoid to the othe(Ebersbach and Gerde2004. The ParA polymers
appeared as spirahaped structures and are supposed to prawid force for
plasmid segregation. Mutation in the Walker A box abolished the ParA oscillation
and also altered the plasmid localisatiowivo.

1.7.3 Chromasomd partition protein Soj of B. subtilis

In Bacilus subtilis the Soj and SpoOJ proteins are homologues of plasmid partition
proteins, ParA and ParB respectively and responsible for chromosome segregation
and sporulatiorfiretonet al, 1994. Similar to ParA proteins, Soj also binds to DNA
and acts as a transcriptional repressor of sporulation gene exprg3sisalet al,

1999. The partner protein Spo0J binds to a numbgran§ sites clustered near the
chromosome origin of replicatiororiC (Marston and Errington, 1999 Soj, a
Walkertype ATPase, on ATP binding undergoes dimerization. Soj dimer binds to
DNA nonspecifically and formnucleoproteinfilaments (Leonard et al, 2003.
Spo0J stimulate the ATPase activity of Soj and the-tBrminus of Spo0J is
implicated in this rol¢Autret et al, 200]). The intracellular localisation study of the

Soj protein showed that it forms nucleoid associated rdymastructures. The
assembly and disassembly of Soj protein over the nucleoid is attributed to the ATP
hydrolysis stimulated by Spo@Marston and Errington, 199Quiselet al, 1999.
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Soj mutants do not show segregation defect, but Spo0OJ null mutants exhibit

arucleate cellglretonet al, 1994.

The crystal structure of Soj from th@ramnegative hyperthermophil&hermus
thermophiluswas solved in three different forms, opo, Ab&und and hydrolysis
deficient mutant D44A fornfLeonardet al, 2005. The opo and AD#®ound forms

of Soj are monomeric, whereas AbBund Soj is a dimer. Soj contains eidit
strands, seven parallel and one antiparallel. THeskeets form a twisted arch,
twelve Uhelicesare located outside of the arch (Figure 1.648onardet al., 20035.

The lysine (K15) in Walker box binds ATP and forms a dimer. Thend o
phosphates of the ATP are stabilised by the lysine residues from each monomer. The
ATP dependent dimer is a molecular switch where ATP binding facilitates DNA
binding and the Spd0mediated ATP hydrolysis lead to Soj relocatfbaonardet

al., 20(®).

1.7.4Cell division protein MinD of E. coli

The MIinCDE protein system is responsible for determining the position of the FtsZ
ring in E. coli and facilitates selection of division site at roell. MinD protein
interacts with other two Min proteins i.e. MinC and MinE. MinD, a Walipe
ATPase dimerises in the presence of ATP and binds to MinC and the membrane
(Lutkenhaus and Sundaramoorthy, 200Bhe Gterminal amphiphathic helix of
MinD is responsible for membrane bindighou and Lutkenhaus, 2003MinD

binds to the membrane at the cell poles and recruits MinC that is an inhibitor of the
Z-ring formaton. MinE, on the other hand removes MinD from membrane by
stimulating its ATPase activity and thus displaces MIinC from M et al,

2003. In MinD, the sites for binding to MinC and MInE are overlapping and present
at dimer interfac€Ma et al, 2004 Parket al, 2011). MinD has been shown to be
oscillating from pole to polen vivo (Raskin and de Boer, 1999The ATPase
stimulation by MIinE and the membrane assimm are necessary for MinD
oscillation(Hu and Lutkenhaus, 20R1During oscillation, MinE rings follow Minb

MinC complex pesent at the polar zone. MinE rings travel to the pole and displace
the MIinD-MinC complex from the membrane, at one pole and the complex

reassembles at the opposite pole. Thus, oscillations, which occur several times in a
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cell cycle, help to keep MinC awdrom mid-cell (Ma et al, 2009. Residues R21,

L22 and Al18 in MinE play important role in ATPase stimulation. MinE, a small
protein of 88 amino acids, has been shown to undergo dramatic structural changes on
binding to MinD. It has been suggested that MinE releases a membrane targeting
sequence (MST) domain and an avithCD domain on binding to Min¥Park et

al., 201). The MST domain contains conserved hydrophobic residues which are not
exposed to solvent wheMinE is traveling through the cytoplasm thus avoiding the
membrane association of MinE in the absence of MinD. This keeps MinE available
to interact with MinD and carry out MinD oscillatidGhasrianiet al, 2010. The

exact mechanism behind th&nD oscillationis still argued Formation of MinD
filamentsin the presence of ATP, membrane and MisEsuggested as one reason

for oscillation (Suefuji et al, 2002 A reactiondiffusion mechanismis also
suggestedor MinD assembliegLooseet al, 2008, whereas a mechanical stress by
tethering MinD and MIinE molecule® the membranés also proposedfor the

oscillation(lvanov and Mizuchi, 2010.

Structurs of MinD from various organismbave beenmeported.The structure oE.

coli MinD is describedhere (Figure 1.6B)A hydrolysis deficient MinD D40A
mutant protein without its first 10 residues was crystallifah et al, 20110).
Similar to its other homologues like Soj and ParF, MinD also dimerises in the
presence of ATP. A lysine at position 11 (K11) in the deviant Walker A box binds to
ATP, which leads to MinD dimerization. The orientation of MinD on the nramds

has also been described. Thaée@nini from both monomers are placed on the same
face of dimer which comes in close contact with membrane. In the monomer form,
amino acids D152, S148 and E146 interact with the conserved lysine (K11), while in
the dimer, S148 and E146 also make cross contacts with the adjacent chain at the
dimer interface. A glycine at position 12 also make contact witho{pleosphate

across the dimer interface.
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Figure 1.6. Structure of Soj (D44A) andMinD (D40A) dimers.

A. Chromosome partition protein Soj ®hermusthermophilusin the presence of ATP forms a dimé&. In the presence of ATHE. coil division site

selection protein MinD forms a dimer. The secondary structures are labelledh€liees are aqud-sheets are purple and the loops are pink. ATP is shown
as silver sticks. The structures were generated by using Piddba6ig 20®).
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1.8 Other ParG related ParB proteins

1.81 Proteiny  pldsmid pSM19035
Plasmid pSM19035 fronstreptococcus pyogenés a broaehostrange low copy

number plasmid ofncl8family and is maintained in other Grgpositive bacteria

(Lioy et al, 2010Q. The segregation locus$€g2 of plasmid pSM19035 contains a
cis-actingparSsite and two partitin genes encoding proteidsand¥ (Dmowskiet

al., 2006. Proteinti is a Walkertype ATPase of ParA family from type Ib partition

system and forms a dimak] in the presence of AT@Prattoet al, 2008§. Proteiny

is homadimer in solution €2), contains 71 amino acids and acts as a centremere
binding protein. Omega also works as a global regulator as it controls the expression

of various genes likeopS which is involved in copy number control, segregation

genesli and¥ andtoxin-antitoxin proteinsencoding genelands (Dmowski et all,

2006. Proteiny, acts as a transcriptional repressor that binds to the promoter region
upstream of aopS,U and ¥ genes. The centromere sparSis made up of the
promoter regions atopS U andy genes and it contains direct and inverted 10, 7 and

9 heptamer repeats respectively. Omega is a member of MetJ/Arc transcriptional
repressor family and its crystal structure has revealed that it comtd®iéH fold
(Murayamaet al, 200). The homodimer, is made up of D-sheets (residues 28

32) a-hefices43446 and5%66) as shown in Figure 1.7
sheets contact the DNA at a major groove. The arginine at position 31 and threonine

at p os i t-sheeat are2i®volvednin ifiteraction with DN@Murayamaet al,

2007). Thr29 has een shown to be necessary for specific DNA bindiatto et

al., 2008. The Nterminal end contains 20 amino acids, which were not detected in

the crystal structure indicating that the-t&minus is a disordered domain
(Murayamaet al, 200). The crystal structure of Omega in the presesitDNA has

also been solved but without the 19 residues at tterminus(Weihofenet al,

2006. The DNA used was a two heptad sequence frorpan®site. Surprisingly in

the absence of the-términus region Omega showed binding to the DNA. ithe

vitro analysis revaled that ther, binding to single heptad is poor but increases with
addi tion of mor e h e psheatds, which contect DNAAt majog wi t
groove,the N er mi ni of helices U2 also |l ock th
sequences. Even though theé¥mini is rot required for DNA binding, it has been

s hown tfails toactivaite ATP hydrolysis activity of the partner protéin
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(Pratto et al, 2009. Polymerization ofti, on DNA is also demonstrated to be

dependent om,-parScomplex(Prattoet al, 2009.

1.8.2Protein ParR of plasmid pB171

A virulence plasmid pB171 fron. coli contains twopar loci, parl and par2
(Ebersbach and Gerdes, 2p0Theseloci are placed adjacent but in opposite
direction. parl locus containparMRC partition cassedt of type Il whereapar2
locus exhibitgparABCcassette of type Ib. The partition qit@rC1lis shared between
both loci and contains 10 direct hexameric repgaasC1 also contains promoter
sequences for both tiparl andpar2 loci. Downstream oparB another centromere

like site was observed callgzhrC2, which contains 18 direct hexameric repeats.
Both, ParR and ParB proteins bind to e C1 site and act as repressorspairl

and par2 operon respectively. Interestingly ParB was shown to be an efficie
repressor of th@arl operon, exhibiting the crogalk regulation between twpar

loci (Ringgaardet al, 200%. The crystal structure of ParR has been solved and it
was revealed that it is a member of MetJ/Arc transcripticmmiessor family having

a DNA binding RHH motif(Moller-Jenseret al, 2007. In ParR homodimer, a RHH
motif is found at the Nerminus and each monomer containgdt r and -and
helices (one monomer contains exttkhelix near the @erminus). In the ParR
dimer, twob-strand are arranged in antiparallel fashion and thielicesare lined
over it, followed by the remaining helices (Figure 1.7B). The 12 dimeRadR
arranged in a helical manner in whichté&mini face outward of the helix and C
termini face inward.Uhelices 1 and 2 are responsible for stability of DNA
interaction whereat+helices 3, 4 and 5 make intgimer interactions. The helical
structure of ParR may act as a scaffold on which partition site [EAC1 wraps
(Moller-Jensenret al, 2007. Interestingly the @erminus of ParR is found to be
disordered and the DNA kiimg activity is carried out by the-tdérminus. Similar to

R1 partition, which is prototype of type Il partition system, PpaRC1 complex
formation might be involved in activating ParM to form dynamic filaments that on
ATP hydrolysis push the plasmid gep apart for segregatiqiMoller-Jenseret al,
2003 Saljeet al, 2010.
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1.8.3 Protein ParR ofplasmid pSK41

The multidrug resistant plasmid pSK41 fro&taphylococcus aurewexhibits a type

Il partition cassetteparMRC (Moller-Jenseret al, 2002. Upstream ofparM gene
sequence, a centromere 98rCis located, which contains four 2@ direct repeats
(Schumacheet al, 2007). A centromere binding protein ParR bindsthe 20bp
repeats with high affinity and in emperative manner. The DNA binding residues are
present at the Xerminus hence the crystal structure was obtained for ttegrhinal
region (ParRN) with a 2ther DNA fragment. The DN#inding motif was
idenified as RHH wher® strand is made up of resided 3, twoU-helicesare made

up of residues 2@5 and 3347 (Figure 1.7C). Like other RHH proteins thetrands

from each monomer is arranged in an antiparallel manner ant-tietices are
compactly placé on one side of thé-sheets to form a dimer. The PafRIA
complex forms a supdrelical structure. Six dimer of dimers of ParRN form a helix
and the DNA wraps on the convex surface of the helix. The@2DNA has an
intrinsic bend and an enlarged majoo@ve, which helps in binding to the ParR. The
ParR antiparalleb-sheets inserted into the major groove and the residues K7, K11
and L3 from theb strand are indicated in making DNA contacts. The residues R29,
R37, T31 and Y17 are involved in dimer intgé interactions. The -@rminal
domain of ParR protein is necessary to recruit ParM protein in segrosome. ParM
fails to bind to ParRN hence the PafArR interaction is determined by the C

terminus.
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1.9 Mechanisms of plasmid segregation

The genetic organization of partition loci is quite similar in all types of plasmid
partition systems. The nucleotide binding protein, NTPase provides the force
required for DNA segregation, while a repeated DNA sequence either upstream or
downstream, actgs acis-acting centromere site. A centromere binding protein plays

a role of mediator between the NTPase and the centromere and regulates the
expression of partition protein. Interestingly, all these common components together
carry out plasmid partitiothrough unrelated mechanisms in the different types of
partition systems. The molecular mechanisms involved in plasmid partition are

described here.

1.9.1 The ParA mediated plasmid partition mechanisms

ParA driven plasmid segregation has been comprefsnstudied(Barilla et al,

2007, Hwanget al, 2013 Ringgaardet al, 2009 Vecchiarelliet al, 2013. ParA
protein plays a central role in plasmid partition but as it shows a variation in its
structure and change in its functions depending upon its ATP and ADP bound states,
researchers have neached an agreement as tsirggle mechanism for all types of

plasmid partition mediated by the ParA proteins.

1.9.11 Diffusion-ratchet mechanismfor type la plasmid partition system

Partition of plasmid P1 is carried out by Walktgpe ATPase ParA, CBP ParB and
centromere sitparS (Erdmannet al, 1999. The HTH motif in ParA is responsible

for specific DNA binding and leads to transcriptional regulatiorpafAB operon
(Bouet and Funnell, 1999Unlike most of the other ParA proteins, P1 ParA shows
dimerization in apo, and ADPound form alsqDunhamet al, 2009. The ADP
bound form is responsible for specific DNA binding whereas ATP binding facilitates
nonspecific DNA binding(Vecchiarelliet al, 2010. During plasmid segregation,
the initial steps of ParB binding to centromere site and recruiting ParA in the
nucleoproteircomplex to form the segrosome are similar to those occurring in other
systems. However, how the PapBrS cargo is moved to the final destination is
debated. The Funnell and Mizucchi groups have proposed a diffiztiret
mechanism based on results ai¢al employing a cell free system (Figure 1.8). For

this they used a DN#&arpeted flowcell, which mimics the nucledidwanget al,
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2013 Vecchiarelli et al, 2010. Fluorescently labelled ParA, ParB amirS
harbouring plasmid were ddd to the flowcell. Depending upon the findings from
the cell free system experiment the P1 plasmid partition model is proposed. ParA
when complexé with ATP (activated form), binds to the nucleoid. ParB is bound to
plasmid at partition sitparS The plamid become$ridged to the DNA by ParA
ParB interaction. When ParB stimtda ParA ATPase activity, ParA ielease from

the nucleoid and diffuseaway (ParAADP form) before encountering another
position on nucleoid to bind. As ParAs iremoved, the ParBarS complex also
detachedrom the nucleoicand a ParA depletion zone formBarBparSfollow the
ParA and diffuse towards thegh ParA concentration zon€he replicated plasmid
complexes move in opposite direction as the Ragpletion zone inhibitdhhem from
coming together again.

A diffusion-ratchet mechanism is also described for F plasmid partition. In a similar
cell free system, fluorescently labelled SopA and ATP are added in acdlibw
(Vecchiarelliet al, 2013. In the presence of ATP, SopA attaches to the DNA
carpet. Upon introduction of the SofpC complex in the flow celSopA-SopB
interaction transieht bridges the plasmid to DNA carpet. SopB stimulates the
ATPase activity, which leads to release of SopA from the carpet, creating a SopA
free zone. The release of SopA from the carpet is quicker than the P1 ParA one
hence weak SopA depletion zones amenied. The plasmid remains anchored to the
carpet for longer and then dissociates. Based on these observations, it has been
proposed that the plasmid may surf on the DNA carpet and follow the wave of SopA
ATPase gradients for segregati@®fecchiarelliet al, 2014.

Recently, a DNArelay mechaism was put forward for chromosome segregation in
Caulobacter crescentumediated by ParA. It has been proposed that the elastic
nature of nucleoid enables PaAAP dimer to bind to the chromosome as a
momentary tether. ParB binds to the chromosome viatramere and this
nucleoprotein complex attaches to the RAPP tether. The elastic nature of the
nucleoid, the ParAATP tether and ParA gradient formation contribute to the relay of
ParB-.chromosome complex within the cell for segregafiom et al, 2014.
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Type Ia
“diffusion-ratchet”

ParA-ADP
Inactive ParA-ATP

Active ParA-ATP

ParB

plasmid

.O.!f >

nucleoid

Figure 1.8 Diagrammatic representation of diffusionratchet mechanism.

ParB viaparSforms a plasmid partition complex. PatATP in activated form binds the
nucleoid. ParA interacts with ParB and attaches fdaBmid complex to nucleoid. ParB
stimulates ParA ATPase activity, which leads to PaM®P formation. ParAADP
dissociates from the nwedid resulting in ParA depletion zone on nucleoid. Slowly ParA
diffuses in the cell, binds to ATP and attaches to the nucleoid at the opposite side. Higher
ParA concentration results in diffusion of plasmid towards it. Replicated plasmid complexes
move in opposite direction as ParA depletion zone pushes them towards higher ParA

concentration site. Adapted frofWiecchiarelliet al,, 2010.
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1.91.2 Pulling mechanism for type Ib plasmid partition system

Plasmid partition by a pulling mechanism was proposed by Gerdes groparfor

locus of plasmid pBl171Ringgaardet al, 2009. pB171 ParA dimerization in the
presence of ATP and [ymnerization in presence of DNA is consistent with other
ParA proteins from various plasmid systems. ParA binds DNAspegifically and
utilises the nucleoid as a scaffo{@bersbachet al, 200§. ParA also employs
plasmids on nucleoid. When fluescently labelled ParA and ParB were analysed

vivo, ParA was found to exhibit a filamentous struct(lRRenggaardet al., 2009.

ParB binds tgparC2 on plasmid. ParA filament assemblies that are spread on the
nucleoid contact ParparC2 complex. On ParAarB interaction, ParB stimulates

the ATPase activity of ParA, resulting into depolymerization of ParA. This leads to
retraction of ParA filaments from the plasmid. ParA appears to shrink and move to
the other end of the cell. At this mbithe plasmid is either released from ParA
filaments or dragged behind the shrinking polymers (Figure 1.9A). Eventually ParA
depolymerises completely and the filamentous structure disappears. ParA starts
assembling into filament at the opposite pole agdira contacts the plasmid,
undergoes depolymerization and the cycle of assembly/disassembly starts all over
again. During this cycle, ParA carries out thaneraged eqdlistribution of the
plasmid in the cell. The ATP hydrolysis by ParA provides the foecpiired for
oscillation in order to pull the plasmid in the cell.

1.9.2 Pushing mechanisnmby actin-type proteinsfor type Il partition

system

Multiple-antibioticresistant plasmid R1 fronk. coli, exhibits type Il partition
system and so far is the maostll-characterized active plasmid partition system
(Saljeet al, 201Q. TheparMRC partition cassette contaipsrM which encodes an
ATPase parRwhich encodes for ParR, a CBP, and a centrompar€ (Jensen and
Gerdes, 1997 The ParM protein provides force for plasmid segregation hence
called motor protein and is a member of atyipe of ATPases. ParM structure
shows an ATHbinding pocket with the residues of actin fold located around this
pocket(van den Enet al, 200). At atomic level, the ParM filaments look like F
actin as they assemble into polar, twisted and double stranded filament but they are
bi-directional unke actin(Moller-Jenseret al, 200J. The ParM filaments traverse
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through the entire cell. ParM filaments are dynamic as on ATP binding they
polymerize and on ATP hydrolysis they depolymerize. ParR binds to centromere to
form partition complex. ParR from the type Il plasmid pSK41 pBd71 shows a
RHH motif and the centromere DNA wraps around the ParR assembly in helical
fashion. ParR from plasmid R1 is also speculated to have the RHH motif and forms
super helical partition complegSchumacher, 20)2ParM filaments search for the
plasmid in the cell. The-@rminus of the ParR interacts with ParM. ParM filaments
are stabilized by ParR boundpgarC and the filaments are formed by the addition of
ParMATP at both ends, giving rise to insertional pognmation (Gerdeset al,

2010. The elongatingpolymers push the plasmids in opposite direction for
segregation (Figure 1.9B)Garneret al, 2007. On ATP hydrolysis ParparC
dissociates from one end of the polymer.

1.93 Tram-like mechanism by tubulintype proteins for type Il

partition system

Plasmid pBtoxis fronB. thuringiensisexhibits the tubZRCtype Il partitionlocus
(Tanget al, 2007%. TubR, a CBP is a dimend acts as a transcriptional repressor.
TubR contains a winged TH motif. The residues ithe wing region might interact
with the DNA at minor gr@ve whereas the ferminal helicesbind to the major
groove (Ni et al, 201Q. Protein TubZ is a GTPase and contains a tubulin fold
similar to FtsZ(Ni et al, 201Q. TubZ has been shown to polymerize when it binds
to GTP(Larsenet al, 2009 andan EM studyhas showrthe formation of double
stranded TubZ filamen{@ylett et al, 2010. The Gterminal end of TubZ is flexible
and shown to be responsible for interacting with partner protein ThibRt al,
2010. Plasmid segregatiorwas shownto follow a tramlike mechanism(Figure
1.9C) (Schumacher, 2032 In this model, TubR bound ttubC site on plasmid
interads with TubZ polymers througthe flexible Gterminal domain of TubZ. TubZ
filaments show minus and plus en@I'P bindingat the plus entkads to elongation
and GTP hydrolysis results in retrawtiof polymers at the minus end displaying the
treadmilling feature (Larsenet al, 200%). This treaemilling helps to move the
TubZ filaments withthe plasmidTubR cargo to the pole. The TubZ filaments are

speculated to bend at the cell pole, which leadisedropping offof the plasmid

55



Chapter 1

TubR cargo. Th@ubZ filamentsmay thentravel to other sidef the cell in search of

anew cargo.
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Figure 1.9. Diagrammatic representation of plasmid partition mechanisms.

A. Type Ib pulling mechanism for plasmid pB17h. this system, the nucleoid is used as a scaffold. Aa#A binds to nucleoid and undergoes
polymerization. When ParA polymers meet PatBsmid complex, ParA interacivith ParB. ParB stimulates ParA ATPase activity which leads to ParA
demlymerizationand formation of ParADP. The retracting ParA polymers pull plasmids in opposite direcBoitype Il pushing mechanism for plasmid
R1. ParM forms filaments, which are stabilized by PpalRC complex. Centromere DNA wraps around a ring of ParR dimer® Paeracts with ParR at
the inner side of the ring. ParM polymers grow continuously and elongated polymers push plasmids to opposite side. i@.tAgpeellll tramming
mechanism in plasmid pBtoxis. According to this model TubZ forms filaments amapthits flexible Gterminal domain, it binds to Tub&bC complex.
Treadmilling by TubZ filaments move Tulitamid complex to the cell pole. These filaments bend at the cell pole and facilitate the dafppmgubR-

pl asmid car go f rToba&filamerts thenufibdRanothér caagmand transport it to the opposite side of the cell. Reprodu¢8dttonacher,

2012.
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1.10 Aim and objectives

Multiple drug resistance is a global heattieat. As plasmids play a major role in
conferring drug resistance to bacteria, the study of plasmid partition at the molecular
level is very important. The aim of this project is to study the molecular mechanism
and dynamics of partition of multidrugsistance lowcopy plasmids using plasmid
TP228 as a model. Plasmid TP228 containspid-GH partition cassette which
harbours partition sitparH and encodes two partition proteins ParF (a ParA type
ATPase) and ParG (a CBP). The Par@hNninal end thougHexible, is implicated
in various functions. The focus of this project is on th&efninus of ParG. Given
the number of independent functions of thetekminal region of ParG and its
importance in partition, the study of this region will provide anginul picture of
role of ParG in the process of plasmid segregaiibis project willalsoinvestigate
the intracellular activity of ParF and ParG and illuminate the dynamics of the
partition systenin vivo. The objectives of this study are as follows:
1. Generatingmutations in individual amino adofthe ParG Nerminal end
by using alanine scanning mutagenesis
2. Determinng plasmidpartition efficiency of all thd>arGN-terminal mutants.
This analysis will reveal the residues in this region that areiardor
plasmid segregation.
3. Studying the effect of Merminal mutations on thBNA binding activity of
ParG
4. Investigating the effect of ferminal mutations on thdranscriptional
repressor function of ParG.
5. Characterizing the effect of-Mrminal mutabns on thepolymerization of
ParFin the presence and absence of ATP.
6. Examining the effect of Merminal mutations on the stimulation tfe
ATPase activity of ParF
7. Visualizing the localization pattes and dynamics of ParF, wild type and
mutant ParGproteirs in the cellby fluorescence microscopy. To this end,
both conventional and supegsolution fluorescence microscopy will be

exploited.
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2.1 Media, antibiotics, strans and plasmids
2.1.1 Media

2.1.1.1 Luria-Bertani solid and liquid media

Bacteria were grown in LuriBertani (LB) broth Fisher scientifif or on LB agar
(Formedium media at 39C. LB broth or agar media were prepared by dissolving a
specified quantity ocommercially bought anhydrous mixture in a specified volume
of distilled water and sterilising by autoclaving (¥21for 20 minutes).The

composition of media is given inable 2.1.

Table 2.1 List of components of LB medium

Components Concentration g/L
Tryptone 10
Yeast extract 5
Sodium Chloride 10
Agar (for solid medium) 12

2.1.1.2 M9 medium

A 10x M9 stock salt solution was prepared according toTihkle 2.2. All the
components were dissolved in distilled water tdireal volume of 1 litre and
autoclaved at 12C for 20 minutes. M9 complete medium was prepared by mixing
1X M9 stock salt solution with remaining ingredients as givehahble 2.3. With the
exception of the M9 stock salt solution, all the components @fnvedium were
sterilised using a 0.Am filter and added according to the requirement in the final

media.

Table 2.2 List of components ofthe 10x M9 stock salt solution.

Components Quantity (g)
NaHPO,.7H,O 64
KH,PO, 15
NaCl 2.5
NH,CI 5
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Table 23 List of components ofcompleteM9 medium.

Componentsof M9 medium

1X M9 salt solutiontable 2.2)

2 mM MgSQ

0.1 mM CaCl)

0.2% Glucose

2.1.2 Antibiotics

Antibiotics were used as and when indicaitedpecified concentratioas given in
Table 2.4

Table 24 List of the antibiotics used in this study

Antibiotics Stock concentration Working concentration
Chloramphenicol 30 mg/ml in ethanol 30 pg/ml (cloning)

10 pg/ml (partition assay)
Ampicillin 100 mg/ml in dHO 100pg/mli
Kanamycin 50 mg/ml in dHO 50 pg/ml
2.13 Strains

TheEscherichia colstrains used in this study are describedable 2.5.

Table 25 List of bacterial strains

Strains Genotype Application

DH5U Fia 8lacZ oM 1 HacZph -argF) Cloning
U169recAl endAl hsaR17 (rKi, mK+)
phoA suE 4 4 thied gyrA96 relAl

BR825 polAwhich has inactivated DNA Plasmidpartition
polymerase gene for supporting only | assay
low copy number replicatiofLudtke et

al., 1989.
BL21 (DE3) fhuA2 [ 1 on] omp T | Geneoverexpression
ahsdS andproteinproduction
SP850 relAl spoi(cya1400::Km thi-1 e14) | Bacterial twehybrid
assay
BW25113 [ ca@D-araB)567gpthaD-rhaB)568 Microscopy

!l a c Z(4ArrhB3) hsdR514 rpHl],
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2.1.4 Plasmids

The plasmids usedh this study are given in th€able 2.6.Some ofthe plasmids

were available in the laboratory as latock; others were constructed during the

course of this work

Table 26 List of plasmids used in this study

Plasmid name

Details

Antibiotic
marker

pFH450

A pBR322 derivative having P1 ar
ColE1 origins of replication without an
partition elementgHayes, 200D

Chloramphenico

pFH547

A pBR322 derivative having Pl ar
ColE1 origins of replication with the wil
type partition cassee parFGH (Hayes,
2000.

Chloramphenico

PET22b(+)

A translation vector with th
bacteriophage T7 promoter and (Higg
at the Nterminal end (Novogen)

Ampicillin

pDM3.0

The reporter gene xylE cloned
downstream of theparFG promoter
sequencé¢Zampiniet al, 2009.

Kanamycin

pET.ParG

The plasmid partition genparG cloned
into vector pET22p+) (Barilla et al,
20095.

Ampicillin

pET.ParF

The plasmid partition genparF cloned
into vector [ET22(+) (Barilla et al,
2009.

Ampicillin

pT25

A pACYC184 derivativehaving a T25
fragment correspomalg to the aming
acids 1224 of the catalytic domain o
adenylate cyclase, CyaAKarimova et
al., 1998.

Ampicillin

pT25ParF

The plasmid partition genparF cloned
into pT25(Barilla and Hayes, 2003

Ampicillin

pT18

A derivative of pBluescript Il KS havin
a T18 fragment corresponding to f{
amino acids 22599 of the catalytic

Chloramphenico
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domain of adenylate cyclase, Cyz:
(Karimovaet al, 1999.

pT18.ParG

The plasmid partition genparG cloned
into pT18(Barilla and Hayes, 2003

Chloramphenico

pBM20

A derivative of pFH547 in which th
fluorophore genemCherry is cloned in
the frame with the partition gengarG
(McLeod, B. unpublished data)

Chloramphenico

pBAD.parF

The egfp gene which was cloned in tf
frame withparF, under the control of th
arabinosenducible  promoter pBAD
(McLeod,B. unpublished data)

Ampicillin

PMBS2A

parGS2A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

pMBL3A

parGL3A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

PMBE4A

parGE4A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

pPMBK5A

parGK5A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

pPMBH7A

parGH7A allele cloned into pFH54
vector by usig Clal and Hpal sites (this
work).

Chloramphenico

pPMBT8A

parGT8A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

PMBK12A

parGK12A allele cloned into pFH54
vector by using Clal and Hpal sites (i
work).

Chloramphenico

pPMBS9A

parGS9A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

PMBE17A

parGE17A allele cloned into pFH54

Chloramphenico
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vector by usingClal and Hpal sites (this
work).

PMBK11A

parGK11A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

pPMBM13A

parGM13A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

pPMBT14A

parGT14A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

pPMBN18A

parGN18A allel cloned into pFH54]

vector by usingClal and Hpal sites (this
work).

Chloramphenico

pPMBG16A

parGG16A allele cloned into pFH54
vector by usg Clal and Hpal sites (this
work).

Chloramphenico

pPMBL21A

parGL21A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

PMBE22A

parGE22A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

PMBV24A

parGV24A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

PMBV25A

parGV25A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

PMBT26A

parGT26A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

pPMBP28A

parGP28A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

pPMBV29A

parGV29A allele cloned into pFH54
vector by usingClal and Hpal sites (this

Chloramphenico
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work).

pPMBS30A

parGS30A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

pPMBS31A

parGS31A allele cloned i pFH547
vector by usingClal and Hpal sites (this
work).

Chloramphenico

pPMBG32A

parGG32A allele cloned into pFH54
vector by usingClal and Hpal sites (this
work).

Chloramphenico

pET-MBL3A

parGL3Aallele cloned into pER2b (+)
vector by usingNdd and Xhd sites (this
work).

Ampicillin

pPET-MBK5A

parGK5Aallele cloned into pER2b (+)
vector by usingNdd and Xhd sites (this
work).

Ampicillin

pET-MBK12A

parGK12Aallele cloned into pER2b (+)
vector by usingNdd and Xhd sites (this
work).

Ampicillin

pET-MBK11A

parGK11Aallele cloned into pER2b (+)
vector by usingNdd and Xhd sites (this
work).

Ampicillin

pET-MBM13A

parGM13A allele cloned into pER2b
(+) vector by usingNdd and Xhd sites
(this work)

Ampicillin

pPET-MBN18A

parGN18Aallele cloned into pER2b (+)
vector by usingNdd and Xhd sites (this
work).

Ampicillin

pDB-ParGR19A

parGR19Aallele cloned into pE-R2b (+)
vector by usingNdd and Xhd sites
(Barilla et al, 2007%.

Ampicillin

PETMBL21A

parGL21Aallele cloned into pER2b (+)
vector by usingNdd and Xhd sites (this
work).

Ampicillin

pPBART18ParGL3A

parGL3A allele cloned into pT18 vectd
by usingXhad andHindlll sites (Rodway,
B. unpublished data)

Chloramphenico
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pPBART18ParGK5A

parGK5A allele cloned into pT18 vectc
by usingXhd andHindlll sites (Rodway,
B. unpublished data)

Chloramphenico

pT18ParGK11A

parGK11Aallele cloned into pT18 vectq
by using Xhd and Hindlll sites (this
work).

Chloramphenico

pT18PaGK12A

parGK12Aallele cloned into pT18 vectc
by using Xhd and Hindlll sites (this
work).

Chloramphenico

pT18ParGM13A

parGM13Aallele cloned into pT18 vectc
by using Xhd and Hindlll sites (this
work).

Chloramphenico

pT18ParGN18A

parGN18Aallele cloned into pT18 vectd
by using Xhd and Hindlll sites (this
work).

Chloramphenico

pT25ParGK12A

parGK12Aallele cloned into pT25 vectc
by usingkpn andPst sites (this work)

Ampicillin

pT18ParGR19A

parGR19Aallele cloned into pT18 vectc
by using Xhd and Hindlll sites (this
work).

Chloramphenico

pT18ParGL21A

parGL21Aallele cloned into pT18 vectq
by using Xhd and Hindlll sites (this
work).

Chloramphenico

pBM20-L3A

parGL3A allele cloned into pBM2(
vector by usindBsiXl and Hpal sites(this
work).

Chloramphenico

pBM20-K5A

parGK5A allele cloned into pBM2(
vector by using BstXl and Hpal sites (th
work).

Chloramphenico

pBM20-K11A

parGK11A allele cloned into pBM2(
vector by usindsiXl and Hpal sites (this
work).

Chloramphenico

pBM20-K12A

parGK12A allele cloned into pBM2(
vector by usind@@stXl and Hpal sites (this
work).

Chloramphenico

pBM20-M13A

parGM13A allele cloned into pBMQ

vector by usindsiXl and Hpal sites (this

Chloramphenico
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work).

pBM20-N18A parGN18A allele cloned into pBM2( Chloramphenico
vector by usindsiXl and Hpal sites (this
work).

pBM20ParGR19A | parGR19A allele cloned into pBM2( Chloramphenico
vector by usingBsXl and Hpal sites
(McLeod,B. unpublished data)

pBM20-L21A parGL21A allele cloned into pBM2( Chloramphenico
vector by usindsiXl and Hpal sites (this
work).

2.2 Recombinant DNA techniques
2.2.1 Preparation of plasmid DNA

PlasmidDNA miniprepwas performedn orderto isolate plasmid DNAon smalt
scalefrom the bacteria. A bacterial colony was selected and inoculated aseptically in
5 ml of sterile LB medium containing appropriate selectiventibiotic for the
plasmid. The culture was incubated overnight &C3Following incubationsmall
scale plasmid DNAsolaion was carried out using QIAGEN Miniprep Machery
Nagelkit accordingtd h e ma n uihstructions iThe ga8msid DNA was eluted

in 100 pl of sterile Milli -Q waterby centrifugation ofthe column for 1minute at
13000 rpmandstored at20°C.

2.22 Polymerase chain reaction (PCR)

Amplification of genes for cloning was carried out by performing a polymerase
chain reaction (PCR). The template DNA was isolated as descril2ed. inPrimers
were designed to annealtteeflanking DNA sequences dlfie gene of interest with
required alteration ithe gene orthe insertion of restriction siteg.he list of pimers
obtained from Sigma Aldrichs given in Table 2.7. MillkFQ waterwas used to
resuspend the primers at a concentrationl@® ¢M. 100 mM stock of each
deoxynucleotide triphosphate®NTPs) Roche) was also prepared. The PCR
reaction was set up as given iable2.8 on ice in a0.2 ml PCR tube The reaction
mixture was quickly spun down in the tube after mixing and transferred to a

thermocycler, which was programmed as givenTable 29. Instrument lid was
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heated to 10%. On completion5 ¢ laliquot of the PCR was checked on an agarose

gel by electrophoresis.

Table 27 List of the primers used in this study

Name Sequence
ParG S2AForward |56 GGA GTA GCC TGA ATG GC
30

ParG S2AReverse |50 CGCTTTTTCAAGTGCCATTCAG(
ParG L3AForward |50 GTAGCCTGAATGTCAGCTGAAA/
ParGL3AReverse |50 ATGCGCTTTTTCAGCTGACATT (
ParG E4AForward |50 GCCTGAATGTCACTTGCAAAAG(
ParGE4A Reverse | 560 CGTATGCGCTTTTGCAAGTGACH
ParGKbAForward | 56 TGAATGTCACTTGAAGCAGCGCH

ParG K5A Reverse

56 TGACGTATGCGCTGCTTCAAGT(

ParG H7A Forward

5 CACTTGAAAAAGCGGCTACGTCAGTAAAA-3 0

ParG H7A Reverse

5 dTTTACTGACGTAGCCGCTTTTTCAAGTGA3 6

ParG T8A Forward

5 €TTGAAAAAGCGCATGCGTCAGTAAAAAAA-3 6

ParG T8A Reverse

5dTTTTTTACTGACGCATGCGCTTTTTCAAGS 06

ParG S9A Froward

5 GGAAAAAGCGCATACGGCAGTAAAAAAAATG -3 6

ParG S9A Reverse

5 &ATTTTTTTTACTGCCGTATGCGCTTTTTG3 6

ParG V10A Forwarg

50CATACGTCAGCAAAAAAAATGAC(

ParG V10A Reverse

0 ACCAAAGGTCATTTTTTTTGCT (

ParG K11A Forwarg

0 CATACGTCAGTAGCAAAAATGAC(

ParG K11A Reverse

0 ACCAAAG@QMMAOAICTACTGACGTA

ParG K12A Forwardg

0 CATACGTCAGTAAAAGCAATGAC(

ParG K12A Reverse

0 ACCAAAGGTCATTGCTTTTACT(

ParGM13A
Forward

o o1 o1 o1 O1| O1

0 TCAGTAAAAAAAGCGACCTTTG(

ParG M13A Reverst

[6)]
(@}

GTTTTCACCAAAGGTCGCTTTT

ParG T14A Forward

50 TCAGTAAAAAAAATGGCCTTTGC(

Table 2.7 contd.
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ParG T14A Reversg

A

o

GTTTTCACCAAAGGCCATTTTT

ParG E17A Forwarg

A

o

AAAATGACCTTTGGTGCAAACAC(

ParG E17A Reverse

A

o

CAGATCTCTGTTTGCACCAAAG(

ParG G16A forward

O0TBAAAAAAATGACCTTTGCTGAAAACAGAGATC
360

ParG G16A Reversg

AGATCTCRGCARARPGGTCATTTT

ParG N18A Forwarg

ATGACCTTTGGTGAAGGCAGAG/

ParG N18A Reverss

ol o 1| 01| o1 01| O1

TTCCAGATCTCTGCCTTCACCA/

ParG D20A Forwarg

50

GGTGAAAACAGAGCTCTGGAACG

ParG D20A Reverss

TACTACTCGTTCCAGAGCTCTG]

ParG L21A Forward

GGTGAAAACAGAG ATGCGGAAC(

ParG L21A Reverse

TACTACTCGTTCCGCATCTCTG]

ParGE22A Forward

GAAAACAGAG ATAATGAGITAACAC A

ParG E22A Reverse

TGTTACTACTCGTGCCAGATCT(

ParGV24A Forward

AGAGATCTGGAACGAGCAGTAA(

ParGV24A Reverse

TGGTGCTGTTACTGCTCGTTCC/

ParGV25A Forward

(@)

GATCTGGAACGAGTAGCAACAG(

ParGV25A Reverse

(@)

TACTGGTGCTGTTGCTACTCGT

ParGT26A Forward

(@)

CTGGAACGAGTAGTAGCAGCAC(

ParGT26A Reverse

(@)

TGATACTGGTGCTGCTACTACT (

ParGP28A Forward

(@)

CGAGTAGTAACAGCAGCAGTAT(

ParGP28A Reverse

(@)

TCCAGATGATACTGCTGCTI®TT /

ParGV29A Forward

(@)

GTAGTAACAGCACCAGCATCAT(

ParGV29A Reverse

(@}

TTTTCCAGATGATGCTGGTGCT (

ParGS30A Forward

(@}

GTAACAGCACCAGTAGCATCTG(

ParGS30A Reverse

(@}

GATTTTTCCAGATGCTACTGGT (

ParGS31A Forward

ACAGCACCAGTATCAGCTGGAAAA

ParGS31A Reverse

A

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
50

TTTGATTTTTCCAGCTGATACT (

Table 2.7 contd.
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ParGG32A Forward| 5 GCACCAGTATCATCTGCAAAAAT

(@}

ParGG32A Reverse 5 ACGTTTGATTTTTGCAGATGAT /

(@}

ParFClalupstream |5 A CCGGTGTTAAAGCATTTCGTACA
F

pET-ParGL3A 50 GAGGAAACCATATGTCAGCTGA/

pET-ParGK5A 50 GAGGAAACCATATGTCACTTGA/

InvertRepPromoForf 56 [ Bt n] AACCTTTACTCATACA/
BT

InvertRepPromoRey 56 ACCTGAACCCCCTTTCGGATTCA

ParFG sequencin| 5GCTTTCTTATCACCCGTAAGATAGAAATGG 3'
Primer

ParG2 S'TTCTTTCTCGAGTTCGTTCTCTTTGAG 3

ParF EGFP primer | 55CGCACTGCAGTAATAAGAAGGAGATATACATATG
AAAGTGATCTCAAAAG 3

pT18 ParG Forward| 5 CTTCTTCTCGAGGATGTCACTTGAAAAAGCG 3'

pT18 ParG Reverse 5' TCTCTCAAGCTTTCGTTCTCTTTGAG 3

pT18 for sequencing 5 ATGACCATGATTACGCCAAGC 3

Table 28 Reaction set up of PCR

Component Vol ume (
Template DNA (1:10) le |
Forward primer (5 pmok ) 3e |
Reverse primer (5 pmad/ ) 3e |

dNTPs (dATP, dCTP, dGTP, dTTE mM) 9.6¢ |

10x reaction buffer 6¢ |

dHO To 60¢ |
Tag/phusion/Pfu polymerase 2 units

1 When a Taq polymerase buffer was used, 316f 5 mM MgCL was added to

PCR reaction.
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Table 29 Thermocycler programme for the PCR.

Steps Temperature (°C) Time (minute)
1. Initial denaturation 93 3
2. Denaturation 92 1
3. Annealing 50/42 1
4. Extension 72 30 seconds

5. Repeat steps-2 for 29 cycles

6. Final extension 72 6

7. Hold 10 b

2.2.3Restriction enzymedigestion

Restrictionenzymedigestion was performed to analyse the positive clones and for

the digestion of DNA fragments for different cloning experimeRistified DNA

was digested in a total volume of-400 €l , containing 1 unit
eg of DODnNdrictionlenzyme buffer,Xl BSA (bovine serum albumin)f(

required and sterile distilled water to make up the final voluaiethe reaction

mixture The btal volumeof the digestion reaction wakepenénton theuseof the

digested DNAproduct.For restri cti on enzyme anal ysi ¢
final volume was used and to produce digested DNA fragments for ligation reaction

40 ¢l of final vol ume was used°CfoRdhst rict i

2.2.4 Alkaline phosphatase treatment of DNA

Plasmid DNA after digestion with restriction enzymes was subjected to alkaline
phosphatase treatment. Digested DNA mixture was made up to M@ume with

10X phosphatase buffer (NEB),e2l(1 unit) of Alkaline Phophatase eyine (NEB)

and water. The mixture was incubated afGTor 30 minutesfollowing which
another 2 ¢ (1 unit) of Alkaline Phophatase enzyme was added with further
incubation at 37C for 30 minutes. After incubation 10 bof 200 mM ¢hylene glycol
tetraaceticacid (EGTA) were added and incubated at °@5for 10 minutes. The
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resulting reaction mixture was cleaned using a QIAGEN gel extraction kit as
follows. To the above mixture, 3@0 bf QG buffer vereadded and centrifuged for 1
minute at 13000 rpnilhe fow-through was discarded and the column was washed
twice with 750 ¢ IPE buffer with incubation at room temperature for 3 minutes
before adding the PE buffer for the second time. The PE buffer was removed

completely by centrifuging and the sample was elut&Din bf EB buffer.

2.2.5Ethanol precipitation of plasmid DNA

An ethanolwater mixture with a high concentration of inorganic salt is used to
precipitate DNA generated either by PCR or restriction digestion to achieve a high level
of purity. To X volumeof DNA mixture, 0.1X of Sodium acetate (pH 5.3) and 2X
volumes of cold ethanol (100%) was added. The mixture was mixed thoroughly by
inverting the tube and incubated ®0°C for over 2 hours. After incubation, the
mixture was centrifuged at’@ for 30 minutesat 14000 rpm. The supernatant was
carefully removed with a pipette and 500of 70% ethanol wreadded. The mixture

was again centrifuged af@for 10 minutes. The supernatant was carefully removed
with a pipette and any residual supernatant wasoved by drying the tubes in a
heating block. The precipitated DNA was resuspended 48020 lof sterile Milli-Q

water.

2.2.6 Agarose gel electrophoresis

All PCR products and DNA digestions were analysed u%i2§o w/vagarose gel
electrophoresis. DNAragments were visualised following intercabatiwith a
fluorescent dygSYBR Safe)and UV illumination.Gel was prepared by dissolving

the required amount of agasein 1X TAE buffer (40mM Tris, 20mM acetic acid,

1 mM EDTA). Prior to gel electrophoresi)je DNA samplesvere mixed with a B
loading dye (10 mM Tris.HCI, pH 7.6,086 glycerol, (3% xylene cyanol, @%
bromophenol blue60 mM EDTA) To estimate the size diie fragments, a 1 kb
DNA ladder with defined sizeswasrun in parallel. DNA samples{60 ¢l ) wer e
loaded into the wells of a gel and electrophoresed at 100 V until the DNA fragments
separated. The DNA fragments were visualigectbnfirm the separation of expected
DNA fragments using a UV trariBuminator atachedto a gel documentation

system.
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2.2.7 FlashGel DNA system

Fast electrophoresis was carried out by usingrthea s h Ge | ELonSay whicke m
includes disposable precast agarose gel (1.2%) cassettes and a combination
electrophoresis and trailliminator unit. This highly sensitiveelectrophoresis
system separates DNA in-5 minutes. DNA samples were diluted with 1X

F| a s h IGaglihgidye to make volume not less than BAppropriateF | as h Ge | E
DNA markerswere usedWhite seals from cassettegere removed and wells were
rinsed withdistilled water.The @ssettavas inserted ito the dock and samples were
loaced. The gel was run athagh voltage power supplgf 275 V until anticipated
separationwas reached The gel image was captured by usitige FlashGeE

Camera.

2.2.8 Gel extraction
DNA samples, either restriction digestion products or PCR products, were purified by
electrophoresis on a 1.2% agarose gel and subsequent extraction from the gel using a

Ql AGEN kit foll owipmtgcolt he manufacturerds

2.2.9 DNA ligation

A DNA fragment (insert) and vector were digested with same enzymes. The digested
insert was gel purified and the plasmid was dephosphorylated to avel)astdin.

The insert and vector were always used in a 5:1 ratio ihg&gon reaction. In a 30

¢ Ireaction volume, 3 BbX ligation buffer, 1e (2.5 units)T4 DNA ligase (Thermo
Scientific) and sterile MiliQ water (to make up the final volume) were added. The
reaction was incubated at room temperature for 3 hoursligated DNA mixture

was used directly to transforoompetent. colicells.

2.2.10 Preparation of competent cells

E. colicompetentcells were prepared usimgbidium chloride. Thestrain ofE. coli

was streakedaseptically ontaa sterile LBagar plate and incubated overnight in a
37°C incubator. Following incubation, a single colony was picked from the plate and
inoculated intol0 ml of sterile LB broth The culture was incubated at°37
overnight on a shaker. 60l of sterile LB broth vereinoculated with0.3 ml ofthe

overnightculture. The bacterial growth was assessed by measuriadpsbebanceat
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600 nm Aggg) at 1 hintervalsusinga spectrophotometer until the culture reached the
optimal Agpo0f 0.4 - 0.6. The culture waghcubated orice for 10 mirutes The cells
were harvested by centrifugation5t00rpm for 5 minutesat £C. The medium was
discardedandthe cell pellet wasesuspended 20 ml of chilled RF1 buffer (15%
glycerol, 1200 mM RbCI, 50 mM MngI30 mM KCH3CO,, 10 mM CaCJ, pH 5.8,
filter-sterilisedand stored a4°C). The resuspeded cellswere incubated on ice for 1
h, thenharvested by centrifugation 8000 rpm for 5 minutesat £C. The medium
was removed and the cell pellet resuspendeti8ml of ice-cold RF2 buffer(15%
glycerol, 10 mM MOPS, 10 mM RbCI and 75 mM CaQ@H 6.8, filtersterilised
and stored a4°C). The bacterial suspension was mixed gefdllowed by chilling

on ice for 5 minutes 40 0 ¢ | aliquots were transfer
microcentifuge tubes and immediately sripzen by immersing the tubes in liquid

nitrogen. The tubes were stored&Qi°C until required.

2.2.11 Transformation of competent cells

The frozen competent cellgere thawedn ice.For transformationplasmid DNA

(~10 ng)or the ligation mixturavas mixed with100¢ | of competent <ce
ml micro centifuge tube The cells werencubatd on ice for 30minutes The cells

were heashocked at 4Z for 90s. Following the heat shock, 80 ¢ LB nwedium

was alded andhe cellsincubatedon a shakeat 37C for 1 h. Following incubation,

100 thetrarsfbrmed cell suspension was spread on LB agar plates containing

suitableantibiotic. The gates were incubated at €7 overnight(18-20 h)

2.2.12 Screeningf recombinant plasmids

To check if the cloning of a mutant gene in a plasmid was successful, 10
transformants were inoculated in sterliguid LB medium with the required
antibiotics and incubated at %®7overnight with shaking. Plasmid DNA was isolated

as per 2.2.1 and a restriction enzyme digestion screen was set up with appropriate
enzymes (2.2.3). The digestion products were rugebmand plasmids containing the

insert of the right size were sent for DNA sequencing.
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2.2.13 DNA sequencing

Plasmids hebouring the desired mutations were subjected to DNA sequencing. The
primers used in the sequencing are given inléigle 2.7 All sequencing reactions were
carried out by GATC Biotech Limited;onstance, Germany. The sequence data was

analysed usin@hromas software.

2.3 Mutagenesis
2.3.1 Site-directed mutagenesis by overlap extensioRCR for parG

mutagenesis

The ParG Nerminal end comprises of 32 amino acids. To study each amino acid,
alanine scanning mutagenesis was carriedchangingindividud amino acid@ to

alanine. The method used to generate mutations was overlap extension mutagenesis
which involves three PCR steps and 4 primers (Figure The internal forward and
reverse primers were designed to have the flankiags gene sequence with
mutation. The forward external primer was designed to havepdu& upstream
sequence and the reverse external primer contained the downstream sequence of the
parG. Two PCR reactions weneerformed In PCR 1, an external forward primer

and an internal rerse primer were used. In PCR 2, an internal forward primer and

an external reverse primer were used. PCR 1 and PCR 2pedoemedaccording

to 2.2.2. Pfu polymerase wake polymerase of choicand pFH547 was useals
template DNA. The products fromete reactiors were purified on agarose gel using

gel extraction (2.2.8) and further with ethanol precipitation (2.2.5). The products of
PCR 1 and PCR 2 were then combined in acgyade reaction. In a preycle

reaction, equal amounts of DNA from PCR 1 anv&e added to make a total

vol ume of 25 ¢l . Ot h e rcycle ceatpooswere NSTPsg5d d e d
mM each dATP, dCTP, dGTP, dTTP), 10X Taq polymerase buffer, 5 mM MgCI2 to
make a final reaction vol ume o.R2m3%CR ¢ |

tube and denatured at“@3for 3 minutes in a thermocycler. The tube was removed
and 02.%units)Taqpolymerase (GoTaq Promega) was added. The tube was
again returned to the thermocycler and 10 cycles of incubation °at fa4 40
seconds rad at 72C for 40 seconds were carried out€efre-cycle step thus helped

to promote annealing aothe PCR1 and PCR2 fragments as shown in Figute

After the precycle, extension products incorporating the desired mutations were
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amplified in PCR using only the external primer pair. Forwards and reverse
external primers (both at 25 pmol/ ¢€l)
out. The thermocycler was sgp as per @ble 2.8 (except the first denaturation step

of 93°C for 3 minutes). Th€CR product was run on 1.2 8garose gel and purified

by ethanol precipitation. The PCR fragment was digested @tah(Promega) and

Hpal (Thermo Scientific) and cloned into the digested pFH&dGtor The mutation

was confirmed by using GATC Biotech segcing service.

2.3.2 Cloning of theparG mutant gene in pET22b and pT18ParG

To cloneparG mutant allele in vector pET22borivard primer was designed to have
restriction siteNdd and the sequence flanking tharG gene. Reverse primer with
restrictionsite Xhd was available in the lab stock as primer ParG2. For cloparG-

L3A and parG-K5A, forward primers were designed to have the respective mutant
sequences as well. As a template, partition vectors (i.e. pMB series) harbouring mutant
parG allele wee used. The PCR was set up as given in 2.2.2. Pfu DNA polymerase was
used and the annealing temperature was set’@®. 4£2CR products and pET22b vector
were digested withNdd (NEB) and Xhd (Fermentas)and further steps were
followed similar to 2.3.1To cloneparG mutant allele in vector pT18ParGartition
vector harbouringgarG mutations were isolated as per 2.2.1 and used as a template.
The forward primer was designed to haveiadlll restriction site and ParG2 with
Xhd restriction site was used @ reverse primer. PCR was carried out as per 2.2.2
with Tag polymerase and an annealing temperature %.42CR products and
pT18ParG vector were digested wkdndlll (Thermo Scientificand Xhd, further

steps were followed similar to 2.3.1.
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Clal b Hpal

| parH | parF | parG |

< AC +3 (PCR 2)1 b+d
* BD

5% 3
X

LAnneal AC and BD (Pre-cycle)

parG mutant allele d

Figure 2.1. Schematic representation of overlap extension mutagenesis.

Three PCR reactions are carried out to gengrat€ mutant alleleThe primers used awe
ParF Clal Forward primer (External primer),-tParG Mutant Forwargrimer (nternal
primer), ¢ ParG Mutant Reverse primer (Internal mpeir), d ParG2 Reverse primer

(external primer)
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2.33 Cloning of the parG mutant gene in vector pBM20

Vector pBM20 contains the partition cassgiseFGH and has thenCherrygene
cloned in frame withparG in it. To clone a mutanparG allele into the pBM20
restriction digestion was carried out. The partition vectors containing nmpeiaGt
alleles and the vector pBM20, were digested V@#XI (Promega)andHpal. The
mutant parG allele fragment was swapped into the digested vector pBM20 and
transformed intoDH5U cells. Tranformants were screened using restriction

digestion screen and confirmed by DNA sequencing.

2.4 Expression and purification of recombnant proteins

2.4.10verproduction and purification of ParF

The HistaggedParFprotein wasoverproduced irkE. coliBL21(DE3). Around 810
transformantsvere inoculated in ~8 ml of LB withnapicillin in a 125 ml conical
flask. ParF was grown at 309ith shakingat 180 rpmfor two-three hours until the
culture stagdto become turbidThis starér culture wagheninoculated into 300 ml
of prewarmed LBwith ampicillin and grown till it reache an ODyp = 0.87 0.9.
The culture was induced withsopropytbetaD-thiogalactopyranoside IRTG)
(Melford) at a final concentration of 1 mM and incubated&ddurther 3 hours. Cells
were then harvesteat 15303¢g for 5 minutes at %4C and pellets wrestored at80°C.
The potein wvasp ur i y e d ali yynciNdmatographyas perthe Novagen
technical manual as follows. PacBntaining celpellets were resuspended in 15 ml
of 1X binding buffer (Table 210) and an EDTA free protease inhibitor tablet
(Rochg, 150 m of Ilysozyme (10 mg/ml) (Sigma) and 150 m of
phenylmethylsulphonyl fluoride RAMSE 100 mM in ethanol)were added. This
mixturewas incubated for 15 minesat 30°C thenan additionahliquot of150m of
lysozyme solutionwas added followed by a furthéncubaton for arother 15
minutes The ellets were sonicated 12 times for 30 geds each with 1 minte
interval on ice The sonicatednixture was centrifuged for 3%0 mirutesat 11,000
rpm at 4°Cand the gpernatant was collected column was prepared with His
binding resin Novagen with a 2.5 ml bed volumeThe esin was charged with 1X
50 mM NiSQ and equilibrated with X binding buffer.The extractsupernatant was
loaded on this column in a close circuit for 1 h and 30uteisat a peristaltic pump
flow rate= 3.0. The ®lumn was washedrt with 30 mlof 1X binding buffer and
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then with 70 ml of 1X washing buffélable 210). Elution was carried out by using
1X elution buffer(Table 210) and 12 fractions of 1 ml each were collected. DTT
was added to 2 mM finatoncentration in each fractiofProtein fractions were

quantified by Bradford assay usinige Bio-Rad protein assay reager#.4.4) and

highly concentrated fractions were buffer exchanged by uairtg ml HiTrap
desalting columif2.4.3)eluted and storechithe storage buffefTable 210).

Table 210 The composition of bufers used in ParF purification.

1X ParF Binding Buffer

1X ParF Wash Buffer

1X ParF Elution Buffer

50 mM Tris, pH 7.83.0

50 mM Tris, pH 8.0

50 mM Tris, pH 8.0

500 mM NaCl

1 M NacCl

150 mM NacCl

15 mM imidazole

85 mM imidazole

300 mM imidazole

10% Glycerol

10% Glycerol

10% Glycerol

StorageParF Buffer All buffers were pH checked and filtered prior to use.

30 mM Tris, pH 7.83.0

100 mM KCI

10% Glycerol

2mM DTT

2.4.20verproduction and purification of ParG and mutant proteins

The parG gene (wild type and mutant) was cloned into the expression vecter pET
22b. The Histagged proteins were overproducedtircoli BL21(DE3). Around 810
transformants were inoculated in ~8 ml of LB with ampicillin grdwn at 37C,
shaking at 180 rpnfior two-three hours until the culture stadfto become turbid.
This starér culture wasthen inoculated into 300 ml of presarmed LB with
ampicillin and growrat 3PC on shakerat 180 rpmtill it reached an Okyo = 0.87

0.9. The culture was induced with IPTG at a final concentration of 1 mM and
incubatedat 3PC on shakerat 180 rpmfor a further 2 hours. Cells were then
harvested afl5303g for 5 minutes at . Pellets werestored at-80°C. Proteins
were purf'aégnbyyNchromatography accordin
manual as follows. ParG and ParG mutatstaining cellpellets were resuspended

into 10 ml of 1X binding buffefTable 2.1) and 100m of soybeanrypsininhibitor

(2 mg/ml), 100 of lysozyme (10 mg/ml) and 1061 of PMSFwere added. This
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mixture was incubated for 15 mitesat 3®C, thenadditional100 m of lysozyme
solutionwereadded andfurtherincubated foranother 15 mimtes The pellets were
sonicated 12 times for 30 seswlseach with 1 minte interval on ice and then this
mixture was centrifuged for 1 h at 16,000 rpm at 4@ sipernatant was collected.
The ®lumn was prepared with.5 ml of His-binding resin.The esin was charged
with 1X NiSQ, (50 mM) and equilibrated with X binding buffer. The cleared
extractwas loaded aw this column in a close circuit for 1 h and 15 otmat a
peristaltic pump flow rate 3.0. Then the column wasashed first with 30 ml of
1X binding buffer and then with 70 ml of 1X washing buf&able 2.1). Elution
was carriedbut by using 1X elution buffer (Table 2)land 12 fractions of 1 ml each
were collected. Protein fractions were quantified by Bradésshy usinghe Bio-
Rad protein assay reagerf.4.4 and highly concentrated fractions were buffer
exchanged by using5 ml HiTrap desalting columr2(4.3, eluted and stored itmhe
storage buffe(Table 2.1).

Table 211 The composition of buffers used in ParG purification

1X Binding Buffer 1X Wash Buffer 1X Elution Buffer

20 mM Tris, pH 7.88.0 | 20 mM Tris, pH 8.0 20 mM Tris, pH 8.0

500 mM NacCl 1 M NacCl 500 mM NacCl

15 mM imidazole 90 mM imidazole 400 mM imidazole
StorageBuffer All buffers were pH checked and filtered prior to use.
50 mM Tris, pH 7.83.0

50 mM KClI

2mM DTT

2.4.3Buffer exchangeusing theHiTrap column

A syringe was filled with PayParGstorage buffer. The stopper on the top of the
HiTrap column(GE healthcareyvas removed and connected to the syringe while the
buffer was dripping. The column was equilibrated with 10 mlstbéragebuffer.
Protein fractions with high concentrations were applied ¢octtiumn in batches of
1.5 ml. After loading eaclbatch of 1.5 ml, protein was eluted in P&& Gstorage
buffer in two 1 ml fractionsProtein concentration was determined and fractions
were analysed on SBDBAGE. The fractions were aliquot into 100 pl volume and

flashfrozenin liquid nitrogen.
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2.4.4 Rotein concentration determination

Protein concentrations were determined by using Bradford assay. Bovine serum
albumin (BSA) was used as a protein standard in the concentration range of 0.4, 1, 2,
4 and 6 pug/ml. Eacloneml of reaction contained 1 part Bfadford reagent and 4

parts of Milli-Q water. The reaction was incubated for 5 minutes. The absorbance
was measured at 595 nm. A graph of protein concentration versus absorbagce (A
was plotted and a standard curve was obtained. The amount of 3hgl efiknown
protein was added to 795 pl of water and then 200 ul of Bradford reagent were

added and the absorbance at 595 nm was recorded. Samples were tested in triplicate.

2.5 Sodium  dodecyl sulfatgolyacrylamide  gel
electrophoresis (SDSPAGE)

2.5.1 Gds and buffers

Gel s were prepared by assembling the gl a:

instructions.The resolving gel (15%) solution was prepared as describelhlnte

2.12. The APS and TEMED solutions were added atehdandthe solution wa
mixed gently to avoid formation of bubbles. The solution was poured between the
glass platesat 3/4 of height leaving space fdhe stacking gel. The top of the
resolving gel was covered with 70%opropanol and the gel was allowed to solidify.
The isopiopanol was discarded aritle gel was washed gently with water. The
stacking gel solution was prepared as describefaliie 2.13 and poured onto the

resolving gel.

Table 212 Compoaosition of 15% resolving gel

Components Volume for 10 ml resolving gel
solution for 15% gel

Deionised water 3.4ml

30% Acrylamide mix 7.5ml

1.5 M Tris (pH 8.8) 3.8ml

10% SDS 0.15ml

10% Ammonium persthte (APS) 0.15ml

TEMED 0.006ml
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Table 213 Composition of stacking gel

Components Volume for 5 ml stacking gel solution
Deionised water 2.7ml

30% Acrylamide mix 0.67ml

1 M Tris (pH 6.8) 0.5ml

10% SDS 0.04ml

10% Ammonium persthte (APS) 0.04ml

TEMED 0.004ml

2.5.2Sample preparation

Each protein sample of 10 was added to 10l of 2X SDS loading buffer (100 mM
Tris (pH 6.8), 200 mM DTT, 4% SDS, 0.2% Bromophenol Blue and 20% Glycerol).
The mixture was then heated ®b6°C for 5 minutes andjuickly spun downA
PageRuler Prestained Protein Ladddihermo Scientit) was used to allow the

molecular weight of proteins to be estimated.

2.5.3Electrophoresis

Gels were run usinthe Mini-PROTEAN (BicRad) system and the apparatus was
assembled according to the manufaatwbenstructions. Gels were put into the tank
and then thetank was filled with 1X SDS running buffeiTgble 2.4). Protein
samples anda molecular weight marker were loaded and the gel was run for

approximatelyl h (or till the blue dye front reachdatie bottom)at 25 mA.

Table 214 Components of5X SDS running buffer.

Components Concentration
Tris 125 mM
Glycine 1.25M
SDS 0.5%

2.5.4 Staining of SDS gels
Staining of the SDS gels to detect proteins was carried out using Coomassie Brilliant
Blue dye. The stain was prepared by adding 1.25 g dye into 250 ml methanol, 50 ml

acetic acid and 250 ml sterile water. Gels were rinsed with water and then placed on
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a rocker in the stain for 1 h. Gels were removed from the stain and placed into the
destain solution overnight. The destain solution was prepared by adding 250 ml of
methanol to 100 ml of water, followed by adding 50 ml of acetic acid and adjusting

the finalvolume to 500 ml with water.

2.6 Plasmid partition assay

The efficiency of plasmid partition was tested by performing partition agsegure
2.2). Plasmiddharbouring ngartition cassette (pFH450), wild type partition cassette
(pFH547) andca mutant version ofhe partition cassette (pMBeries having mutation

in ParG Nterminal end) were transformed inttoe strain BR825 with selection for
chloramphenicol resistance on LB medium. Ten transformants were selected and
streaked oma sterileLB medum plates containing chlorampheni@sid incubated at
37°C overnight. One colony from each of these streaissireaked ora sterileLB
plates without antibiotics and incubated at@bvernight. Streaking on LB plates
without antibiotics was repeatédr one more day. This streaking on ramtibiotic
media provides about 25 generation of 1sefective growth.The following day,
from each stregkLO isolated colonies were stabbedoinB plates with and without
antibiotics which gives 100 colonies for dasamples. The percentage of colonies
which retain the plasmid as determined Assays were performed d¢ast in

triplicate.

2.7 Chemical crosdinking
Par G mutant 6s di meri zat i-nkingwlaescrosdinkerdi ed b

used in this experient isdimethyl pimelimidat§ DMP) (Sigmg which is an amine

reactive imidoester type of crosslinker. Imidoester crosslinkers react with primary
amines to form amidine bonds. ParG and mutant proteins were atisedfinal
concentratiorof 20 uM and DMP was addeat increasing concentration of 0, 0.5, 1

and 10 mMA buffer (50 mM HepeskKOH pH 8.5, 50 mM KCI, 5 mM MgQG) was

used. The ynal reaction volume was 15 Ol
37°C and then stopped likie addition of 1 pl of 0.5 M TrisHCI pH 6.8. This was

followed by addition of X SDS loading buffer. The samples were heated &€ 95

for 5 mirutesand analysed by SBDBAGE.
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" Streak 10 colonies Streak 10 colonies
'/ on LB with Cm on LB without Cm

Transform BR825 on LB with Cm

Streak 10 colomes
on LB without Cm

LB+Cm

Stab 100 colonies
on LB and LB+Cm
—

|

Count colonies on plates
with or without Cm

Figure 2.2 Schematic representation of plasmid partition assay.

On thefirst day BR825cells were transformed witbeparatepartition probevectors which
contain either no partition elements or wild type or mugattition cassetteOn day 2, 10
colonies were streaked ontwo LB with chloramphenicol containing plates. The streaking
was caried out for the next two days on plates without antibiotics. On thday 100
isolated colonies were stabbed onto LB platik and without bloramphenicol. On day 6,

colonies were counted which indicated the percentage of plasmid retention.

2.8 Eledrophoretic mobility shift assay (EMSA)

2.8.1 Generating biotinylated DNA fragment

EMSA was carried out to check the binding of Par@Nninal mutant proteing

the parFG promoter sequence. The forwgpdmer was designed to have etin

| abel entandtheesegbebce flanking eeFG promoter. The PCR was set

up as per Table 2. pFH547 as DNA template, Phusion polymer@$gB) and 5X

high fidelity Phusion buffer were used. The thermocycler was programmed as per
Table2.15. The PCR product was analysed on agarose gel and purified by the gel
extraction method. The DNA concentration was determinaasing theNanodrop.
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Table 215 Thermocycler programme for PCR.

Steps Temperature®C) Time (seconds

1. Initial denaturation 98 30

2. Denaturation 98 10

3. Annealing 42 30

4. Extension 72 15

5. Repeat steps-2 for 29 cycles

6. Final extension 72 6 minutes
7. Hold 10 b

2.8.2 Preparation of samples and gel electrophoresis

A reaction mixture of 2@ was prepared in whid®.5 nMbiotinylated DNA(parFG
promoter sequence) and an increasing concentration (100 to 1000 nM) of ParG or
ParGmutant proteins were added. The reaction mixture also contained pa)dl

(1 pg/ul), 50% glycerol (qul), 100 mM MgCy (1 ul), 10X buffer (2ul) and water to

make it up to 2@l volume. Reactions/ereincubated for 20 minutes at Z5 A 6%

native gel Table 2.5) was used which was prean for 20 minutes at 100 V. All the
samples were loaded onto the gel and run witl O.BE buffer (Table 2.T) at 100

V until the dye front reacl3/4™ of the gel.

Table 216 Composition d 6% native gel

Components Volume
5X TBE 1.2 ml
30% Acrylamide 2.4 ml
10% APS 70ul
TEMED 10l
Distilled water 8.4 ml
Table 217 Composition d 5X TBE buffer.

Components Quantity
Tris base 54 ¢
Boric acid 2759
0.5 m EDTA, pH 8.0 20 ml
Distilled water To make 1000 ml
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2.8.3DNA transfer onto a positively-charged nylon membrane

DNA from the gel was transferrecdbn to a positively charged membraime an
electrophoresis tankA nylon membrane(Rochg, 3 MM Whatman paper and
sponges Bio-Rad systemwere cut to the size of the gel asolaked in0.5X TBE
buffer. In a transfer cassett®i¢-Rad system, one sponge and two pieces of
Whatman3MM paper were placed and then thé was placed on Whatman paper.
The rylon membrane was placed on top of gebidingair bubbles. Two pieces of
Whatman3MM paper and sponge were placed on the membranesartwichwas
inserted inthe cassette and placed in a tank to transfer the DNA tpasiéively
charged membrane. The DNA transfer was carried out at 380 mA for 30 minutes in
0.5X TBE buffer. The sandwich was then disassembled and the membrane was
removedcarefully and the @sition of the wells were markedhe membrane was
dried on paper towewrapped in Saran wrap. The DNA was crbsked to the
membrane by placing DNA side downtoa UV transilluminator for 5 minutes.

2.8.4 Detection of Biotinylatel DNA using the LightShift™

Chemiluminescent EMSA kit (Pierce)

Theblocking buffer and the 4Xvash buffer were warmed to -&0°C in a water bath
until all the particulate materialvas completely dissolved The membrane was
placed in a clean tray and 20 wifl blocking buffer were addedand then it was
incubated for 15 minutes on a shakBEne blocking buffer was discarded aride
membrane was placed a onjugateblocking buffer solution in a tray for 15
minutes on a shakehe Conjugate/Blocking buffer solution was prepared by
adding 1 pl streptavidimorseradish peroxidase conjugé&gmaAldrich) to 10 ml
blocking buffer. 80 mbf 1X wash buffer vereprepared by adding 40 ml of 4¥ash
buffer to 120 ml dBHO. The membrane wasansferred to a new tray and washed
with 20 ml of 1X wash buffer four times (5 minutes eadifje nembrane was then
transferred to a new container conagn30 ml of equilibration buffer and incubated
for 5 minutes on a shaker. The membrane was thenvesinand placed on paper
towel to remove the excess bufféhe substrate solution was prepared by adding 1
ml of luminol/lenhancer solution to 1 nstable peroxide solution and transferred to a
small clean tray. The membrane was placed irstistrate softion with DNA side

facing down and incubated for 5 minutes with gentle shakihg. rembrane was
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then removed andnyexcess of buffer wagemovedby tissue paper. The membrane
was then placed in a film cassette and covered wittacetate sheet. After 10
minutes, the membrane was exposea ¥-ray film first for 30 seconds, and then

for longer or shorter time periods as appropriate.

2.9 Catechol 23-dioxygenase (CDO) reporter assay

Forthe CDO reporter assay, two plasmids were used; the pDM3.0 plasmtdadh

the parFG promoteroperatorregionwascloned upstream of theylE reporter gene

and pET22b derivatives expressing G gene (wild type or mutantke. coli

BL21 (DE3) cells were ctransformed with pDM3.0 and pET22b derivatives and
selected forkanamycin (pDM3.0) and ampicillin (pET22bgsistance A single
transformant colony was inoculated on 50 ml of LB broth containing ampiiiia

eg/ml) and kanamyci{50 eg/ml), and incubated at 3 until the midlogarithmic

phase was reached (@ = 0.5). The cells were centrifuged and the pellets were
resuspended in 10 ml of 100 mM potassium phosphate buffer, pH 7.4, with 10%
acetone. Resuspended pellets were sonicated on ice with five 15 second bursts. The
lysate was cleared by centrifugation. Th®tpin concentration in the supernatant
was determined using the Bradford Assay (2.4.4). Samples were diludgaratein
concentration 0D.05 mg/ml.A 1ml aliquot of protein sample was transferreda
cuvetteand 20¢| catechol (10mM)Sigmg wereadda. After 1 minute, absorbance

at 375 nm was recorded (measurements performed at least in triplicate, each from an
independent culture containing the plasmidSgll extracts containing thaylE
product become yellow within seconds in the presence of aiteChtechol is a
colourless substrate that is converted into a yellow coloured product, 2
hydroxymuconic semialdehyde bgatechol 2,3dioxygenase CDO units were

determined bysing thefollowing equation

) Az750m
CDOunits = |—| X 1000
3

whereA is absorbancel) thesextinction coefficient. One CDQe mo |) it lis

the amount of enzyme that uveat?d8C. zes 1 € mol

87



Chapter 2

2.10 Dynamic light scattering (DLS)

The Malvern Zetasizer Nano system was used to determine ParF polymerization by
dynamic light sattering. Proteins to be analysed were centrifuged for 30 minutes at
13,000 rpm in a refrigerated microcentrifuge. The supernatant was collected and
quantified by Bradford assay (2.4.4). Proteins (ParF, ParG wild type and mutant)
were diluted to 50 ngi using the ParF/ParG storage buffer and kept on ice. In the
DLS assay, 46.251 of the ParF protein (final concentration 2:1i@) wereadded to

a 50m quartz cuvette and placed in a Zetasizer chamber°at. 3Wventy eadings

were taken for the intensity dght scatteringrom which the hydrodynamic radiu
(Z-averagg can be inferredThe cuvette was taken out of the chamber and MgCl
(final concentration 5 mM) and ATP (final concentration 50@) was added to a

final volume of 50m. The cuvette was agaplaced into the chamber and further
readings were taken for the intensity of lightattering.Approximately by 6
readings a plateau was reach€&lde cuvette was again taken out of the chamber and
2.16 MM ParG wild type or mutant protein was added. The solution was mixed by
pipetting. The cuvette was returned to the chamber and further readings were taken
till a plateau was reached. The intensity of scattered light is proportional to size and
the concenation of the particles present in the solution.

2.11 Sedimentation assay

ParF polymerization stimulated by ParG was analysed by sedimentation assay in the
absence and presence of nucleotides. ParF and ParG or mutant progh&n@al
concentration) \wre incubated at 3G for 30 minutes in buffer FTable 2.B) in 60

pl reaction volume. ATP 2 mM and MgCh mM were added wherever indicated.
After incubation,reactionswere centrifuged at 14,000 rpm for 30 minutes ‘@. 4

The supernatant was collectexhd to a 20 pl aliquot, 10l of 2X SDS loading

buffer wereadded. The pellefsactionswere dried by heating at 3D for 5 minutes

and resuspended in 1B of sterile water. To the resuspended pelletsulof 2X

SDS loading buffer ereadded. Both theupernatant and the pellets were denatured

at 95C for 5 minutes and then analysed by SBYSGE and Commassie blue
staining. On each gel, 100% of the pellet and 33% of the supernatant were loaded.
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The bands were quantified with ImageJ (National Institufeslealth, Bethesda,
MD).

Table 218 Composition of Buffer F.

Buffer F

30 mM Tris, pH 8.0
100mM KCI
2mMDTT

10% glycerol

2.12 Bacterial twohybrid assay

E. coli SP850 cells were emansformed with the twola@smidscontaining T18 and
T25 fusions of interesp{T18 and pT25, pT1&ip and pT2&ip, pT18ParG/mutants
and pT25ParH. Single colonies were inoculated into bl of LB broth with
appropriate antibiotics and®mM IPTG andhe culturegrown at 30°C oveight.
Cultureswere cooled down ice for 20 mintesand dilutedl:5 with M63 medium
(Table 2.D8). Agoo Was recorded for all cultures. For each culttineeel ml aliquots
were taken anaentrifugedfor 20 minutesat 13000 rpm The supernatants were
removed andhe pellets wereesuspended into 700l jof buffer Z (Table 220). To
this sdution 20 ul of CHC} and 0.1% SDS were added and vortexed faridute
These samples were incubated aPC8o equilibrate and then 200 pl d@-
Nitrophenytb-D-GalactopyranosidédONPG (4 mg/ml) (Sigmg were added.The
time takento develop yellow colour wasoted and the reaction was stopped by
adding 500 ul of 1M N#COs. Samples were spun for 1 mieto removeanydebris
andA 420 andAsso wererecordedor thesupernatants. Miller unitserecalculated by

using the followingequation

(As20nm — (1.75 X Ass04m))
tX VX Ag0m

MU =1000 x

where MU is Miller units, A is absorbandas time and V is volume.
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Table 219 Composition of M63 medium

5X M63 medium*

10 g (NH,).SOy

68 g KHbPOy

2.5mgFeSQ.7H,0

Dissolved in 1 litre dpO and adjust to pH 7 with KOH

1 The dove medium was sterilized by autodlay and then 1 ml 1M
MgSO, and 10 ml 20% maltodéliter sterilized)were added.

Table 220 Composition of Z buffer.

Z buffer !

0.06 M NaHPO,.7H,O

0.04 M NahBPO,.H,0O

0.01 M KClI

0.001 M MgSQ

Make to 1 litre with dHO and adjust to pH 7

1 To20mlof Z-buf f er , 5 4 -m@rcaptgethan@IBgmanyere b

added just prior to use.

2.13ATPase assay

ATPase assay were performed using thin layer chromatography (TLC). A
polyethyleneimine (PEiyellulose plate (Machereyagel) was preun in Milli-Q

water in a TLC tank until the liquid reached the top of the plate. The plate was
allowed todry on the bench. The ParF ATPase activity was assessed in the presence
of wild type and*ShATtP4Perkin EPnarr UK). m s il6ug [ U
reaction, 0.5uM ParF was incubated separately with increasing concentrations (0.5,
1,2and5uM) of wild type and mut3ShATPWaar G pr
added at a final concentration of 50 nM together Withl of 4X ATPase buffer
(Table 221) and the volume was made up with,@H As a control all the ParG
fractions were also run witho®arF. The reactions were incubated for 1 h a£38°

pl aliquotsof the reaction mixturewereloadedon the PEI plate-1 cm aparfrom

one anotherThe sample were applied ~2 cm from the bottom of the plate using

standard filtered tips. The spots wellewaed to dry in air. The plate was then run in
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0.5 M KH,PO,, pH 3.5, in a TLC tank until the buffer reachie top of the plate.

The plate was then dried in fumehood. The dried plate was placed in a cassette and
exposed t@a BIOMAX MR Kodak flim for a sutable time. The ADP and ATP spots

were quantified by usindhe Bio-Rad Phosphomager. The stimulation of ParF
ATPase activity in the presence of wild type P#dBGuM) was considered as 100%

and that promotedby the ParG mutant proteinsag/calculated as relative ATPase

stimulation

Table 221 Composition of 4X ATPase assay buffer

4X ATPaseBuffer Prepare 1ml aliquots and store 2(°C
120 mM Tris, pH 7.5
400mM KCI

20 mM MgCb
8mMDTT

2.14 Microscopy

2.14.1 Confocal microscopy

BW25113 E. coli cells were cdaransformed with pBAEParF and pBM20
derivatives. The transformants wegeown in 1 ml of M9 glucose mediumwith
ampicillin (100 eg/ml) and chloramphenicdB0 eg/ml) for 1 hour at 37°C and then
induced with 3¢ lof 10% arabinose (final concentration 0.03%) for 3 hours a£.30°
The cells were harvested at 8000 rpm for 1 minute and the pellets were resuspended
in 20 ¢ IM9 medium without antibiotics. Agarose (1.2% in M9medum with
glucose) pads were gpared on a microscopy slide by using geneframes (ABgene).
0.4¢ lof the cell suspension was placed on the agarose pad and coveradlags
coverslip.4',6-diamidina2-phenylindole (DAPI)was used at 2 gnl concentration
wherever indicatedConfocal nicroscopy was performed using a Zeiss LSM@hd

488 nm and 561 nm lasers for eGFP and mCherry respectivegeswere

analysedising theVolocity software (Perkin Elmer)
2.14.23D-Structured lllumination Microscopy

To study ParF localisation arnitg appearance vivoon greater detail and at a higher

level of resolution, super resolution 3DimensionalStructured Illumination
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Microscopy (3D-SIM) was exploited The protocol applied was based on that
described in(Schermellehet al, 2008. The cells were grown and the microscopy
slides were prepared by using the same protocol as in 2ld¥adges were acquired

at SULSA, University of Dundee, usirzglO0x 1.4NA, oil immersion objective lens
(Olympus, Center Valley, PA) arah electronmultiplying charge- coupled device
(EMCCD) cameras (Photometrics, Tucson, AZ) on the OMX version 3 system
(Applied Precision) equipped with 405488, and 593hm solidstate lasers.
Samples were illuminated by a coherent scrambled laserskginte that had passed
through a diffraction grating to generate the structured illumination by interference
of light orders in the image plane to create a 3D sinusoidal pattern, with lateral
stripes approximately 0.2 pm apart. Raw images were processedcamstructed to
reveal structures with greater resolution implemented on SoftWorx, ver. 6.0 (Applied
Precision, Inc.). The channels were then aligned in X, y and rotatiohb#yimages

wereanalysed by 3D opacitysing theVolocity software (Perkin Bher).
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Chapter 3: Residues crucial for the partition of plasmid
TP228 were identified in the Nterminal tail of ParG
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3.1 Introduction

The large, low copy number, multidrug resistgtasmid TP228 harbours the
parFGH partition cassettavhich consists of the two partition gengsrF andparG,
and thecis-acting centromere sequengarH. ParF is a Walketype ATPase, which
forms polymersipon binding to ATRand acts as a motor to seggée plasmid DNA.
ParGis a sitespecific DNAbinding protein that associates to the centromere site
parH, which is located upstream of the partitiagenesand recruits ParF to the
segrosome to carry out plasmid segregatigarilla et al, 2005. ParG also acts as a
transcriptional repressor of thearFG genes ParG is a dimeland each of its
monomes consists of a folded -@rmiral domain containing aibbon-helix-helix
(RHH) motif, whereas théirst 32 amino acids of the&&&rminus forma flexible tail
(Figure3.1) (Golovanovet al, 2003.

Althoughthe ParG Nterminal end is unstructured, it is involvedvarious functions
implicated inthe partition of plasmid TP228hey are as follows:

1. thetranscriptional repressduanction of the ParG proteils modulated byts
N-terminal end. Simildy, thebinding affinity of ParGior thepartition site is
altered by the Merminal endCarmeloet al, 2005 Wu et al, 20114.

2. ParG enhances ParF polynzation possibly by bundling ParF filaments or
stabilizing the protdilaments and thé&l-terminal tail of ParGappears to be
involved inthis activity(Barilla etal., 2005.

3. the ATP hydrolysi®f ParF is augmented by ParG and this is attributed to the
arginine finger motif present in tiarGN-terminal endBarilla et al,

2007).
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Figure 3.1 Structure of the ParG dimer.
The tsheetsde arrangedinangnar al | el f-maisthbom §(wyelol aw) an
helices are tightly packed together (red)tekiminal tails are shown in green. Téieucture

was generated by using PyM@léLanq 20(2).
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Conventionally itis expectedthat the protein function is related to its tertiary
structure and the unstructured region of protein is not functionally g&ixson and
Wright, 2005. Howeve, it has been recentlgbservedn various proteins that the
unfolded regions are also involved anvarietyof functions.It has beersuggested

that disordered domains preséimtee advantagdbatappear to be universal for any
protein with such regiongDafforn and Smith, 2004 The first advantage is
accessibility gained by protein using the flexible regions during binding the partner
protein or cellular targets. While gaining lateral advantage it also gives spatial
efficiency compared to the globular regions. The third acgis cooperativity as
protein might present more binding sites with the help of unstructured and flexible
regions. If the interactiois weak due to théexible region, this might ease assembly
and disassembly, which & added advantage for some proge The translocation
domain of colicin E9 a bacterial toxin is disordered and mobiléCollins et al,
2002. The flexibility conferred by the unstructured region may asséstolicin to

bind its partner proteiner outer membrane receptorsrohg translocation, which
eventually help to exert cytotoxic effect. Many proteins involved in regulation,
recognition and cell signalling show presence of intrinsically disordered regions
which might act as an idengihg featurefor such proteingUverskyet al, 20035.
Disordeed regions are also reported to form a substantial part of the eukaryotic
transcriptional factorgMiller, 2009. Even though the long stretches of flexible
regions are not found in prokaryotic transcriptional factors ilikéheir eukaryotic
counterparts transcriptiona repressors like MetJ and Arc also exhibhort N
terminal flexible regions, which make important DNA backbone contacts. In the
argument for using flexible regions it has been suggested that the flexible regions of
these proteins allow them to adapt ke tconformational changes induced by for
example bending of operator DN/Raumanret al, 1994. The flexible region may
also fold against the phosphate backbone of DNA which could reduespeaiiic
binding to retain a stable compléRaumanret al, 1994. ParG is a member of the
MetJ/Arc transcription repressor superfamilyhe Nterminus of ParG might be
involved in making DNA contacts as well as interactions with the partner protein
ParF.

The aim of this project wa® study the ParG f{erminal region and establishthe

role played by individual amino acidsf this flexible tail. This was achieved by
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using alaninescanning mutagenesis Alanine is a widely utilised choice of
substitutionas itis nonbulky residue and@onformational change in the protalne

to alanine substitution is considerably I€8molkowskaet al, 2009. The efficiency

of an active partition system can be teste@imployinga plasmid partition assay |
the absence of antibiotgelective pressure, low copyimber plasmids are retained
due toan active segregation procdstayes, 2000 Partitionassag were performed
for all of the ParG Nerminal mutants to determine their partition efficiency. If
plasmids carrying any of the mutaoarG alleles show a retention rate lower than
that of plasmids containinthe wild type partition cassette ithindicates that the
residue change in the flexible tail of ParG play®le in plasmid segregation.

3.2 Results

3.2.1 Construction of mutarts in the N-terminal tail of ParG

3.2.1.1 Experimental setup

A stability probe vectorpALA136 was usedn the pastd identify the elements
responsible foplasmid segregatiofMacartneyet al, 1997. Plasmid pALA136 is a
pBR322 derivative having two origins of regtion i.e. P1, for low copy number
and ColE1, for medium copy numbé&inder conditions thasupport only low copy
number replication vector pALA136 is highly unstablelf partition genesare
introduced intopALA136, its stability increasedn this progct, two vectors were
used viz. pFH45(Q7510 bp)and pFH547(8972 bp) which were derived from
pPALA136. Plasmid pFH450 was generated by introducing multiple claiteg into
PALA136 . While screening for the segregation stabilising region in plasmid&;P22
a partition locus was identified antthen cloned into pFH450 usinthe restriction
sites Sal and EcoR to generatepFH547 (Hayes, 2000 This locus waslater
characterisedsthe parFGH partition cassette of plasmid TP228

The pFH547constructcontainingthe wild type parFGH partition cassette was used
as the template for mutagenesis this project(Figure 3.2). Two restriction sites,
Clal in the parF geneandHpal in the parG gene were used to swaje wild type

region with a fragment carrying a mutatiom t he p&® end of
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Clal

Figure 3.2.Vector map of pFH547.
Plasmid pFH547 harbouring the wild typgarFGH partition cassette contains the
chloramphenicol resistance gene and exhibits two origins of replication for low and medium

plasmid copy humber. The restriction sites used for generating mutations intenaiNal

end of ParG wer€lal andHpal.
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3.2.1.2 Amplification and cloning of mutantparG alleles

Overlap extension PCR was carried outatiinedin the section 2.3.1uysing two
sets of external and internal p par@Ger s
The externbforward primer contained @lal restriction site and the external reverse
primer contained #&lpal restriction site. The internal forward and reverse primers
were designed toontain the desired mutatiaria PCR reaction 1, forward external
primer andreverse internal primers were used to genex@@1 bpPCR fragmentin

PCR reaction 2, the forward internal primer and reverse external primers were used
to amplify a fragment around 254 bp in size. As an example, the PCR products
leading to the constrtion of the mutant allele encoding PaM&3A are showrin

Figure3.3.

The two fragments generated in separate PCR readatisply overhangs due to
the overlapping sequence in tinéernal primers used in the amplificatiorhesewo

PCR fragmentswere incubated together, allowed to anneal and the single strands
extended in the absence of prime®sibsequently PCR 3 wasrried outwith the
external forward and reverse primers to amplify Wiele DNA fragment, which

was approximately434 bp As an examie, the product of PCR &ading to the

construction of the muid allele encoding Par@18A isshownin Figure3.4A.

The DNA productof PCR 3 was digested withlal andHpal, which generated two
fragmentsof 260 and 120 bmf which the 260 bpnecontanedthe parG mutation

This fragmentvas then cloned into pFH54/&ctor(Figure3.4B).E. coli DH5Ucells
were transformed witthe ligation mixture andafew colonies were picked to screen
for positive clonedy colony PCR(Figure 3.5). The same x@ernal primeraused in
PCR 3 weralsoused for colony PCR. Colonies containing potential positive clones
were inoculated ovemight in LB medum. PlasmidDNA extraction was carried out
andtheclones were screened by digestihgplasmidwith Clal andHpal.
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<—254bp

0.25 <—1224bp

Figure 3.3 A representative agarose gel showing the products of PCR 1 and PCR 2
used for parG mutagenesis.

DNA fragments were subjected to electrophoresis on a 1.2 % agarose gel. Lanes: L, Gene
ruler 10 kbp ladderl and 2, products of PCR 1 (254 pp)and 5 DNA products of PCR 2

(224 bp).

8.5 kbp

260 bp

120 bp

Figure 3.4. Representative agarose gels showing the product of PCR 3 atimbse ofthe
restriction digest of PCR fragment and pFH547 vector used foparG mutagenesis.

A. Previously generated DNA fragments from PCR 1 and Ziramgbatedtogether and
subsequently amplified tobtainthe DNA fragment with the desired mutation. Lank,
Gene ruler 10 kbp laddend1, PCR 3 produc({434 bp. B. Both PCRDNA fragment and
vector were digested wit@lal and Hpal and run on a 1.2% agarose dednes: L, Gene
ruler 10 kbp ladderl, digested products of PCR 3, generating fragments of 260 and 120
bp; 2, digestedoFH547vector 8.5 kbp.

100



Chapter 3

Potential positive clones were sent for sequence andlysSBATC Biotech. The
resultingsequencing data was analydeddentify mutant allelegFigure 3.6). The
constructed plasmidsontaining the correct mutations were nanasdMB along
with the change of amino acid and its position e.g. pMBS2A.

The ParG protein contains two alanines at positions 6 and 27. They were not
changedSeveral attempts were made to mutheevaline and aspartic acid residues

at position 10and 20regectively, but they were unsuccessful. Other lab members
had already constructed the F15A, R19A and RP2&G mutantsAn overview of

the entire mutagenegianis given inFigure3.7.
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2.5

1.5

1.0

Figure 3.5. Representative agaroseels showing colony PCR products and restriction
digestion screen of pFH547plasmids potentially harbouring the desired mutation.
Colony PCR was carried oonh five samplesLanes: L, Gene ruler 10 kbp laddet; to 5

colony PCR product of five candidates
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Figure 3.6. Sequencesracesof mutant parG alleles.

ABI sequencing data of individuglarG mutations obtained from GATC was analysed with
Chromassoftware. Bch mutated codas highlightedwith a red box.
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Figure 3.7. The parG gene and aligned protein amino acid sequence.

The parG wild type gene sequenceshownabove. Nucleotides in gre@mcodethe Nterminal flexible regionwhereas yellow and remucleotides encode
the folded Gterminal regionThesecondary structuref the different regions of the ParGdsawn below the sequencine unstructured Xerminal region is
indicated by line Amino acids in black were changed to alanine, those in cyan were not chargest in orange had already been changed by other lab
members and those in mageptaved refractory taonvert to alanine.
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3.2.2 ldentification of amino acids crucial for plasmid segregation

Once mutations were constructed, it wiermine whetherthey had ann vivo
phenotype, i.e. any impact gasmid retentionThis was achievely performinga
partition assaysing E. coli BR825, whichis a polA strainwhosedefective DNA
polymerasel supports replication dy from the P1 low copy numberigin. The
partition assay is based on the principle that if BR825 cells are transformed with low
copy number plasmidsnd grown in the absence of antibiotiplasmids are retained
after multiple generationsnly if they @ntain an active partition cassetfEhe
partition assay was performed for all the plasmids harbouringah® mutants to
determine theiplasmid partition efficiency.Two controls used in this assay were
plasmidpFH450, whichharboursno plasmid partitio genesand plasmid pFH547,
which contains the wild typgarFGH partition cassettdrom plasmid TP228
Together with these controls, all the pMB plasmids emgpdarG mutants, were
tested at least in triplicatBlasmid retention waassessed by repliptating on solid

agar medium with rad without antibiotics after @éme interval corresponding to
about twentyfive generationsAs the plasmid stabilising sequence is absent in
FH450, the plasmid became very unstable and on average showed plasmid retention
of ~8%. Plasmid pFH547 showed a higher retention of 65%. This is due to the
presence of the wild typearFGH partition cassettdf plasmid retentiordecreased

to less than 40%t wasassumedhatthe mutation had affected the partition process.

Mutations leading to amino acid changes in tffe 8", 11", 12" 13" 18" and 2%
resdues of ParG resulted in lowplasmid retentionindicatingthat change in these
positionsaffect the partitiorsystem (Figure 3.8). Par818A wasshown to behe
least efficient in plasmid retention (0%), whereas lowered plasmid retention was
observedfor ParGL3A (8%), ParGK5A-(30%), ParGK11A (41%), ParGK12A
(16%), ParGM13A (12%) and ParG@21A (32%). It ha been previously
establishedthat change in the 15" residue (F15A) reduced partition efficiency
considerably(13%, unpublished data), similarkgchange irthe 19" residue(R19A)
resulted in é84.7% plasmid retentigrindicating an important rolior this residuen
plasmid TP228 segregati¢Barilla et al, 2007. The mutation leading to the change
R23A had no effect on plasmid retentio(Barilla et al, 2007. These partition

105



Chapter 3

deficient mutants were selected for further analysis to elucidate the role of the N

terminus in plasmid segregation.

The role of these amino acids in various functions of ParG such as activation of ParF
ATP hydrolysis, enhancement of Pagélymerization, centromere binding and
transcriptional repression of thEarFG geneswill be examined in the following

chapters.
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Figure 3.8 Plasmid retention percentage of ParG Nerminal mutants.

Plasmid pFH450 lacks a partition cassette and pFH547 harbours wild type partition cassette.
Percentages of plasmid retention weetermined after performing assay for empty plasmid,
wild type cassette containing plasmid and each mutant encoding plasmid at least in
triplicate. Error bars represent the standard error of mean.
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3.3 Conclusions

Each amino acidnithe unstructure®arG Nterminaltail was conveed to alaningo
elucidatethe role played in plasmid segregation. Plasmid pFH547, which contains
the wild type partition cassettparFGH, was used as a parent vector for the
mutagenesis. With thexeepton of two alanines at positions 6 and 2@live at 10
andaspartate at 20all theother amino acids were successfudbnverted to alanine.
A plasmid partition assay was carried tatstudy the effect ofhanges in the ParG
N-terminalendon thesegregabn processin the assay, thE. coliBR825 strain that
supports only low copy number replication was used, making it necessary for
plasmids to have an active segregation process for their survittabugh theParG
N-terminal tailis flexible, evena single amino acidhangein this region can alter
the partition efficiency(Figure 3.9). Leucinat position 3 and 21 and lysine at
position 5, 11 and 12owered plasmid stability, when changed to alanifidne
positively chargedysinesmay be involvedin DNA-binding and hence altering the
partition function of ParGParG is aype | transcriptional repressof RHH family
where basic residues are present at the beginning @strand(Golovanovet al,
2003. The pair of basic residues KK in the flexiblet&tminal region at position 11
and 12 may help iadditional DNA binding. Mutation of ethionine atposition13
also showed reducqidasmid retentionWhenaspaggine atposition18 was mutated
to alanine, plasmid partition wésund to be reduced almost to zeAspasgine 18

iIs part of the arginine finger motif harboured the flexible tail and thus its
conversion to a different amino aaiight affect the motif and alter ParG functions
such as stimulation of ParF ATPase activity or enhancement ofpBbmRerization
Here amio acidsthat are crucial for the partition of plasmid TP2R&ve been
identified. However, the exact rolplayed by hese residues can only be determined

by performing further biochemical assays.
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Figure 3.9. Structure of ParG dimer showingthe position of amino aciddocated inthe N-terminal tail, which are crucial for plasmid partition.
Residues in the ferminal flexible tail of ParG, whose change cause plasmid segregation defebighbghted The $ructure wa generated withiPyMol
(DeLanq 20®).
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Chapter 4. ParG N-terminal mutant proteins are dimers,
bind to DNA and act efficiently as transcriptional

repressors of theputative parFG operon
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4.1 Introduction

Mutations in the region of thparG gene encoding the -drminal flexible region

(L3A, K5A, K11A, K12A, M13A, F15A, N18A, R19A and L21A) affect the
plasmid partition function of the ParG protein, as the stability of plasmids carrying
these mutations is lower (Chapter 3). Here the mutarteipso were purified as
recombinant polypeptides frork. coli using affinity chromatography. In this
section, three questions will be addressed pertaining to ParG and its role in plasmid
partitioning. The first is: do these mutations compromise the alfitiParG to
dimerize? The second is: how do they affect the DNA binding function of ParG?
And the third is: are these mutant proteins able t@set transcriptional repressur

the putativgparFG operon?

The partition protein ParG exhibits a folded domconsisting of a RHH motif at the
C-terminal end and a flexible tail at thetBrminal end. The folded domains of two
ParG monomers interlace to form a dimer. Molecular hydrophobicity potential
(MHP) contact plots revealed that the irbeonomeric hydrphobic contacts are
stronger than the inthamonomeric hydrophobic contactdmino acid residues V37,
V39, F41, K45, R48, F49, V64, L67, V68, W71 and Lafzhe Gterminal domain

are implicated irParGdimerization(Golovanovet al, 2003. ParG is a ramber of

the MetJ/Arc repressor familyand a number of prates from this familyalsoshow

the conserved hydrophobic residuessathilar positiors. The ParG Nerminus
(residues 132) is unstructured, butesidues 17- 23 form transient secondary
structuregGolovanovet al, 2003. Even though the flexible region is not involved
in dimerization, itwas important to establish whether the mutant ParG proteins can

still form dimers.

ParG, a centromere binding protein (CBP), is functionally analogous to other ParB
proteins like P1 ParB arRK2- KorB but it isstructurallyunrelated to them. Type la
CBPs contain a Merminal Helixturn-helix (HTH) fold whereas type Ib, e.g. ParG,
and type Il, e.g. ParR, CBPs contain a RHH fold. Members of this functionally
diverse superfamily regulate the transcription of genes that are involved in various
cellular pocesses, including cell division and control of plasmid copy number.

Structural analysis of MetJ and Arc proteins bound to their cognate DNA binding
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site have shown that the antiparalleltNe r mi n a |l b strands
positioned in the DNA majorrgove (Somers and Phillips, 1992Similarly, ParG
makes contact with the DNA at the major groove through its antipabedletet.

ParG binds DNA at the operator site tbe parFG genes initially as a dimer of
dimers and then as a pair of tetrasndietramer binding to DNA has been otvael

for other RHH transcriptional repressors in their protein crystal structGesis
Ruth et al, 1998 Raumannret al, 1994 Somers andPhillips, 1993. The flexible
ParG Nterminal tail makes transient contact with DNAgilitating the formation of

a stablenucleoproteircomplex. Deletion mutania ParGN-terminusdecreasedhe
transcriptional repressor activitf ParG(Carmeloet al, 2005. TheparFG operator
site -igsné@édonkor o p ttoattamparF@Gregul&iorblhenflexibla g
N-terminal tailmodulatesParG interaction with the operator s{fgampini et al,
2009. The DNA sequence upstreamtbé parFG genes comprisof 20 degenerate
repeats with AT rich spacers. The fir22 fiepeats makéhe centromere sit@arH,
whereas the later eight repeats fdira operator site (@ of theparFG genes. Both
parH and Q have comparable centromere activity and ParG binds to them with
similar affinity. A comprehensive analysis of the interaction of ParG with whole
(full-length) and partiaparH site was recently reportedM\u et al, 2011) ParG
showed differential affinities to the sydarts of theparH site. The NiterminalParG
deletion mutang80, demongrated strong binding to thehole parH sequence but
showed less affinity to partial sequenc@u et al, 20113. ParG loses the
specificity in the absence of the flexible tail, wihitestifies the multiple roles played
by the ParG Nerminal end.

In a variety of proteins,he unstructured domainserform prominent roles, which
contradict theprotein paradigm offistructure is equal to functionType | CBPs,
ParB in plasmid P1land KorB in RK2 show disorderetehininal regions along with
HTH motif in the Gterminus(Rajasekaret al, 201Q Surtees and Funnell, 1999
Another type IbCBP homologousto ParG protein omega ) from plasmid
pSM19035 showan unstructured Nerminal region(Weihofenet al, 200§. Type

[l CBP, ParR from plasmdiR1, containsaflexible tail in the Gterminus(Saljeet al,
2010. Transcriptional repressors like Arc, Mnt and Maldo show small disordered

region in the Nterminal end, which assist iestablishingDNA contact and also
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confer DNA binding specificitfKnight and Sauer, 198&night and Sauer, 1989
The presence oflisordeed domains and the flexibility conferred by them, might
give advantage to the CBPs and esgior proteins in carrying out functions like
DNA binding, gene regulation and interacting with partner prot@agasekaet al,
2010.

The flexible tail of ParG is implicated in DNA binding and determining specificity.
In this chapter, the effexbf the changes introduced in thet&minal tail on ParG

DNA interactions will be invetsgated.

4.2 Results

4.2.1 Cloning of mutant parG alleles into the expression vector
PET22b

ParG Nterminal mutant proteins were obtained using the pET expression system
and tested in a number of biochemical assays. Each npatedgene was amplified

by using a forward primer containingNdd restriction site and a reverse primer
harbouring thexhd site. The PCR product was a DNA fragment of around 250 bp.
To amplify each mutant allele for cloning into the pET vector, the resgettitant
partition plasmid (i.e. pMB plasmid ses) was used as template DNAhe
amplified DNA was then subjected to digestion witdd and Xhd, generating a

250 bp fragment (Figure 4.1).

These DNA fragments were then ligated iNdd and Xhad digested pET22b vector

and the recombinant plasmids selected on LB pletesaining ampicillin. Plasmid
DNA was isolated, screened by digestion witdd and Xhd to verify whether it
contained the expected insert and potentially positive clones were sent for
sequencing to GATC Biotech (Figure 4.2n confirmation of the correct sequence
these constructs were named as {MdBL3A, pET-MBK5A, pET-MBK11A, pET-
MBK12A, pET-MBM13A, pET-MBN18A and pEFTMBL21A. Plasmid pET
ParGF15A had already been constructed and-P&TF, pETParG and pET

ParGR19A plasmids were part of the laboratory plasmid collection.
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Figure 4.1 Representative agarose gel showing the restriction digestion of the PCR
amplified parG mutant gene

The parG mutant gendragment was obtained BBCR amplificatiorand therdigested with
restriction enzyme$ldd and Xhd. The digested DNA material was run on 1.2% agarose
gel. Lanes L, Gene ruler 10 kb@mand 1, a digested fragment a250 bp indicated bythe

arrow.

L 1 2 3 4 5§ 6

0.5

0.25 250 bp

Figure 4.2 A representative agarose gekhowing products of the restriction digest
screen of pEFparG plasmidsharbouring mutations.

Restriction analysis of ggmidswas performed byigeston with restriction enzymesldd
and Xhd. Lanes:L, Gene ruler 10 kbmand 1-6, digested DNA of clones isolated for

screening.
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4.2.2 Partition deficient mutant proteins were overproduced and
purified

Proteins were overproduced by using the pET expression systeitaggesd ParF,
PaG and mutant ParG3A, ParGK5A, ParGK11A, ParGK12A, ParGM13A,
ParGF15A, ParGN18A, ParGR19A andParGL21A proteins were purified by
Ni?* affinity column. It has been previously reported that-tdigged partition
proteins support plasmid partitioamvivo as efficiently as native proteigBarilla and
Hayes, 2008

4.2.2.1The ParF protein was purified by N?* affinity chromatography

The (His}-tagged ParF protein is characterized by a molecular weight (MW) of 23
kDa. The purification was carried out by using the protalesicribed irthe section
2.4.1and thestandard result is briefly outlined below. Pilot experiment estimated 3h
as a suitablenduction time for achieving a considerable level gHrF gene
overexpression. ParF was found to be soluble and bound to thehsiged resin.
The eluted fractions were buffexchanged and quantified by Bradfoadsay,
showing concentrationanging béwveen 0.3 mg/ml and 0.1 mg/ml. The purity of the

fractions was analysed by SBPAGE (Figure 4.3).

4.2.2.2 Purification of wild type ParG and the Nterminal mutant proteins by

Ni* affinity chromatography

The recombinant Hitagged ParG and the mutant proteins have a MW of 9.6 kDa.
They were purified from th&. coli. by following the protocol described in the
section 2.4.2. Two hours induction with IPTG was optimised to obtain a good vyield
of ParG proteinHis-tagged ParG and mutant proteins bound to thfé d&lumn
efficiently. The mutations did not affect solubility as all the mutant proteins were
found to be stable in solution similar to wild type ParG. Typical concentration of
ParG protein fractions rged from 0.4 mg/ml to 0.9 mg/ml. All mutant proteins
were separated Wiout any major impurities. Aepresentative examples, SDS gels
for wild type ParG and ParG21A purification are shown in Figure 4.4 and 4.5,
respectivelyTransformation of BL21(DE3Wyith pET-parGF15Awas not successful

on several attempts hence PdfGbA protein was not purified.
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15—

10—

Figure 4.3, ParF protein was purified on Ni** affinity column.

SDSpolyacrylamide gel showing various fractions collecteldring ParF protein
purification process. Lael, urtinduced cell culture sample before addition of IPTG; 2,
pellets after centrifugation of sonicat@wuced culture; 3,he cell extract containing total
soluble protein from thenducedculture 4, flow through 5,6,8,9,buffer exchanged elutio
fractions of the ParF protein; PageRuler Prestained Protein Ladddis-tagged ParF is

indicated bythearrow.
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kDa

35
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15
(His)¢ParG
10 (9.6 kDa)

Figure 4.4. ParG was purified on N#* affinity column.

SDSpolyacrylamide gel showing various fractions collected during ParG protein
purification procesd._anes: 1, pelletractionafter centrifugation of sonicated culture; 2, cell
extract containing total soluble protein; 3, flowthrough; 4, PageRRiestaned Protein
Ladder; 59, buffer exchanged elution fractions of the ParG protdis-tagged Pds is

indicated bythearrow.

kDa1 2 34 5 6 7 8 9 10

35

25

15 .
(His)¢ParG-L21A

10 (9.6 kDa)

Figure 4.5 ParG-L21A purifi cation.

SDSpolyacrylamide gel showing various fractions collected dufagGL21A protein
purification processLanes: 1 PageRuler Prestained Protein Ladd2r uninduced cell
culture sample saved before addition of IPTE pellet fraction after centifugation of
sonicated culture; ,4cell extract containing total addle protein from theculture; 5
flowthrough;6-10, buffer exchanged elution fractions of tRarGL21A protein. Histagged
ParGL21A is indicated bythearrow.
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4.2.3 ParG Nterminal mutant proteins form dimers

Dimerization of ParG mutants was studied ¢hemical croséinking. Chemical
crosslinking can detect both temporary and steady interactions, as covalent bonds
are formed between two proteins. In this techniqututctional reagents are used
which contain reactive groups reacting with functiogedups of proteins such as
primary amines of amino acidl. two proteins are crodsked, this indicates that
theyinteract The crosdinker usedin this studywas dimethyl pimelimidate (DMP)
which is an amineeactive imidoestetype crosdinker. Imidoester cros$inkers

react with primary amines to form amidine bonds.

ParG and mutant proteins were included in the elinkgg reactions at a final
concentration of 20 uM and increasing concentrations of DMP were added ranging
from 0 to 10 mM. Wild typ ParG is a dime(Golovanovet al, 2003. In the
absence of DMP, ParG and all the mutant proteins ran as monomers in denaturing
SDSgels. When the proteins were incubated with DMP and then run org8IBS

all the proteins except Paial2A shaved dimer formation and, at the highest DMP
concentration, tetramensere visible (Figure 4.6). Par®&12A failed to dimerize

even at the highest concentration of DMP.

When incubated with increasing concentrations of DMP, the dimerization pattern
observedfor ParGR19A was not similar to that of other mutant proteins. At the
highest concentration of DMP (10 mM), PaR39A showed daint dimeric band
(Figure 4.A). With the exception of Par®12A, the remaining mutants displayed
dimer formation in the presee of as little as 0.5 mM DMP. When PalR39A was
incubated with DMP for a longer interval, it was possible to observe a band
corresponding to dimeric proteins, but the extent of dimerization was not as strong as

that seen fothe other mutants (Figure7a).

The ParGK12A residue change is in the flexibletskminal end of ParG and is not
expected to have any effect on ParG dimerization. To further investigate the apparent
dimerization defect of Par&12A, a longer incubation with DMP was carried out.
ParG-K12A at a concentration of 20 uM was used with 10 mM DMP, samples were
incubated at 3T for 1, 2 and 3 hours. Pa#iGL2A appeared unable to dimerize
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even after extended incubation with DMP. After 3 hours no dimer formation was
observed, whereas WT Padiners were visible after one hour (Figure 4.8A and
4.8B).

To further investigate whether Pakd@2A is impaired in dimerization, WT ParG
and ParG12A mutant protein were analysed by Size Exclusion Chromatography
associated with Multi Angle Laser Lightc&tering (SEEMALLS). The SEG
MALLS data indicated that the elution profile of both WT and mutant protein was
comparable.The molecular weight estimates were similar for WT and mutant
protein. The determined mass was 20.4 kDa and it corresponded to ldwularo
weight of a dimer. No significant evidence of monomeric protein was found for
either of the proteins (Figure 4.9). Thus, the SBELLS analysis established that
ParGK12A is dimeric.
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Monomer Monomer
ParG-K12A ParG-M13A D ParG-N18A [ ParG-L21A
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Figure 4.6. ParG mutant proteins are able to dimerize.

SDSpolyacrylamide gels showing creeked products of WT and mutant ParG proteins following 1 h incubation°& @ith and without increasing
concentrations of DMR.e. 0.5, 1 and 10 mVA. ParG and ParG3A B. ParGK5A and ParGK11A. C. ParGK12A and Par@13A D. ParGN18A and
ParGL21A. The protein concentration is 20 uM. LRageRuler Prestained Protein Ladder in all gel images.
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ParG-R19A +DMP

1 2 3 h

Figure 4.7. ParG-R19A forms dimersless efficiently
A. SDSpolyacrylamide gel showing the products of the incubation of FRL@A at 37C for 1 h with and without increasing concentration of DMP i.e. 0,

0.5, 1 and 10 mMB. SDSpolyacrylamide gel showing the products of reactions in which DMP (10 mM) was added to 20 uM protein and incuba@d at 37

for indicated time points. L iBageRuler Prestained Protein Ladder in all gel imdgesomer and dimer are indicated the arrowon theright of each gel.
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A ParG+ DMP B ParG-K12A + DMP
kDa L 0 1 2 3 h kDa L 0 1 2 3 h
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10— -— Monomer 101 S s s [<—Monomer

Figure 4.8 ParG-K12A does not show dimerization even after longer incubation with
crosslinker.

Reaction containin@MP (10 mM)and ParG12A (20 uM) wereincubated at 3T and

run on SDSpolyacrylamide gels A. ParG WT B. ParGK12A. Lanes: L,PageRuler
Prestained Protein Ladder in all gel imagdeanomer and dimer are indicatbg arrowon

right of each gel.

5.0x10 : —ParG WT  0.35 mg/ml
' ) —ParGWT  0.25 mg/ml
. ParG WT  0.20 mg/ml
4.05104 : / A ParG-K12A 0.35 mg/ml
S / " — ParG-KI12A 0.25 mg/ml
5 1 — ParG-K12A  0.20 mg/ml
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time (min)

Figure 4.9 ParGK-12A is a dimer as established by SEMALLS.

The protein samples with indicated concentrations were injected into a Superdex S75
column.The Rayleigh ratio (light scattering signal, LS) is shown as a solid line and the MW
traces are shown as a dashed liffee Astra software was used to estimateNiveé from the

RI (Refractive index) trace (proportional to concentration, not shown on the plot) and the LS
signal by the standard Zimm fithe experiment was performed agdaph was prepared by

Dr. Andrew Leech, Technology Facilityniversity of York
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4.24 Partition deficient N-terminal mutants bind to the putative
parFG operator

ParG is a centromere binding protein (CBP) that specifically recognizgsatHe

site. The centromengarH is made up of 12 degenerate repeats. Alongsadel, a
parFG operator site is present upstream offitaeF gene sequenc&he operator site

Ok (Figure 4.11) consiss of 8 degenerate repeats (3 direct and 5 inverted sequence)
of 506 - A&C.TCTh e dtifs tare sapaated by 4 bp, AT rich spacers
(Zampini et al, 2009. ParG binds to the operator site and acts as a transcriptional
repressor.The DNA binding ability of ParG mutant proteins was tested by
electrophoreti mobility shift assays (EMSA) using a DNA fragment harbouring the

operator site ofhe parFG genes.

The 123 bp operator sequence upstreampafF- was amplified by using a
biotinylated forward primer (Figure 4.10). DNA binding can be studied by
incubating different concentrations of protein with the same amount of DNA and
running these complexes on native gel. Migration of these complexes depehds on

size of the proteimucleic acid complex.

bp ‘L 1

123 bp

Figure 4.10 Agarose gel showing amplifiegparFG operator DNA sequence.
The parFG operator sequence was amplified by PCR and run on 1.2% agardsangsiL,
PCR markeandl, PCR product of operator sgéence DNA, size 123 bp.
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GAGT ATGG TAAA (CTCAJAAAA |CTCA CAGG AGTA ATTG AGTA|GACA |CACA ATTG AGTA TTTA AGTA| TGAA AGTGATCT CATT TCTG AATC CGAA
CTCA TACC ATIT GAGT|TTTT GAGT GTCC ICAT(TAAC TCAT |CTGT |GTGT TAAC TCAT|AAAT|TCAT| ACTT|[TCAC] TAGA GTAA AGAC TTAG GCTT

operator site Oy

Figure 4.11 Operator of the parFG genes
The repeats present in the operator sequence are boxed and denoted by arrowgaBkageat is shaded in red. The green arrows indicate direct repeats

whereas the blue arrows indicate inverted repeats.
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EMSAs were performed using the biotinylated 123 bp DNA fragment (0.5 nM).
ParG and mutant proteins at different centrations ranging from 100 to 1000 nM
were incubated with the DNA fragment and sluf the complexes was examined
(Figure 4.12)ParG binds as a dimer of dimers on the two adjacent tetramer boxes in
the operator site and produces a single nucleoprotenplex. As the concentration

of the protein increases, ParG spreads over the entire operator site and assembles into
a larger nucleoprotein complex. It has been observed previously that eight ParG
dimers were required to cover the entire operator(Zaenpiniet al, 2009. DNA
binding of ParGL3A and ParGK5A resembled the pattern observed for WT ParG
with the exception of the reaction containing 100 nM protein which showed some
unbound DNA. Par&k11A did not shiftall of the operator DNA until it reached a
concentration of 400 nM, which may suggest a lower binding affinity. However, a
further increase in protein concentration resulted in the formation of a nucleoprotein
complex identical to that observed for WT Paadd other mutant proteins. ParG
K12A, ParGM13A, ParGN18A and Par&Rr19A also showed a complete shift of

the DNA at the lowest concentration of 100 nM similarly to WT ParG. R2TA
exhibited a lower DNA binding affinity as some unbound DNA was stilbiesup

to a protein concentration of 700 nM. At higher concentrations,-Pa4@ bound to

all the DNA in the reaction and a complete shift was visible on the gel.

Overall, these findings suggest thlaé N- terminal mutation do not adversly affect

the DNA binding activity. However the behaviour of the mutant proteins at
concentration below 100 nM was not tested for DNA binding and whether ParG
mutants show altered binding still needs to be investigated. It has been reported that
the deletion of the engrParG Nterminal tail improves binding of ParG to the full
length centromere as well as resulting in the loss of substrate specifititgt al,

20113. It is possible that the Fa mutants described here may also be invoved in
determing DNA binding specificity.
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Figure 4.12 ParG mutant proteins retain the ability to bind DNA.

Increasing concentrations WT and mutant ParG proteins were incubated with123 bp
DNA fragment(0.5 nM) harbouring theparFG operator and subjected to EMSA. Unbound
DNA is indicated by a hollow arrow and the filled arrow indicates the shifteteqrotein

complexes.

126



Chapter 4

4.2 5 Partition deficient ParG N-terminal mutants are still proficient

in transcriptional repression of the putative parFG operon

To analyse the transcriptional repressor function of wild type and mutant ParG, a
catechol 23 dioxygenase (CDO) reporter assay was carried out. This assay is based
on the production of catechol 2,dioxygenase encoded by tReeudomonas putida
TOL plasmid genylE. The pDM3.0 plasmid@Macartneyet al, 1997 used in this
assay containedyl¥, cloned downstream of thgarFG promoter regiorin order to

have its expression modulated by ParG (Figure 4183 plasmid was transformed

into E. coli cells together withparG expressing plasmid€ell extracts containing

the xylE product become yel within seconds upon addition of cateckgampini

et al, 2009. Catechol is a colourless substrate that is converted into a yellow
coloured product, -bydroxymuconic semialdehyde by CDOne CDO unit is the
amount d enzyme that oxidizes 1 pmol of catechol per min &C24

In this assay pEEMB ParG mutant constructs generated for protein production were
used to expresparG. BL21(DES3) cells were ctransformed withxylE containing
pDM3.0 separately with pET22b, pEarG and pEAMB ParG mutant. Cells eo
transformed with pDM3.0 and pET22b vector showed 100% expression xylkhe
gene, ceransformation of pDM3.0 and pEFarG resulted in transcriptional
repression ofxylE, whereas cdransformation of pDM3.0 and pEWIB ParG
mutants affected the expressiornxgfE depending on the consequence of the change
of N-terminal end residues on ParG transcriptional repression actWdhen
pDM3.0 was ceransformed with pET22b, thexpression ofxylE resulted in
approximately 1800 CDO units, but on-tansformation with WT pE-ParG,xylE
expression was repressed and less than 100 CDO units were prolluced.
observed that all the partin deficient ParG Nerminalmutants were ot affected in
their transcriptional repressor activity,the CDO units generated did not vary much
as compared to those obtained with WT ParG (Figure 4T CDO units for
ParGL3A, ParGK5A, ParGK11A, ParGR19A and Par&21A were similar to
those dserved for WT ParG. Parkl12A, ParGM13A and Par@\18A showed a
level of repression that was half of that displayed by WT ParG. However they were
still proficient in xylE repression. This demonstrated thatere though all these
mutants are deficient inlgsmid segregation, they all are still able to repress
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transcription. These results are in agreement with the finding that the partition
deficient mutants are efficient to bind tiparFG operator DNA and hence the

transcriptional repression action is ntieeed.

RK2 Oriy
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&
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Figure 4.13 Vector map of pDM 3.0.
Plasmid pDM 3.0 containgylE reportergene cloned downstream of tharFG promoter

sequence
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Figure 4.14 The ParG N-terminal mutants retain their in vivo transcriptional
repressor function.

The repressor activity of WT ParG and mutant proteins was tested by CDO reporter assays.
The results are averages of three experiments performed in tripli@atesrror bars

represent the standard error of the me&MS
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4.3 Discussion andConclusion

ParG is a dimer and the antiparalestrands of this dimer make direct contacts with
the major groove of DNA. As ParG dimer formation is necessary for DNA binding,
the first step was to test the ability of the partition deficient proteins to form dimers.
This was also necessary to rule obe tpossibility that, the observed plasmid
partition defect was due to the impairment in dimerization of the mutant proteins.
When tested by chemical crelgsking, except Par@12A and ParGR19A, other
mutant proteins appeared dimeric in nature, simidawWT ParG.Imidoester cross
linkers react with primary amines to form amidine boritise DMP is not very
stable and efficicent at higher pH and the amidine bond formed can be reversible.
The crosdinker reacts with primary amineNH2) and in case of P@-K12A, it
appeared that DMP was not able to c#oss the proteinin theabsence of lysinand
hence theeaction could not occuHowever, wth the SEGMALLS experiment it

was establishedhat ParGK12A was indeed a dimett is possible that the dimer
formation in case oParGR19A was not very stable as weak bands were observed.
The DNA binding and transcriptional repressor activities of FRIGA were not
found altered. This may indicate that the eventhowgbsslinking failed to
demonstrate ParB19A dimerization; R19 has no prominent role in dimerization.
The results obtained here support the previous finding that the Pdae@nihal
domain has no detectable role in ParG dimerization.

ParG binds as a dimer of dimers to the operator §daspini et al, 2009 which
results in the formation of a nucleoprotein complex in the EMSA experiments for
ParG mutant proteins (Figure 4.12yhen investigated for DNA binding function,
overall the partition deficient ParGutants showed no significant change in this
activity at higher protein concentrationsowever,the DNA binding was not tested
below 100 nMprotein concentration. Parik11A showed less affinity to the DNA at
below 500 nM concentrationsWhereas Parh21A appearedthe most affected
mutant L21 residue is in the region oftail that may form transient secondary
structureandinvolved in DNA binding.The change in L21 malgad to abolishing
the DNA binding activitybut it needs to be probed furthdihe dimeization and
transcriptional repression activity of Pat@1A was found to be similar to WT
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ParG hence the aleteration in DNA binding and its implication on plasmid partition

need to be examined in further details.

When partition deficient ParG mutants redested for the transcriptional repressor
function, none of the mutants showed alleviation of the repression. It is speculated
that the abundance of positively charged residues in therrhinal end helps in
binding to negatively charged DNA. As a resudt single amino acid change is
unlikely to alter the DNA binding and repression function. Hence, the mutant
proteins showed efficient DNA binding and retained the transcriptional repression

function.

The partition deficiency shown by ParGté&fminal muants was not related to their
DNA binding or transcriptional repressor function, hence their effect on activating
ParF polymerisation and enhancing ParF ATPase activity were tested as the next

step.
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Chapter 5: ParG N-terminal tail is important for
interaction with the partner protein ParF and stimulation

its ATPase activity
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5.1 Introduction

The focus of this project is on the unstructured and multifunctioririNinal end

of ParG. t has been reported in Chapter 3 that the mutations in the L3, K5, K11,
K12, M13, N18, R19 and L21 of the ParGt&minal end decreased the efficiency

of plasmid partition. The partition deficient ParG mutant proteins were still able to
form dimersbind DNA efficiently and act as transcriptional repressors opHieG
operon (Chapter 4 he flexible Nterminal tail of ParG is involved in enhancement

of ParF polymerization. In addition an arginine finger motif in théefninus has
been shown to beesponsible for the stimulation of ParF ATPase acti{Barilla et

al., 2007. To further probe the consequences of these mutations on plasmid
partition, the mutants were tested for their efficiency in stimulating ParF

polymerization and ATPase activity and theulesare reported in this chapter.

Cellular organization in eukaryotes is attributed to cytoskeletal proteins like actin,
tubulin and intermediate filaments. Recently, the prokaryotic homologues of these
proteins were reported in various bacteria. THedreision protein FtsZ is a tubulin
homologue whereas the shape determining protein MreB ishaged bacteria is an
actin homologue. In bacteria, there is another type of cytoskeletal proteins which
have no eukaryotic counterparts and they are knowNVakker A Cytoskeletal
ATPases (WACAs)(IngersoaMahar and Gitai, 2092 Members of the WACA
group fall under the superclass of-lddp NTPases.Nucleotidedependent
polymerization by NTPases plays anportant role in fundamental processes like
cell division, which are essential for the propagation of living spé&8elsumacher,
2008.

Previous investigations on ParF in the presence of ATP by neg&iveelectron
microscopy revealed that ParF forms a filamentous strusiwdro (Barilla et al,

2005. Recently the crystal structure of ParF dimer was solved in the presence of
nonhydrolysable ATP analogueAMPPCP (Schumacheret al, 2012. ParF
AMPPCP crystal structure showele striking feature of polymer formation. The
building block of the linear ParF polymer was shown to be a dafldimer unit.

The polymer formation appeared as algteg of one dimeiof dimer unit overthe

second dimeof dimer unit where tip of the one unit notches into the second unit
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(Schumacheet al, 2012. ParG promotes P& polymerization possibly through two
mechanisms i.e. nucleation and bundling (Figure 5.1). When ParG binds to ParF in

the abence of a nucleotide, it miglhtidge adjacent ParF monomers by employing

the two Nterminal flexible tails present in the Par@ner (Barilla et al,, 2007. It is

possible that the mobile extensions of ParG act as sticky tentacles binding to the
ParF monomers in solution, assisting and stabilizing the formation of the nucleus
critical for fil ament gr owt h. This funct
polymerizes upon binding ATP. When ParG is added to this-R&AF complex,

multiple ParG dimers might associate with the ParF polymers along their length and
mightcrosd i nk adj acent filaments. We refer t
function (Barilla et al, 2005. ParG mutants were tested for both nucleation and
bundling activities to determine the exact role played by the ParG flexible tail in

ParF polymerization.

ParFpolymerization is promoted by ATP and is inhibited by ADRe nucleotide
bound state may be a key factor in elucidating the underlying partition regulatory
mechanismin vivo (Hayes and Barilla, 200¢bParF is a weak ATPase and ParG
stimulates this activity. The arginine finger motif in the Par@ehninal tail is
implicated in stimulating ParF ATPase adyv{Barilla etal., 2007. The residues at
position 3, 5, 11, 12 and 13 are not part of the arginine finger but still crucial for
plasmid partition. These mutant proteins will be tested to investigate if they are still

able to imulate ParF ATPase activity.
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Figure 5.1 Two potential mechanisms by which ParG might promote ParF
polymerization i.e. nucleation andbundling.

ParF monomers are shovas blue circles, ATP asrange triangle and ParG dimer with
mobile tailsas yellow ovals. A. Nucleation process:ParG dimes with their mobile N-
terminal tails bind ParF monomers and form a nucleus which serves as a starting point for
polymerization.B. Bundling process.(i), Diagrammatic representation of ParF structure.
ParF forms dimer on ATP binding artlde dimersof ParF dimers get packed to generate
polymers(Schumacheet al, 2012. (i), ATP bound ParF protblaments are crosknked

by ParG andn extended mesh is formed.
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5.2 Results

5.2.1 Partition deficient ParG N-terminal mutants are able to

stimulate ParF polymerization

The effect of ParG on the polymerizatiof ParF was monitored in real time by
Dynamic Light ScatteringYLS). DLS is different from static light scattering as it
measures the hydrodynamic radius of the protein. Particles in solution follow
Brownian motion and in DLS the measurement of this motan be used to
determine the size of the particles. The radius is denoted as hydrodynamic because
DLS measures how a particle diffuses within the fluid. In DLS the intensity of the
scattered light is also recorded. The changes in this intensity anclepartie were

analysed to study ParF polymerization.

In a typical DLS experiment, ParF (2.161) was monitored for a few minutes to
obtain a baseline which also exhibits dispersed nature of ParF in the absence of
nucleotide. On addition of ATP (500 uM)afF started to polymerise extensively,
which triggered an increase in the intensity of light scattering (6000 to 12000 kct/s)
and a simultaneous increase in the size of the particles in solution. When a plateau
was reached for AThduced polymerization, W ParG (2.16 pM) was added. A
steep increase in the intensity of light scattering was observed (~ 200€)) &s
polymerization vas enhanced by ParG (Figure A2 The instantaneous
enhancement in ParF polymerization suggests that ParG mighinioBsirF prote
filaments. In contrast, the particle size showed a steady increasethathex swift
change (Figure 5B). Particles of around 1000 nm were observearF filament
bundles observed by EM in the past showed a length of around 6%Banithx et

al., 2009. All the buffers, solutions of ATP, Mg&and fractions of WT and mutant
ParG protein were tested separately in DLS experiment as a control to check if there
was any residual or inherent polymerization associated with them. None of these
components showed any increase in light scattering, which means that in the ParF
polymerization reaction they do not contribute to the increased intensity of light

scattering.

The ability of ParG Nierminal mutant proteins to promote ParF polymerization was

analysed. After defining the baseline for ParF and then recording ATP induced ParF
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polymerization, ParG mutants (2.16 uM) were separately added to the reaction. All
the mutarg (ParGL3A, ParGK5A, ParGK11A, ParGK12A, ParGM13A, ParG

N18A and Pard.21A) showed the same efficiency as WT ParG in enhancing ParF
polymerization and showed the same pattern of sudden increase in intensity of light
scattering (in the range of ~200@0 30000 kct/s) and a steady increase in the
particle size (Figure 5&2and B. The increase in the intensity was speculated to be
due to the bundling of adjacent ParF polymers RayG, whichmay still not
accelerate polymer growtber se It has already &en reported that the Paf@9A
induces a steep increase in ParF polymerization, as an increase of scattered light
similar to that triggered by WT Par®as recorded hence the experiment was not
repeated herBarilla et al, 2007.

I't was previ oua&ll9y asnhdo vweaaddnihBaaundate8Nproteins

fail to stimulate ParF polymerization beyond the level induced by ATP. This may
indicate that stimulation of ParF polymerization is not dependent on individual

amino acidsn the ParG tajlbut it is a cumulative effect, exerted by the flexible tail
possibly acting |like 6stickyettal2d0f)acl es 6
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Figure 5.2 Partition deficient ParG N-terminal mutant proteins are still proficient in

enhancing ParF polymerization.

A. DLS experiment in whichthe increase in the light scattering intensity t(kr was

recorded forwild type ParGand all the mutantsyhose profile is shown according tioe

colour code. Fothe first 3 minutes the intensity ofight scattered byyar F (2. 16 ¢ M)

recorded andbasel i ne obtained. ThG&mMAVER added Gnd ¢ M)

ParF polymerization was observed. Readings were taken foe#® minutesand then WT

ormutant ParGprotesn (2. 16 eM ) were individually adde

was observed further for around 30 oties B. The $ze of the particles (nm) was recorded

at the same time as the intensity of scattered light.oFtler of addition of ligands tthe

reaction isthe same as in AThe data shown anepresentative examp®f experiments

performed in triplicate.
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5.22 Partition deficient ParG-L3A and ParG-K12A mutant proteins

failed to nucleate ParF polymerization

As previously mationed, ParG may promote ParF polymerization in the absence of
ATP and this activity may be described as nucleation. To evaluate the ability of the
ParG mutants to nucleate ParF polymers, a DLS experiment was designed and set up
following a different pradcol. To begin with, monomeric ParF (2.16 uM) was
monitored to obtain a baseline and then WT ParG was added to the reaction at an
equal concentration (2.16 uM) allowing P&ParG interaction in the absence of a
nucleotides. An increase in the intensitysoéttered light was immediately observed
(500 to 3000 kct/s), although this was more modest, when compared to the
polymerization occurring as a result of P&WP interaction. To the PaParG
reaction mixture, MgGl(5 mM) and ATP (500 uM) were added atite reaction

was monitored for 10 further minutes. The RR&G nucleation core responded to

the ATP and a second steep increase in the intensity of scattered light was observed
(6000 to 9000 kct/s) (Figure 5.3). This confirmed the ability of ParG pratein
nucleate ParF molecules in the absence of ATP. Although the overall intensity of
scattered light recorded during the nucleation process was less pronounced,
compared to thakecorded duringhe bundling activity.

All the mutant proteins were testedr fthe ability to nucleate ParF using the same
protocol. Par@18A showed a nucleation pattern identical to that of WT ParG. It
stimulated ParF polymerization, in the absence of ATP, to the same level of WT
ParG and the core formed by P&&rGN18A, whictresponded to ATP, showed a
similar increase in intensity of light scattering. P&&A, ParGK11A, ParG

M13A, ParGR19A and Par@.21A showed comparable nucleation activity, as a
similar increase in intensity was observed (500 to 3000 kct/s). However,Ailtien

was added, the increase in intensity of scattered light was less than that observed for
the reaction containing WT ParG. This may indicate that the core formed by ParF
ParG mutants was not able to respond to ATP in the same manner as that containing
WT ParG. Pard.3A and ParGK12A showed a very small increase in intensity
(~1000 kct/s), when added to ParF compared to other mutants and there was no

increase in intensity at all on the addition of ATP (Figure 5.3).
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The size of ParF polymers increaseddgialy in the presence of WT and mutant
ParG proteins, however the maximum size was 400 nm compared to a particle size
of 1000 nm seen during the ParF bundling by ParG and its mutants (Figure 5.4). The
data for the particle size also appeared very namlycating the formation of mixed

populations of ParF oligomers of different sizes.

Based on these results, the nucleation activity of ParG mutants can be divided into
three categories: high, medium and low levels of nucleation. All the Pag@mihal
patition deficient mutant proteins are efficient in bundling ParF and stimulate
polymerization, but they are dissimilar in nucleation. PRBA andParGK12A are
impaired in the nucleation of ParF thus giving a phenotype that can be summarized
as bundling €)/nucleation {). ParGK5A, ParGK11A, ParGM13A, ParGR19A

and Par@.21A have not lost their nucleation activity completely, but they are not as
efficient as WT ParG showing the phenotype bundling (+)/nucleation (+) whereas
ParGN18A showed the same higtucleation and bundling activity as that of WT
ParG and exhibits a bundling (+)/nucleation (++) phenotype (Table 5.1).

Table 5.1 ParG mutants are categorised depending upon their ability to carry out

nucleation and bundlingof ParF.

Mutants Nucleation | Bundling
ParG WT qq9 +
ParG-K5A + +

ParG-K11A + +
ParG-M13A + +
ParG-N18A qqd +
ParG-R19A + +
ParG-L21A + +
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Figure 5.3.ParG mutant proteins show dissimilar performance in nucleation function.

DLS experiment in whiclthe increase in the light scattering intensity t{ky was recorded fowild type ParGand all the mutantsyhose profile is shown

according tathe colour code. Fahefirst 3 minutes the intensity ofight scattered byarF (2.1 M) wa s r eabaselink eltainednThen WT or

mut ant Par G proteins (2.16 €M ) were i ndi vhyducleation fjuncttonvas elbervedReadingslwere mo | ar
taken for thenext9 minutesand thenAT P ( 5 CafBd MgGi Y5 mM) were addedReaction was observed for furth&2 minutes.Depending upon the

intensity signal, mutantsre categorised into high, medium and low nucleation, as shown on right hand side. Data sheaweisage intensity calculated

from six different experiments.
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Figure 5.4. Change in particle size was observed during ParF polymerization caused by
nucleation activity of ParG/mutant proteins.

DLS experiment in whiclthe increase in th@verage sizénm) was recorded fowild type
ParGand all the mutantsyhose profile is shown accordingttte colour code. Therder of
addition of ligands is indicated by arrow astsame as ifrigure 5.3Data shown is average

sizecalculated from six different experents.
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5.2.3 Partition deficient ParG N-terminal mutant proteins behave

differently in nucleating ParF proto-filaments

Results obtained from DLS experiments show that the Pat@&mhinal mutants

might behave differently ni nucleating ParF (nucleotidedependent ParF
polymerization stimulated by ParG). Nucleation and bundling activity can be
analysed togethesxperimentally by performing a sedimentation assathis assay,

ParF and ParG are incubated together before centrifuging and separating the pellet
and supernatant. The polymerized protein sediment into a gedbimerized and
un-polymerized ParF fractions were resolved by loading 100% of the pell&38ad

of the supernatant, on &% SDS gel, whictprovides an insight into the process of

ParF polymerization and the role of ParG.

5.2.3.1 Experimental set up to study bundling and nucleation activities by
sedimentation assay

To evaluate the effect of WParG and mutants in ParF nucleation and bundling
activities, three different types of reactions were set up (Figure 5.5). In reaction
number 1, bundling activity was analysed. ATP (2 mM final) was added to ParF (8
puM) and incubated for 30 minutes allowiAJ P dependent ParF polymerization. To
this mixture, ParG or the mutant proteinsp(d, dimer) were added and incubated

for further 30 minutes. Then the reaction mixture was centrifuged and the protein
pellet and supernatant were separated and loadeca @5 gel. In the second and

the third reactions, nucleation activity was studied systematically. In the second
reaction, ParF and ParG/mutant proteins were incubated without ATP for 30 minutes
and separated into pellet and supernatant and resolved gelthEhis determines

how much ParF polymerization is promoted by ParG/mutant proteins in the absence
of ATP. In the third type of reaction, samples were set up in the same way as for
reaction 2, but after 30 minutes, ATP was added to the mixture and rfurthe
incubation was carried out for 30 minutes. The fraction of pellet and supernatant
were separated and analysed on gel. The response to ATP of the core formed by

ParFParG/mutant proteins was investigated by this reaction.
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Figure 5.5 Three different types of reactions were set up to analyseundling and
nucleation activity of ParG and mutants.

Reaction number feststhe bundling activity as ParG is added to the P&rP complex.
Reaction 2 and probesnucleation activity asormation of thePaiF-PaiG/mutantnucleus
and itsresponse to addition of ATP is analysed.

5.2.3.2Partition deficient ParG mutants efficiently bundle ParF polymers

When ParF alone was analysed by the sedimentation assay in the absence of ATP
around 30% of ParF was seen in the pellet, revealing the inherenasstiation
tendency of the protein. When ATP was added to ParF, almost 50% of ParF was
seen in the pelletas ATP binding initiates extensive ParF polymerization (Figure

5. 6A), although this value is more modes
al., 2005).In reaction set up one, when WT ParG was added to previously incubated
ParFATP complex, ParRvasrecoveredn the pellet and ParG exedimented with

it, which reconfirmed that ParG was involved in ParF bundling. In this reattien,
amount ofParFin the pellet wasnore than 80% antthat of the cesedimented ParG

was around 50%lanes undr bundling panel in Figure 58). In the same type of
reaction, in the presence of all the ParG mutant proteins Parsimiéesly observed

in the pellet(50-80%) which indicated that these mutants are efficienParF
bundling activity, although thquanity of ParG mutants esedimergéd with ParF

was notas much as WT Par(anes undebundling panels in Figure 5% 5.6J).
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Figure 5.6 ParG N-terminal mutant proteins show variations in nucleation and

bundling functions.

A. ParF (8 uM) incubated with and without nucleotide and separate8%rSDS gelB-J.

ParG and Nerminal mutant proteins (8 puM) were incubated with ParF (8 pMjhin

presence and absence of ATP (2 mM) in three different types of reaction setups as labelled

atthe top of the gels. 100% of pellet (p) fraction an®33 supernatant (s) fractions were

resolved on gels. The black and white arrowheads show ParF and Pan@/prateins

respectively in all gels. Percentage of ParF and ParG/mutant protein in pellet fractions are

given at the bottom of each g@els and data shown are representative exanfiplé/NT

and each mutant ParG protein from sedimentation assays pedfarrtriplicate.

145



Chapter 5

5.2.33 Partition deficient ParG mutants show variations in nucleating ParF
polymers

In the second type of reactiowhen ParG interacted with ParF in the absence of
ATP, ParG was still able to stimulate ParF polyixegion,as showrby 63% of ParF
found in the pellet. When ATP was added after the #Panf& ircubation (reaction

3), more than 80% of ParF was recovered in the palietParG showed around 50%
co-sedimentationThe mattern of ParF and ParG sedimentaiiomeaction 1 and 3 is
very similar,suggestinghat ParG equally promotes ParF bundling and nucleation.
ParGN18A performed in the same way as WT ParG in reactboasd 3and the
amount of ParFecoveredin the pelletin the presence of ParS18A was vey
similar in the presencef that found with WT ParGlg¢nes under nucleation panel
Figure 5.8 and5.6H). This indicates that Asnl@oes not appear to have specific

role in the nucleation activity.

When rest of the ParG mutants were analysed by the ¢dgpa of reaction and
added to ParF without nucleotide, ParF showed polymerization as around 50% of the
ParF was found in the pellet. However, more than 80% oP&r&mutant proteins
remained in the supernatant fractions. In the third type of readtierRParFParG
mutant core responded to added ATP, which led to an escalation in ParF
polymerization and pulled more than 80% of ParF in the pellet. But during this
process also, more than 70% of ParG mutant proteins remained in the supernatant.
The inabilty of ParG mutants to esediment with ParF might be related to the
change in PadParG interaction. The nucleus produced with this interaction
although responded to the ATP and showed ParF polymerization, the nature of ParF
polymers need to be examined future. The presence of ATP was found to be
helpful only to increase ParF polymerization and not to promote -PanG
interaction. The pattern observed during the sedimentation assay, reflects the
findings from DLS, which indicated that, with the exceptiof ParGN18A, the

other mutant proteins are affected in nucleation function and display variable

activity.

In control sedimentation assays, ParG and tHe &r mi n a | mut ant pr ot
were incubated on their own, with and without ATP. In both camit ParG and

mutant proteins were found only in the supernatant, which indicated that ParG and
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the mutant proteins do not s@lésociate in the presence or absence of ATP (data not
shown). Thus, when ParG or the mutants are observed in the pellet in ParF

containing reactions, it is becausfethe association with ParF.

5.2.4 Partition deficient ParG N-terminal mutant proteins exhibit a

weaker interaction with ParF

DLS experiments and sedimentation assays showed that the ParG paefitboant
mutants kBhave differently in stimulating ParF polymerization in the absence of
ATP. This observation prompted an investigation of the interaction of the ParG
mutants with ParF to elucidate the precise role of these amino acids in plasmid
partition. It has been spelated that both the flexible -términal tails and RHH
motif of the ParG dimer contribute to ParF interacti@armelo et al, 2005
Golovanovet al, 2003. ParFParG/mutants interaction was studied by using a
bacterial twehybrid system and quantified by performifggalactosidase asga
(Dobruk-Serkowskeet al, 2012. The bacterial twdybrid system allows a study of
functional interactions between two proteins based on complementation of CyaA
(adenylate cyclase) fragmentsiaA encodes the toxin adenylate cyclase produced
by B. pertussisin a calmodulindependent manneThe catalytic domain of this
protein, that consists of 400 amino acids, is proteolytically cleaved into two
complementary fragments, T25 and T18. In the absence of calmodulin, T25 and T18
cannot interact.E. coli lacks calmodulin, so when T18 and T2&séd with
interacting proteins are expressed in a-@ghcientE. coli strain, they reassociate
resulting in cAMP synthesis. cAMP binds to the catabolite gene activator protein,
CAP. The cAMP/CAP complex then can recognise the promoters of catabolic
opeons and switch on the transcription of the corresponding d&aesnovaet al,

1998.

Wild type parF and parG genes cloned into vears pT25 and pT18 respectively.
Constructs pT18ParG and pT25Parivere available in the laboratory plasmid
collection. Mutant alleleparG-L3A and parG-K5A were cloned in pT18ParG by
Benjamin Rodway and pT18PakKilA, pT1l8ParGK12A, pTl8ParGVI13A,
pT18ParGN18A, pT18ParER19A and pT18Par&21A were constructed as a part

of this project. When the interacting proteins were not present and empty pd25 an

147



Chapter 5

pT18 were cdransformed, the Miller units obtained in the assay were merely 70.
Whereas WT ParG and ParF interaction generated more than 1200 Miller units.
When ParFParG mutants interaction was tested, all partition deficient ParG N
terminal mutant pri@ins showed reduced interaction with ParF as compared to WT
ParG (Figure 5.7), as none of the interaction generated more than 800 Miller units.
ParGK11A and Par&12A exhibited the lowest interactidfess than 400 Miller
units)amongst the mutants. Thisdicates that a change in these amino acids, in the
flexible N-terminal end of ParG, affects the interaction with ParF more drastically.
The weakened interaction of ParG mutant proteins with ParF may contribute to
partition deficiency, either by affectin nucleation activity or by impairing

stimulation of ParF ATPase activity or formation of the segrosome.

148



Chapter 5

1600
1400 -
1200 -
@ 1000 -
5
E 800 -
= 600 -
400 -
200 -
O '_- T T T T T T T
) O X \od \ad Jad \od \ad \ad
H A ARSI P SV

Figure 5.7. ParG N-terminal mutant proteins display a weaker interaction with ParF.
ParFParG/mutant interaction wagquantified u s i n g -gdlabt@sidage assayEmpty
indicates the strain containing pT18 and pT25 vectors harbouring no, ereservingas

the negative control.Plasmid pT25ParF was <mnsform separately with plasmid
pT18ParG/mut. Theesults are anvarage of three experiments carried out in triplicates and

error bars represettiestandard error of mean
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5.2.5 ParG Nterminal mutant proteins are impaired in triggering
ParF ATPase activity

ParF is an intrinsically weak ATPasedarelies on its partner protein ParG for
activating ATP hydrolysis. So far, evidence has been obtained indicating that the
ParFParG interaction might be compromised when certain amino acids are changed
in the ParG Nterminal tail. The change in these thgs was detrimental to plasmid
partition. It remains to be determined if these mutant ParG proteins are able to
stimulate ParF ATPase activitfhe effect of mutant ParG proteins on stimulating
ParF ATPase activitwas studied by employintin layer chromatography (TLC) as
explained insection2.13. In this assay, when ParF is incubated with radioactive
ATP, ATP and its hydrolysis product ADP are separatgidg TLC. The ATP and

ADP spots can be visualised on autoradiography films and i§adntsing a
phosphorimager. When ParG is added to this reaction, the increase in ATP
hydrolysis results in generatiafi more ADP, which can also be seen and quantified.
Similarly, N-terminal end mutant proteins can be added and the effect on ParF

ATPaseactivity can be investigated.

I n t he assay, Par F *SiaT®, alonycwitth indremsing wi t h
concentrations of ParG at Q0. Increasing amounts of ParG resulted in
augmentation of ATP hydrolysis by ParF (Figure 5.8). All the Par&riinal
mutant proteins tested in the assay were found to be impaired in stimulating ParF
ATP hydrolysis. Even when the concentration was increased to 5 uM, the proteins
were not able to enhance ParF ATPase activity beyond 30% of the stimulation
produced by the WT P& (Figure 5.9). Par&3A, ParGK5A and ParGK11A
showed some intrinsic ATPase activity in the absence of ParF which is likely due to
the presence of some contaminating ATPases in the purified protein preparations.
This was normalised during quantitatioftioeir relative ATPase activityn the past
ParGR19A demonstratethe smilar impairmentand at a concentratiaf 5 pM less

than 20% relative ATPase stimulation was repo(Batilla et al, 2007.

ParGN18A showed the lowest level of stimulation amongst all rthgants. This

could be due to the fact that N18 is part of the arginine finger motif and a mutation at

this position affects ParG function more than mutations more distant from the finger
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motif. This result suggests that the defect in segregation showhmeby mutants is
related to a decrease in ParF ATPase stimulation. Interestingly, the ability of these
mutants to repress transcription, to bind DNA and to enhance ATP dependant ParF
polymerization was unaltered as suggested by results reported here @egious
chapters. This suggests that thetelminal tail of ParG is involved in various

functions.

It was not possible to draw any conclusion for the ability of Ha2@A to stimulate

ParF ATPase activity. On all three occasions, WT ParG shovegition in
stimulating ATP hydrolysis making it difficult to compare the stimulation caused by
the mutant protein. Par(G21A also showed variation and did not display any
consistency (Figure 5.10). Although it sometimes appeared that the ATP hydrolysis
was diminished in the presence of this mutant protein, the collective data analysis

failed to suggest a definite effect.
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ParG-L3A

ParG-K5A

ParG-K11A

ParG-K12A

ParG-M13A

ParG-N18A

Figure 5.8 The ParG mutants are impaired in stimulation of ParF ATP hydrolysis.
Autoradiographidmages showing the results of ATPase assays in whidioactive ATP

([ ©8] ATP) was incubated with ParF and ParG/mutant proteins. ATP and its hydrolysed
product (ADP)were separatedy TLC. ParG protein fractions were tested without ParF to
check forthe presence of potential contaminating ATPa&€P and ADP are indicated by
arrows in all the images. WT ParG was run every time along with the mutant proteins to
calculate the relative stimulation. Representative images are shown for each mutant from

experiments performed in triplicate.
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Figure 5.9. ParG N-terminal mutant proteins are impaired in stimulating ParF ATPase
activity.

ATPase assays of ParFtime presence of ParG/mutant proteinstduaring the changeis

L3A, KBA, K11A, K12A, M13A and N18A. Relative stimulation of ParF ATPase activity
promoted by Par@utantsplotted against protein concentration. The results are an average

of three experiments. The error bars repregerdtandard error ahean.
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Figure 5.10 ParG-L21A exhibits inconsistent stimulation of ParF ATPase activity.

A. scan ofthe autoradiograpic film showing the signalor ATP and its hydrolysis product
ADP. B. The relative ATPase stimulation was plotted agfatine protein concentration. Both

WT and mutant ParG showed variation in the ATPase stimulation. The results are an

average of three experiments. The erroslvapresent the standard erronwfan
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5.3 Conclusion

ParG stimulates ParF polymerization in the absence and the presence of ATP. For
the purpose of this study, these activities of ParG have been referred to as nucleation
and bundling respectively. To investigate how Par@emhinal mutant proteins
affect these two functions of ParG, DLS and sedimentation assays were performed.
In DLS experiments, ParG mutant proteins deficient in plasmid partitioning showed
similar augmentation of ParF polymerization as that triggered by WT ParG in an
ATP-dependent manner.8ilarly, in the sedimentation assays, incubation of ParG
mutant proteins with ParF and ATP resulted in ParF being pelleted, indicating these
mutants are still proficient in somehow bundling ParF filaments. Interestingly, even
though ParG mutants were aldebundle ParF polymers, they displayed differences.
WT ParG and Par®I18A coprecipitated with ParF, buather ParG mutant proteins
failed to cesediment with ParF.

It was found that ParG could increase ParF polymerization by directly binding to
monomeic ParF, even in the absence of nucleotides. ParG mutant proteins
demonstrated variation in promoting ATP independent ParF polymerization:- ParG
N18A protein displayed very similar nucleation activity as that of WT ParG in DLS
and sedimentation assays. IlL.® experiments, among the other mutant proteins,
ParGL3A and ParGK12A showed diminished nucleation activity as ParF
polymerization was neither increased by PREFGL3A/K12A interaction nor on
further addition of ATP. The rest of the mutant proteinsseduan increase in ParF
polymerization, but less substantial than that promoted by WT ParG. In the
sedimentation assay, all these mutants brought ParF into the pellet by promoting
ParF polymerization, but the percentage of ParF protein in the pelletwagsdess
pronounced than that observed with WT Pdrzaddition, the ParG mutant proteins
(except Par@18A) did not cesediment with ParF during nucleation type of

reaction.

As ParG mutant proteins showed a gradient in terms of nucleation activity, an
investigation of the ParParG interaction was conducted. Thgalactosidase assay
used to analyse proteprotein interaction showed that all the ParG mutant proteins
were compromised in the interaction with ParF. All the partitleficient ParG N
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terminal mutant proteins showed impairment in stimulating ParF ATPase activity.
Along with altered ParF interaction, the diminished ParF ATPase activity could be

the reason behind partition defects.
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Chapter 6: The ParG N-terminus is essential fornn vivo

ParF oscillation over the nucleoid
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6.1 Introduction

In order to establish the role of the flexible Par@ekininal tail in plasmid partition,
various mutations were constructed. Crucial residues in the Pas®rihal end

(L3, K5, K11, K12, M13, N18, R19 and L21) have been identified; amino acid
substitutios in these positions result in a defect in plasmid partition (Chapter 3). The
ParG Nterminal mutant proteins were able to dimerise, bind DNA efficiently and
act as a transcriptional repressor of ffr@@FGH genes (Chapter 4). It was also
observed that albf these mutant proteins were able to bundle the ParF-proto
filaments and promote ParF polymerization. However, the -ParE interaction
appeared to be compromised due to a change in these residues. The major finding of
this study so far has been the simqment in stimulation of ParF ATPase activity by

the ParG mutant proteins (Chapter 5). This might explain the way these mutations
confer the deficiency in plasmid partition, however to see a broader picture and to
understand what happems vivo, localisdagion of these proteins and analysis of

plasmid positioningn vivowere investigated.

There have been several efforts to determine the intraceltdalization of ParA
proteins.In numerous bacteria, ParA proteins and other Wdlkme ATPases play

an important role in the correct positioning and segregation of chromosomal and
plasmid DNAwithin the cell(Lutkenhaus, 2012 The selection of the division site

in E. coliis governed by the Min proteins. MinD, an ATPase, represents a dynamic
cellular element and exhibits rapid pole to po¢eillation in the cel(Raskin and de
Boer, 1999. MinD associates with the membrane a gole and alternatively with

its partner proteins MinC (an inhibitor of FtsZ polymerization) or MIinE (a site
specific suppressor of division inhibition). It has been shown previouslyMimdd
stimulaes MinD ATPase activity which results in tessociaion of MinD from the
membrane(Hu et al, 2003. This dependence othe partnerprotein MinE is
instrumental in MinD oscillatior{fPark et al, 2011). A chromosomal ParA protein
Soj, from Bacillus subtilison DNA binding forms nucleoprotein complexes that
dynamically relocate in the cMarston and Errington, 1999The relocation 0$0j

is attributed to ATP hydrolysis which is dependent on partner protein Spo0J
(Leonard et al, 2009. ParA protein of plasmipB171 forms cytoskeletalike
structuresIn the presence d?arB andparC encoded by th@ar2 locus of plasmid
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pB171, ParA was shown tdynamically relocate ovehe nucleoid.The N-termiral
residue Arg26 of ParB,is essentiafor the ParA dynamicsand changes to this
conserved residue aboligharA dynamics(Ringgaardet al, 2009. Similarly, the
partition protein SopA of F plasmid i. coliis a member of the-Pop ATPases
and in the presencaf the partner protein SopB and partition st@pC assembles
into spindle like structure@.im et al, 2005. SopA was shown to be dynamiit

vivo owing to its polymerization and depolymerization cycle and thus playing an
important role in plasmid positioning aségregatior(Lim et al, 2003. However,

in a celifree system, the F plasmid partition was attributed to the concentration
gradient of SopA protein and to a diffusion ratchet mechafigemschiarelliet al,
2013.

It has been observed that ParF polymers are dynamic and when they bind to the
ParGDNA cargo, the dynamic etocation of ParF polymers facilitates the
segregation of plasmids (McLeod, B. unpublished ddtd)as been observed that
ParF oscillates over the nucleoid in the presence of the @atiF&SH system B.
McLeodunpublished dadalt becomes essential thé analyse the phenotype of the
ParG Nterminal partition deficient mutants with respect to ParF oscillation. The
effect of ParG Nerminal mutant proteins on ParF localisation and oscillation is
reported in this chapter in order to propose a broaderfoolthe unstructured ParG

N-terminus in plasmid partitioning.

Confocal microscopy was used as one of the methods for visualisation of ParF and
ParG proteinsin vivo. Light microscopy has always suffered from diffraction
limitations since its conceptiomut recently new methods have been developed to
overcome this constraint. These methods together are knsvauper resolution
microscopy.To study ParF localisation and appearance in more detavo, super
resolution microscopy was conducted using@¥X microscope. The combined
results from these two methods have been instrumental in understanding the

segregation procesd plasmid TP228n vivo.
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6.2 Results

6.2.1 The partition geneparF and partition cassetteparFGH were

cloned into vectors suitable foinin vivoimaging

A fluorescent tagging system was used to studyivo localisation of the partition
proteins. The two plasmid vectors employed in the microscopy study were
pBADparF and pBM20, which were provided byrét McLeod (Daniela Barilla
group, University of York) (Figure 6.1). In the vector pBpdF, the fluorescent tag
enhancedsreenFluorescenfrotein (eGFP) encoded by thegfpgene was cloned in
frame with parF, under the control of the arabineselucide promoterPgap. The
vector pBM20 is a derivative of the partition probe vector pFH547 containing the
parFGH cassette. ThenCherrygene, whichencodes for the mCherry fluorophore
was cloned in frame witparG in vectorpBM20. Vector pBM20 has been shown to

be stable in plasmid partition assays (B. McLeod, unpublished data). Both the
partition proteins fused with the fluorescent tags were found to be functional (B.
McLeod, unpublished data). In the localisation study, the pBskb supplies ParfF
EGFP intransand it was established thattime presence ofhis vectorthe stability

of pPBM20 was not alteredit was also established that the signal from ParG
mCherry celocalises with the plasmid, as ParG binds to the centromere and operator

sequences of thearFGH cassette (B. McLeod, unpublished data).

The mutanparG alleles, responsible for plasmid partition defects, were cloned into
the vector pBM20 by digesting the mutant partition vectors (i.e. pMBL3A and all the
others) with restriction enzymddstX1 andHpal and ligating the resulting 456 bp
fragment into the digested vector pBM20. Screening of the clones was carried out by
restriction digestion of plasmid DNA with enzymipal and BstX1. Clones were
confirmed by sequencing and named according to thetioncoded e.g. pBM20
parGL3A Digestion of the plasmid pMBL21And cloning ofparG-L21A fragment

into pBM20 vector are shown in Figure 6.2 as an example, whichtoletthe
construction of theBM20-L21A.
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Figure 6.1 Plasmids used in the localisation of ParF and ParG proteinig vivo.

A. Vector pBADparF contains fusion gengarF-eGFP under the control of the gk
promoter.B. Vector pBM20 contains the wild typparFGH cassette and the mCherry

encoding gene is clonaad frame withparG.
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Figure 6.2 Representative agarose gels showing the digested mutgrarG allele and

the restriction digestion screen of pBM2Mlasmids potentially harbouring the desired
parG mutation.

A. MutantparG fragmentof 456 bp size was cleaved and cloned into pBM20 vector.d-ane
L, Gene ruler 10 kbp laddet;and 2 DNA fragment generated on digestion of pNIB1A.

B. Restriction digest of fivpBM20 constructgotentiallycontaining the mutargarG allele.
Lanes:L, Gene ruler 10 kbp laddand 15, digested plasmids from five candidates.
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6.2.2 Localisation of ParF in the cell in the presence ofthe ParG

WT/N-terminal mutant proteins

In order to analyse how ParF drives plasmid segregation and how ParG supports this
active partitioning, the dynamics of the intracellular localisation of these proteins
were observed by confocal fluoroscence microsc&pycoli cells (BW25113)were
co-transformed with pBADparF and pBM20/pBM26parG mutants and microscopy
analysis was carried outhis strain supports the medium copy number plasmid
replication.The cells were grown in the presence of antibiotic pressure to retain the
plasmid. The analysis @is elucidate the localisation and dynamics of the partition
elements rather than the actual partition process ottgyy number plasmidd has

been recently observed that ParF binds to the nucleoigivo (B. MclLeod,
unpublished data). To visualise thecalisation of ParG, ParG mutants and RarF
with respect to the nucleqi®API staining was used.

When cells were ctransformed with pBAEparF and pBM20, the distribution of
ParFeGFP appeared asymmetrical over the nucleoid, as the green signal was
concentrated at either side of the nucleoid. The Rafherry red signal was found

to be rather diffuse and presé¢htoughout the cell (Figure 6A3. Occasionally tight

foci (1, 2 or 3) were observed at various positions such as theethichear the
poles 1/4 (one quarter) or 3/4 (three quarter) of the cell length. In the presence of
ParG mutant proteins, a stark contrast was observed for theeB&i signal
compared to results observed in the presence of WT ParG-eB&F was
distributed evenly througlut the nucleoid rather than localised at one side. ParG
mutant proteins were observed predominaas tight red foci (Figure 6831). An
interesting pattern was observed with P&NG3A. In the presence of this mutant
protein, ParF formed a compact grdeaus overlapping with the similarly compact

red focus of ParéN18A (Figure 6.3G).
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ParG-KSA

ParG-K11A ParG-M13A

ParG-N18A ParG-L21A

Figure 6.3 Localisation of ParF in the presence of ParG WT/ Nerminal mutant
proteins over the nucleoid visualised by confocal microscopy.

Individual channels for DAPI (tofeft), bright field (topright), ParFeGFP (middldeft),
ParGmCherry (middleright), and merged (bottoteft) are shownA. WT ParG,B. ParG
L3A, C. ParGK5A, D. ParGK11A, E. ParGK12A, F. ParGM13A, G. ParGN18A, H.
ParG-R19A andl. ParGL21A. Scale bar=0.5 umin A, B, C,D, E, F, Gand 1 um in H and
l.
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The localisation of ParF was also studied in the absence of the gadtesn. When

E. coli cells were transformed only with the pBAgarF vector (thus in the absence
of the full partition system), the Pad&GFP signal appeared diffuse thghout the
nucleoid (Figure 6 A). This indicated that a functional ParG protein along with the
partition siteparH is responsible for the asymmetric distition of ParFin vivo.
When WT ParG and ParG mutants were analysed in the absence @GFPFy
transforming E. coli with vector pBM20/mutantonly, wild type ParG formed
multiple fod over the nucleoid (Figure 83, whereas the mutant proteiappeared

as singk, compact red foci (Figure &3 The appearance of tight foci for ParG
mutants was observed bdththe presence arabsence of ParEFGP. TheparFGH
cassette in pPBM20 expressed the wild type ParF under the native promoter, hence
absencef pBAD-parF does not result in lacf ParF proteinn the cell.
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ParG-K12A

Figure 6.4. Individual localisation of ParF, ParG and ParG mutants observed by
confocal microscopy.

A. E. coli cells harbouringonly pBAD-parF vector show ParF spread over thwaole
nucleoid.B. E. coli cells harbouring only pBM20 vector show diffuse Pa@BGE. coli cells
harbouring pBM26K12A show a tight red focus. In all the images the merge of green/red
signal, DAPI staining and bright fetis shown. The images are representative example from

the set of aleast 100 cells analysed for each sample. Scale barp0.5
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6.2.3 ParG Nterminal mutations alter the positioning of plasmidin

the cell

Once the localisation oParF and ParG proteins was determinedvivo, the
positioning of the plasmid was scrutinised. Association of ParG with the plasmid
partition site allowed tracking of the plasmid position by monitoring the ParG
mCherry red signal. Plasmid segregation isalti-step process during which the
plasmid is first located at micell during replication and subsequently segregated to
1/4 or 3/4 positions of the cell, which will eventually serve as-oeitl position of

the future daughter cell&Ebersbach and Gerdes, 200k the presence of ParF,
ParG formed 4 foci per cell (Figure 6.5A). Although these foci looked distinct,
theywere diffuse. Most of the cells showed either 1 or 2 ParG foci. When there was
only one focus, it appeared mostly at the 1cedl. In a cell population when two foci
were observed, they were mainly located at the one quarter or three quarter location
in the cell, probably taking up their position on the verge of segregationr@-ig
6.5A).

The effect of partition deficient ParG-fdrminal mutations on the positioning of the
plasmd was also analysed (Figure Bih Variable patterns were observed for the
mutants. In the presence of ParG mutations L3A, K5A, K11A, M13A, R19A and
L21A, cells with 1 to 4 red foci were observed in similar proportion. However,
ParGK12A containing cells showed mainly one or two foci in equal proportion,
similarly to the patterrof wild type ParG. An unusual pattern was observed for
ParGN18A that showed over 60% of the cells harbouring a single focus, around

30% of cells showed double foci and a negligible number of cells showed 3 or 4 foci.

Whenever the cells containing plasmidth the mutations of ParG3A, M13A,

R19A and L21A showed a single focus, it was observed that the plasmid was
positioned along the entire cell length with less pronounced preference taelnid
location as compared to cell harbouring wild type ParQs Blggested that the
positioning of the plasmid was disturbed due to the effect of the mutations, when
compared with wild type ParG. In the case of double foci, the plasmid localisation
looked more disorganised for PatGA, but ParGR19A, ParGM13 and PeG-

L21A showed a pattern similar to that of wild type ParG.
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When plasmids encoding Pak®A, ParGK11A and ParGK12A mutations
coalesced as a single focus, they were positioned in a fashion similar to wild type
ParG encoding plasmids i.e. at the roéll. In the double foci scenario, K5A
resembled the pattern of wild type ParG, with plasmids at the 1/4 and 3/4 positions.
However, the localisation of double foci of PakK&1lA and ParGK12A appeared
more disorganised?lasmids harbouring Pafl818A mutation sbwed the highest
number of cells with single focus at r@ll similar to wild type ParGhoweverthe
double foci scenario was not very similarthat ofwild type ParG (Figre 6.5Giii,

iv).

Plasmids harbouring ParG-tdrminal mutations appear to be disited more
randomly along the cell length. It is possible that the movement frontetiido the
quarter cell positions after replication and before segregatiaffieisted Majority of
plasmids failed to reach their final destination. The randomnessl fouplasmid
positioning suggested that plasmid transport was disrupted because of the mutation
in the ParG Nerminal tail.
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Figure 6.5 Effect of ParG N-terminal mutations on positioning of the plasmid
containing the parFGH partition cassette.

Confocal microscopy snapshots of cells containing the plasmid harbouring wilgay@e

or the mutant allele and quantitative analysis of the Pa@Berry foci localisation. The
cells were cdransformed with pBADparF and pBM20parG/mutant as indicated on the
panels(i) Snapshot of the cells from a population used for quantitative analysis. Scale bar =
lpminDand G, 2 umin A, B, E, Fand I, 4 um in C andill.Number of Par@nCherry

foci per cell, counted for approximate00 cells for each mutaniii) Position of single
focus displayed on >éxis by taking the normalized distance from the pole in the population
of cells shown in panel ii{iv) Position of double foci displayed on-akis by taking the
normalised cell lenty in the population of cells shown in panel i.
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6.2.4 ParF oscillation is abolished in the presence ofParG N-

terminal mutant proteins

To examine the dynamics of the P&&rG localisationin vivo, timelapse
microscopy was employedels were observed over 20 minutes and snapshots were
taken at one minute intervals. Individual channels showing thed@AP and ParG
mCherry signals were aligned and are presehtdto show the dynamics of the
system (Figure 6.6). Over time, ParF epped tanovefrom one side of the nuce

to the opposite (Figure 6A6and movie 6.1) and ihoscillation pattern was observed

in approximately 70% of the cells. At the beginning (first three frames i.e. for 3
minutes) ParFeGFP appeared to be localissdone side of the nucleoid. In the next
two frames (4 and 5 minutes), the green signal gradually moved to the other side and
eventually localised near the other nucleoid pole. ParF remained at this position for
around 7 mintesand then began to migrab@ck to the opposite side of the cell. In
the frames (149 minutes), the green signal slowly moved to the other side of the
cell and before the end of 20 mbes ParF had migrated back to the position
observed at the start of the tifapse series. Alongvith ParFeGFP, the ParG
mCherry signal alsoelocated (Figure 6.6B). This signal always lagged behind the
ParFeGFP green signal, which may indicate that ParF pulls the-plag&id cargo
during partitioning (Movie S1). ParG also appeared to bcaised with ParF
eGFP at the start of the time sequenféer the 7" minute, two ParG red foci were
observed and the focus on the left side remained still till the end of thdaise
experiment. This might suggest that ParF has placed this plasnmgdingaitposition

before cell division.
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ParF- ParG-
eGFP mCherry

8’

10°
11’
12°
13°
14°
15°
16°
17°
18’
19°

Figure 6.6, Localisation and dynamics of ParF and ParG during timelapse
microscopy.

A. A representativ0 minutes timdapse experiment, the first column shows the ParF
eGFP signal and the second displays the Fa@Bherry signalB. Snapshot of the cell
during a timelapse experiment with bright field (tepght), merged(bottomright), mCherry
(bottont left) and eGFRtop-left) image. Scale bar = 0.5um.
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The effect of ParG Nerminal mutations on ParF oscillation was investigated by
performing timelapse experiments for each mutant. Approximately 100 cells were
observed for each mutant and kymographs were generated for the@raiPFsignal

to determine thgresence of oscillation. All the movies from the 20 minute {ime
lapse experiments, carried out for wild type andeNninal ParG mutants are
provided as supplementary files (Movies-S9). Due to photdleaching the green
signal looked weaker at later tarintervals; hence sometimes the signal has to be
corrected for photdleaching. Bacterial cells displace from their original position on
agarose pad over time of 20 minutes of tiaese experiment hence while
processing the data to create titapse mow the displacement of the cell needs to

be corrected by using Volocity software.

ParF oscillation was severely impaired in the presence of ParG mutant proteins and
abolished in most of the cells containing the plasmid harbopan@ mutations. In
compaison, 67% of the cells showed ParF oscillation in the presence of wild type
ParG, whereas the percentage of cells showing ParF oscillation was much lower for
the strains carrying the mutant-tBkrminal ParG proteins. The number of cells
exhibiting ParF ostiation ranged from 1% in the presence of PMG3A to 15 %

in the presence ofd?G-K11A (Figure 6.7). ParF appears to be recruited into the
defective segrosome and to remain locked in this complex displaying no movement.
The movies, S&9, show that ParEGFP did not oscillate in the presence of mutant
ParG proteins. The evenly spread localisation of the -B&HP signal, which is
presumably bound to the cleoid as in the snaghots in kgure 6.3, was observed
throughout the 20 minute time span for detmutants. Even though the overall
pattern was lack of PartGFP oscillation, the localisation pattern of mutant ParG
proteins over time was different. In the presence of R&& ParGM13A, ParG

R19A and Par@.21A, ParFeGFP was evenly distributed ontbdhe sides over the
nucleoid and made contact with mutant protein. Mutant Ré@a@mid complex was
present at migell without any movement towards the pole (movies S2, S6, S8 and
S9). In case of Par&5A, ParGK11A and Par@&12A containing plasmids, Par

eGFP did not cdocalise with these mutant ParG proteins although sometimes ParF
polymers reorganised and relocated over the nucleoid as seen in the movies S3, S4
and S5, but still ParF failed to transport the plasmid away from theeHigosition.

PalF-eGFP localisation was distinctive in the presence of PL&A (movie S7).
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Even though PareGFP was distributed over the nucleoid, a substantial amount of
ParFeGFP cdocalised with the Par®I18A into a compact focus. This focus
remained static overrtie and no movement wabserved for plasmid and Parks

a representative example, of the pattern displayed by the mutants, a snapshot and

time-lapse of a cell harbouring the PaMa8A mutant are shown iFgure 6.8.

Movies legend

Movies S1S9. ParF-eGFP oscillation is disrupted in the presence of the ParG -N
terminal mutant proteins in vivo. E. coli cells harbouring plasmids pBAparF and
pBM20-parG/mutantwere imaged for 20 miries in timelapse experiment and displayed in
movies withindividual bright field, red and green channe{§1) ParG WT, scale bar= 1
um. (S2 ParGL3A, scale bar= 0.5 um(S3 ParGK5A, scale bar= 0.5 um (S4) ParG
K11A, scale bar 0.9 um (S5 ParGK12A, scale bar 1 um (S6) ParGM13A, scale bar
0.6 um (S7) ParGN18A, scale bar 0.7 um (S8 ParGR19A, scale bar 0.5 um (S9
ParGL21A, scale bar 0.9um.
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Figure 6.7. ParF does not dynamically relocate in the presence of the-tdrminal ParG
mutants.

Histogram showing the percentagecells displaying ParF oscillations. The movement of
the ParF signal was monitored by generating kymographs. Approximately 100 cells from at

least three separate experiments were analysed for each mutant.
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A ParF- ParG-N18A B

eGFP mCherry
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Figure 6.8 Localisation and dynamics of the ParF and Par@18A proteins.

A. A 20 minute timdapse experiment. The first column shows the RdBIFP signal and
the second is Par@18A-mCherry. B. A Snapshot of the cell from thamnte-lapse
experiment showing eGFP, bright field, mCherry and merge chafmebsleft to right
Scale bar = 0.7um.
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A kymograph was obtained for the Pa&GFP green signal during the 20 minute
time interval, which helped to give a gtacal representation of the spatial and
temporal movement of ParF (Figure 6.9). In the presence of wild type ParG, ParF
showed oscillation, which produced a wdilke appearance in the kymograph. On
the contrary, in the presence of Par@exminal mutanproteins the ParF was static

and failed to show any oscillation resulting in a stationary kymograph.

ParG

Cell length
<>

ParG-L3A

ParG-KSA

ParG-K11A

— ParG-K12A

ParG-M13A

ParG-N18A

ParG-R19A

ParG-L21A

t=0 time t=19

Figure 6.9. Kymograph analysis of the ParFeGFP signal in the presence of ParG N
terminal mutant proteins during time-lapse experiment.

The movement fothe ParFeGFP signal along the cell length over time inEarcoli cell
containing pBADparF and pBM20parG/muant plasmids is displayed. The kymographs

were constructed using the same tiiamgse sequence which are displayed as movieS951

respectively.
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6.2.5 Super resolution microscopy reveals that ParF forms a

meshwork of polymers over the nucleoid

Because of the limitation of resolution, confocal microscopy does not provide fine
morphological details of the proteins leethreedimensional structured illumination
microscopy (3BSIM) was employed by using an OMXOptical Microscopy
eXperimental)microscope to investigate the features of the ParF strudturego.

OMX set up includes isolated components for light soulaging, microscope
control and tracing the samp(Bobbieet al, 201J). In this microscopy, the lasers
are beamed on the spha at multiple angles and in phases of the stripes to acquire
and build up a compound image. The images have twice the resolution in gredXY

Z planes after processinghussuper resolution microscopy enhances resolution up
to 100 nm in both axial and &tl directionsApproximately 50 cells were observed
for each of wild type and mutant ParG containing plasmids. The images were
analysed by 3D opacity using Volocity software (Perkin Elmer). As OMX
microscope scans the sample for a longer interval, thaoqiiheaching effect

becomes a limiting factor.

The pattern of the Par€GFP localisation observed by OMX was found to be similar

to those observed in the confocal images. When wild type ParG was present, the
ParFeGFP was distributed asymmetrically ovee nucleoid (Figure 6.10). Images
obtained from 3BESIM showed ParF as a meshwork with various ParF polymers
forming cablelike interwined structures distributed over the nucleoid. Wild type
ParGmCherry bound plasmids were located along the ParF cables. co
localisation of multiple Par@Cherry foci with ParfeGFP appeared as beads on
strings. A representative example of wild type ParG containing cells and the

presene of ParF meshwork is given ingire 6.10.
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Figure 6.10. Structured illumination microscopy image of the ParFand ParG signal in

E. colicells.

ParFeGFP forms an asymmetric mesh of elongated structures over the nucleoid and ParG
mCherry bound plasmids appear as compact foci along the ParF cables. The filled white
arrowheads show ParF cables. Empty arrowheads shdacalisation of ParF and ParG.

The channels shown afarFeGFP (todeft), ParGmCherry (topright), DAPI (bottom

left) and mergedhottomright). Scale barl unit = 0.415 pm.
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The cabldike ParF structures were also observed in the presence of ParG mutant
proteins ParG mutant proteinappeared as tight foci mainly at maell position.

ParG Nterminal partition deficient mutants were moipaired in promotion oParF
polymerization hence it was not surprising to see the cdikke structure of ParF in

the presence of these mutants in OMX images. ImageE.afoli cells containing
plasmids with ParG mutations were analysed by 3D opacity using Volocity software
and representative examples are shown in Figure 6.11 and $dlfietimes
asymmetrical distribution wasbserved as shown for Pat@2A. The images
obtained using 3E5IM are also shown as movies (Supplementary files, movies S10
S18). In the movies a rotation along the long axis suggests that the mesh forming

cablelike ParF structures permeate the nucleoid.

Mutant ParGmCherry bound plasmids were found afixed position. ParFreGFP

was evenlydistributedover the nucleoid. Themeshwork of ParF was visible in the
presence of all the ParG mutant proteins except R&t&A and Par@18A. The
absence of ParF eshwork in case of Par13A cannot be established
guantitatively as the sample size was small. In case of-RaBa, the compact
focus of ParreGFP and lack of meshwork feature was frequently observed. This
mirrors the observation made during the confaoeging where ParF and ParG
N18A colocalised into a tight focus (Movie S7). In case of RKTAA sometimes

two adjacent foci were observed at the +oéll which might have arisen after
replication. ParFeGFP was spread around these PEIGA foci. In cag of ParG

K5A and ParGK12A, although ParF meshwork was observed over the nucleoid, the
area around the plasmid was devoid of Ra@EFP signal. During timipse
experiment in confocal imaging, less overlap was observed betweef® R&K5A

and ParFParGK12A (Movies S3 and S5). This might indicate towards the altered
interaction between ParF and these ParG mutants. In case eRBR8Gand ParG
L21A, colocalisation of ParfParG was observed. In the presence of HRiGA,

long cables of ParEGFP were seerather than a meshwork.
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Movies legend

Movies S10S18 The ParFeGFP meshwork over the nucleoid shows variation
depending upon the ParG mutants.E. coli cells containingplasmids pBADBparF and
pBM20-parG/mutantwere imagedon OMX microscope andisplayed as a movig€S10)
ParG WT, Scale bar 1 unit = 816 um; (S11)ParGL3A, Scale bar 1 unit = 010 pm; (S12)
ParGK5A, Scale barl unit = 0.581um; (S13)ParGK11A, Scale barl unit = 0.415 pm
(S14) ParGK12A,Scale barl unit = 0.4 pm (S15)ParGVI13A, Scale bar 1 unit = 078
pm; (S16) ParGN18A,Scale bar 1 unit = 04 um; (S17) ParGR19A,Scale bar 1 unit =
0.233um; (S18)ParGL21AScale bar 1 unit = B817pum.
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Figure 6.11 Structured illumination microscopy images of the ParF distributionin the
presence of ParG mutantsnside E. coli cells.

The channels shown are green, red, DAPI and merged in all the irdagestGL3A, B.
ParGK5A, C. ParGK11A, D. ParGK12A. In each pannel, the channels shown Rae~
eGFP (todeft), ParGmutmCherry (topright), DAPI (bottomleft) and merged bpttom
right). Scale barl unit = 0.415 pm.
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Figure 6.12 Structured illumination microscopy images of the ParF distributionin the
presence of ParG mutantsnside E. coli cells.

The channels shown are green, red, DAPI and merged in all the imadrerGM13A, B.
ParGN18A, C. ParGR19A, D. ParGL21A. In each pannel, the channels whoareParF
eGFP (togeft), ParGmutimCherry (topright), DAPI (bottomleft) and merged bpttom
right). Scale barl unit = 0.415 pm.
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