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Summary

All life demands the temporal and spatial contrblegsential biological functions.
However, the understanding of cellular organizationthe prokaryotic kingdom is
poorly understood. Bacteria lack many of the knowamnganisers as well as the
compartmentalisation of eukaryotic cells and havedunt on the cell wall and the
membrane as anchoring sites for fundamental presess

A novel supramolecular localisation pattern wasnfbin the membrane of the
apparently spherical bacteriu@taphylococcus aureuslhe phospholipid synthesis
enzymes PIsY and CdsA are localised in a punctatéenm, along with a septal
localisation in cells that are undergoing cell-dioh. This localisation pattern is
stabilised by the cytoskeletal and cell-divisios@sated protein MreD.

MreD, which is also localised in punctate pattesnrequired for growth at 42
°C. Cells lacking MreD stop growing and exhibit ees morphological defects along
with the delocalisation of FtsZ. This phenotype Imipe explained by a decrease in
cardiolipin levels which was revealed by thin laygromatography and could be
relieved by the addition of high amounts of NaCthe growth medium.

Fluorescence microscopy studies revealed similealileation patterns as seen
for PIsY for membrane proteins involved in phospghidl biosynthesis and other
metabolic processes, but not for the secretioreprd@ecY. A novel protein-interaction
system based on Foérster Resonance Energy Tranateestablished i8. aureusand
used to demonstrate the interaction of PISY withsAZdMreD and PgsA (another
phospholipid synthesis enzyme) suggesting the foomaof phospholipid synthesis
clusters in the membrane that would allow metabdi@nnelling.

The observed localisation pattern is independentwall teichoic acids,
cardiolipin, lysinylated phosphatidylglycerolphospd, squalene and peptidoglycan.
However, PISY has been found to localise homogesigan the membrane when cells
are treated with the FtsZ-polymerisation inhibiR£190723 suggesting a potential role
for FtsZ in the punctate patterned distributiorPtsY .

This study illustrates a novel supramolecular stmecof membrane proteins in

S. aureusvhich could be a common feature across biology.
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Chapter 1: Introduction

1.1 The organisation of life

Life is categorised into three domains: Eubactefiechaebacteria and Eukaryotes.
Eukaryotes are composed of highly specialised @iggs that fulfil specific tasks
within the cell. Importantly, the genetic informati of eukaryotes is compacted in the
nucleus. Eubacteria and archaebacteria are mudtestinan eukaryotes and possess an
apparently more simple structure in which cell fimts do not seem to be spatially
separated and the nucleoid is located within thik together with all the cell
components. Thus, do bacteria and archaea notreegunigher organisation and rely
solely on diffusion to maintain cell function andbfiferation?

Indeed, diffusion does play a significant role iacterial cells, however, in a
more complex and efficient way than initially ampated. In 1952, Alan Turing
delineated the chemical basis for what we as modesearchers are now able to
observe (Turing, 1990). He wanted to understand how chemicals diffuse in a
spatially homogeneous system with differing diféusi coefficients. This work
illustrated that diffusion disturbances, such ake@mical diffusing quicker than another,
can create local compartments. Although, his woals Wwased on a very simple system
of only two components, it illustrated convincingthat chemical and structural
compartmentalisation can be achieved based onstffumechanics and does not
necessarily require organelles. The basis for siiffu disturbances can be due to a
variety of factors including reaction-diffusion niamisms in which one molecule slows
down the diffusion of another along through simgémmetry. Its outcome is the basis
for experimental observations in bacteria in aamfit to understand how an apparently
simple organism is capable of completing complekgsa

The following introduction describes how bactedalls are structured and how
essential biopolymers required for homoeostasis @lHproliferation are generated

from a bottom-up view point.



1.2 The bacterial blueprint

1.2.1 The different shapes of bacteria

Bacteria are found in every habitat of the world ane highly adapted to different life
styles which led to the development of a wide raofyenorphologies that determines
their inner structure and features. Different cgllapes were initially used for the
classification of bacteria into rod, cocci, spirabmma and corkscrew-shaped bacteria

(Fig. 1.1). These shapes are also found in vanaugtions of single-cell, clusters and

chains.
bacillus spirillum vibrio i %
(rod) (spiral) (comma)
coccus deIOCOCCI
(spherical) chain of cocci
cluster of cocci
spirochaete chain of bacilli
(corkscrew)

Figure 1.1 The different shapes of bacteria
Image is adapted from: http://www.microbiologyomliarg.uk/about-microbiology/

introducing -microbes/bacteria.

To outline how a bacterial cell is composed andcstired, their shape constitutes a
starting point. However, most bacterial aspectdarezed from an interplay between

different factors and the following blueprint itiefore simplified.

1.2.2 Shape determinants or the bacterial cytosketm

As mentioned before, the shape or geometry of hattells facilitates a basic starting
point for the localisation of further proteins asdbcellular structures. The shapes of
eukaryotes are determined by cytoskeletal compartlat were initially thought to be
unique for eukaryotic cells. Tubulin is a dimerttpalymerises by GTP hydrolysis into



microtubules and is essential in many pivotal datlyprocesses such as mitosis and
intracellular transport.

Another major cytoskeletal component is the ATPasin. Actin is a
multifunctional protein that assembles into filateeand gives structure to eukaryotic
cells by facilitating cell motility, division andriolging to other cells. Its polymerisation
is driven by ATP hydrolysis and often involves théeraction with membranes. The
third principal cytoskeletal elements, intermediiteaments (IF), are composed of a
family of proteins exhibiting a structural rathéah a dynamic role within the cell and
provide mechanical strength and integrity. Recerdisuctural homologues of all three

eukaryotic elements have been found in bacteria.

1.2.3.1 Bacterial actin homologues

The screen for cytoskeletal components in bacteased on amino acid sequence
homologies to actin, tubulin or IF was unsuccesafd thus it was thought that bacteria
lack these components. Advances in structural bgiolwowever, changed the focus to
examining structural homologues rather than scrgefor primary structures. In 1992,

a comparison of three-dimensional structures of #8683 with actin revealed a set of
common conserved residues (Boek al, 1992). Searching for this pattern in
prokaryotic species led to the discovery of baatesictin-homologues such as MreB
and ParM.

1.2.3.1.1 MreB

MreB is widely conserved across non-spherical bectéSome species, particularly
gram-positive bacteria even possess more than eeB Kbmolog. The lack of MreB in
spherical shaped bacteria gave a hint to the ragesldetermining function of MreB
(Daniel & Errington, 2003, Pinhet al, 2013). Like actin, MreB is an ATPase capable
of polymerisation (van den Eet al, 2001, Colaviret al, 2014). MreB forms dynamic
and flexible cables in a helical pattern throughitngt entire bacterial cell and localises
just under the cytoplasmic membrane (Joegesal, 2001). This observation was
supported by Cryo-EM and crystal structures showtimgf MreB forms antiparallel
filaments (van den Ergt al, 2014). MreB in cooperation with RodA work togethe
help synthesise the glycan strands of peptidogl{4sN) (Uehara & Park, 2008). In
cells depleted of UndP, a lipid-linked cell wallepursor, MreB disassembles into the
cytoplasm giving evidence that the membrane associaf MreB is dependent on

these precursors (Schirnetral, 2015). InEscherichia coliandCaulobacter crescentus
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MreB changes its helical pattern according to tbk @ycle, while inBacillus subtilis,
MreB stays in its helical pattern even during aillision (Figgeet al, 2004, Vats &
Rothfield, 2007, Defeu Soufo & Graumann, 2006). ¢labg of new peptidoglycan
strands using fluorescent vancomycin revealed amphtterns to those observed for
MreB, underscoring its involvement in peptidoglycsynthesis (Daniel & Errington,
2003). Pulse-chase labelling of newly synthesisezptigoglycan indicated its
heterogeneous insertion that is spatially and teallyo correlated with MreB.
Furthermore, MreB localises to negatively curvednmbeanes where it also directs
peptidoglycan synthesis which results in cell gimgning that contributes to the
cylindrical shape oE. coli (Ursell et al, 2014).However, it has to be highlighted that
the helical pattern of MreB is controversially dissed since it turned out that the
MreB-YFP fusion used for localisation studiesEncoli creates artefacts caused by the
yellow fluorescent protein tag (Swulius & Jense®l12). Moreover, the question
whether MreB directs the peptidoglycan synthesishimery or is directed by it
represents a typical chicken and egg problem. &eaethors suggest that MreB forms
discontinuous fibres and rotates around the long-ak the cell in discrete patches
driven by the cell wall synthesis enzymes (Reinmatldl, 2013, Dominguez-Escobat
al., 2011, van Teeffelen & Gitai, 2011, Garmral, 2011). Another study raises doubt
that rod-shaped cells require a continuous filanwniMreB to maintain their shape
since coarse-grained simulations revealed thal lwmardination of cell wall synthesis
enzymes alone can be sufficient for their cell gnty during growth (Nguyeret al,
2015). Besides its direct connection to cell wgtithesis, MreB has a global effect on
the bacterial membrane. MreB laments create membraegions with increased
uidity which might have an affect on membrane @iotdiffusion (Strahkt al, 2014).
The turnover dynamics of MreB are still uncleart Guhas been shown that a sub-
population of elongation factor Tu interacts withrdB and promotes formation of
MreB filaments (Liuet al, 2014, Defeu Soufet al, 2015). Furthermore, roles for
MreB in motility of Myxococcus xanthuasnd competence @&. subtiliswere described
(Treuner-Langeet al, 2015, Mirouzeet al, 2015).

1.2.3.1.2 ParM

Equal distribution of plasmids during cell-divisios required to ensure their stable
inheritance, particularly for low-copy plasmidsr€®R is the best understood plasmid
partitioning system. ParM is an actin-like ATPabattspontaneously forms double-

helical polar filaments that either hydrolyse ort géabilised by the DNA binding
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protein ParR. ParR binds to plasmid-localised direpeats sequences nanpedlC and
forms a nucleoprotein that is attached to the Plldvhent. The stabilised ParM bound
to ParR then drives the segregation by polymedsaind thereby pushes the plasmid to
the cell poles (Gerdest al, 2010, Bharatt al, 2015, Gayathret al, 2012, Ebersbach
& Gerdes, 2005, Gunninet al, 2015, Schumacher, 2012). Homologues of this syste
have been found iB. thuringiensis(Jianget al, 2016) E. coli (Jianget al, 2016,
Gerdes et al., 2010, Polea al, 2014, Poppget al, 2010) B. subtilis(Polkaet al, 2014)
and Staphylococcus aurefPoppet al, 2010). InS. aureudor instance, ParM secures
the maintenance of the clinically relevant pSK4asphid that confers resistance to

multiple antibiotics (Popgt al, 2010).

1.2.3.1.3 Crenactin

Studies of the generally neglected third domaitifef archaea, added a novel entry to
the world of prokaryotic cytoskeletal elements. Tdwtin homologue crenactin was
found in the rod-shaped hyperthermophilic archag@baculum calidifontisCrenactin
forms a helical structurén vivo as demonstrated by situ immunostaining and
localises between segregated nucleoids suggespogsible involvement in cytokinesis
(Ettemaet al, 2011). Although it only shares a low sequencalaiity with actin, its
three-dimensional structure is highly similar tskh observed for actin and MreB
(Lindaset al, 2014).

In contrast to MreB and actin that both form hdlidauble stranded filaments,
structural studies demonstrated that crenactin doansingle stranded helical filament
similar in structure to a single strand of actinofke et al, 2014, Brauret al, 2015).
Therefore, it has been proposed that crenactin tnigtan ancestor of the later evolved
actin from eukaryotes (Ettened al.,2011).

1.2.3.2 Bacterial tubulin homologues

Microtubules in eukaryotes facilitate chromosomegregation and intracellular-
transport forming tubules by a dynamic assemblgstiembly interplay. GTP
hydrolysis of tubulins stabilises the microtubuldrusture and enable their
polymerisation.

1.2.3.2.1 FtsZ
The essential cell-division protein FtsZ was thestfiprotein of the prokaryotic

cytoskeleton to be identified. Although it does msttare a high level of sequence
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similarity with the eukaryotic tubulin, FtsZ turnedt to be a tubulin-homologue based
on its tertiary structure (Lowe & Amos, 1998) (Nbeseet al, 1998, Erickson, 1995). In
confirmation of this theory, FtsZ also possessssliaactivating GTPase activity and is
capable of polymerisation. Binding of GTP activatee polymerisation of FtsZ that
eventually induces its GTPase activity (Lutkenhatigal, 1980, de Boeet al, 1992,
Mukherjee & Lutkenhaus, 1994, Mukherjee al, 2001, Scheffers & Driessen, 2001,
Oliva et al, 2004, Ruiz-Avilaet al, 2013, Singtet al, 2007). Thus, GTP hydrolysis is
not required for the polymerisation of FtsZ whishsupported by a study showing FtsZ
polymerisation in the presence of GDP. This medrargould ensure the disassembly
and recycling of FtsZ monomers after cell-divisiricksonet al, 1996, Huecas &
Andreu, 2004). FtsZ is considered to be the firsttggn to move to the division site
where it forms a structure called the Z-ring, a @calar scaffold for the recruitment of
other cell-division associated proteins that camaitk cell-division in concert with FtsZ
(Bi & Lutkenhaus, 1991, Adams & Errington, 2009hefefore, it is not surprising that
E. coliandB. subtiliscells lacking FtsZ fail to form complete septa,ietheventually
leads to cell lysis (Lutkenhaust al., 1980, Dai & Lutkenhaus, 1991, Beall &
Lutkenhaus, 1991). The use of immunogold electraesrorcopy and GFP fusions also
revealed that FtsZ localises and assembles ingastmcture at the midcell in a number
of bacteria (Bi & Lutkenhaus, 1991). Threvivo characterisation of the Z-ring & coli

by photo-activated localisation microscopy demaistt that the Z-ring is rather
composed of a loose bundle of Ffmbtofilaments than forming one single continuous
ring. These filaments are randomly overlapping e#ich other in both longitudinal and
radial directions of the cell (Fat al, 2010)(Holdenet al., 2014). Surprisingly, only
approximately 30 % of FtsZ iB. subtilisand E. coli was localised at the septum
whereas the rest was distributed in the cytoplasnadérsonet al, 2004). Recently, the
architecture of the Z-ring iB. subtilisand S. aureuswas examined by using 3D-
structured illumination microscopy (3D-SIM). It demstrated that the Z ring is
composed of a heterogeneous discontinuous didtoibaf FtsZ. The authors of that
study proposed that FtsZ localises dynamically inead-like pattern (Strausgt al,
2012). Amongst bacteria, only members of the obdigantracellular living
Chlamydiaceae family andreaplasma urealyticurtack FtsZ homologues (Vaughan
al., 2004). FtsZ has also been found in eukaryotiametes having prokaryotic origins
such as mitochondria and chloroplasts which podsestiomologues ditsZ (Stokes &
Osteryoung, 2003, Miyagishinet al, 2004).



1.2.3.2.2 Tubz

Similarly to the actin homologue ParM, TubZ faeitiés the partitioning of low-copy
plasmids into the two daughter cells during celiiglon (Tinsley & Khan, 2006). TubZ
is a tubulin homologue that forms filaments uponP3iydrolysis and exhibits a
treadmilling activityin vitro (Larsenet al, 2007, Hoshino & Hayashi, 2012). Its role in
plasmid segregation is linked to the DNA adaptoot@n TubR that bindgubC
sequences located on the plasmids. TubZ then banfisbR and starts to depolymerise
on the non-TubR bound end of the filament. In casttto the ParCMR system which is
based on pushing, the dynamic instability of Tulafises the segregation of plasmids
by pulling them to the cell poles. Thus, it hasrbeeggested that a capping mechanism
prevents the depolymerisation at the filament gudeind to TubR-plasmid complex
(Chen & Erickson, 2008). Furthermore it has beemalestrated that TubZ forms
switche between a two-stranded and four-strandsd gepending on its ability to bind
GTP (Montabana & Agard, 2014).

1.2.3.2.3 Cetz

CetZ is a tubulin homologue found in many archded toexists with FtsZ. Deletion
studies inHaloferax volcanii,which harbours two homologues of CetZ, indicatesirt
role as rod -shape determinants that are requoethé transition from a sessile to a
motile lifestyle. X-ray crystal structures showée tstructural similarity to Tubulin and
FtsZ along with the formation of protofilaments. dontrast to FtsZ, CetZ does not
seem to be involved in cell-division and cellsHdloferax volcaniilacking one of the
cetZgenes do not exhibit cell-division defects (Dugeiral, 2015).

1.2.3.3 Bacterial intermediate filament homologues

Eukaryotic intermediate filaments (IF) are flexilolgbles that are extremely resistant to
strain forces. These filaments function in the rtemance of cell-shape by bearing
tension and organising the internal three-dimeradistructure of the cell by anchoring

organelles.

1.2.3.3.1 Crescentin
Just as MreB and FtsZ, the intermediate filamennhdlogue crescentin is a major
cytoskeletal component and shape determinant tlaat discovered irC. crescentus

(Ausmeeset al, 2003). Analyses of rod-shaped mutants led toideeatification of
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crescentin. It is located at the concave face efd#ll and is necessary for cell shape
(Lew et al, 2011). It shares the common features of interatedilaments by assembly
into filaments that continuously integrate suburots both ends without energy or
cofactor requirements (Ausmees al., 2003, Charboret al, 2009). Biochemical and
ultrastructural studies revealed that IF can betionally divided into two subdomains
where the first is required for recruiting protemsbile the second domain facilitates
structural assembly. A linker sequence between bdtmains prevents the
disintegration into non-functional aggregates (@aat al, 2011). Crescentin seems to
be a unique cytoskeletal element only foundCincrescentusHowever, the screen for
‘central segmented coiled-coil rod’ domains tha¢ aegarded to be crucial for the
structural features of crescentin revealed 21 biattgenomes harbouring potential IF
homologues. Three of these including the ones filglycobacteriumand other
actinomycetes were testéu vitro where all of them spontaneously formed filaments
(Bagchi et al, 2008). This suggests that just like tubulin amtinahomologues, IF
homologues might be a common cytoskeletal compoofdoécterial cells.

1.2.4 The membrane

All bacteria possess a cytoplasmic membrane thatormposed of a phospholipid
bilayer. Membranes act as a first barrier to mamntallular processes in a defined and
controllable space. Additionally, membranes sewelassis for the incorporation of a
number of proteins involved in the transport of ewmnlles into the cell, energy

conservation and cell signalling.

1.2.4.1 Phospholipid synthesis

Phospholipids are the main component of cell mengsaThey are composed of a
variable fatty acid chain and a hydrophilic phodgho headgroup. In general, the
biosynthesis of phospholipids can be sub-groupddun synthetic steps. The initiation
module produces building blocks for fatty acid $y#is and feeds the elongation
module where fatty acids are gradually extendedhBoodules are features of the
multiprotein complex fatty acid synthase Il (FASIhis process takes place in the
cytoplasm. Fatty acids are then incorporated imyoegol-3-phosphate by a membrane
associated acyltransferase module synthesisingrdeeirsor used for a series of mainly

integral membrane bound phospholipid synthesis reesythat modify the head group
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of phospholipids. This procedure is described itaitldy Parsons and Rock that also
elucidates remaining knowledge gaps (Parsons & Ra@k3). A summary of fatty acid
and phospholipid synthesis is shown in Fig. 1.5.

1.2.4.1.1 FASII initiation module

The first step in phospholipid synthesis is perfedny the acetyl-CoA carboxylase by
carboxylation of acetyl-CoA which is catalysed byfaur protein subunit complex
(AccABCD) and its product is subsequently trangférto the acyl carrier protein
(ACP) through FabD (see Fig. 1.2) (Cronan & Waldrdp02, Choi-Rhee & Cronan,
2003, Li & Cronan, 1992, Zhang & Rock, 2008). Sdoaeteria such aB. subtilisand
S. aureugpreferentially employ acyl-CoA instead of acetydAC(Choi et al, 2000, Qiu
et al, 2005, He & Reynolds, 2002, Jackowskial, 1989). In the last step of the fatty
acid initiation module, FabH condenses acyl-CoAhwitalonyl-ACP to -Ketoacyl-
ACP which, together with malonyl-ACP feed direatiyo the elongation module (Tsay
et al, 1992, Heath & Rock, 1996a, Alhamadsletial, 2007).

1.2.4.1.2 FASII elongation module

The second step in fatty acid synthesis elongdiegtecursors, malonyl-ACP and
ketoacyl-ACP, derived from the initiation modulerabgh four enzymes that differ
between bacterial species which act in concert eéycked process (Fig. 1.2) (Heath &
Rock, 1996b). The second keto group oKetoacyl-ACP gets removed and two
carbons get added to the acyl chain per cycle. pitasess is repeated until a long fatty
acid chain is generated (Heath & Rock, 1996b, Fishal, 2000, Massengo-Tiasse &
Cronan, 2008). First, FabF/B decarboxylates mal&@f to -ketoacyl-ACP that is
then reduced by FabG to-hydroxyacyl-ACP (Prescott & Vagelos, 1970, Passén
Rock, 2013). The next step is catalysed by FabZ/dlysing -hydroxyacyl-ACP to
form trans-2-enoyl-ACP which leads to the nal reacn catalysed by Fabl (Heath &
Rock, 1995). The resulting acyl-ACP product is eithsed to begin another round of
elongation or it is incorporated into phospholipisthe acyltransferase module (Heath
et al, 2000).

1.2.4.1.3 Acyltransferase module
The assembly of fatty acids and glycerophol-3-phagp (G3P) is mainly facilitated by
the PIsB system in-proteobacteria bacteria (Bell, 1975) whereas tightty different

PIsX/PIsY system is dominating in gram-positive tbaa. G3P is gained by the
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glycolysis though the glycerol-3-phosphate dehydrage GspA and two of its acyl
chains are connected with the Acyl-ACP derived fribia elongation module forming
lysophosphatidic acid (LPA) (Fig. 1.3) (Ray & Whit#972, Rayet al, 1972). This
reaction is catalysed by PIsB and PIsC. Both ensyrae either use Acyl-ACP or Acyl-
CoA for the incorporation of the acyl chain. In grgositive bacteria, the acyl chain is
first phosphorylated by PlsX and subsequently cotmteto G3P by PIsY to LPA
(Paoletti et al, 2007) (Luet al, 2006). The addition of the second acyl chain is
facilitated by PIsC in both the PIsB as well as BRieX/PIsY systems resulting in the
universal bacterial phospholipid precursor phosgiwaacid (PA).

Due to their central role in connecting fatty asighthesis with phospholipid
headgroup generation, enzymes from the acyltraasdemodule are regarded as key

regulators in phospholipid synthesis.

1.2.4.1.4 Phospholipid head group synthesis
The diversity and composition in phospholipids &cteria determines the topology,
properties and localisation of membrane proteind affects membrane curvature
(Zhanget al, 2005b, Xieet al, 2006).

The first step in phospholipid headgroup synthesshared among all bacteria.
PA gets cytidinylated by CdsA into CDP-diacylglyoke(CDP-DAG) which acts as a
precursor for the formation of various phosphokpi@Fig. 1.4) (Kanfer & Kennedy,
1964) (Sparrow & Raetz, 1985). PssA and PgsA thenvert CDP-DAG to
phosphatidylserine (PS) and phosphatidylglyceradphate (PG) respectively.
Phosphatidylserine is further processed to phogphethanolamine by the Psd
enzyme, whereas phosphatidylglycerolphosphate s phasphorylated to
phosphatidylgylcerol by PgpA in most bacteria. Sospecies such ak. coli also
possess multiple homologues dp genes (Ames, 1968) (Miyazakt al, 1985, Li &
Dowhan, 1990)Phosphatidylglycerol displays the precursor fordedipin (CL) and
lysylphosphatidylglycerol (LPG). The former can batalysed by several enzymes
termed CISA/B/C and the latter is only formed inmiicutes by the enzyme MprF
(Miyazaki et al.,1985) (Ernst & Peschel, 2011). MprF also possesskspase activity
and translocates LPG to the outer leaflet of thespholipid bilayer which confers
resistance to cationic antimicrobial peptides sashdaptomycin (Ernset al, 2009).
Currently, it is not known how other phospholipate flipped and are therefore thought

to be independent of a specific membrane protein.
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1.2.4.2 Teichoic acids

Teichoic acids are crucial and major constituert weall polymers that include two
forms. Both phospholipid-anchored lipoteichoic acid TA) and the peptidoglycan-
bound wall teichoic acids (WTA) are only found iram-positive bacteria. Firstly, the
synthesis of the lipoteichoic acids is discussedAVgynthesis can be found in Section
1.2.5 since it is anchored at the cell wall whial be described later.

1.2.4.2.1 Lipoteichoic acid synthesis

The synthesis of the LTA lipid anchor diglucosyldibylycerol (GIgDAG) is catalysed
by the cytoplasmic glycosyltransferase YpfP whisksia nucleotide-activated sugar as
substrate (see Fig. 1.6) (Fischer, 1990)(Reichn&r@rundling, 2011, Jorascht al,
2000, Joraschet al, 1998, Kiriukhin et al, 2001). The putative flippase LtaA
translocates GMOAG to the outer leaflet of the membrane where LtaBeatedly
extends GIEDAG by glycerolphosphate (GroP) taken from the Igeadp of
phosphatidylglycerol. Importantly, the sugar chasn highly diverse and species-
dependent.S. aureushas a GroP-chain based lipoteichoic, whereas kamele,
Micrococcus luteusemploys a mannose-phosphate chain attached teD&&E
(Weidenmaier & Peschel, 2008, Powetlal, 1975).
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Figure 1.2 Initiation and elongation module of faty acid synthesis
Schematic overview of fatty acid production in leaiet. Acetyl-CoA is carboxylated

and transferred to -ketoacyl-ACP by FabH or converted to malonyl-ACR b
AccABCD and FabD. Both products feed into the eldrmn module while malonyl-
ACP is first converted to-ketoacyl-ACP by FabF/B. The acyl chain eketoacyl-ACP
is extended in a cycled process involving the eres/ffabG, FabZ/A, Fabl and FabF/B
and gains two carbon atoms per turn. The final pcodacyl-ACP feeds into the
acyltransferase module. This process takes plathercytoplasm. Figure is adapted

from Parsons and Rock, 2013.
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Figure 1.3 Acyltransferase module

Schematic overview of the transfer of acyl groupsgtycerol-3-phosphate. Acyl-

ACP/Acetyl-ACP fatty acid chains from the fatty d@longation module are transferred

to G3P derived from glycolysis through the glyce3gbhosphate dehydrogenase GspA.
This process is either facilitated by the PIsB/P8CPIsX/PIsY/PIsC system. PIsB or

PIsY together with PlsX connect the acyl chain ®PGynthesising lysophosphatidic

acid which is then used as substrate by PIsC t@rgen phosphatidic acid. PA is

required as a precursor for various phospholipiddhgroup modifications. Figure is
adapted from Zhang and Rock, 2008.
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Figure 1.4 Phospholipid headgroup synthesis
Schematic overview of the modification of phosppioliheadgroups. This process is
highly branched and precursors are used for seweodifications.A (starting from
CdsA facing to the left of CdsA) First phosphatidic acid (PA) is converted by CdsA
CDP-diacylglycerol (CDP-CAG) that is used as a #abbs to synthesise
phosphatidylserine (PS) by PssA and is further ggsed to phosphatidylethanolamine
(PE) through PsdB (starting from CdsA facing to the right of CdsA), PA is also
used for the synthesis of phosphatidylglycerolphasp (PG) catalysed by PgsA PG is
dephosphorylated by PgpA to form phosphatidylglgtélP), a substrate to form both,
cardiolipin (CL) by Cls and lysylphosphatidylglycé(LPG) by MprF. MprF also acts
as a flippase translocating LPG to the outer leaflehe cell. It is currently not known

how other phospholipids are flipped. Figure is addgrom Zhang and Rock, 2008.

14



Acyltransferase module

G3P Acyl-G3P Phophatidic acid i
Acyl-ACP/CoA 0 Acyl-ACP/CoA o
I .
H—0H PlsB He—a—0—R PlsC @ R o—C—8
HO—CH HO—CH R—C—O0—CH 5
' l ' PIsC '
H,C—O0—PO, [ PlsY H,C—0—PO, s H,C—0—PO,
H . PlsX o) ACVI"ACP e :
iAcyl-ACP + Pi —» 5 b e i P CTP
Eevttre st R R AU I B o's . ‘Headgroup synthesis

PPi

I CDP-Diacylglycerol
H3C—(CH,)n-CHy C—S—ACP (Serine yigly sn-glyceroI-S—phosphateg

Acyl-ACP X X
PssA PgsA
CMP

éPhosphatidyIserine Phosphah‘dylglycerolphosphateé

Psd _PgpA/B/C

H3C—(CHz)n-C—CH,C—S—ACP : i Phosphatidylethanolamine Phosphatidylglycerol :

B-Ketoacyl-ACP Lysine
A — —_— /B%G|ycerNMer

Ethanolamine
Cardiolipin Lysylphospatidylglycerol ;

Malonyl-ACP  Acyl-CoA

Initiation module

Figure 1.5 Phospholipid synthesis
Initiation module: FabH catalyses the priming reaction by condensna¢pnyl-ACP
and Acyl-CoA to form -Ketoacyl-ACP. Elongation module The acyl-chain is
extended in a cyclical process involving four enegnacting in concert. Each turn adds
two carbon atoms to the acyl chain oKetoacyl-ACR Acyltransferase module
Acyl-ACP is then incorporated in G3P in a speciepahdent process, either by the
PIsX/PIsY/PIsC system (mainly gram-positive baeteror the PIsB/PISC system.
Phospholipid head group synthesisPhosphatidic acid gets cytidinylated to CDP-
diacylglycerol by CdsA which is further processeghosphatidylserine and eventually
phosphatidylethanolamine by PssA and Psd AlterabtivCDP-diacylglycerol is
converted to phosphatidylglycerolphosphate by Pdslilgwed by dephosphorylation to
phosphatidylglycerol catalysed by the enzyme PgpPAosphatidylglycerol is then
either converted to cardiolipin via CISA/B/C or ilyglated by MprF to
lysylphophatidylglycerol. Figure is adapted fronr$tas and Rock, 2013.
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The by-product of this reaction, DAG, is recyclegtbanslocation to the inner leaflet
and is fed into the regular phospholipid synthgsaghway. First, the cytoplasmic
enzyme DgkB phosphorylates DAG to phosphatidic adiich is converted to CDP-
DAG by CdsA. PgsA catalyses the next step by addiggerol-3-phosphate resulting
in PG. PG is then dephosphorylated by a yet unknemayme to the precursor used by
LtaS for the incorporation of GroP (Koeht al, 1984, Taroret al, 1983, Grundling &
Schneewind, 2007b, Grundling & Schneewind, 200%a)S. aureus LTA synthesis
enzymes were found to interact with many componehtdie cell-division machinery
suggesting a coupled role of LTAs. Additionallyllséacking LTAs exhibit severe cell-
division defects. It was also demonstrated that bakkbone synthesis takes place at
the division site whereas glycolipid synthesis @urfd throughout the membrane
(Grundling & Schneewind, 2007b, Fedt&eal, 2007, Reichmanat al, 2014).

1.2.4.2 Outer membrane

The outer membrane (OM) is an asymmetric bilaydy @mesent in gram negative
bacteria that is distinct in its composition frohe tcytoplasmic membrane as it mainly
contains phospholipids on the inner leaflet andpiysaccharides (LPS) on the outer
leaflet (Boset al, 2007). Its biogenesis requires crossing LPS ahdsgholipids
through hydrophilic and hydrophobic parts of th# e&ll making it a great energetic
and organisational effort for the cell that has yettbeen entirely explained. LPS is the
major constituent of the outer membrane that gyeathtributes to the negative charge

and overall integrity of the membrane.

1.2.4.2.1 LPS synthesis and outer membrane biogerses

LPS comprises three parts: The O-antigen, a cagesaccharide and a lipid anchor
called Lipid A. Although being part of the outeafket of the outer membrane, the core
oligosaccharide bound to lipid A is synthesizeddgedly in the cytoplasm by a number
of enzymes using UDP-N-acetylglucosamine (UDP-GICNAs a substrate (Wang &
Quinn, 2010). The final product is then flipped ttee outer leaflet of the inner
membrane by the ATPase driven flippase MsbA (Fig@) {Doerrler & Raetz, 2002).
The O-antigen oligosaccharide is synthesised seghatay glycosyltransferase enzymes
using the membrane-bound undecaprenyl phosphate UiDid-GIcCNAc (Raetz &
Whitfield, 2002). After synthesis, it is transloedt by the transporter Wzx to the
periplasmic side of the inner membrane, polymerisedVzY and Wzz and connected

to core-lipid A via the ligase Waal
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Figure 1.6 Lipoteichoic acid synthesis in gram posve bacteria
Schematic overview of lipoteichoic acid synthesid asertion. This process is divided
into two parts.A (starting from YpfP), First, YpfP catalyses the synthesis of
diglucosyldiacyl-glycerol (Glc2-DAG) that is subsetly flipped to the outer leaflet
by LtaA. LtaS gradually adds glycerolphosphate @&rofrom phosphatidy-
glycerolephosphate (PG) to the glucose end of GI&Z> forming a long GroP chain.
B, Dephosphorylated PG (DAG) is recycled throughdiieg to the phospholipid
headgroup module. DAG gets converted to phospleatidid by DgkB followed by
conversion to CDP-DAG by CdsA. Next, PgsA catalyessynthesis of PG which is
used as a substrate of a yet unknown enzyme th@todphorylates PG. The final

product is used by LtaS. Figure is adapted froncyPand Griindling, 2014.
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to the final product LPS (Wet al, 2006, Abeyrathnet al, 2005, Samuel & Reeves,
2003, Merinoet al, 2011). The exact mechanism of how LPS is insartedthe outer
leaflet of the outer membrane is currently notyfuihderstood. It is known that the
periplasmic protein LptA binds LPS and its deletaauses the accumulation of LPS in
the periplasm (Sperandeet al, 2008, Maet al, 2008, Tranet al, 2008). Two
competing models are currently discussed, one s&dan LptA forming a bridge
through the periplasm while the other relies onALpis a chaperone guiding LPS
through the periplasm (Okudet al, 2016). LptC, a membrane protein of the inner
membrane and LptD, part of the outer membrane, po#sess periplasmic domains
that are thought to connect both membranes via Lie outer membrane also
contains phospholipids mainly at the inner leabliethe bilayer. It is not yet known how
they are translocated to the outer membrane. Hawéve mechanism appears to be
distinct from the LPS transport since spheropldstated with periplasmic extract
resulted in the release of LPS but not phosphdipido the medium (Tefseet al,
2005).

1.2.5 Peptidoglycan

The cell membrane displays a first line of defeagainst external factors. However,
due to the higher osmotic pressure of the cytoplasphospholipid bilayer alone is not
enough to withstand the turgor pressure. Thus, fpasteria possess and require a cell
wall that also maintains cell shape and provideshaeical strength. The backbone of
the cell is comprised of glycan chains cross-linkgdhort peptides covering the entire
surface of the bacterial cell. Both gram-negatiad gram-positive bacteria possess a
cell-wall; however the one of gram-positive ceBsthickened. The basic synthesis of
peptidoglycan (PGN) is very similar between botbugps and can be sub-divided into
three stages: cytoplasmic generation of UDP-MurMAd UDP-GIcNAc; anchorage to
the membrane forming lipid Il followed by transltioca to the outer leaflet of the
membrane; and finally the polymerisation via pdhicibinding proteins (PBPs) (Fig.
1.8).

1.2.5.1 Synthesis of UDP-MurNAc and UDP-GIcNAc

The PGN precursors UDP-N-acetyl-muramic acid (UD&dNAc) and UDP-N-

acetylglucosamine (UDP-GIcNAc) are synthesised he tytoplasm. Mur ligases
MurA-F sequentially add a short polypeptide chaonsisting of five amino acids
(usually: L-alanine, D-glutamate, m-diaminopimelatel-lysine, and the dipeptide D-

alanyl-D-alanine) to UDP-MurNAc in an ATP-dependentinner. The amino acid
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composition can change depending on the bactgréaliass (Bensoert al, 1996, Brown
et al, 1995, Devaet al, 2006, Perditet al, 2007, Bonifacest al, 2006, Longeneckest
al., 2005).

1.2.5.2 Synthesis of lipid Il

The second stage of PGN synthesis takes placesantier leaflet of the membrane
where the integral membrane protein MraY anchoesUbP-MurNAc-pentapeptide to
the membrane via undecaprenyl pyrophosphate (Eti@le al, 2004, Bouhs®t al,
1999). The resulting product is termed lipid I. Sequently, lipid Il is formed by the
addition of GIcNAc to lipid | using UDP-GIcNAc as substrate via the membrane
associated enzyme MurG (Mengin-Lecreelxal, 1991, Mohammadet al, 2007). In
some bacteria such &s aureusa short peptide cross bridge is added to thd #mmino
acid of the pentapeptide catalysed by FemXAB (Hetza, 1993, Labischinsket al,
1998, Rohreet al, 1999, Seligman & Pincus, 1987, Johnsoml, 1995, Bensoet al,
2002). In these species, the later introduced @eptross-linking contains the cross
bridge sequence instead of a direct link. The fiipad 1l is flipped to the outer leaflet of
the bilayer by FtsW or MurJ. Many studies are auttyefocused on the properties of
these apparent flippases (Meeskteal, 2015, Shanet al, 2014, Mohammadet al,
2011).

1.2.5.3 Transglycosylation and transpeptidation vi®&BPs
The third stage of PGN synthesis is performed byiqién binding proteins (PBPSs) in
the periplasm connecting the sugar and peptides lofkipid Il with each other. PBPs
fulfil two major roles in PGN synthesis. The fiistto connect the two sugars, MurNAc
and GIcNAc via transglycosylation and the secontleseon the formation of
interpeptide bridges or direct connections viaamgpeptidation activity. This activity
requires a D-alanine dipeptide of which one is aeboff and the other is covalently
linked to the interpeptide bridge. All bacteria pess at least one transpeptidase PBP
(Grandchampst al, 1995). Most bacteria however harbour a numb&RB® genes and
it is not fully understood whether each gene ens@dprotein with a distinct function or
whether there is a degree of redundarBysubtilisandE. coli have 16 and 12 PBPs,
respectively, whilés. aureusnly possesses four PBPs and is regarded as enatistic
system suited for the study of PBPs (Scheffersgh®j 2005). Th&. aureuBPs 1, 3
and 4 exhibit a transpeptidase (TP) activity forgniihe inter peptide bridge while PBP2
is a bifunctional enzyme that can perform both gghycosylation and transpeptidation
(Pereiraet al, 2007, Pinho & Errington, 2003, Pinho & Erringt@®05).
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1.2.5.2 Wall teichoic acid synthesis

Wall teichoic acids are covalently attached to plegfilycan and major constituents of
the cell wall comprising more than 60 % of the totass (Berat al, 2007, Kojimaet
al., 1985). Its synthesis if different from LTAs angtly species-dependent. WTAs are
built from two main parts: a conserved disacchaliieer and a highly diverse chain of
phosphodiester linked polyol units (Neuhaus & Béaldi 2003). The disaccharide
linker is composed of N-acetylmannosamine N-actiglgsamine-1-phosphate linked
to one or two glycerol-3-phosphate (GroP) residarebits synthesis is conserved across
gram-positive bacteria. Names of enzymes involwed/TA acid are termed Tag or Tar
and are used for the same protein. As a first siep) catalyses the transfer of N-
acetyl-glucosamine from UDP-GIcNAc, a precursor reda with peptidoglycan
synthesis, to the membrane anchor undecaprenylpgsphate (Fig. 1.9) (Rubinchékt
al., 2011, Soldoet al, 2002). N-Acetylmannosamine from the sugar-actidat/DP-
ManNAc is subsequently added to GIcNAc via TarAerdby forming the disaccharide
linker part of WTAs (D'Elieet al, 2009, Ginsbergt al, 2006, Zhangpt al, 2006). The
glycerolphosphotransferase TarB then adds one wilypbosphate unit to ManNAc
(Bhavsaret al, 2005, Ginsberg et al., 2006). The next step inAdYnthesis extends
the disaccharide linker by diverse and species+igrg polyols along with
modifications mainly comprised of sugars. The medra to explain how the final but
still membrane anchored wall teichoic acid is fepo the outer leaflet is still unknown
but it involves the membrane protein TarG and th€PAse TarH. Presumably,
undecaprenylpyrophosphate is translocated and d¢hglpchain is following to the
extracellular space through TarG driven by ATP bykis via TarH (Brownet al,
2013, Schirneret al, 2011, Bronet al, 2012). Once on the outer leaflet, WTA are
disconnected from the membrane anchor and attathethie MurNAc residue of
peptidoglycan via a phosphodiester bond catalysetdytR, Cps2a, Psr iB. subtilis
and Msr, SA0908 and SA2101 $h aureus(Kawai et al, 2011, Hubscheet al, 2009,
Dengleret al, 2012, Eberhardtt al, 2012, Oveeet al, 2011).

1.2.6 Nucleoid

The biggest polymer in bacteria based on one wpeats is the chromosome that,
together with episomal components, encodes forettige genetic information of the
bacterial cell. In eukaryotes, the chromosome abferred to as the nucleoid, is
surrounded by a specialised compartment calledntideus whereas the bacterial

nucleoid apparently freely diffuses in
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Figure 1.7 LPS synthesis and translocation in gramegative bacteria
Schematic overview of lipopolysaccharide synthesid insertion into the outer leaflet
of the outer membrane. O-antigen and the core aedhi Lipid A are synthesised
separately. The O-antigen bound to undecaprenydjpiate is synthesised by several
cytoplasmic enzymes using UDP-GIcNACc as a substyéite translocates O-antigen to
the periplasmic site where Wzy and Wzz polymerigdtiple O-antigens to a long
chain. The core is anchored to the membrane vial lApand is also synthesised from
UDP-GIcNACc in the cytoplasm. MsbA flips the corpiti A to the periplasmic leaflet
and the ligase Waal connects the O-antigen chator@-Lipid A forming LPS. LPS is
then translocated by a yet unknown mechanism thirotlng periplasm involving
LptBCFG on the inner membrane, LptA in the periplaand LptDE in the outer
membrane. The latter also acts as a flippase,lt@atghg LPS to its destined position
on the outer leaflet of the outer membrane. Figsiadapted from Magt al.,2016 and
Boset al.,2007.
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Figure 1.8 Peptidoglycan synthesis in bacteria

Schematic overview of peptidoglycan synthesis. UDReetylmuramic acid (UDP-
MurNACc) is synthesised in the cytoplasm by sevétal ligases (Gomez-Baered al)
and anchored to the membrane via MraY to an undengipyrophosphate resulting in
lipid I. Lipid Il formation is catalysed by MurG bwdding N-acetylglutamic acid
(GlcNAc) using UDP-GIcNAcC as a substrate. In sonaetéria such a$§. aureusa
peptide bridge is added to the third amino acid thia three cytoplasmic proteins
FemXAB. Lipid Il is flipped to the periplasmic faxg leaflet of the membrane and
connected to existing peptidoglycan chains. The N\ residue is added to the
GIcNAc residue via transglycosylation and the thanahino acid is connected to the
interpeptide bridge or fourth amino acid of prestixig PGN. Both reactions are
facilitated by penicillin binding proteins. Figure adapted from Pinhet al., 2013 and
Typaset al.,2012.
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Figure 1.9 Wall teichoic acid synthesis in gram-paisve bacteria
Schematic overview of wall teichoic acid syntheskrst, a membrane bound
disaccharide precursor is synthesised by the memabaasociated proteins TarO and
TarA. This process takes place at the membrandD Baichors GIcNAc from UDP-
GIcNAc to the membrane anchor undecaprenylpyroghatepthat is in turn extended
by ManNAc which is catalysed by TarA. Next, TarBladwo GroP to the disaccharide.
These reactions are conserved across gram pos$itigeeria whereas the following
reactions, at which a decorated sugar polymeradually added to the linker unit, are
highly species dependent. A number of Tar protadt polyol phosphates tailored with
sugars. The final product is then presumably flppe the outer side of the membrane
by the integral membrane protein TarG driven by ARIrolysis through a TarH
dimer. Once at the extracellular side of the dsftR, Cps2a, Psr iB. subtilisand Msr,
SA0908 and SA2101 i8. aureuscatalyse the detachment of WTAs from their
membrane anchor and facilitate the link to MurNAa & phosphodiester bond. Figure
is adapted from Browat al.,2013.
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the cytoplasm. However, recent research reveakgdalso the bacterial nucleoid has a
defined organisation condensed in a matrix comgradeproteins and RNAs along with
organisational sequences encoded genetically omht@mosome (Thanbichleat al,
2005). Furthermore, the bacterial cell contains 2hdomosomes during septation
depending on the pace of growth. Fast growing da#igin chromosome replication
prior to septation since the doubling time of certspecies of bacteria, for instanée
coli, can be faster than the replication phase forcel{s ¢o spatially organise their
nucleoid copies (Skarstad al, 1986, Leet al, 2013).

1.2.6.1 Chromosome replication

DNA synthesis requires a template from which nesyythesised DNA strands are
copied in a reverse complement manner. The bakcténiamosome is highly contained
and packaged by a variety of DNA condensing prstsiurch as SMC and MukB. These
proteins, acting like eukaryotic histones, are mucfactors in chromosome
condensation and partitioning (Brittet al, 1998, Dervynet al, 2004, Volkovet al,
2003). An overview of DNA replication is given ingere 1.10.

1.2.7 The bacterial division machinery

The bacterial cell possesses a membrane and cdll semposed of several
biopolymers. In order to proliferate and to enssuevival bacterial cells need to divide,
a process that is performed mostly by binary fissroprokaryotic organisms. Bacterial
cells separate into two parts that both renewdofmes of the original cell. This process
requires that both daughter cells receive the cetagenetic information, the synthesis
of cell wall and cell membrane material and thepproformation of the division ring
that provides a contractile force for cytokinesis.

1.2.7.1 Temporal regulation

The polymerisation of FtsZ at the division sitetiates and drives the septation of the
cell (Adams & Errington, 2009). However, bacteri@ axposed to a variety of quick
and drastic environmental changes where cell gmaiifon is disadvantageous. Thus, a
system to avoid cell-division initiation via Fts&sponding to the metabolic state of the
cell is required. Nutrient availability is a crukcfactor in cell-division initiation since
proliferation in nutrient-poor conditions is disatageous for the survival of bacteria.

This can be achieved prior to FtsZ-assembly bykimcchromosome replication
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Figure 1.10 Chromosome replication
In order to disentangle the chromosome, helicasparate the two annealed DNA
strands. The single strands are then stabilisesingye-strand binding proteins to avoid
their re-annealing. DNA is always synthesised m $hto 3’ direction. Polymerase Il
adds complementary nucleotides to the leading dtvémereas complementation of the
lagging strand first requires primers composed ©OfARwhich are placed by the
primase. This is necessary since the replicatiok épens in opposite direction to the
lagging strand 5’ to 3’ orientation. Polymerasethién complements the lagging strand
starting from RNA-primers and finishes at the npldced primer. This leaves non-
annealed DNA fragments, also known as Okazaki feags) behind. DNA fragments
are finally linked via a ligase enzyme forming apphodiester bond. Image is adapted
from:http://reasonandscience.heavenforum.org/t1889ma-replication-of-
prokaryotes.
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through the synthesis of (p)ppGpp, a molecule predun response to amino acid and
carbon starvation. (p)ppGpp represses the expresdithe replication initiating gene
dnaA and interacts directly with the primase (Boutteal, 2012, Lesley & Shapiro,
2008, Potrykus & Cashel, 2008, Waeigal, 2007, Denapolet al, 2013). Additionally,
regulation of the FtsZ polymerisation displays acal factor in controlling cell-
division. This control mechanism is employed in tesponse to the metabolic state
which is linked to the recently identified enzymégtP inB. subtilisand OpgH inE.
coli (Begg & Donachie, 1998) (Sharpeal.,1998, Weart & Levin, 2003) (Weaet al.,
2007) (Hill et al.,2013). Both enzymes are terminal sugar transferdmsgsuse UDP—
glucose for the synthesis of the diglucosyl-dialygdgrol anchor of lipoteichoic acids.
UgtP and OpgH reversibly inhibit FtsZ assembly unarient-rich conditions where
their substrate UDP-glucose is more abundant. Headeigh level of UDP-glucose
leads to increased cell length by the inhibitiorzeing formation (Fig. 1.11) (Weast
al., 2007) (Hillet al.,2013).

1.2.7.2 Spatial regulation

FtsZ polymerisation can theoretically occur at alace within the cell as even vitro
experiments showed the formation of FtsZ bundlas €Fal., 2010)(Holdenet al.,
2014). To prevent initiation of Z-ring formation arethe cell poles or through the
chromosome, bacterial cells facilitate a numbersgétems regulating its spatial
organisationE. coli has two independent mechanisms by which the foomatf the
dividing wall or septum is ensured to take placthatright place: The Min system and
nucleoid occlusion (NO) avoid the formation of #Ring at cell poles and through the
chromosome (see Fig. 1.12) (Lutkenhaus, 2007) (Wardéhgton, 2012).

1.2.7.2.1 The Min system

The Min system prevents formation of the Z-ring mése cell poles. IrE. coli, it
comprises the three proteins MinCDE that oscillzéveen the cell poles while B.
subtilis four proteins, MinCDJ and DivIVA are deployeditientify the cell poles in a
non-oscillating manner (Monahaet al, 2014, Rowlett & Margolin, 2015). In both
systems, MinC inhibits FtsZ polymerisation and #sr prevents the formation of the
cell division ring (Raskin & de Boer, 1999, Hu & tkenhaus, 1999). MinC is
composed of two domains. The N-terminal domainhithithe polymerisation of FtsZ
while the C-terminal domain avoids interaction betw FtsZ filaments and also

interacts with the membrane protein MinD (Hu & Lerkhaus, 2000).
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Figure 1.11 Temporal regulation of Z-ring formation
Schematic overview of cell-division initiation rdgtion by UgtP/OpgH. FtsZ
polymerises at the cell-division site and is ateégtlo the membrane via the membrane-
associated protein FtsA. FtsZ is apparently orgahi; bundles of polymers that
overlap each other and thereby form a discontinuimgslike structure. Polymerisation
of FtsZ is inhibited by UgtP iB. subtilisand OpgH irE. coliwhen induced by UDP-
glucose, an abundant substrate during nutrientgrolwvth conditions. Figure is adapted
from (Begg & Donachie, 1998), (Sharpe et al., 198@art & Levin, 2003), (Weart et
al., 2007) and (Hill et al., 2013)
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MinD is an ATPase that is organised as a dimer witamd to ATP and interacts with
MinC forming a membrane-bound complex (Hu & Lutkank, 2003, Ghosadt al,
2014, Contiet al, 2015, Lutkenhaus, 2008). Another member of the $fistem, MinE,
forms a ring-like structure that moves towards ¢bi poles and binds the dimer form
of MinD which in turn causes the detachment of Mi{if@. 1.12). The release of MinC
triggers the ATPase activity of MinD that conseeelty monomerises and dissociates
from the membrane. This dynamic between MIinE ant@Jcompeting for MinD
results in their oscillation between poles. Thugyadient of MinC is formed with its
highest concentration at the cell poles and lowestentration at the middle of the cell.
Z-formation is therefore only initiated at the miel@f the cell (Maet al, 2004, Lackner
et al, 2003, Huet al, 1999, Raskin & de Boer, 1997, Pagk al, 2011, Hu &
Lutkenhaus, 2001, Hsieét al, 2010). The Min system iB. subtilisfeatures MinCD
but not a MinE homologue. Instead, DivIVA and M&a& as localisation determinants
of MinCD. DivIVA was shown to preferentially locak at negatively curved
membranes and recruits MinJ to the cell poles (t@oat al, 2009, Eswaramoorthgt
al., 2011). MinJ in turn binds MinD and could repldabe membrane binding properties
of E. coliMinD (Bramkampet al, 2008, Patrick & Kearns, 2008). However, MinCD do
not oscillate inB. subtilis but relocalise from the old cell pole to the nevidymed
septum after cell-division initiation to prevenetformation of multiple Z-rings near the
mid-cell (Marston & Errington, 1999, Gregoey al, 2008).

1.2.7.2.2 Nucleoid occlusion
The Min system ensures that the Z-ring is not fatnaé the cell poles; however, a

second mechanism is required to guarantee thatchihemosome integrity is not
affected. Nucleoid occlusion (NO) factors such ax KB. subtilig or SImA E. coli)
were found through a synthetic-lethal phenotypeslts with a defective Min system.
Noc binds to specific palindromic sequences thatfaund 70 times spread across the
chromosome but are absent from the terminatiorore@Vuet al, 2009). Furthermore,
Noc binds to membranes via an N-terminal amphipdibklix. Full inhibitory activity of
Noc is dependent on its ability to bind DNA and nheames simultaneously which
suggests the formation of a membrane-associatel@oprotein complex that avoids
polymerisation of FtsZ through the chromosome (Asl@nal, 2015). SImA inhibits
the polymerisation of FtsZ by a direct interactiinereas the interaction partner of Noc

is still unknown (Choet al, 2011). The nucleoid occlusion in rod-shaped bects
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only required when major cell cycle events havenbdisturbed since the Min system
alone is capable to position the division ring (\&uErrington, 2004). However, in
coccoid bacteria such & aureughat lack the Min system, deletion wbc results in

division defects such as DNA breaks and multipkZFKings (Veigeet al, 2011).

1.2.7.2.3 Alternative mechanisms

Most work on Z-ring positioning has been donéircoli andB. subtiliswhere the Min
system and nucleoid occlusion play a pivotal raleshsure correct placement of the
cell-division site. Recently, it has become eviddrdt many bacteria do not possess
these spatial organisers (Pinled al., 2013, Monaharet al., 2014). Furthermore,
although the depletion of both, tinein genes and NO genes B subtilisandE. coli
reduce cell viability, cells are still able to cectly place the Z-ring. Taking together,
this suggests that Min and NO are not the onlyiapatganisers and that other systems
contribute to or are able to take over Z-ring phaeat inE. coli andB. subtilis(Wu &
Errington, 2004, Bernhardt & de Boer, 2005, Baityl, 2014).

1.2.7.2.3.1 MipZ

Caulobacter crescentuss capable to divide properly without using thenMor NO
system. MipZ, an essential ATPase protein of prestp unknown function, interacts
with the chromosome partitioning protein ParB fargiia complex near the origin of
replication at the cell poles and inhibits FtsZymoérisation (Thanbichler & Shapiro,
2006). After replication, one copy of the chromogsomoves to the other end of the cell
together with MipZ. Interaction with ParB stimulat¢the ATPase activity of MipZ
which is required for inhibition of FtsZ. ATP hydysis in turn causes the release of
MipZ from the chromosome followed by recapturingMipZ by ParB (Kiekebusclet
al., 2012). This dynamic process explains the forrmatba MipZ gradient where its
concentration is lowest in the midcell and highasthe cell poles, thereby preventing

Z-ring formation near the cell poles.

1.2.7.2.3.2 MapZ/LocZ

Streptococcus pneumoniae an ellipsoidic shaped gram-positive bacteriumd also
lacks the canonical spatial organisation systerirst Evidence for a cell-division site
regulatory system came from the Serine/Threonimade StkP. Its deletion causes
elongated cells and StkP localises at the septwenih@z et al, 2012). Later work of

two groups supported the notion of an involvemeifit SIkP in cell-division
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demonstrating that MapZ, also called LocZ, is &dwrision associated protein that is
phosphorylated by StkP. Both the phosphorylatedvals as the non-phosphorylated
form of MapZ positively affect Z-ring formation kgirect protein-protein interactions
with FtsZ (Fleurieet al, 2014a). MapZ arrives prior to FtsZ and forms +iikg

structures moving apart as the cell elongates. elhiggys serve as future division

determinants (Fleuriet al.,2014a, Holeckovat al, 2015).

1.2.7.2.3.3 SsgAB

An entirely new mechanism of Z-ring regulation wésund in Streptomycetes
coelicolor, another bacterium lacking all the known FtsZ-posing proteins. SsgA-
like proteins (SALP) are cell-division site detenant factors irStreptomycete<ells
lacking ssgBform long hyphae incapable of cell-division (Tra&gran Wezel, 2008).
In vitro studies showed that the membrane-associated pr&&gB positively affects
FtsZ formation and interacts with FtsZ as demotetrdy FRET and BACTH studies
(Willemse et al, 2011). Presumably, SsgB tethers FtsZ to the mameband induces
the formation of the Z-ring. The second proteinaived is SsgA that only interacts
with SsgB but not FtsZ, indicating a role for SsigpAguiding SsgB to the cell-division
site. Interestingly, both proteins still localigethe septum in FtsZ-depleted cells but it
is currently unknown how SsgAB identify the futuwel-division site. However, SSgAB

proteins are only found iActinomycete$Willemseet al.,2011).

1.2.7.2.3.4 PomXYZ

Myxococcus xanthuseither possesses Min proteins nor the NO sydRaoently, it has
been reported that cells without the ParA-like profPomZ exhibit severe cell-division
defects along with incorrectly positioned Z-ringglamini-cells lacking a chromosome
(Treuner-Langeet al, 2013). PomZ localises to the cell-division siteopto FtsZ and
after chromosome segregation and forms a compléix RomX and PomY. PomZ
interacts with FtsZ from cell extract and promotiee formation of the Z-ring upon
ATP hydrolysis stimulated by PomXY and DNA bindi¢§chumacher, 2016). Since
PomZ also localises to the future cell-divisioresit cells depleted of FtsZ, a role for
PomZ in division-site identification has been suggd (Treuner-Langet al.,2013).
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Figure 1.12 MinCDE oscillation inE. coli

Schematic overview of oscillation dynamics of MinEroteins. A, MinCD oscillate
between cell poles. MinE forms a ring-like struetdhat also moves towards the cell
poles following MIinCD.B, MinD forms a dimer in the presence of ATP anddbimo
the membraneC, MinC binds to the MinD dimer forming a membraraibd complex.
D, MIinE recognises and binds the MinD dimer andeahgrcauses the detachment of
MinC. E, Released MinC activates ATPase activity of MinDieh then results in the
monomerisation of MinD and in return its disso@atifrom the membrane. Figure is

adapted from Rowlett and Margolin, 2013.
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1.2.7.3 Divisome assembly

After the cell-division site is determined, FtsZlyoerises and forms the Z-ring. To
complete septation the following steps have taaken into consideration:

FtsZ needs to be tethered to the membrane

Recruitment of downstream divisome proteins

FtsZ filament stabilisation

Constriction

Formation of a bridge between the divisome andigeglycan

Peptidoglycan synthesis

N o ok wDd e

Membrane fusion

8. Peptidoglycan hydrolysis to release septated cells
First, FtsZ itself does not have an affinity foe tnembrane and needs to be tethered to
the membrane via FtsA or ZipA (Pichoff & Lutkenha@®05, Ma & Margolin, 1999).
FtsA is highly conserved among bacteria exceptMgcobacteria and Cyanobacteria
whereas ZipA is only found i&. coliand other -proteobacteria. These proteins act as a
scaffold recruiting a number of proteins that aeguired for complete septation.
Recruited proteins are involved in a variety ofdtions of which not all are essential
and overlap with each other. FtsZ assembly is e¢gdl by EzrA, SepF, ZapA and
ZapB. EzrA is only found in gram-positive bactendh low GC content, inhibits FtsZ-
assembly and limits the number of Z-rings. Sepéoisserved across gram-positive and
cyanobacteria and contributes to the recruitmentotbfer cell-division-associated
proteins and is capable of taking over the functadnFtsA when overexpressed
(Ishikawaet al, 2006). Z-ring assembly is positively regulatedZapA and ZapB by
stabilising FtsZ filaments. FtsZ membrane attachimercrucial for Z-ring formation
and constriction since reconstitution of FtsZ tbgetwith FtsA was enough to partially
constrict liposome# vitro (Osawaet al, 2008, Osawa & Erickson, 2011). While the
Z-ring constricts the cell, new cell material inetform of peptidoglycan and
phospholipids has to be produced at the site of lIon@ne invagination. The former has
been investigated intensively and it has been dstrated that many divisome proteins
such as FtsQ (DivIB), FtsL and FtsB (DivIC) builg a link between divisome and
peptidoglycan synthesis. It has been suggestedati@her protein, GpsB along with
EzrA localises PBPL1 iB. subtilis(Claesseret al, 2008). Furthermore, DivIB interacts
with PBP2B inB. subtilisand binds peptidoglycan 8. aureug§Rowlandet al, 2010,
Bottomleyet al, 2014). Additionally, the integral membrane protétsW is a flippase
translocating peptidoglycan precursors to the olgeflet of the cell providing the
substrate for PBPs in peptidoglycan synthesis (bte& Weiss, 2002). FtsW is also
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involved in the recruitment of the peptidoglycamthyesis machinery and interacts with
Ftsl (PBP3), FtsL and FtsN (Di Lallet al, 2003, Fraipongt al, 2011, Karimovaet al,
2005, Typast al, 2012). Moreover, to save septally entrapped cbsmmes, FtsK, a
DNA translocase, binds to specific sequences terk@&S located throughout the
chromosome and resolves chromosome dimers and minesDNA out of the
constricting septum. Although this mechanism isyamblcial during stress, the deletion
of the membrane part of FtsK is lethal for the aetlicating a second role for FtsK
(Begget al, 1995, Bigotet al, 2005, Steineet al, 1999, Fleminget al, 2010). After
complete cell-division, daughter cells are stithahed to each other via peptidoglycan
and need to be separated by hydrolases. A poteotalhas been demonstrated for
FtsEX, an ABC transporter that recruits EnvC to ¢b#-division site (Schmidet al,
2004, Yanget al, 2011). EnvC is a septal peptidoglycan amidase dbatributes to
complete septation as well as the positive requiadif the amidases AmiA, AmiB and
AmIC (Ueharaet al, 2010). An overview of the cell-division machiresiofE. coli, B.

subtilisandS. aureuss given in Fig. 1.13.

1.2.8 Cytoplasm

All the aforementioned cellular processes followcertain pattern. Precursors are
formed in the cytoplasm, linked to the membrane #meh gradually extended to
polymers either at the cytoplasmic face of the mmamd or after flipping to the outer
leaflet of the cell. Finally, polymers are modifiadd anchored to their final destination.
The material is provided from cytoplasmic metabgocesses whose products are
transported by diffusion. Thus, not much attentias been put on the cytoplasm since
it is mainly seen as an aqueous densely packediaolaf polydisperse molecules
(Cayleyet al, 1991). An early study undertaken by Elowg al. demonstrated the
mobility of several cytoplasmic proteins . coli and showed that, although all
proteins follow simple diffusion mechanics based Brownian motion, a single
viscosity for the cytoplasm does not explain theesbed diffusion values (Elowitet

al., 1999). Brownian motion is the process of randaantigle motion due to their
collision with other particles and describes wisatommonly understood as diffusion
(Phillips, 2013). Recently, research has slowly ewtbwnto the physical aspects of
diffusion and their biological impact on cellulaiopesses gradually created an image to
explain the observations of Elowitzt al.. Single-particle tracking using
photoactivatible fluorophores allowed the traje@srof proteins to be followed and to
draw conclusions whether diffusion is homogenebuosughout the cell or regulated by

intracellular structures. The photoactivatible pmot Kaede was found to be
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homogeneously distributed in the cytoplasm and lethia homogeneous diffusion.
However, in longer cells, Kaede diffusion is faswthin the nucleoid than in the
middle of the cell (Bakshet al, 2011). Macromolecular structures such as theeouct!
are heterogeneously distributed and influence titfiestbn of molecules such as the the
small heat shock chaperone IbpA (Coge¢lal, 2013). Furthermore, also protein
aggregates that have to been linked to ageirif) ooli diffuse to and accumulate at the
old cell pole that acts as a landfill (Coge¢lal.,2013). Single-particle tracking of the
cytoplasmic photoactivatible protein mEos2 revealgebmetrical aspects as an
additional component that affects diffusion ratésce the diffusion of mEos2 was
found to be faster in the middle of the cells alwver at the cell poles where proteins
are spatially more restricted (Englishal, 2011). Diffusion studies using fluorescently
marked mRNAs further showed that diffusion of astemRNAs is independent of
cytoskeletal components such as FtsZ and MreB (@pl& Cox, 2006). FtsZ itself is
localised in a stationary manner during cell-dimmsalong with a diffusive cytoplasmic
form. Interestingly, although FtsZ movement folloBownian motion, the diffusion is
restricted to a helical region spanning throughthé entire cell suggesting a yet
unknown diffusion barrier for FtsZ (Niu & Yu, 2008)iffusion patterns can also be
altered due to protein-protein interactions or roelite binding. For instance, the
stringent response protein RelA that binds to wpess shows drastically altered
diffusion behaviour upon starvation and is mordudive to reach as many ribosomes
as possible (Engliskt al.,2011). A ground-breaking study undertaken by Patrsl,
fundamentally altered the view of the cytoplasme Tthajectories of molecules are
highly dependent on their size and the metabotitestParryet al, 2014). While small
particles diffuse freely, bigger molecules are moomstrained and trapped within
certain areas. This leads to the formation of cexvchacromolecules. However, active
metabolism ‘fluidises’ the cytoplasm and allows d#g molecules to leave their local
environment (Fig. 1.14). It is still unclear whaauses the observed changes in
subdiffusive motion but an explanation could bet thetive metabolism causes more
rearrangements within macromolecules which potiytlawer the hydrophobic and
electrostatic interactions between macromoleculempmments. Thereby, molecules
could leave the macromolecule and access aredsefuaway (Parryet al., 2014,
Spitzer, 2011). In summary, diffusion in bacteialls is governed by the following:
geometry, molecule size that results in the foramatdof macromolecular structures
mainly composed of ‘big’ molecules, the affinity taher molecules that might be
stationary and the metabolic state of the cell.
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Figure 1.13 Cell-division machineries irk. coli, B. subtilisand S. aureus
Schematic representation of the divisome&iroli (A), B. subtilis(B) andS. aureus

(C). Images are adapted from Bottomley, 2011.
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Figure 1.14 Molecule diffusion dynamics in the baefrial cytoplasm
Schematic overview of some aspects that reguldidiffusive properties of molecules.
A, Geometry: The cell poles spatially restrict thitudion of molecules and can result
in theirpolar accumulatiorB+C, Molecule size and metabolic state: ‘Small’ molesu
exhibit a faster diffusion rate compared to ‘bigdlecules (length of arrows indicates
the diffusion rate). Diffusion is greatly increasédring metabolism which especially
affects ‘bigger’ moleculedD, Macromolecular crowding: Dynamics due to A-C tesu
in crowding of ‘big’ molecules into subcellular macromolecules with Idiffusion.
Components of macro-molecules have increased chdoaeccess other areas in states
of active metabolismvhereas ‘small’ molecules are mainly diffusive desls affected

by the metabolic state. Figure is adapted fromyRatral.,2014.
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1.3 Localisation of membrane proteins

As discussed before, the bacterial cell is compadedvariety of biopolymers many of
which are synthesised at the membrane. This praoeskes several synthases located
in the membrane along with temporal and spatialletgry elements. How do bacterial
cells provide the structural foundation to makelutat processes as efficient as
possible? Firstly, processes mostly require a cerpf proteins that allow the
channelling of metabolites. Secondly, these congdeare localised by protein-protein
interactions within a spatial determining proteiipid interactions or sense the
curvature of the membrane (Kuriyan & Eisenberg, Z@ramkamp & Lopez, 2015).
And lastly, synthesis has to occur at a particplace for a specific function as it would
be energetically unfavourable to transport prodtcta far off cellular destination. In
order to position membrane proteins and membrasecaged proteins, bacterial cells
deploy both membrane curvature features and spegifcrodomains composed of

certain lipids.

1.3.1 Membrane curvature as a cue for protein locaation

Ultimate cues in bacterial cells are given by thaate range of different cell shapes that
can be reduced to arrangements of positively agatively curved membranes. Polar
localisation of proteins is a common feature intbaa as seen for septal positioning
mechanisms (Young, 2006). In the cas&otoli, the previously described tethering of
MinCD to the poles gives a supramolecular founchatio

1.3.1.1 DivIVA

The cell division initiation protein DivIVA has bednvestigated intensively and is a
bacterial topological marker. It is widely conseihveamong Gram-positive bacteria and
mainly acts as a protein scaffold to position preeinvolved in peptidoglycan
synthesis, secretion or division-site selectiorBlrsubtilisandListeria monocytogenes
DivIVA serves as part of the Min system and tetidisC via MinJ to the cell poles,
whereas it is required for polar growth and pemlgoan synthesis i€orynebacterium
glutamicum, Streptococcus pneumorsad MycobacteriagBramkamp et al., 2008,
Letek et al, 2008, Sieger & Bramkamp, 2014, Fleugkeal, 2014b, Menicheet al,
2014, Halbedelet al, 2012). Yet another function of DivIVA is found inisteria
monocytogenewhere the protein is needed for the secretionutdlgsins at the poles.
Cells lacking DivIVA grow as long chains that haslearly completed cell division but
daughter cells are still attached (Halbedelal., 2012). Unexpectedly, divIVA null
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mutant ofS. aureusshows no obvious phenotype and undergoes norriadigesion,
which raises the question whether there is a hogualdhat takes over the function of
DivIVA (Pinho & Errington, 2004). The common feaguof all DivIVA proteins is that
they localise at the poles or the cell divisior sBut it was unknown whether DivIVA
is the first protein to arrive or is recruited byher factors. Two studies however
clarified the picture by showing that the heteraolag expression d. subtilisDivIVA

in E. coliandSchizosaccharomyces pomtiisplayed the same localisation at the poles
(Edwardset al, 2000). Furthermore, DivIVA that was reconstitutetb liposomes was
always found at locations with highly curved memmas (Lenarcicet al., 2009). In
spherical cells, DivIVA is homogeneously distribditesince suitable membrane areas
with high curvatures are missing, which underliftesability to discriminate between
degrees of concavity (Ramamurthi & Losick, 200991iBthe heterologous expression
and the reconstitution into liposomes made it clibat it is an intrinsic feature of
DivIVA to bind to negatively curved membranes. DI has a highly conserved N-
terminus that is required for the membrane targetfRerry & Edwards, 2004).
Daptomycin-treated. subtilis cells form membrane distortions that recruit DV
suggesting the formation of local highly curved nbeame patches (Poglianet al,
2012). It forms a parallel coiled-coil that expos$sslrophobic and positively charged
residues that are essential for membrane binditigg@t al, 2010). Its C-terminus is
more variable and used for interaction with pradeimowever, the N-terminus of tBe
subtilis DivIVA is needed to bind MinJ (van Baarkt al, 2013). The big question
however is which mechanism accounts for the poealisation of DivIVA since lipids
at strongly curved membranes are densely packegably prevent the insertion of
the DivIVA N-terminus into the membrane? Strahl addmoen proposed that the
answer relies in the ability of DivIVA to form oligners. These oligomers are
composed of 4-8 monomers and span half of the tunevaadius oB. subitilis septa.
Using a Monte-Carlo simulation, they could showttbavIVA likely forms stable
clusters at curved membranes because of the cothbitexactions between each other
and lipids (Fig. 1.15A) (Strahl & Hamoen, 2012).cRetly, a study demonstrated that
B. subtiliscells lacking the secretion ATPase SecA fail toperly localise DivIVA.
However, it has been hypothesized that not Secéctyr but a downstream effect such
as potential membrane changes due to the lacka¥ 8e= responsible for the observed
DivIVA localisation (Halbedekt al, 2014). Structured illumination microscopy (SIM)
revealed that DivIVA forms a highly stable ring e septum that collapses into
patches at the poles (Eswaramoortéty al., 2011). Another group used photo-
convertible and activatable fluorophores and predathat DivIVA in newly divided
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cells moves from the poles to the new septum. Bfledovision site probably provides a
higher curvature compared to the poles and is fineréavored (Baclet al, 2014). The
mechanism how DivIVA moves to the poles and itsoagganied switch between

membrane detached and soluble form remains unknown.

1.3.1.2 SpoVM

DivIVA is not the only known protein that sensesvad membranes. An early study
demonstrated the recruitment of a peripheral mengnarotein involved in spore
formation to the polar septum right after the stdrspore formation. SpoVM engulfs
the spore (Fig. 1.15B). However, the authors asduthat a yet unknown protein is
responsible for SpoVM targeting (van Ooij & Losic)03). Later work clarified the
picture and revealed the independent specific isat@bn of SpoVM to positively
curved membranes that are found when the cellfoaréng spores (Ramamurtbt al,
2009). Ramamurthet al., also observed that SpoVM localises to the outdiasa of
internal vesicles when expresseddncoli and Saccharomyces cerevisiagautants that
produce vesicles or fragmented vacuoles, respégtidelditionally, purified SpoVM-
GFP was found to attach to unilamellar vesiclesweicer, it only binds to small
vesicles with diameter sizes betweennl and 5 m which strongly indicates the ability
of SpoVM to discriminate between the degree of thasicurvature. Further studies
corroborated this finding and revealed that SpoVieesively interacts with acyl
chains in membranes to sense packing differendegeba curved membranes leading
to its preferential binding to convex membranedl|(&ial, 2015).

1.3.1.3 Other curvature sensing proteins
Non-membrane proteins of the general phosphotreassdesystem also display a polar
localisation. Enzyme | (EI) was found to be locadisat the poles irfE. coli and
preferentially accumulates at sites of strong cumeain sphericak. coli cells (Lopian
et al, 2010, Govindarajaret al, 2013). Co-expression with DivIVA-GFP frorB.
subtilis demonstrated that E1 and DivIVA exhibit a similrcalisation pattern.
However, E1 is a soluble protein and no membratieetemg domain could be found.
Thus, it is assumed that another factor might atthee E1 localisation (Govindarajan
et al.,2013).

The chemoreceptor TIpA localises at the base ofs#mum and at strongly
curved membranes B. subtilis Structural studies of TIpA revealed its cone-ghtyat
is required to sense negatively curved membrarnigs YR.5C). This localisation pattern

was still seen in cell wall free cells that areoateferred to as L-forms. Interestingly,
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amino acid substitutions causing structural regeaments to form a cylindrical shaped
TIpA resulted in a loss of the observed localisapattern (Strahét al, 2015).

1.3.1.4 BAR-domain containing proteins in eukaryote

BAR domain proteins in eukaryotic organisms havenbénvestigated intensively
during the last decade. Proteins belonging to tineABnphiphysin-Rvs (BAR) domain
superfamily have a dimeric-helical protein motif, which enables them to iatgrwith
membranes. Due to their curved interface they peatally bind to positive (BAR) or
negative (I-BAR) curved membranes (Fig. 1.15D) ¢fst al, 2008, Saarikangas al,
2009) (Zhacet al, 2011). These are found in various eukaryotic iggesuch as yeast,
Drosophila melanogasteor Leishmania spec(Lefebvre et al, 2013). Some BAR
domain proteins contain an additional N-terminapaipathic helix that inserts into the
membrane and induces membrane curvature (FR¢taf, 2004). Furthermore, most
BAR-proteins have at least one domain that endhbss to interact with other proteins.
Thus, BAR-proteins are scaffolding proteins thajamise a variety of other proteins in
a curvature-dependent manner (Mim & Unger, 20123a@on of trusions in eukaryotic
cells by these and other proteins are crucial tontaia cell fundamentals such as
membrane fusion (Chamberlaiet al, 2001), membrane fission (Hinshaw, 2000),
membrane budding (McMahon & Gallop, 2005) and egtimsis (Canton & Battaglia,
2012).

1.3.2 Driving forces for membrane curvature

Bacterial cells rely on differently curved membranas crucial localisation cues.
Consequently, this begs the question as to howedunvembranes are formed. With the
discovery of lipid rafts in eukaryotic cells it moe evident that membranes are
structured and not only composed of a disordergdidi phase (Rietveld & Simons,
1998). Using fluorescent microscopy of liposomesas demonstrated that membranes
that are formed by different lipids can lateralgparate into coexisting liquid domains
with distinct lipid compositions and curvatures (lBagartet al, 2003) (Parthasarattet

al., 2006). These domains are enriched by cholestndl or sphingholipids that
stimulate their formation. Further studies confichtBese results and showed that even
weak negative curvatures cause the enrichment dhicelipids (Nishizawa and
Nishizawa, 2011).
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Figure 1.15 Examples of membrane curvature sensingotein mechanisms
Schematic overview of proteins and mechanisms #esise positive and negative
membrane curvatured, DivIVA in B. subtilis accumulates to strongly negatively
curved membranes by an interaction between DivIVétgns and lipidsB, SpoVM in
B. subtilisbinds to the outer positively curved membranesrafosporesC, The cone-
shaped TIpA senses negatively curved membran&s subtilis.D, BAR and I-BAR
domain containing proteins in eukaryotes attaclpdsitively (BAR) or negatively (I-
BAR) curved membranes. Figures is adapted fromhBaétaal.,2015.
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1.3.2.1 Lipid composition

However, not only the sorting of lipids is dependen membrane curvature. Lipids
also display an important force for the formatidncarved membranes. The shape of
lipids depends on the size of their headgroup bedt &icyl chain length, saturation and
composition (Cooke & Deserno, 2006). Cylindricalidis such as phosphatidylcholine
and phosphatidylserine form flat membranes whepsascal shaped lipids such as
phosphatidylethanolamine, phosphatidic acid, dglggerol and cardiolipin impose a
negative curvature to membranes. Lipids with bigdggoups forming inverted conical
shapes such dgsophosphatidylcholine and phosphatidylinositobgbhates cause the
generation of positive curvaturgdlartens & McMahon, 2008, Chernomordik &
Kozlov, 2003, Di Paolo & De Camilli, 2006, Zimmerge& Kozlov, 2006). In
principal, the ratio between the size of the adio and the polar head group decide
whether the lipid is likely to be a part of posély, negatively or non-curved

membranes.

1.3.2.2 Shaped membrane proteins and protein crowal

Furthermore, this heterogeneity also drives thérgpof peptides and proteins. Wu and
Liang, 2014, showed using MARTINI Force dynamic glations, that proteins tend to
accumulate in curved regions dependent on theimsgit structural features (Wu &
Liang, 2014). Interestingly, the simulated peptidemild also further enhance the
membrane curvature suggesting a complex interpéawden lipids, proteins/peptides
and membrane curvature that determines the ordmmsand shape of membranes.
Proteins can insert a hydrophobic domain betwe®d hieadgroups acting as a ‘wedge’
and induces local membrane curvature. The amouthiest inserted motifs is crucial in
the stabilisation and degree of curved membranesd(&t al, 2002, Campelet al,
2008, McMahoret al, 2010). Another mechanism of how proteins indu@miorane
curvature is scaffolding that is seen for BAR-domproteins or the earlier discussed
crescentin (Peteat al., 2004, Ausmeest al.,2003). These proteins display an intrinsic
shape that is imposed on the membrane through abraeetbinding interface.
Additionally, in bacteria the cell-wall is a majahape and membrane curvature
determining factor and both of these are affectethb insertion of new PGN material.
An example is seen for MreB, that directs the P@Nhtisesis machinery to membrane
areas of negative membrane curvature which in metesults in straightening of the
cells and flattened membranes (Urssllal., 2014). The shape of integral membrane

proteins may also affect local membrane curvatlir@asmembrane proteins such as the
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ABC-transporter BmrA or the chemoreceptor protelipATfrom B. subtilisthat form a
conical or inverted conical shape can impose thiinsic shape on the membrane
(Strahl et al., 2015, Fribourget al, 2014, MacKinnon, 2003, Aimoet al, 2014).
However, the contribution of these proteins todkerall membrane shape has not been

yet fully explained.

1.3.3 Lipid microdomains in bacterial membranes

Although most simulation studies on membranes wedormed using eukaryotic
model membranes, it is very likely that the intagpltogether with its resulting sorting
of proteins and lipids also occurs in bacterial rheanes. Bacterial membranes are also
composed of a variety of differently shaped lipahal integral membrane proteins, but
they lack cholesterol and most bacterial membradeesot contain sphingholipids.
However, bacterial membranes can rarely contairmhoiols and squalene, the precursor
of cholesterol. Hopanoids that are foundMmethylobacterium extorquernisave been
shown to exhibit sterol-like propertigs vitro that can order membranes and form
microdomains (Saenet al, 2015, Saenet al, 2012). The first evidence that bacterial
membranes possess structural heterogeneityivo came from fluorescent staining
studies. Two studies showed that fluorescent lipmphdyes are distributed
heterogeneously in Mycobacteria aid coli (Christensenet al, 1999, Fishov &
Woldringh, 1999). Using of the cardiolipin-specifi®-N-nonyl acridine orange dye led
to the discovery of cardiolipin (CL) domains i coli andB. subtilison the polar and
septal regions (Nishizawet al.,Mileykovskaya & Dowhan, 2000) (Kawat al, 2004).
Another phospholipid that was found to form domaissphosphatidylethanolamine
(PE). It can be visualised with the cyclic peptmtebe Ro09-0198 (Ro) and it localises
to septal membranes of exponentially growing cefi8. subtilis (Nishibori et al,
2005)(Nishiboriet al, 2005) while it was found to be distributed unmfdy in the
membrane ofE. coli and other Gram-negative bacteria such as Salnsoraeid
Pseudomonas (Emoto & Umeda, 2001, Nishilebrl.,2005). Furthermore, early work
also demonstrated the heterogeneous localisati@@\eral membrane proteins across
the cytoplasmic membrane (Meikt al, 2006). Eventually, a study undertaken by
Lopez and Kolter revealed the existence of microaiomin bacteria as well as their
association with certain proteins (Lopez & Kolt@0Q10). One of them is FloT, a
homologue of the well-studied eukaryotic lipid rafiarker flotillin, that is found in
most bacterial genomes and displays a punctaterpaith B. subtilisand S. aureus

(Donovan & Bramkamp, 2009, Zharg al, 2005a, Neumann-Giesest al, 2004).
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Interestingly, cells that are treated with zarag@iid lose this pattern and are impaired
in biofilm formation which is due to the delocali®a of another lipid raft associated
protein, the kinase KinC. KinC is indirectly reqedr for the inhibition of motility and
activation of biofilm formation. Zaragozic acid & known inhibitor of squalene
synthases which suggests that squalene is redoirdéide formation of microdomains in
B. subtilis and S. aureus(Lopez & Kolter, 2010). STED microscopy allowedeth
determination of the assembly of FIoT and anothérprotein FloA into assemblies of
85 to 110 nm irB. subtiliswhich resemble flotillin microdomains in eukaryotells
(Dempwolff et al, 2016). The protein cargo of these microdomaiokige the protease
FtsH, the secretion protein SecY and the signaligege SppA which all interact with
FloT indicating a lipid raft scaffolding functiomiff FloT (Bach & Bramkamp, 2013). A
variety of other proteins were found B. subtilis microdomains including proteins

involved in cell-division, signaling and iron upakBramkamp & Lopez, 2015).

1.4 Staphylococcus aureus

S. aureusis a gram-positive apparently spherically shapadtdrium that is mostly
known for its virulence and the spread of antilsio@sistance (Foster, 2005, Veldkamp
& van Strijp, 2009, de Lencastet al, 2007). Staphylococcal diseases in form of sepsis
and abscess formation were first described by Aldza Ogston in 1880 and 1882
(Ogston, 1882, 1984) (Ogston, 1882, 1984). Nowadayswureuss one of the major
causes of nosocomial and community associatedtiofesc Approximately 30 % of the
healthy human population car8y aureusn their nose and a skin puncture or break can
allow S. aureudo enter tissues and cause infections (Kluytmeinal, 1997, Lowy,
1998, Peacockt al, 2001, Hennekinnet al, 2012).S. aureushas a low GC content
and can be distinguished from other staphylocospakies by DNase and coagulase
tests (Lowy, 1998)(Madigan and Martinko, 2006).

1.4.1Staphylococcus aureuas a model to study membrane

protein localisation

Most of our knowledge about protein positioning esnfrom the rod-shaped model
organismsB. subtilisandE. coli. These display a variety of well-studied geomatric
cues such as cell poles, endospored(isubtilig and the septum during cell-division

along with several spatial organisers like the Mystem or MreB. Less attention has
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been given to membrane proteins that are not artiengforementioned. Some proteins
are found to be distributed homogeneously throughtwei cell periphery such as SecY
and the ATPase subunit AtpC B subtiliswhereas other proteins are found in clusters
such as the respiratory protein CydBEncoli and the NAD(P)H dehydrogenase NDH-
1 in Synechococcus elongat{Matsumoto and Matsuoka, 2012)(Leginal, 2008b, Liu

et al, 2012).S. aureuss an apparently coccoid shaped bacterium thatiekvin three
orthogonal planes by forming a septum in the midaiethe cell generating two
hemispherical daughter cells that are connected thyn peripheral ring (Tzagoloff &
Novick, 1977, Pinhoet al., 2013, Turneret al, 2014, Turneret al, 2010). The
peripheral ring cracks due to circumferential straad perforations leading to a cell
‘popping’ event where both daughter cells are sapdrwithin milliseconds and gain an
apparent coccoid shape (Zhetial, 2015). Most localisation studies $1 aureushave
been focused on proteins involved in septum foromatiather than other processes

taken place at the cell periphery.

1.5 A supramolecular structure in the membrane of5. aureus

Recent studies on the distribution of enzymes wealin lipid metabolism ifs. aureus
led to the discovery of a colocalised punctategoatof PISY and CdsA (Fig. 1.16AB)
(Garcia-Laraet al, 2015). The absence of PIsY causes severe mogibalalefects in
division. Furthermore, the localisation of the sdlgtlocated cell-division proteins
EzrA and PBP2 were affected in PIsY-depleted ogh&ch may explain the observed
aberrant cell-division. It seemed unlikely that¥PIs the key protein for the localisation
of this protein network and the focus was directedMreBCD proteins that are known
to function as spatial organiselS. aureusacks MreB and nearly nothing is known
about the role of MreC and MreD. Deletion ofreC showed no effect on
staphylococcal cells buhreD null mutants are affected in the localisation &fYPand
CdsA (Fig. 1.16C). Further studies revealed thaeis also localised in a similar
punctate pattern to PIsY and CdsA, giving firstdevice that MreD might be the
responsible localisation component (Fig. 1.16D)rtlk@rmore, it was shown by a
bacterial two-hybrid analysis that MreD, CdsA ansiYPinteract with each other raising
the question as to whether MreD forms a networgrofeins anchoring them to certain

spots within the cell or if there is another comguinthat ‘arrives’ beforehand?
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A PIsY-GFP B

Anti-PlsY
antibody (IF)  CdsA-GFP Overlay

Anti-GFP antibody (IF)
(MreD-GFP)

wild type

mreC

Figure 1.16 Enzymes involved in phospholipid synttsés and MreD are part of a
supramolecular structure in the membrane ofS. aureus

A, fluorescence image of PISY-GFP $ aureusSH1000. The number indicates the
enlarged image of one selected cBl.Immunofluorescence image of PIsY, labelled
with an anti-PIsY-antibody (red) and fluorescentage of CdsA-GFP in SH100Q,
Growth curves of SH100@vld typg, SH1000 mreC(mreQ, SH1000 mreD (mreD)
and SH1000 mreCD (mreCD over a time-course of 12 WD, Phasecontrast and
immunofluorescence image of MreD-GFP in SH1000 lledewith an anti-GFP

antibody. Scale bars represent 1 um.
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1.6 Aims and summary of this study

Chapter 3: The physiological role of MreD . aureusvas analysed by a functional
characterisation of amreD deletion mutant. This was carried by subjectirg riutant
to a number of physiological stresses such as lasterobic growth and varying
medium composition showing that tmereD mutant stops growing at 42 °C. This
phenotype could be restored by the addition of NAQdarticular focus was led on the
potential role of MreD on the membrane organisatb8. aureusvhich was tested by
fatty acid, phospholipid and membrane fluidity asses which demonstrated that the
mreD mutant exhibits lower levels of CL but higher lsvef PG and LPG while the
fatty acid composition and membrane fluidity weoe altered compared to the parental
strain. Metabolome studies showed a changed metalgobetween both strains and at
different growth temperatures.

Chapter 4: This study also aimed to investigate the locabsabf membrane
proteins and specifically proteins involved in pploslipid biosynthesis irS. aureus
using a range of fluorescent tags such as GFP, eMEerry and SNAP along with
colocalisation studies. Integrative plasmids weseduto express the protein of interest
fused to a fluorescent marker under its native mtem Their analysis confirmed the
localisation pattern of PIsY using SNAP/eYFP/mevtggs and further identified that
its localisation is dose-dependent. Other protansh as CydB, FloT, PIsC, PgsA,
MprF and CIs2 also exhibit a non-uniform distrilouti in the membrane of
Staphylococcus aureushile SecY was distributed homogeneously. A kegmednt in
this study was to investigate the underlying medmnthat determines membrane
protein localisation using a variety of deletiontanis to analyse the impact of specific
membrane components such as cardiolipin, lysingtateosphatidylglycerolphosphate
and wall teichoic acids. In addition fluorescemntasts were subjected to a number of
inhibitors affecting fatty acid synthesis, membraméential, Z-ring formation and the
formation of squalene-dependent lipid rafts showheg FtsZ plays a crucial role in the
positioning of PISY.

Chapter 5: A novel FRET-based protein-protein interaction teys was
developed to confirm the interaction of PIsY withd€d, MreD and to identify
interactions with other membrane proteins demotisgyaan interaction of PISY with
CdsA, MreD, PgsA and CydB, but not with SecY anctMs

Chapter 6: To understand the basis of the punctate pattermstdbdtion of
membrane proteins, MreD-eYFP was expressdgl icoli where MreD was found to be
distributed in patches within the membrane. As @ 8&ep, reconstitution experiments
of purified MreD, labelled with Cy2, into liposomesere attempted to ask the question
as to whether MreD can form the observed punciatenm intrinsically?
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Chapter 2: Materials and Methods

2.1 Media
2.1.1 Tryptic Soy Broth (TSB)

TSB (Oxoid) 30 gt

2.1.2 Brain Heart Infusion (BHI)

BHI (Oxoid) 37gt

1.5 % (w/v) Oxoid agar was added to make BHI agar.

2.1.3 Lysogeny broth (LB)

Tryptone (Oxoid) 10 g4
Yeast extract (Oxoid) 5l
NaCl 10 gt

2.1.4 LK medium

Tryptone (Oxoid) 10 g
Yeast extract (Oxoid) 5¢!
KCl 79t

1.5 % (w/v) Oxoid agar was added to make LK agar.

2.1.5 Lipase activity agar plates

Baird-Parker agar base (Oxoid) 63'g 1

Egg Yolk with potassium tellurite (VWR Prolabo) B0 |

The Egg Yolk was added to the autoclaved Baird-&taflgar Base after cooling down
to 50-60 °C.
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2.1.6 Chemically defined medium (CDM)

The recipe for CDM is based on (Hussatral, 1991).

Solution 1 — Dissolved in 700 ml of distilled wateadjusted to pH 7.2

NaoHPO, x 2H,0 79 L-Lysine 0.1g

KH,PO, 39 L-Leucine 0.15¢

L-Aspartic Acid 0.15¢g L-Methionine 0.1g

L-Alanine 0.1g L-Phenylalanine 0.1g

L-Arginine 0.1g L-Proline 0.15¢

L-Cysteine 0.05¢ L-Serine 0.1g

Glycine 0.1g L-Threonine 0.15¢

L-Glutamic Acid 0.15¢g L-Tryptophan 0.1g

L-Histidine 0.1g L-Tyrosine 0.1g

L-Isoleucine 0.15¢g L-Valine 0.15¢

Solution 2 — Dissolved in 140 ml of distilled watef1000x)

Biotin 0.02 g Pyridoxal 0.8¢g

Nicotinic Acid 04g Pyridoxamine di- | 0.8 g
HCI

D-Panthothenic 04g Riboflavin 04g¢g

Acid

Thiamine HCI 0.4g

Solution 3 — Dissolved in 400 ml of 0.1 M HCI

Adenine 0.16 g Guanine HCI 0.16 g

Hemisulphate

Solution 4 — Dissolved in 500 ml of 0.1 M HCI

CaCh x 6H,O 05¢g (NH).Fe(SQ)2 x 0.3g
6H,0

Solution 5 — Dissolved in 800 ml of distilled water

MgSO,x 7TH,O  [4g |

Solutions 1, 3 and 4 were mixed and autoclavedtb@geWhereas solution 2 was filter
sterilised (0.2 m pore size) and added after cooling. Solution 5 \matoclaved
separately and added after cooling.
The solutions were mixed at the following ratio:
Solution 1 Solution 2 Solution 3 Solution 4 Solutid

7 0.0001 0.5 0.1 1
Before use, the medium was supplemented with éiffeamounts of glucose.

2.2 Antibiotics

Antibiotics used in this study were prepared asifisterilised (0.2 um pore size) stock
solutions and stored at -20 °C (Tab. 1.2). Forube in liquid media, antibiotic stock
solutions were added just before use whereas éusle in agar plates, stock solutions

were added to media cooled below 50 °C.
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Antibiotic Stock S. aureus | E. coli Dissolved

conc. working working | in:

(mg ml™) | conc. conc.

(ug mi?) | (ug mi)

Ampicillin (Amp) 100 - 100 HO
Chloramphenicol 30 30 - 100 % ethanol (v/v)
(Cm)
Erythromycin (Ery) 5 5 - 100 % ethanol (v/v)
Kanamycin (Kan) 50 50 50 1
Lincomycin (Lin) 25 25 - 50 % ethanol (v/v)
Neomycin (Neo) 50 50 - 10
Spectinomycin (Spe)| 50 - 50 2@
Tetracycline (Tet) 5 5 - 100 % ethanol (v/v)

2.3 Bacterial strains and plasmids

2.3.1Staphylococcus aureustrains

Strain Relevant genotype/Markers Reference

RN4220 Restriction deficient transformation (Kreiswirth et al,
recipient 1983)

SH1000 Derived from 8325-4sbU" (Horsburghet al,

2002)

Newman saeR&onstitutively expressed by | (Babaet al, 2008,
SaeS T53C substitution Duthie, 1952)

NewHG Derived from Newman, repaired | (Herbertet al, 2010)

saeS

SH1000secY-gfp

PsecvsecY-gfp BrassecY;Ery™, Lin®

(Garcia-Lara et al.,

(SIF1927) 2015)
SH1000plsY-gfp Ppisv:pISY-gfp RuacplsY; Ery™, Lin® | (Garcia-Laraet al,
(SJF1754) " " 2015)
SH1000mreC-gfp Pmr%o'mreC-gfp RpasmreC, Ery?, (Garcia-Lareet al,
(SJF1923) Lin 2015)
SH1000mreD-gfp PmreomreD-gfp RpagmreD; Ery (Garcia-Lareet al,
(SJF1925) Lin® " 2015)

in
SH1000ezrA-gfp PenezrA-gfp RoagezrA Ery’, Lin® | (Steeleet al, 2011)
(SJF2095) i
SH1000plsY-eyfp Posy:plsY-eyfp RuacplsY: Ery®, Lin® | This study
(SJF4395) i i
SH1000plsY-meyfp Pp|SF¥:pIsY-meyfp BhacpIsY, EnyS, This study
(SJIFA775) Lin
SH1000pIsC-eyfp Pp|sg:plsc-eyfp RoasPISC; Ery~, This study
(SJF4416) Lin
SH1000pgsA-eyfp Ppg%A;pgsA-eyfp BracPgsA Ery’, This study
(SJF4414) Lin
SH1000mprF-eyfp PmpF,{F:mer-eyfp RpasmprF; EnyS, | This study
(SJF4510) Lin
SH1000cydB-eyfp Pcyaae:CydAcydB-eyfp BaccydB This study
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(SJF4547) Ery, Lin"

SH1000floT-eyfp Pror:floT-eyfp RpasfloT; Ery™, Lin® | This study
(SJF4543)

SH1000floT-eyfp+ Prot:floT-eyfp RpasfloT, pGLA8S5; This study
pGL485 Enf, Lin%, Cnf

(SJF4795)

JE2 NE258 Cls2::Tn from NARSA transposon | (Feyet al, 2013)

library, transposon inserted at the
beginning ofcls2 Eny®

RN4220plIsY -gfiftet) Poisy:pIsY-gfp RpacplsY, Teff This study
(SJF4793)

SH1000plIsY -gfftet) Poisy:pIsY-gfp RpasplsY, Tef This study
(SJF4794)

RN4220plsY-SNAP Poisv:pISY-SNAP BysplsY, Teff This study
(SJF4783)

SH1000plIsY- Poisv:pISY-SNAP BasplsY, This study
SNAP/secY-gfp PsecySeCY-gfp BrassecY;Enf?,

(SIFAT727) Lin®, Tef

RN4220pgsA-SNAP | PpgsAaPgSA-SNAP BaspgsA Teff This study
(SJF4782)

RN4220cydB-SNAP | PeyggCydB-SNAP B,scydB Teft This study
(SJF4781)

SH1000 pGL485 pGL485; Cnit (Cooperet al, 2009)
(SJF2991)

SH1000 pGL621 pGL621; Cn¥ (Garcia-Lareet al,
(SJF3193) 2015)
SH1000mreD::kan mreD::kan; Kan® (Garcia-Lareet al,
(SJF2976) 2015)
SH1000mreD::kan mreD::kanpGL621 (nreD); Kan", (Garcia-Lareet al,
pGL621 cmt 2015)

(SJF3208)

SH1000mreD::kan mreD::kanpGL631 nreCD); Kar\, | (Garcia-Lareet al,
pGL631 cmt 2015)
SH1000mreD::kan mreD::kanpGL485 ;Kan®, Cm (Garcia-Lareet al,
pGL485 2015)

(SJF3210)

SH1000mreCD::kan | mreCD::kan;Kan® (Garcia-Lareet al,
(SJF2841) 2015)
SH1000mreCD::kan | mreCD::kanpGL621 mreD); Kan”, | (Garcia-Lareet al,
pGL621 cmt 2015)

(SJF3202)

SH1000mreCD::kan | mreCD::kanpGL631 (reCD); (Garcia-Lareet al,
pGL631 Kan®, cm® 2015)

(SJF3205)

SH1000mreCD::kan | mreCD::kanpGL485 :Kan”™, Cm® (Garcia-Lareet al,
pGL485 2015)

(SJF3206)

NewmanmreD::kan mreD::kan; Kan® This study
(SJF4705)

NewHG mreD::kan mreD::kan; Kam® This study
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(SJF4708)

JE2 NE858

mreD:: Tt from NARSA transposon
library, transposon inserted at the
beginning ofmreD; Ery®

(Feyet al.,2013)

SH1000mreD::Tn mreD::Tn,transduced from JE This study

NE858; Ery
SH1000mreD::kan mreD::kan pCQ11ftsZ-eyfp:Kan®, | This study
ftsZ-eyfp IPTG-inducible expression difsZ-
(SJF4711) eyfg Eny?, Lin®
SH1000ftsZ-eyfp pCQ11ftsZ-eyfpJPTG-inducible (Dr.C.Walther,
(SJF4704) expression oftsZ-eyfp;Eny*, Lin® | unpublished)
SH1000PmreCD- geh:PmecomreD; Tef', This study
mreD
(SJF4651)
SH1000mreD::kan mreD::kan, gehliPmeco-mreD; This study
PmreCD-mreD Kar®, Tef},
(SJF4650)
SH1000 pWhiteWalker10, IPTG-inducible | This study
pWhiteWalker10 expression oplsY-gfp Eny?, Lin®
(SJIF4772)
SA113tarO::ermB tarO::ermB, pRB+arO, constitutive | (Peschekt al, 2001)
pRB-arO (SJF4147) | expression ofarO, Enf?, CnT®
SA113mprF::ermB mprF::ermB Eny (Weidenmaieet al,
(SJF2207) 2005)

SH1000mprF::ermB
plsY-gfp(SIF4767)

mprF::ermB, Risy:plsY-gfp
PspacplsY: Eny’, Lin®, Tef

This study

SH1000 clsl1/2

cls1::cat cls2::tet Tef, CnT

(Ohniwaet al, 2013)

(SJF4289)

SH1000 cls1/2 plsY- | clsl:cat cls2::tet, P%sy:pIsY-gfp This study

gfp (SIF4353) PspacpIsY; Enf® | Lin®, Tef, CnT

SH1000 tarO plsY- | tarO::ermB, Pysv.plsY-gfp This study

gfp PspasPISY: Ery?, Tef

(SJF4713)

RN4220pgsA- PpgsaPgSA-mRFPmarsl; 8aspgsA | This study
mRFPmars1 Tef®

(SJF4791)

RN4220cdsA-mCherry| PcgsaCdsA-mCherry; ByagCdsA This study
(SIF4792) Tef?

RN4220cdsA- PeasaCdsA-mRFPmarsl; $ascdsA | This study
mRFPmars1 Tef®

(SJF4790)

RN4220 + IPTG-inducible expression gffp (Garcia-Lareet al.,
pWhiteWalkerl andmCherry Enf, Lin® 2015)

(SJF4752)

RN4220 + IPTG-inducible expression of (Garcia-Lareet al.,
pWhiteWalker2 mCherry-gfpfused in tandem; EFfy | 2015)

(SJF4753) Lin®

RN4220 + IPTG-inducible expression ofireD- | (Garcia-Lareet al.,
pWhiteWalker3 mCherryandplsY-gfp Enf, Lin® | 2015)

(SIF4754)

RN4220 + IPTG-inducible expressionadsA- | (Garcia-Lareet al.,
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pWhiteWalker4 mCherryandplsY-gfp Enf, Lin® | 2015)
(SJF4755)
RN4220 + IPTG-inducible expression afydB- | This study
pWhiteWalker7 mCherryandplsY-gfp Enyf, Lin®
(SJFA756)
RN4220 + IPTG-inducible expression @igsA- | This study
pWhiteWalker8 mCherryandplsY-gfp Eny?, Lin®
(SIFA757)
RN4220 + IPTG-inducible expression @isY- | (Garcia-Lareet al.,
pWhiteWalker10 gfp; EnfS, Lin® 2015)
(SJF4758)
RN4220 + IPTG-inducible expression ofireD- | This study
pWhiteWalker11 mCherryandplsY-gfp Eny?, Lin®
(SJF4759)
RN4220 + IPTG-inducible expression gkecY- | (Garcia-Lareet al.,
pWhiteWalker12 mCherryandplsY-gfp Enf, Lin® | 2015)
(SJF4760)
RN4220 + IPTG-inducible expression ofiscL- | (Garcia-Lareet al.,
pWhiteWalker13 mCherryandplsY-gfp Enf, Lin® | 2015)
(SJF4761)
RN4220 + IPTG-inducible expression &nnP- | This study
pWhiteWalker14 mCherryandplsY-gfp Eny?, Lin®
(SJF4762)
RN4220 + IPTG-inducible expression @lsT- | This study
pWhiteWalker15 mCherryandplsY-gfp Enyf, Lin®
(SJF4763)
RN4220 + IPTG-inducible expression ofintP- | This study
pWhiteWalker16 mCherryandplsY-gfp Eny?, Lin®
(SJF4764)
RN4220 + IPTG-inducible expression ¢é§pA- | This study
pWhiteWalker17 mCherryandplsY-gfp Enyf, Lin®
(SJFA4765)
RN4220 + IPTG-inducible expression of the | This study
pWhiteWalker18 first transmembrane domain of PIs)
(SJF4766) fused tomCherryandplsY-gfp

Enf?, Lin®

Eny®, erythromycin resistance; Lnlincomycin resistance; Tettetracycline resistance,

Cm?, chloramphenicol resistance; Kafkanamycin resistance.
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2.3.2Escherichia colistrains

Strain Relevant genotype/Markers Reference
Topl0 F- mcrA (mrr-hsdRMS-mcrBC) Invitrogen
80lacZ M15 lacX74 recAl araD139
(araleu)7697 galU galK rpsL (StrR)
endAl nupG
NEB5 fhuA2 (argF-lacZ)U169 phoA ginV44 | New England
80 (lacz) M15 gyrA96 recAl relAl | Biolabs
endAl thi-1 hsdR17
BL21 (DE) B F ompTgal dcmlon hsdS$(rg mg) New England
(DE3 [lacl lacUV5-T7p07ind1 Biolabs
sam7nin5]) [malBTx.12( 5)
C43 (DE3) Derivative of BL21 (DE3), contains (Wagneret al,

mutations in théacUV promoter driving
the expression of T7 RNA polymerase

2008)

C43 (DE3) pWALDO- | pWALDO-mreD-eyfp IPTG-inducible | This study
mreD-eyfp(SJF4397) | expression omreD-eyfp Karl®
C43 (DE3) pWALDO- | pWALDO-mreD-6-eyfp IPTG-inducible | This study
mreD-6-eyfp(SJF4398) expression omreD-6-eyfp Kar’®
C43 (DE3) pWALDO- | pWALDO-eyfp-11-mreRDIPTG- This study
eyfp-11-mreD inducible expression @yfp-11-mreD
(SJF4552) Kan®
C43 (DE3) pWALDO- | pWALDO-murJ-gfp IPTG-inducible This study
murJ-gfdSJF4399) expression ofurJ-gfp Kan®
Kan®, kanamycin resistance.
2.3.3 Plasmids
Strain Relevant genotype/Markers Reference
PAISH1 Tet derivative of pMUTIN4 which (Aish., 2003)
contains a promoterless transcriptional (Vagneret al,
lacZ fusion, non-replicating in gram- | 1998)
positive bacteria; Anip (E. coli), Tef
(S. aureup
pGL485 Cnft derivative ofE. coli-S. aureus (Cooperet al.,
shuttle vector pMJ8426, containiri§y | 2009)
coli lacl gene under the control of
the constitutiveBacillus licheniformis
penicillinase promotepcn); Spe€
(E. coli), CnT* (S. aureu}
pKASBAR Hybrid vector of pCL84 and puUC18 for (Bottomleyet al,

integration intoS. aureudipase gene
(geh encoding the attP integration si
of L54a phage; Amp (E. coli), Tef (S.

2014)
te

aureus
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pKASBAR-ezrA-eyfp | pKASBAR-Karl'; expression oézrA- Dr.K.Wacnik,
eyfp under the putative promoter of | unpublished
ezrA Amp® (E. col)), Karl® (S. aureu}
pKASBAR-ezrA-meyfp| pKASBAR-Kar'; expression oézrA- Dr.K.Wacnik,
meyfp under the putative promoter of | unpublished
ezrA meYFP is the monomeric versior
of eYFP containing A206K; Anfp(E.
coli), Karl® (S. aureus
pKASBAR-ezrA-SNAP| pKASBAR-KarT'; expression oézrA- Dr.K.Wacnik,
SNAP under the putative promoter of | unpublished
ezrA Amp® (E. col)), Karf (S. aureu}
pCQ11-FtsZ-SNAP E. col+S. aureushuttle vector Dr.F.Grein,
containing thelacl gene andftsZ-snap| unpublished

under control oPspa¢ Amp® (E. col)),
Enf?, Lin® (S. aureuk

PMUTIN-gfp" Contains @spacpromoter regulating | (Kaltwasseret al,
the expression ajfp’, non-replicating in| 2002)
gram positive bacteria; AME. coli),
En?, Lin® (S. aureuk

pYL112 19 Expression of integrase, required for | (Luong & Lee,

integration of pKASBAR, C
(S.aureuy

2007)

PMUTIN-secY-gfp

Contains a translational fusion s#cY -
gfp, non-replicating in gram positive
bacteria; Amp (E. col), Eny?, Lin® (S.
aureus

(Garcia-Laraet
al., 2015)

pPMUTIN-plsY-gfp

Contains a translational fusion @gY -
gfp, non-replicating in gram positive
bacteria; Amp (E. col), Enf, Lin® (S.
aureus

This study

PMUTIN-pIsY-eyfp

Contains a translational fusion @gY -
eyfp non-replicating in gram positive
bacteria; Amp (E. col), Enf, Lin® (S.
aureus

This study

PAISH-pIsY-eyfp

Contains a translational fusion @gY -
eyfp non-replicating in gram positive
bacteria; Amp (E. coli), Tef (S.
aureus

This study

pAISH-plsY-mCherry

Contains a translational fusion @gY -
mCherry non-replicating in gram
positive bacteria; Amp(E. coli), Tef
(S. aureup

This study

pAISH-pIsY-SNAP

Contains a translational fusion @gY -
SNAP,non-replicating in gram positive
bacteria; Amp (E. coli), Tef (S.
aureus

This study

PMUTIN-pgsA-eyfp

Contains a translational fusion pgsA-
eyfp,non-replicating in gram positive
bacteria; Amp (E. col), Enf, Lin® (S.
aureus

This study
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pPAISH-pgsA-SNAP

Contains a translational fusion pgsA-
SNAP,non-replicating in gram positive
bacteria; Amp (E. coli), Tef (S.
aureus

This study

PAISH-pgsA-
mRFPmars

Contains a translational fusion pgsA-
mRFPmarsnon-replicating in gram
positive bacteria; Amp(E. coli), Tef
(S. aureup

This study

PMUTIN-plsC-eyfp

Contains a translational fusion @sC-
eyfp,non-replicating in gram positive
bacteria; Amp (E. col), Eny?, Lin® (S.
aureus

This study

PMUTIN-mprF-eyfp

Contains a translational fusion rojprF-
eyfp,non-replicating in gram positive
bacteria; Amp (E. col), Eny?, Lin® (S.
aureus

This study

pKASBAR-cls2-eyfp

pKASBAR-KarT; expression ofls2-
eyfp under the putative promoter of
cls2 Amp® (E. col)), Karf (S. aureup

This study

pPMUTIN-cydB-eyfp

Contains a translational fusion ©fdB-
eyfp,non-replicating in gram positive
bacteria; Amp (E. col), Enf, Lin® (S.
aureus

This study

pAISH-cydB-SNAP

Contains a translational fusion ©fdB-
SNAP,non-replicating in gram positive
bacteria; Amp (E. coli), Tef (S.
aureus

This study

PMUTIN-floT-eyfp

Contains a translational fusionftdT-
eyfp,non-replicating in gram positive
bacteria; Amp (E. col), Eny?, Lin® (S.
aureus

This study

pAISH-cdsA-mCherry

Contains a translational fusion alsA-
mCherry,non-replicating in gram
positive bacteria; Amp(E. colj), Tef
(S. aureup

This study

PAISH-cdsA-
mRFPmars

Contains a translational fusion adsA-
mRFPmarsnon-replicating in gram
positive bacteria; Amp(E. coli), Tef
(S. aureup

This study

pKASBAR-mreD

pKASBAR-KarT; expression ofnreD
under the putative promoter wireCD,;
Amp® (E. col), Karl® (S. aureu}

This study

pWALDO-gfp

Overexpression vector, IPTG-induciblé
expression of an insert taggedgfip and
under the control of a T7 RNA
polymerase promoter, expres$ad;
Kan® (E. colj)

> (Waldoet al,
1999)

pWALDO-mreD-eyfp

IPTG-inducible expression afireD-
eyfg The C-terminus oéyfpcontains a
TEV protease restriction site and a 8x
His tag; Kaff

This study
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PWALDO-mreD-6-eyfp| IPTG-inducible expression ofireD-6- | This study
eyfg The C-terminus ogéyfpcontains a
TEV protease restriction site and a 8x
His tag; Kart
pWALDO-eyfp-11- IPTG-inducible expression @fyfp-11- | This study
mreD mreD; The C-terminus ofnreD contains
a TEV protease restriction site and a 8x
His tag; Kart
PWALDO-murJ-gfp IPTG-inducible expression ofiurJ-gfp | Dr.D.Roper,
The C-terminus ofifp contains a TEV | unpublished
protease restriction site and a 8x His tag

Kan®

pCQ11gfp E. coltS. aureushuttle vector (Garcia-Laraet
containing thelacl gene andgfp al., 2015)
under control ofPspa¢ Amp"® (E. col)),
Enf, Lin® (S. aureu}

pWhiteWalkerl Derivative from pCQ1dfp, contains (Garcia-Laraet
gfpandmCherryunder control of al., 2015)
Pspa¢ Amp" (E. col), Enf}, Lin® (S.
aureus

pWhiteWalker2 Derivative from pCQ1dfp, contains (Garcia-Laraet
gfp fusedmCherryunder control of al., 2015)
Pspa¢ Amp" (E. col), Enf}, Lin® (S.
aureus

pWhiteWalker10 Derivative from pCQIdfp, contains (Garcia-Laraet
plsYfused togfp under control oPspag | al., 2015)
Amp® (E. col), Enf}, Lin® (S. aureu}

pWhiteWalker3 Derivative from pCQ1gfp, contains (Garcia-Laraet
plsYfused togfp andmreD fused to al., 2015)
mCherryunder control ofPspa¢ Amp®
(E. coli), Enf}, Lin® (S. aureuy

pWhiteWalker4 Derivative from pCQ1dfp, contains (Garcia-Laraet
plsYfused togfp andcdsAfused to al., 2015)
mCherryunder control ofPspa¢ Amp®
(E. coli), Enf}, Lin® (S. aureuy

pWhiteWalker7 Derivative from pCQ1gfp, contains (Garcia-Lara et
plsYfused togfp andcydBfused to al., 2015)
mCherryunder control ofPspa¢c Amp®
(E. coli), Enf}, Lin® (S. aureuy

pWhiteWalker8 Derivative from pCQ1dfp, contains This study
plsYfused togfp andpgsAfused to
mCherryunder control ofPspa¢c Amp®
(E. coli), Enyf}, Lin® (S. aureuy

pWhiteWalkerl11l Derivative from pCQIdfp, contains This study
plsYfused togfp andphePfused to
mCherryunder control ofPspa¢ Amp®
(E. coli), Enyf}, Lin® (S. aureuy

pWhiteWalker12 Derivative from pCQIdfp, contains (Garcia-Laraet

plsYfused togfp andsecYfused to
mCherryunder control ofPspa¢c Amp®

(E. coli), Enf}, Lin® (S. aureuy

al., 2015)
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pWhiteWalker13 Derivative from pCQ1kfp, contains (Garcia-Laraet
plsYfused togfp andmscLfused to al., 2015)
mCherryunder control ofPspa¢ Amp®
(E. coli), Eny, Lin® (S. aureuy

pWhiteWalker14 Derivative from pCQ1kgfp, contains This study
plsYfused togfp andfmnPfused to
mCherryunder control ofPspa¢ Amp®
(E. coli), Enf}, Lin® (S. aureuy

pWhiteWalker15 Derivative from pCQ1kgfp, contains This study
plsYfused togfp andalsT fused to
mCherryunder control ofPspa¢c Amp®
(E. coli), Enf}, Lin® (S. aureuy

pWhiteWalker16 Derivative from pCQ1kgfp, contains This study
plsYfused togfp andmntPfused to
mCherryunder control ofPspa¢c Amp®
(E. coli), Enf}, Lin® (S. aureuy

pWhiteWalker17 Derivative from pCQ1kgfp, contains This study
plsYfused togfp andispAfused to
mCherryunder control ofPspa¢ Amp®
(E. coli), Enf}, Lin® (S. aureuy

pWhiteWalker18 Derivative from pCQ1kgfp, contains This study
plsYfused togfp and the first
transmembrane domain of PISY fused to
mCherryunder control ofPspa¢ Amp®
(E. coli), Enf, Lin® (S. aureuy

Eny®, erythromycin resistance; Linlincomycin resistance; Tettetracycline resistance,
Cm”®, chloramphenicol resistance; Kafkanamycin resistance; Spespectinomycin
resistance; Amp ampicillin resistance.

2.4 Buffers and solutions
All buffers and solutions were prepared with,@H sterilised if required and stored at

RT unless otherwise stated.

2.4.1 Phage buffer

MgSO, 1mM
CaCb 4 mM
Tris-HCIl pH 7.8 50 mM
NacCl 0.6 % (w/v)
Gelatin 0.1 % (w/v)
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2.4.2 Phosphate buffered saline (PBS)

NaCl 8 g1

NaHPO, 1.4 gt
KCI 0.2 gt
KH,PO, 0.2 gt

The pH was adjusted to 7.4 with NaOH.

2.4.3 TAE (50x)

Tris 242 g1
Glacial acetic acid 5.7% (vIv)
NaEDTA pH 8.0 0.05M

50 x stock solution was diluted 1:50 with gfHto produce a 1x TAE working solution.

2.4.4 Tris buffered saline (TBS)

Tris-HCl pH 7.5 50 mM
NaCl 0.1 M
EDTA-free protease inhibitor cocktail (Sigma) waklad and dissolved in TBS

according to the manufacturer’s instructions ifuieed.

2.4.5 QIAGEN buffers

2.4.5.1 QIAGEN Buffer P1

Tris-HCI pH 8 50 mM
EDTA 10 mM
RNase A 100 pg/ml

2.4.5.2 QIAGEN Buffer P2
NaOH 200 mM
SDS 1% (wiv)

2.4.5.3 QIAGEN Buffer P3
Potassium acetate pH 5.5 3.0M
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2.4.5.4 QIAGEN Buffer EB
Tris-HCI pH 8.5

2.4.5.5 QIAGEN QBT

NaCl

MOPS adjusted to pH 7.0 with NaOH
Isopropanol

Triton X-100

2.4.5.6 QIAGEN QC
NacCl
MOPS adjusted to pH 7.0 with NaOH

Isopropanol

2.4.5.7 QIAGEN QF
NaCl
MOPS adjusted to pH 8.5 with NaOH

Isopropanol

2.4.5.8 Buffer N3
Guanidine-HCI

Potassium acetate
Adjusted to pH 4.8 with HCI

2.4.5.9 Buffer PB
Guanidine-HCI

Isopropanol

2.4.5.10 Buffer PE
Tris adjusted to pH 7.5 with HCI
Ethanol
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10 mM

0.75M

50 mM
15 % (v/v)
0.15 % (v/iv)

1M
50 mM
15 % (v/v)

1.25M
50 mM
15 % (v/v)

4.2 M
09M

5M
30 % (v/v)

10 mM
80 % (v/v)



2.4.5.11 Buffer QG
Tris adjusted to pH 6.6 with HCI 20 mM
Guanidine thiocyanate 55M

2.4.5.12 Buffers AL, AW1 and AW2
Supplied in the Qiagen DNeasy Blood & Tissue Kdtails not provided.

2.4.6 Fixative

2.4.6.1 Preparation of 16 % (w/v) p-formaldehyde

2.4.6.1.1 100 mM sodium phosphate buffer

NaHPO, 9.36 gt

NaH,PO, 3.96 gt

The pH was adjusted to 7 and the solution wagditteising a filter (0.2 um pore size).

2.4.6.1.2 16 % (w/v) p-formaldehyde
8 g of p-formaldehyde were added to 40 ml of thditso phosphate buffer followed by
heating to 60 °C whilst stirring for 20 min. NaOH % M) were added until the solution

clears. Finally the total volume was increasedart using sodium phosphate buffer.

2.4.7 SDS-PAGE solutions

2.4.7.1 SDS-PAGE reservoir buffer (10 x)

Glycine 144 gH
Tris 30.3 g
SDS 10 gH

Before use, the reservoir buffer (10 x) was dilufed0 with dHO to the working

solution.

61



2.4.7.2 SDS-PAGE loading buffer (5x)

Tris-HCI pH 6.8 250 mM
SDS 10 % (w/v)
Bromophenol blue 0.5 % (w/v)
Glycerol 50 % (v/v)
DTT 05M

2.4.7.3 Coomassie Blue stain

Coomassie Blue 0.1 % (w/v)
Methanol 5 % (v/Iv)
Glacial acetic acid 10 % (v/v)

2.4.7.4 Coomassie destain
Methanol 5 % (v/Iv)

Glacial acetic acid 10 % (v/v)

2.4.8 Western blotting solutions

2.4.8.1 Blotting buffer

Tris 2.4 g1
Glycine 11.26 gH
Ethanol 20 % (v/v)

2.4.8.2 TBST (20x)

Tris 48.4 g
NaCl 20 g
Tween-20 2 % (vIv)

The pH was adjusted to 7.6. Before use, the TB®ckssolution (20 x) was diluted
1:20 with dHO to give a working solution of 1 x TBST.

2.4.8.3 Blocking buffer

5 % (w/v) dried skimmed milk powder was dissolved.k TBST.
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2.4.9 HiTrap purification buffers

2.4.9.1 0.1M Sodium phosphate buffer

Narb,PO; (1 M) 31.6 ml
NaHPO, (1 M) 68.4 ml
dH,0 900 ml

The pH was adjusted to 7.2 and the buffer was &aued.

2.4.9.2 START Buffer

Sodium phosphate buffer (0.1 M) 200 ml
NacCl 05M
dH,O up to 1l

2.4.9.3 Elution Buffer
START buffer containing: Imidazole 0.5 M

2.5 Chemicals and enzymes
All chemicals and enzymes in this study were puedafrom Sigma-Aldrich, Fisher

Scientific, MP Biomedicals, Roche and Avanti Pdipids unless otherwise stated. All
restriction enzymes, T4 ligase, DNase, Gibson Astemix, PCR master mixes and
appropriate buffers for DNA manipulation were pwased from New England
Biolabs, Roche or Thermo-Fisher Scientific. Storagaditions and concentrations of
stock solutions are listed in Table 2.6.

Chemical name Storage Concentration Solvent
Ammonium persulfate (APS) -20 °C 10 % (w/v) AH
Carbonyl cyanide 3- -20 °C 25 mM DMSO
chlorophenylhydrazone (CCCR)

Cerulenin -20 °C 100 mM DMSO
DNase -20 °C 10 mg ml -1 ael
HADA (hydroxycoumarin 3- -20 °Cin 100 mM DMSO
amino-D-alanine; the dark

Department of Chemistry,

University of Sheffield)

Isopropyl -D-1- -20 °C 1M dHO
thiogalactopyranoside

(IPTG)
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Lysostaphin -20 °C 5mgml-1 20 mM sodium
acetate pH 5.2

PC190723 (Calbiochem) -20 °C 10 mg ml -1 DMSO

RNase -20 °C 2mgml-1 del

SNAP-Cell TMR-Star -20°Cin |1 mM DMSO

the dark

Vancomycin, BODIPY® FL -20 °Cin 1 mgmil-1 DMSO

Conjugate the dark

Zaragozic acid -20 °C 100 uM 100 % Ethanol
(VIv)

2.6 Centrifugation

The following centrifuges were used for harvesticgjls or precipitated material.
Centrifugation was carried out at room temperatuness otherwise stated.

Centrifuge name Largest load capacity Max speed

Eppendorf microcentrifuge | 18 x 1.5-2 ml 14,000 rpm (16,783 x Q)
5418

Sigma centrifuge 4K15C 16 x 50 ml 5,100 rpm (5,529
Avanti High JA-25.50 6 x 50 ml 25,000 rpm (75,600 x g
Speed J25I JA-10.5 6 x 400 ml 10,000 rpm (18,500 x g
centrifuge

Beckman 70.1Ti 12 x 13.5 ml 70,000 rpm (450,000 x Q)
Ultracentrifuge| 50.2 Ti 12 x 39 ml 50,000 rpm (302,000 x g
Optima LE- | SW 41 6 x 13.2 ml 41,000 rpm, (288,000 x @)
80k

2.7 Determining bacterial cell density

2.7.1 Spectrophotometric measurement (Ofg)

The density of cell cultures was determined by meag the optical density at a
wavelength 600 nm using a Jenway 6100 spectroplettwnor a Biochrom WPA
Biowave DNA spectrophotometer. Cultures were diuto 1:10 or 1:20 in sterile

appropriate medium where necessary.

2.7.2 Direct cell counts (CFU mt)

Viable cells were estimated by direct cell couiitsus, serial dilutions of cultures were
prepared and 20 pl of dilutions 4@ 10" were spotted onto BHI agar. The number of
colony forming units per 1 ml of cell culture (CRl™) was estimated based on visible

colonies after 18 h incubation at 37 °C.
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2.8 DNA purification techniques

2.8.1 Genomic DNA extraction

Genomic DNA extraction was performed using buffprevided by Qiagen Dneasy
Blood & Tissue Kit (Hilden, Germany).

1 - 2 ml ml of an overnight culture &taphylococcus aurewgas harvested by
centrifugation and resuspended in 18@H,0. 5 | lysostaphin (5 mg/ml) was added
and the resuspension was incubated for approxiynated hour at 37 °C. Subsequently,
25 | proteinase K and 200 buffer AL (without ethanol) were added and inctgabfor
30 min at 65 °C. The resuspension was mixed with 200f a 100 % ethanol (v/v)
solution, vortexed and transferred to a mini smlumn. The column was centrifuged
for 1 min at 10,000 rpm. The column was subsequevdished with 5001 buffer AW1
(+ ethanol) for 1 min and 10,000 rpm, followed byadditional washing step with 500

| buffer AW2 (+ ethanol) for 3 min and 10,000 rpirthe column was transferred to a
fresh microcentrifuge tube and 100 - 20D buffer AE were added on top of the
membrane. The tube was incubated at RT for 1 n@rcthumn. Finally, genomic DNA
was eluted by centrifugation for 1 min at 10,006rp

2.8.2 Small scale plasmid purification

Plasmid extraction of up 10 ml bacterial ods were performed according to
the manufacturer’s instruction of QIAGEN Plasmidnirep Kit provided by Qiagen
(Hilden, Germany).

1 ml of overnight culture was harvested and théepelas resuspended in 250 pl
pre-chilled resuspension buffer (P1). If plasmidsrevpurified from a staphylococcal
culture, 8 ul lysostaphin (5 mg/ml) was added,detd by incubation for 1 h at 37 °C.
The resuspension was mixed with 250 pl lysis dufiP2) and inverted 5 - 7 times.
350 ul neutralization buffer (N3) were addedsaduently and the resuspension was
inverted 5 - 7 times, followed by centrifugatifor 10 min at 14,000 rpm at RT. The
supernatant was transferred by pipetting to theigeal spin column. The column was
centrifuged for 1 min and washed two times with %00vash buffer. One additional
centrifugation step was performed to remove residkthanol. The column was

transferred to a fresh tube and eluted with 3G0- ul elution buffer (EB) that was
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pipetted directly onto the column membrane. Theimwl was incubated for 2 min at

RT and DNA was eluted by centrifugation for 2 mirta000 rpm.

2.8.3 Large scale plasmid purification

Plasmid extraction of 50 to 100 ml cultures wereafgened according to the
manufacturer’s instruction of HiSpeed plasmid nkdi provided by Qiagen (Hilden,
Germany).

50 ml (high-copy plasmids) or 100 ml (low-copy ptads) of an overnight cell
culture was harvested by centrifugation at 5,60@ for 10 min at 4 °C. Subsequently,
6 ml P2-buffer was added and mixed gently by inagrt6 - 7 times followed by
incubation for 5 min at room temperature. The sosjp® was neutralised by addition
of 6 ml P3 buffer and inverted for 6 - 7 times. Tyeate was poured into the barrel of
the QIlAfilter Cartridge and incubated at room tenapre for 10 min. In the mean time,
a HiSpeed Midi Tip was equilibrated by adding 4@BT buffer and allowed to empty
by gravity flow. The lysate was filtered into theegequilibrated Tip through the
QIAfilter using a plunger. After the lysate enteteé resin by gravity flow, the Tip was
washed with 20 ml QC buffer and eluted with 5 ml QFfer into a 15 ml Falcon tube.
The eluate was mixed with 3.5 ml 100 % Isopropdmdt) and incubated at RT for 5
min. Subsequently, the eluate/isopropanol mix washpd through a QIAprecipitator
using a plunger and washed with 2 ml 70 % ethaw@).(To remove residual ethanol,
air was pressed through the QIlAprecipitator seviarads and the nozzle was dried with
absorbent paper. The QlAprecipitator was elutetht Witnl TE buffer and the eluate was

afterwards transferred back to the same filterelated again.

2.8.4 DNA Gel extraction and PCR purification

Gel extraction of agarose slices containing theired@sDNA fragment and PCR
products were purified according to the protocolizard ® SV Gel and PCR Clean-
Up System (Promega, Madison, United States of Asagri

Agarose slices were pre-weighed in a 1.5 ml mianbdege tube and dissolved
in 10 | of membrane binding solution per 10 mg at 60 PCR products were mixed
with the same volume of membrane binding solutibime DNA solution was loaded
onto a SV minicolumn and incubated for 1 min. Th@dumn was subsequently
centrifuged for 1 min with 13,000 rpm followed byad washing steps using 700 and

500 | membrane wash solution for 1 and 5 min at 13,00, respectively. Another
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centrifugation step for 1 min was performed to rgmoesidual ethanol. The column
was finally eluted using 20 - 50 nuclease-free water. The column was pre-incubated

at RT for 2 - 5 min if low elution volumes were dse

2.8.5 Ethanol precipitation of DNA

DNA precipitation was carried out by mixing DNA Wwi0.1 volumes of 3 M sodium
acetate (pH 5.2) and 3 volumes of chilled 100 %amth (v/v). The mixture was
incubated at -80 °C for 2 h and the precipitatedADixas recovered by centrifugation at
14,000 rpm for 15 min. The supernatant was careftdimoved and the pellet was
washed with 1 ml 70 % ethanol (v/v). Finally, thellet was air dried and resuspended

in 10-20 pl of pre-warmed nuclease-free,0H

2.9 In vitro DNA manipulation techniques

2.9.1 In vitro DNA manipulation techniques

Primers used in this study for PCR amplificationrevelesigned as short synthetic
oligonucleotides (20-40 nucleotides) that wereigtesd according to the genomic
DNA sequence 0%. aureus8325-4.

The predicted annealing temperature and risk omébion of secondary
structural elements were identified using Clone Btger Professional Suite 8 (Sci-Ed
Software, Denver, United States of America). Preneere manufactured by Eurofins
Genomics (Ebersberg, Germany) and stored at -2 €<€HO as 100 pmoll stock
solutions or 50 pmold working solutions (see Tab.2.8).

2.9.2 PCR amplification

2.9.2.1 Phusion polymerase
Cloning procedures require accurate DNA sequert@saere amplified using Phusion

High-Fidelity PCR Master Mix with HF buffer (New Bland Biolabs). Unless
otherwise stated, a total PCR mix volume of 50 p$wsed:

Phusion High-Fidelity PCR Master Mix (2x) 25 pl
Forward primer (50 uM) 2 ul
Reverse primer (50 pM) 2 pl
Template DNA 50-100 ng
sdH0 up to 50 pl

67



#

Primer Sequence (5'-> 3’) Application Reference
Outward _gfp| GCATCACCTTCACCCTCIACTGA! PCR confirmation of chromosomglp integrations This study
Outward_eyf| GACTTGAAGAAGTCGTGC PCR confirmation of chromosomeyfpintegrations This study
p
Outward_mC| ACATATGCTTTACTGCCAC PCR confirmation of chromosom@Cherryintegrations | This study
herry
Outward_SN| CGCTGGTGCCTTTACCCAC PCR confirmation of chromosom@NAPintegrations This study
AP
Outward_mR| ACTGTTACAACACCACC/ PCR confirmation of chromosomaRFPmars1 This study
FPmarsl integrations
Outward_er | CACTCCTGAAGTGATTA(C PCR confirmation of the presence of erythromycin This study
mB1 resistance cassegemB
Outward_er | CATCAAGCAATGAAACACC PCR confirmation of the presence of erythromycin This study
mB2 resistance casseemB
5FW14 CTAGAGTCGAGGG ATGAATCAGGAAGTTAALC | Amplification of mprFfor Gibson Assembly of This study

AAAATATTTTC oMUTIN-mprF-eyfp
3’FW14 GAACCTCITTGTGACGTATTACAC Amplification of mprF for Gibson Assembly of This study
pMUTIN-mprE-eyfp
5'FW15 CGTCACAATCAGGTTCAGGTTCAGGC Amplification of eyfpfor Gibson Assembly of pMUTIN-| This study
mprE-eyfp
3’FW117 ATTAGGCGGGCTCITACTTGTACAGCTCG Amplification of eyfpfor Gibson Assembly of pMUTIN-| This study
mprE-eyfp pMUTIN-plsC-eyfp pMUTIN-pgsA-eyfp
PMUTIN-floT-eyfp pMUTIN-plIsY-eyfp
5'FW10 CTAGAGTCGAGGGATGTATTCAGTGATTAGTC | Amplification of eyfpfor Gibson Assembly of pMUTIN-| This study
m p|sC_eyfp
3'FW10 CTGAACCAAACTTTTTACAATTTCAICAATTC Amplification of eyfpfor Gibson Assembly of pMUTIN-| This study
plsC-eyfp
5FW11 GTAAAAAGTTAGGTTCAGGTTCAGGT/ Amplification of eyfpfor Gibson Assembly of pMUTIN-| This study

plsC-eyfp
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Upstream CTCGATTCTATTAACAAG Binds within the NARSA library transposon, verificm | (Feyet al.,
of NARSA library mutants 2013)
Buster GCTTTTTCTAAATGTTTTAAGTAAATCAAGT! Binds within the NARSA library transposon, verifica | (Feyet al.,
of NARSA library mutants 2013)
5'FW16 ggAGAGTCGAGGG'ATGAATATTCCGAACCACT Amplification of pgsAfor Gibson Assembly of pMUTIN{ This study
- pgsA-eyfp
3'FW16 GAACCTGATTTTGTTTAAAAACATCTACCTTTA | Amplification of pgsAfor Gibson Assembly of pMUTIN{ This study
AAAAG pgsA-eyfp
5FW17 TTTAAACAAATCAGGTTCAGGTTCAGGC Amplification of eyfpfor Gibson Assembly of pMUTIN-| This study
pgsA-eyfp
5’FW07 GACTTTACAAATACATACGG( Verification of spa::tetand spa::kan This study
3'FW07 GGTTTGGATAAAATGATATATCC Verification of spa::tetand spa::kan This study
5’FWO08 CAATTAATAAGATATACT.TCC Verification of cls2::tet This study
3'FWO08 GTTGCATTAAAGTTACACCTC Verification of cls2::tet This study
5'FW09 CCTTTTTTTGCCCCICAAACTAAATTGTCATGAT | Amplification of cls2and tfor Gibson Assembly of This study
TTAAATTG pKASBAR
3'FW09 GAACCTGAACCTGAATAAGATAGGTGACAATAT | Amplification of pgsAfor Gibson Assembly of pMUTIN+ This study
GTG -
pgsA-eyfp
5'FW18 CCATATATTTATTGCTGGCC Sequencing omprF This study
3'FW18 CAGATGTATGCATTTCAAC Sequencing ofprF This study
Inward_pgsA| GTGAGAAATGAGGATGT. PCR confirmation of chromosomal C-terminal fusiéms| This study
pgsA
Inward_plsC | TTCAGACTATCTTGTTCT. PCR confirmation of chromosomal C-terminal fusiéms| This study
plsC
Inward_mpr | CAGAAATAATTAGAATTGGTC PCR confirmation of chromosomal C-terminal fusiéms| This study
F mprF
Inward_plsY | CGCCTCCTGCAAACGTATCC PCR confirmation of chromosomal C-terminal fusiéms| This study
plsY
5'FW19 CTAGAGTCGAGGG ATGTTTAGTTTAAGTTTTAC | Amplification of floT for Gibson Assembly of pMUTIN- | This study
GTAATAG floT-eyfp
3'FW19 GAACCTCATGTTCAGGTGACTCA Amplification of floT for Gibson Assembly of pMUTIN- | This study

floT-eyfp
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5'FW20 CCTGAACATCAGGTTCAGGTTCAGGC Amplification of eyfpfor Gibson Assembly of pMUTIN-| This study
floT-eyfp
5FwW21 CTAGAGTCGAGGG ATGATTTATGCATTTATAT | Amplification of cydBfor Gibson Assembly of pMUTIN{ This study
ATAACAG cydB-eyfp
3’FW21 GAACCTCIGATTTCTTTCCTTCAACATTC Amplification of cydBfor Gibson Assembly of pMUTIN{ This study
cydB-eyfp
5'FW22 A AAAGAAATCTCAGGTTCAGGTTCAGGC Amplification of eyfpfor Gibson Assembly of pMUTIN-| This study
cydB-eyfp
5'FW23 GTGAGCGCTCACAATATGATGATAATCGTCATC | Amplification of plsYfor Gibson Assembly of pAISH- | This study
AC plsY-mCherrypAISH-plsY-gfp
3'FW23 TGAACCTCCATCCATTTTATTTTAGGCTTC Amplification of plsYfor Gibson Assembly of pAISH- | This study
plsY-mCherry
5'FW24 AAATGGATTCAGGTTCAGGTTCACATGGGCGT | Amplification of mCherryfor Gibson Assembly of This study
GTAAAGGC pAISH-plsY-mCherry
3'FW24 GTATTACATATGTAAGATTTAAGATCTTTTATAT | Amplification of mCherryfor Gibson Assembly of This study
ATTCATCCATGC PAISH-plsY-mCherrypAISH-pgsA-mCherrypAISH-
cdsA-mCherry
5'FW25 GTGAGCGCTCACAATATGAATATTCCGAACCAC | Amplification of pgsAfor Gibson Assembly of pAISH- | This study
TAC plsY-mCherry
3'FW25 TGAACCTCITTTTGTTTAAAAACATC TACCTTT! | Amplification of pgsAfor Gibson Assembly of pAISH- | This study
TAAAAG plsY-mCherry
5'FW26 TTAAACAAAATCAGGTTCAGGTTCACATGGGCC | Amplification of mCherryfor Gibson Assembly of This study
TAGTAAAGGC pAISH-plsY-mCherry
5'FW33 TAACTTTAAGAGGAGACAGGAGGAGACATCATC | Amplification of eyfpfor Gibson Assembly of pWALDOF This study
GTGAGCAAAGGTGAAG eyfp-8-mreD
3'FW33 CTGGAAGTACATTTTCTTTATACAGTTCA CAT/ | Amplification of eyfpfor Gibson Assembly of pWALDOF This study
cce eyfp-8-mreD
5'FW34 ACTGTATAAGAAAACCTGTACTTCCA(TAGCGC | Amplification of mreDfor Gibson Assembly of This study
AGCGGTAGCGGTAGCGGTAGE’C{GD'GTACCCTGTpWALDO_eyfp_8_mreD
ATTATTTC
3'FW34 TGGTGATGATGATGGGCACACTGACGACGTTT | Amplification of mreDfor Gibson Assembly of This study

TATC

pWALDO-eyfp-8-mreD
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5’FW36 TCCCATAAGCCCTTGTA/ATTC Sequencing ofjoxA This study

3'FW36 GCCATTGTAATCATCCACAC Sequencing ofjoxA This study

3'FW43 CCTGAACCTGAACCICATCCATTTTITTITAGGT | Amplification of plsYfor Gibson Assembly of pAISH- | This study
CTTC plsY-gfp

5'FW44 AAATGGATTCAGGTTCAGGTTCACATGGCTAGC | Amplification of gfp for Gibson Assembly of pAISH- | This study

3'FW44 GTATTACATATGTAAGATITATTTGTAGAGCTC, | Amplification of gfp for Gibson Assembly of pAISH- | This study
CCATG plsY-gfp

5'FW45 GTGAGCGCTCACAATATGAAAGTTAGAACGCT( | Amplification of cdsAfor Gibson Assembly of pAISH- | This study

cdsA-mCherry

3'FW45 CCTGAACCTGAACCTAGATTGTATTAATAAAAT | Amplification of cdsAfor Gibson Assembly of pAISH- | This study
TTAATAATGG cdsA-mCherry

5'FW46 AATACAATCTTCAGGTTCGTTICAGGTTCAGGTT | Amplification of mCherryfor Gibson Assembly of This study
GGTTCAGGTATG pAISH-cdsA-mCherry

5'Fw47 GTGAGCGCTCACAATATGAAAGTTAGAACGCTC( | Amplification of cdsAfor Gibson Assembly of pAISH- | This study

cdsA-mRFPmars1

3'Fw47 CCTGAACCTGAACCIAGATTGTATTAATAAAAT, | Amplification of cdsAfor Gibson Assembly of pAISH- | This study
TTAATAATGGTAACAC cdsA-mRFPmars1

5'Fw48 AATACAATCTCAGGTCAGGTTCAGIATGGCATC | Amplification of mMRFPmarsXor Gibson Assembly of | This study
TCAGAAGATGTTATTAAAG pAISH-cdsA-mRFPmars1

3'FwW48 GTATTACATATGTAAGATATTGGGATCCTGCAC | Amplification of mRFPmars¥or Gibson Assembly of | This study
GTTG pAISH-cdsA-mRFPmars hAISH-pgsA-mRFPmars1

5'FW49 GTGAGCGCTCACAATATGAATATTCCGAACCAC | Amplification of pgsAfor Gibson Assembly of pAISH- | This study
TAC pgsA-mRFPmarsl

3'FW49 CCTGAACCTGAACCITITTTTGTTTAAAAACATC” | Amplification of pgsAfor Gibson Assembly of pAISH- | This study
TACCTTTATAAAAG 0gsA-mRFPmarsi

5’FW50 TTAAACAAAAATCAGTCAGGTTCAGATGGCAT | Amplification of mRFPmarsXor Gibson Assembly of | This study
ATCAGAAGATGTTATTAAAG DAISH-pgsA-mRFPmars1

Inward_tarO | AAGCTATAAGATATACGT PCR confirmation of tarO::ermB This study

5'FW65 AALGAATTTAGGAGGAAATTATTGAGATTTATC | Amplification of cydBfor construction of pwhiteWalker| This study

CATTTATAGG

7 (cydBmCherry+plsY-gfp extendsydBwith an EcoRl
restriction enzyme site (italic)
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3'FW65 TTTGCTAGTGATTTCTTTCCTTCAACA Amplification of cydBfor construction of pwhiteWalker| This study
7 (cydBmCherry+plsY-gfjp extendssydBwith an Nhel
restriction enzyme site (italic)
5'FW66 AAAGAATTCTTAGGAGGATTATTGAATGAATATT | Amplification of pgsAfor construction of pwhiteWalker| This study
CGAACCAGATTACGG 8 (pgsAmCherry+plsY-gfp extendgpgsAwith an Ecorl
restriction enzyme site (italic)
3'FW66 AAAGCTAGCTTTTTGTTTAAACATCTCTAC Amplification of pgsAfor construction of pwhiteWalker| This study
8 (pgsAmCherry+plsY-gfjp extendgpgsAwith an Nhel
restriction enzyme site (italic)
5'FW73 CAATTAAGCTTGATATAGGAGGATGAACCGGT | Amplification of plsY-gfpfor Gibson Assembly of This study
pWhiteWalker 10glsY-gfp
3'FW73 ATTATGCATTTAGAATAGGCGCGCCCTATTTG | Amplification of plsY-gfpfor Gibson Assembly of This study
pWhiteWalker 10glsY-gfp
5'FW74 CAATTAAGCTTGATATIGAATTCTTAGGAGGAA/ | Amplification of phePfor Gibson Assembly of This study
ATTGATGGAAGATAATAAAATGAACCG oWhiteWalker 11 gheP-mCherryplsY-gfp
3'FW74 ATGCTGCCGCTGCCTTTTGATTGTCATAATC( | Amplification of phePfor Gibson Assembly of This study
GTG pWhiteWalker 11 gheP-mCherryplsY-gfp
5'FW75 CAATTAAGCTTGATATIGAATTCTTAGGAGGAA/ | Amplification of secYfor Gibson Assembly of This study
ATTGATGATTCAAACCCTTGTGAAC pWhiteWalker 12 gecY-mCherryplsY-gfp
3'FW75 ATGCTGCCGCTGCCCICTACCACCAAAGCCTTT | Amplification of secYfor Gibson Assembly of This study
ATTC pWhiteWalker 12 gecY-mCherryplsY-gfp
5’FW76 CAATTAAGCTTGATATGAATTCTTAGGAGGAA/ | Amplification of mscLfor Gibson Assembly of This study
ATTGATGTTAAAAGAATTCAAAGAGTTCG pWhiteWalker 13scL-mCherryplsY-gfp
3’FW76 ATGCTGCCGCTGCCITITTTCTCACGTAATAA! | Amplification of mscLfor Gibson Assembly of This study
CICIG pWhiteWalker 13iscL-mCherryplsY-gfp
5FW77 CAATIAAGCTTGATAT(GAATTCTTAGGAGGAA/ | Amplification of fmnPfor Gibson Assembly of This study
ATTGAATGCAACAAAATAAACGTCTTATC pWhiteWalker 14ffmnP-mCherryplsY-gfp
3FW77 ATGCTGCCGCTGCCCAATTCTTTTCAAGAAATT( | Amplification of fmnPfor Gibson Assembly of This study
CAAG pWhiteWalker 14 ffmnP-mCherryplsY-gfp
5’FW78 CAATTAAGCTTGATATIGAATTCTTAGGAGGAA/ | Amplification of alsTfor Gibson Assembly of This study

ATTGATGAAAGATTTCGATAGTTTAATACC

pWhiteWalker 15&IsT-mCherry-plsY-gfp
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3'FW78 ATGCTGCCGCTGCCCITTATCAGAGTTCTTATA | Amplification of alsT for Gibson Assembly of This study
TGTTAGC pWhiteWalker 15&IsT-mCherry-plsY-gfp

5'FW79 CAATTAAGCTTGATATGAATTCTTAGGAGGAA/ | Amplification of mntBfor Gibson Assembly of This study
ATTGMTGTTAGAGTTTGTCGAACATTTATTTAC | p\whiteWalker 16fintB-mCherryplsY-gip

3’FW79 ATGCTGCCGCTGCCIGTTAAACTTCCTCGTTT | Amplification of mntBfor Gibson Assembly of This study
1Tc pWhiteWalker 16hintB-mCherryplsY-gfp

5’FW80 CAATTAAGCTTGATATGAATTCTTAGGAGGAA/ | Amplification of IspAfor Gibson Assembly of This study
ATTGATGCACAAAAAATATTTTATTGGC oWhiteWalker 176pA-mCherryplsY-gfp

3'FW80 ATGCTGCCGCTGCCCCTTAACCTCCTTCTCCTT | Amplification of IspAfor Gibson Assembly of This study
TATTG pWhiteWalker 1716pA-mCherryplsY-gfp

5'FW81-1 CTTATCGGCGCTTTCCC/TGGATTCGTAATTGG | Amplification of mCherry ExtendanCherrywith the This study
AATTATTTTTCAAAAGCGGCAGCGGCAGCATCG GG eotide sequence encoding for the first transhmane

domain of PIsY

5'Fws81 CAATTAAGCTTGATATIAGGAGGAAATTATTGA/ | Amplification of TMD(plsY)-mCherrjor Gibson This study
é???gggl\c'ﬂGTTACTACTAAGTM(’AS%mbly of pWhiteWalker 18MD(plsY)-Cherry-plsY-
- gfp)

3'Fws1 GTTCATCCTCCTAATCGATUTTTATATAATTCA | Amplification of TMD(plsY)-mCherryor Gibson This study
CCATGCCACC Assembly of pWhiteWalker 18MD(plsY)-Cherry-plsY-

9fp)

5’FW82 AGATGCGCAAGATCAAG. Sequencing ofjoxB This study

3'FW82 CGCACCATTACCCATTC Sequencing ofjoxB This study

5’FW83 GGGCAACTGCCGGTATC Sequencing ofjoxB This study

3'FW83 GCCAAGCTTATTTAATTCC Sequencing ofjoxB This study

5'FW84 GCAGAAACTGAAGCTAG Sequencing ofjloxCD This study

3'FW84 GCTAACAAAAGTGTTAG(GTT Sequencing ofjloxCD This study

5'FW85 GTGAGCGCTCACAATATGATGATAATCGTCATC | Amplification of plsYfor Gibson Assembly of pMUTIN-| This study
AC plsY-SNAP

3'FW85 CCTGAACCTGAACCICATCCATTTTATTTTAGG | Amplification of plsYfor Gibson Assembly of pMUTIN-| This study
CTTC plsY-SNAP

5'FW86 AAATGGATGTCAGTCAGGTTCAGIATGGACAAL | Amplification of SNAPfor Gibson Assembly of This study

ATTGCGAAATG

PMUTIN-plsY-SNAP
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3'FW86 GTATTACATATGTAAGATICATCCCAGACCCG(C | Amplification of SNAPfor Gibson Assembly of This study
1 PMUTIN-plsY-SNAPpMUTIN-pgsA-SNAPpMUTIN-
cydB-SNAP,
5'Fw87 GTGAGCGCTCACAATATGAATATTCCGAACCAC | Amplification of pgsAfor Gibson Assembly of pMUTIN+ This study
TAC pgsA-SNAP
3'Fw87 CCTGAACCTGAACCTTTTTTGTTTAAAAACATC | Amplification of pgsAfor Gibson Assembly of pMUTIN+ This study
TACCTTTATAAAAG DgSA-SNAP
5'FwW88 TTAAACAAAATCAGGTTCAGGTTCACATGGACA | Amplification of SNAPfor Gibson Assembly of This study
5'FW89 GTGAGCGCTCACAATATGATTTATGCATTTATAC | Amplification of cydBfor Gibson Assembly of pMUTIN+ This study
TATAACAG cydB-SNAP
3'FW89 CCTGAACCTGAACCTTGATTTCTTTCCTTCAAC. | Amplification of cydBfor Gibson Assembly of pMUTIN+ This study
ATTC cydB-SNAP
5’FW90 AAAGAAATCATCAGTCAGGTTCAGATGGACAL | Amplification of SNAPfor Gibson Assembly of This study
GATTGCGAAATG PMUTIN-cydB-SNAP
5'FW91 GCTTCGAACATGTCTGA/GAC PCR confirmation of tarO::ermB This study
3'FW91 CGTTAAAAGTGACTATG/CC PCR confirmation of tarO::ermB This study
5'FW94 CCTTTTTTTGCCCCATTAAACTACTAGTGACTA | Amplification of the mreCDpromoterPmcpfor Gibson | This study
ATG Assembly of pKASBARPyrece-mreD
3'FW94 CTGCTTTITGTATATCCTTTTCTATITATATTAC | Amplification of the mreCDpromoterPmcpfor Gibson | This study
cc Assembly of pKASBARPyrece-mreD
5’FW95 GGATATACAGAAAGCAGGGATAAATAL Amplification of mreDfor Gibson Assembly of This study
pPKASBAR-Pmecr-mreD
3'FW95 CTATGACCATGATTATTACCATTGACGACGTT | Amplification of mreDfor Gibson Assembly of This study
pPKASBAR-Pmecr-mreD
5'FW107 AACAATTAAGCTTGATATAGGAGGAAATTATTC | Amplification of qoxAfor Gibson Assembly of pCQ11- | This study
TGTCAAAATTTAAGTCTTTGC goxA
3'FW107 éH_EATTATGCATTTAGA/AG(TTAATGTCCACCT Amplification of goxAfor Gibson Assembly of pCQ11- | This study
= gOoxA
5'FW108 AACAATTAAGCTTGATATAGGAGGAAATTATTA | Amplification of qoxBfor Gibson Assembly of pCQ11- | This study

TGAATTTTCCATGGGATCAATTAC

goxB
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3'FW108 ATTTATTATGCATTTAGA/AGGTCATG/ICATGA! | Amplification of qoxBfor Gibson Assembly of pCQ11- | This study
MG qoxB
5’FW109 AACAATTAAGCTTGATATAGGAGGAAATTATTA | Amplification of qoxCfor Gibson Assembly of pCQ11- | This study
TGAGTCATGATACAAACACTATTG goxC
3'FW109 ATTTATTATGCATTTAGAAG CATCCGCTATAC | Amplification of qoxCfor Gibson Assembly of pCQ11- | This study
MC qoxC
5FW112 TAACTTTAAGAAGGACAATAATGCGTACCCTGT | Amplification of mreDas a template and further for This study
TATTTC Gibson Assembly of pWALDGnreD-eyfpand
pWALDO-mreD-6-eyfp
3'FW112 GAATTGACCCTGGAAGT/GGTTTTCCCACTGAC | Amplification of mreDas a template and further for This study
CGTTTCATATCG Gibson Assembly of pWALDQ@nreD-eyfpand
pWALDO-mreD-6-eyfp
3'FW113 GAATTGACCCTGGAAGT.GGTTTTCACCGCTGC | Amplification of mreDas a template and further for This study
CTACCGCTCCACTGACGACGTTTCATATCGATGT@@Sorl Assembly of pWALDGrreD-eyfpand
pWALDO-mreD-6-eyfp
3'FW114 CTCACCAGAATTGACCCTGGAAG Amplification of mreDas a template and further for This study
Gibson Assembly of pWALDQ@nreD-eyfpand
pWALDO-mreD-6-eyfp
5'FW115 TGGTGATGATGATGGGCATTTTTATACAGTTCA | Amplification of eyfpfor Gibson Assembly of pW ALDO} This study
CCATACC mreD-eyfpand pWALDOmreD-6-eyfp
3'FW115 GGTCAATTATGGTGAGCAAAGGTG, Amplification of eyfpfor Gibson Assembly of pWALDOF This study
mreD-eyfpand pWALDOmreD-6-eyfp
5'FW116 CTAGAGTCGAGGG AGGAGGTGTAATATTTGAT | Amplification of plsYfor Gibson Assembly of pMUTIN-| This study
GATAATC plsY-eyfp
3'FW116 GAACCTCCATCCATTTTATTTTAGGCTTC Amplification of plsYfor Gibson Assembly of pMUTIN-| This study
plsY-eyfpPCR confirmation of chromosomal pMUTIN-
plsY-eyp andpMUTIN-plsY-meyfp integration
5FW117 AAATGGATICAGGTTCAGGTTCAGGC Amplification of eyfpfor Gibson Assembly of pMUTIN-| This study
plsY-eyfp
5pCQ11gfp | TTTGAATTOTAGGAGGATGATTATTTIGAGTAAA | Amplification of gfpfor construction of pCQ1&p, (Garcia-Lara

GAGAAGAACT

extendgfp with a EcoRlI restriction enzyme site (italic)

et al, 2015)
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3'pCQ11gfp | AAAGGCGCGICTATTTGTATAGTTCA Amplification of gfpfor construction of pCQ1#p, (Garcia-Lara
extendgyfp with a Ascl restriction enzyme site (italic) | et al, 2015)
5'FLO4 AALGAATTIAGGAGGATAAAACATGGGCGTTAG | Amplification of mCherryfor construction of (Garcia-Lara
AAGGCG pWhiteWalkerl (nCherry+ gfp), extendsnCherrywith a | et al, 2015)
ribosomal binding site and a EcoRlI restriction eney
site (italic)
3’pWhite- AAGTTCTTCTCCTTTACTTGGTACTCATCCTCC | Amplification of mCherryfor construction of (Garcia-Lara
WalkerO AATCAGATCTTTATATAATTCATCC pWhiteWalkerl fnCherry+ gfp) and overlap extension | et al, 2015)
mCherryOE PCR of pWhiteWalker2niCherry-gfp), extendsnmCherry
with a Bglll restriction enzyme site (italic) andsaerlap
sequence tgfpincluding a ribosomal binding site and 3
Kpnl restriction enzyme site (italic)
5 pWhite- | GGATGAATTATATAAAACCTTGATTAGGAGGAT | Amplification of gfpfor construction of pWhiteWalkerl | (Garcia-Lara
WalkeroGFP | CGTACBTGAGTAAAGGAGAAGAAC (mCherry+ gfp), extendgyfp with a ribosomal binding | et al, 2015)
OE site and a Kpnl restriction enzyme site (italiegnd a
overlap sequence taCherry
3'FLO5 AALGGCGCGICTATTTGTATAGTTCATC! Amplification of gfpfor construction of pwhiteWalker1 | (Garcia-Lara
(mCherry+ gfp) and overlap extension PCR of et al, 2015)
pWhiteWalker2 inCherrygfp), extendggfp with a Ascl
restriction enzyme site (italic)
3'FLO4OE | AAGTTCTTCTCCTTTACTTGGATCCACCAGAAA | Amplification of mCherryfor overlap extension PCR of| (Garcia-Lara
GAICTTTATATAATTCATCC pWhiteWalker2 (nCherry-gfp), pWwhiteWalker3hreD- | et al, 2015)
mCherry+ plsY-gfp) and ), pWhiteWalker4csA
mCherry+ plsY-gfp), extendsnCherrywith a Bglll
restriction enzyme site (italic) and a overlap ssme to
gfpincluding a linker sequence
5'FLOSOE | GGATGAATTATATAAGATCGGTTCTGGTGGAT | Amplification of gfpfor overlap extension PCR of (Garcia-Lara

ATGAGTAAAGGAGAAGAAC

pWhiteWalker2 inCherry-gfp), extendgyfp with a Bglll
restriction enzyme site (italic) and a overlap ssme to
mCherryincluding a linker sequence

et al, 2015)
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5'FLO6 TTTAGATCTGATTAGGAGGATACCGGATGATG. | Amplification of plsYfor construction of pWhiteWalker3 (Garcia-Lara
TAATCGTCATG (mreD-mCherry+ plsY-gfp), extendgplsY with a Agel et al, 2015)
restriction enzyme site (italic), a ribosomal bimglsite
and a Bglll restriction enzyme site (italic)
3'FLO6 AALGGTACCGAGCCCGAGCCCCATTTTATITT/ | Amplification of plsYfor construction of pWhiteWalker3 (Garcia-Lara
GG (mreD-mCherry+ plsY-gfp), extendgplsY with a linker et al, 2015)
sequence and a Kpnl restriction enzyme site (Jtalic
5'FLO7 TTTGAATTATAGGAGGAAATTATTATGCGTACE | Amplification of mreDfor construction of (Garcia-Lara
TGTAT pWhiteWalker3 inreD-mCherry+ plsY-gfp), extends et al, 2015)
mreD with a EcoRI restriction enzyme site (italic) aad
ribosomal binding site
3'FLO70OE | TCTTCGCCTTTACTAACCCATGCTGCCGCTCGC | Amplification of mreDfor construction of (Garcia-Lara
TAGECATTGACGACGTTT pWhiteWalker3 inreD-mCherry+ plsY-gfp), extends et al, 2015)
mreDwith a Nhel restriction enzyme site (italic) and a
linker sequence
5'FLO8 AAACGTCGTCAATGCTAGGGCAGCGGCAATGC | Amplification of mCherryfor construction of (Garcia-Lara
GCGTTAGTAAAGGCGAAGA pWhiteWalker3 inreD-mCherry+ plsY-gfp), extends et al, 2015)
mCherrywith a Nhel restriction enzyme site (italic) and a
linker sequence
5'FLO9 TTTGAATT(TTAGGAGATGAAATTATATGAAAGT | Amplification of cdsAfor construction of pwhiteWalker4 (Garcia-Lara
GAACG (cdsAmCherry+ plsY-gfp), extendsnCherrywith a et al, 2015)
EcoRI restriction enzyme site (italic) and a ribosb
binding site
3'FLO9OE | TCTTCGCCTTTACTAACCCATGCTGCCGCTCGC | Amplification of cdsAfor construction of pWhiteWalker4 (Garcia-Lara
TAGRGATTGTATTAATAAAATATTT (cdsAmCherry+ plsY-gfp), extendsdsAwith a Nhel et al, 2015)
restriction enzyme site (italic) and a linker same
5FL100E | AAATATTTTATTAATACA/CTGCTAGGGCAGCG! | Amplification of mCherryfor construction of (Garcia-Lara

AGCATGGGCGTTAGTAAAGGCGAAGA

pWhiteWalker4 ¢dsAmCherry+ plsY-gfp), extends
mCherrywith a Nhel restriction enzyme site (italic) ang

et al, 2015)
a

overlap sequence to cdsA for overlap extension PCR

Nucleotide sequences in italic indicate added raticles to the original template sequence or intceduestriction enzyme sites if primers were

used for non-gibson assembly cloning. Underlineclentides indicate homologues sequences to thelagsnp
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PCR amplifications were performed in a Veriti Thair€ycler and the following cycle

setup was employed:

1 cycle Initial denaturation 95°C Inmi

30 cycles Denaturation 95 °C 30s
Annealing 50-60 °C 30s
Extension 72 °C 30 sec/kb

1 cycle Final extension 72 °C 7 min

Following PCR, products were separated by gekmlphoresis.

2.9.2.2 Taq polymerase
Verification of chromosomal insertions where anumate DNA amplification is not

required was performed using the DreamTaq Greendviddix (Thermo Scientific).

Unless otherwise stated, a total PCR mix volum20ofil was used.

DreamTaqg Green Master Mix (2x) 10 pl
Forward primer (50 uM) 1l
Reverse primer (50 uM) 1l
Template DNA 50-100 ng
sdHO up to 20 pl

PCR amplifications were performed in a Veriti Thair€ycler and the following cycle

setup was employed:

1 cycle Initial denaturation 95°C Inmi

30 cycles Denaturation 95 °C 30s
Annealing 50-60 °C 30s
Extension 72 °C 1 min/kb

1 cycle Final extension 72 °C 7 min

Following PCR, products were separated by gekmphoresis.
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2.9.2.3 Colony PCR screening d&. coli
A sterile pipette tip was used to resuspend a ainglony ofE. coli from an agar plate

into a PCR master mix containing DreamTaqg Greertenasix, primers and sdi@® in a
0.2 ml thin-walled PCR tube. The PCR mix compositemd PCR reaction is described
described in Section 2.9.2.2.

2.9.3 Restriction endonuclease digestion

All restriction enzymes were purchased from New I&ng Biolabs or Thermo
Scientific. DNA digests were carried out accordioghe manufacturer’'s instructions.
Buffers were double digest were selected using MieB double digest finder
(https://www.neb.com/tools-and-resources/interactools/double-digest-finder)  and
digests were performed at the recommended incubaémperature. Digested DNA
fragments were then either separated by gel efgobresis followed by gel extraction

or DNA fragments were purified by PCR purificati(see section 2.8.4).

2.9.4 Ligation of DNA

Digested vector and insert DNA fragments were mixed molar ratio of 1:3 unless
otherwise stated and the reaction was performedli@ pl total volume including 1 pl
T4 ligase (Promega) and 1ul T4 ligase buffer (1Bfomega). The ligation reaction
was incubated overnight at 16 °C and subsequesty fior transformation dE. coli
cells or stored at -20 °C.

Molar ratios were calculated using the ligatiofcakator from the University of
Dusseldorf (Germany) (http://www.insilico.uni-duektorf.de/Lig_Input.html).

2.9.5 Gibson Assembly
Gibson Assembly reactions were carried out accgrdin the manufacturer’s
instructions (New England Biolabs).

2.9.6 Agarose gel electrophoresis

Agarose was prepared as a 0.8 % (w/v) solutionAR Buffer (1 x) and used to prepare
horizontally submerged agarose gels in HU6 MiniHW10 Mini tanks provided by
Alpha Metrix (Alpha Metrix Biotech GmbH, Rédermar&ermany). After pouring the
gel and before the agarose hardens, 5 pul (HU6 MND5 pl (HU10 Mini) of ethidium
bromide (10 mg mt; Sigma-Aldrich) were mixed into the gel and appiag combs
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were inserted. DNA was mixed with 6 x DNA loadingffier (ThermoScientific) at the
appropriate ratio and loaded into the wells ankgast one well lane was loaded with 5
plI GeneRulerlkb DNA ladder (see Table 2.9(Therma&ic). Gels were for 30 — 60
min at 100 V and visualised using a transilluminai260 nm and photographed using
the BioCoc-It™ Imaging System (UVP, Cambridge).

Table 2.9 1kb DNA ladder (Thermo Scientific) DNA fagment sizes

Marker DNA fragment

10,000
8,000
6,000
5,000
4,000
3,500

GeneRuler 1 kb DNA Ladder 3,000

(ThermoScientific) 2,500

2,000
1,500
1,000
750
500
250

2.9.7 Determination of DNA concentration

DNA concentrations were measured using a nanodi{d 000 spectrophotometer
(Peglab, Erlangen, Germany).

2.9.8 DNA sequencing

Samples were sent for Sanger DNA sequencing at GAGEBTC Biotech AG,

Konstanz, Germany).

2.10 Transformation techniques

2.10.1 Transformation ofE. coli

2.10.1.1 Preparation of electrocompetertt. coli cells
Overnight cultures oE. coli were diluted to OE¢=0.05 in 400 ml TSB or LB medium

and incubated at 37 °C at 250 rpm to §gP0.5-0.7. Cell cultures were incubated on
ice-slurry for 15 min and harvested by centrifugatfor 10 min at 5000 rpm and 4 °C.
Subsequently, the pellet was washed four times wétrcold sterile sdbD at

decreasing volumes (200 ml / 120 ml / 120 ml/ 4Q. riihe resulting pellet was
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resuspended in 50 % (v/v) ice-cold glycerol to heaan end concentration of

approximately 10 % glycerol (v/v). Aliquots of 50ere stored at -80 °C.

2.10.1.2 Electroporation of DNA intoE. coli competent cells
Competent cells were thawed on ice for 5 min angethiwith 2-15 | plasmid or

Gibson Assembly reaction mix. The mixture was tframed to a pre-cooled
electroporation cuvette (1 mm gap). The cuvettetaining the cell suspension was
subsequently pulsed with 1.75 kV, 25 uF capacity 200 resistance950 ul BHI
medium was added immediately after and the mixtwas transferred to a 15 ml Falcon
tube. Cells were incubated for 1 h at 37 °C at &50. 20 - 100 ul were plated out on
BHI agar supplemented with the respective antibioti

2.10.1.3 Preparation of chemically competeri. coli cells

2.10.1.3.1 TFBI buffer

RbCI 100 mM
MnCl, 50 mM
Potassium acetate 30 mM
CaCb 10 mM
Glycerol 15 % (v/v)

The pH was adjusted to 6.8 with HCI and the buifas sterile filtrated.

2.10.1.3.2 TFBII buffer
3-(N-morpholino) propanesulfonic acid (MOPS) 10 mM

RbCI 10 mM
CaCb 75 mM
Glycerol 15 % (viv)

The pH was adjusted to 6.8 with KOH and the buffas sterile filtrated.

2.10.1.3.3 Preparation of chemically competeri. coli cells
Overnight cultures oE.coli were diluted to Oky=0.1 in 100 ml LB and incubated at

37 °C to ORyo 0.5. Cells were recovered by centrifugation fomii@ at 4 °C and 5000
rom and resuspended in 30 ml ice-cold TFB1 buffére resuspended cells were
incubated on ice for 90 min and again pelletedlf@min at 4 °C and 4700 rpm. The
pellet was resuspended in 4 ml ice-cold TFB2 buffdiquots of 100 | each were
stored at -80 °C.
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2.10.1.4 Heat-shock transformation of DNA intdz. coli competent cells
Competent cells were thawed on ice for 5 min angedhiwith 2-15 | plasmid or

Gibson Assembly reaction mix and incubated on ace20 min. Cells were incubated at
42 °C for exactly 90 sec. Subsequently, 900 pulilst&HIl was added immediately and
cells were incubated for 1 h at 37 °C. 200 ul wplated out on BHI agar plates
supplemented with the respective antibiotic.

2.11.1 Transformation ofS. aureus

2.11.1.1 Preparation of electrocompeters. aureusRN4220 cells
Overnight cultures o%. aureusvere diluted to O =0.5 in 100 ml BHI and incubated

at 37 °C at 250 rpm to Qi 0.6. Cell cultures were incubated on ice for 15 il
recovered by centrifugation for 10 min at 5000 rand 4 °C. Subsequently, the cells
were washed three times with ice-cold sterile g£olMvater at decreasing volumes (100
ml /50 ml / 16 ml), followed by two additional waeg steps with ice-cold sterile 10 %
glycerol (v/v) (2 ml / 1 ml). The resulting pelletas resuspended in 700 ul ice-cold 10
% glycerol (v/v). Aliquots of 70 pl were stored-80 °C.

2.11.1.2 Electroporation of DNA intoS. aureuskRN4220 competent cells
Competent cells were thawed on ice for 5 min and 110 pl of DNA was added

and carefully mixed by pipetting. The mixtureawtransferred to a pre-cooled
electroporation cuvette (1 mm gap). The cuvettetainimg the cell suspension was
subsequently pulsed with 2.5 kV, 25 uF capacity 468 resistance. The pulse-
duration should be between 3.8 and 5 sec. 950 jInBtlium was added immediately
after and the mixture was transferred to a 15 nddfatube. Cells were then incubated
for 2 h at 37 °C and 100 - 200 ul were plated auB#&ll agar supplemented with the

respective antibiotic.

2.10 Phage techniques

2.10.1 Bacteriophage

11 is aS. aureusspecific phage used to transduce DNA betweemstraind requires
C&” for infection maintenance (Maet al, 1993, Novick, 1991).
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2.10.1 Preparation of phage lysate

150 | of an overnight culture of. aureusvas mixed with 5 ml BHI medium, 5 ml
phage buffer and 100l phage lysate in an Universal tube. The sampleturgxwas
incubated without shaking overnight at 25 °C. Omtbeared, the lysate was filter
sterilised (0.2 m pore size) and stored at 4 °C.

2.10.2 Phage transduction

The recipientS. aureusstrain was grown overnight in 50 ml LK medium aaning
appropriate antibiotics. Cells were harvested rdegation at 5000 rpm at 4 °C for
10 min and the resulting pellet was resuspenddd-i@ ml LK.

The following mixtures were prepared in Universddds (Tab. 2.10):

Table 2.10 Phage transduction

Buffer/cells Sample Negative control
Recipient cells 500l 500 |

LK broth 1ml 1.5 ml

1 M CaC} 10 | 15 |

Phage lysate 500 -

These were incubated at 37 °C for 25 min withoaksty, followed by an additional 37
°C incubation step at 250 rpm for 15 min. Subsetiyeh ml ice-cold 0.02 M sodium
citrate was added and the mixture was incubatedcerfor 5 min. The cells were
recovered by centrifugation for 10 min at 4 °C &0 rpm and the supernatant was
removed. The pellet was resuspended in 1 ml icé-€o02 M sodium citrate and
incubated on ice for 45 min. 100 of the resuspension was spread onto LK plates
containing sodium citrate and the appropriate @tits. The plates were then

incubated at 37 °C for at least 24 hours.

2.11 Protein analysis

2.11.1 SDS-PAGE

SDS-PAGE gels consist of a resolving and a stacjeigThe resolving gel was

prepared using the following components:
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11 % (w/v) resolving gel

dHO 3.5ml
1.5 M Tris-HCI (pH 8.8) 2.5 ml
10 % SDS (w/v) 100 pl
30 % Acrylamide/Bis (w/v) (37:5:1, BioRad) 4 ml
10% Ammonium persulphate (APS) (w/v) 100 pl

TEMED (N,N,N’N’-tetramethyl-ethylenediamine) 20 ul

All components were mixed in a Falcon tube and AR& TEMED were added
immediately before the gel was poured into thecgsting apparatus (BioRad Mini-
Protean Il gel slabs). 1 ml d& was loaded on top of the gel to straighten thgeup
edge of the gel.

Once the gel solidified, the remaining MfiHwas removed using paper and the
stacking gel was prepared and poured on top afethaving gel. A BioRad plastic

comb was immediately inserted into the gel to @eatlls.

11 % (w/v) stacking gel

dH,O 3.6 ml
1.5 M Tris-HCI (pH 8.8) 0.75 ml
10 % SDS (w/v) 50 pl
30 % Acrylamide/Bis (w/v) (37:5:1, BioRad) 0.68
10% Ammonium persulphate (APS) (w/v) 50 pl

TEMED (N,N,N’N’-tetramethyl-ethylenediamine) 25 ul

After the gel solidified, the gel was transferreda Protean 1l (BioRad) gel-running
tank and submerged in 1x SDS PAGE reservoir buffee comb was removed and
appropriate volumes of samples (5-20 pl) were ldadd0 ul of prestained protein
ladder broad range (New England Biolabs) were ldad® at least one lane. Proteins
were separated by electrophoresis at 100 V forridOuntil the blue dye front of the

sample buffer was at the base of the gel plate.
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2.11.2 Coomassie staining
After electrophoresis, the gel was placed into Cassie Blue stain for 30 min. The gel

was destained using Coomassie destain solutiondimgj several solution exchanges

where the last destain step was performed overnight

2.11.3 Gel drying
The SDS gel was placed between two sheets of DeyEasi Cellophane (Invitrogen)

that were soaked in Gel-Dry TM drying solution (negen). The gel and the two
sheets were held together using a drying framebaseé (Novex) and left (at RT) until

completely dried.

2.11.4 Determination of protein concentrations
Protein concentrations were determined usingcanchoninicacid assay provided by

Pierce™ BCA Protein Assay Kit (Thermo Scientifichhe assay was performed

according to the manufacturer’s instructions.

2.11.5 Western Blot

2.11.5.1 Western Blot transfer
The SDS-PAGE and AmershathHybond-ECL nitrocellulose blotting membrane (GE

Healthcare) were equilibrated in 25 ml blottingfeuffor 15 minutes. The proteins were
transferred to the nitrocellulose membrane by edptioresis using the wet transfer
system BioRad Mini-PROTEAN® Tetra for 90 minutesl@0 V with ice-cold ethanol
blotting buffer.

2.11.5.2 Antibody treatment
The membrane was carefully removed from the trarsfstem and washed in 25 ml

TBST twice for 5 min and once for 15 min at mildtagon replacing the TBST buffer
between each step. Next, the membrane was incubdtte@5 ml blocking buffer for 1

h at RT followed by three aforementioned washirgpst The membrane was incubated
in 25 ml blocking buffer containing the approprigiemary antibody at dilution of
1:5,000 or 1:10,000 (Rabbit) for at least 2 h atfBllowed by the three washing steps
with TBST buffer. Subsequently, the secondary aalypwas applied by incubating the
membrane in 25 ml blocking buffer containing hoasksh peroxidase conjugated anti-
rabbit antibodies at a dilution of 1:10,000 for 2k at RT. Finally the membrane was
washed with TBST as described before.
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2.11.5.2 Western blot development
The SuperSignal® West Pico (Thermo Scientific) Wwhas used to develop the

membrane and all the following steps were perforimed dark room. The membrane
was air dried on paper and covered with a mixtdir2 ml of ECL reagent 1 and 2 ml of
ECL reagent 2. After a 5 min incubation, the membravas dried and placed between
two sheets of plastic foil inside a film cassettenersham Hyperfilm-ECL (GE
Healthcare) was attached on top and the film cessets closed and held together for 5
min. Next, the film was washed in developer sohlutuntil bands became visible.
Immediately after the film was submerged in fixelusion and washed with ¢@. The

film was then air-dried and scanned.

2.12 Production of recombinant protein

2.12.1 Expression irkE. coli C43 (DE3)
Recombinant protein expression and harvesting \aased out according to (Drewet

al., 2006).

A single colony ofE. coli C43 (DE3) containing the plasmid pWALD@reD-
6-eyfp or pWALDO-murJ-gfp was inoculated in LB medium supplemented with
kanamycin (50 ug ) and grown overnight at 37 °C at 250 rpm. Theureltwas
diluted to an Olye=0.05 in 1 | LB medium supplemented with kanamy@&a pg mt")
and incubated at 37 °C at 250 rpm until angg.5. Protein expression was induced
by addition of IPTG to a final concentration of 0¥M to the culture followed by
lowering the temperature to 25 °C. The culturesewecubated for 4 h at 25 °C at 150
rpm before cells were recovered by centrifugatmm20 min at 6000 rpm at 4 °C. Cells
were washed and finally resuspended using ice®8l8 supplemented with a protease
inhibitor cocktail (PBSi) (Sigma-Aldrich).

Resuspended cells were broken in two passes thraughrench Press (SLM
Instruments, Rochester, United States of Ameri¢a)0g000 Psi and unbroken cells
were removed by centrifugation at 14,100 rpm (2@,20g) for 12 min at 4 °C. This
step was repeated and the supernatant was tratstera fresh tube. The solution was
sonicated in order to resuspend the membraneswietidoy centrifugation at 35,300
rom (150,000 x g) at 4 °C for 45 min to collect theembranes containing the
recombinant protein. The pellet was washed with iRBf8 resuspended in 5 ml PBSi
using sonication. The membranes were then soledilyy adding a 1 % DDM (w/v; in
dH,0) solution to an end concentration of 0.2 % DDMvwollowed by incubation at
4 °C for 1 h at mild agitation. The resuspensioms eentrifuged at 28,800 rpm (100,000
86



x g) for 45 min at 4 °C and the supernatant wassfered to a fresh micro centrifuge
tube and stored at -20 °C or was immediately usedhie purification via a HiTrap™

column.

2.12.2 HisTrap HP ™ column for protein purification
For the purification of solubilised membranes, Elntbuffer and START buffer were

supplemented with 0.1 % DDM (w/v).

Both recombinant proteins contain a C-terminal Blig tag that was used for
purification by a HisTrap HP column charged witlfNin order to do so, a Bio-Rad
Econo Gradient system and a 1 ml HisTrap HP (GHthieare) was used to purify the
recombinant proteins. First, the column was waskigd 3 ml dHO. Then, the column
was charged with 3 ml 50 mM NiSQollowed by a washing step with 3 ml gBl to
remove excess Rli ions. Tubes and system pumps of the Bio-Rad Edgramlient
system were flushed with 20 ml sgbibuffer at a flow rate of 2 ml mih The charged
column was then connected to the system while thappis running to avoid the
introduction of air bubbles. The solubilised memmaswere loaded at a flow rate of 0.3
ml min™. Non-specifically bound proteins were removed hyashing step using 4 %
Elution buffer (v/v). Elution was performed by apiplg rising concentrations of the
elution buffer that are mixed by the gradient pumpe elution starts at 0 % elution
buffer/100 % START buffer (v/v) reaching 20 % etuttibuffer (v/v) /80 % START
buffer (v/v) within 20 min at a flow rate of 1 mlimi". Each 1 ml fraction was collected
in a separate microcentrifuge tube and analysesfy-PAGE.

The charged HisTrap column was washed with 10 mhBOEDTA followed by
10 ml dHO. Finally, 10 ml of 20 % ethanol (v/v) were rumatgh the column and stored
at4 °C.

2.13 Microscopes
Unless otherwise stated, fluorescence images wegeirad using a Delta Vision

deconvolution microscope (Applied precision, GE IHeare) and images were
deconvolved using SoftWoRx v.3.5.1 software. Theliag filter sets are listed in Table
2.11.
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Table 2.11 DeltaVision filter sets

Filter Excitation Emission Fluorophores
filter/bandpass filter/bandpass

DAPI 360/40 457/50 HADA

FITC 492/20 528/38 GFP, eYFP, FM1-
43

RF-TR-PE 555/28 617/73 mCherry,
mRFPmarsl, TMR-
Star

Cy5 640/20 685/40 FM4-64

2.14 Sample preparation for light-microscopy

2.14.1Fluorescence microscopy
Overnight cultures were diluted in BHI or LB to @Dggo of 0.05 and grown at 37 °C

on a rotary shaker until early-exponential phasBgfe=0.4-0.6). 1 ml of cell culture
was harvested by centrifugation for 3 min at 12,60® and washed with 1 ml PBS.
The pellet was resuspended in 500PBS | and 500 | fixative (PBS/16 % P-
formaldehyde (w/v) (2:0.5)) and incubated on a shat RT and 90 rpm. The tubes
were covered in foil if the respective strain camsa fluorescent proteins or markers.
Subsequently, cells were recovered by centrifugatind washed 2 times with 1 ml
dH,O. Dependent on the pellet size, the cells werespEnded in an appropriate
amount of PBS or diD (100 -400 I). 5 | of this solution was pipetted onto a poly-I-
lysine coated slide (Polyprep, Sigma-Aldrich) amed under a stream of nitrogen. 6 pl
sdH,O were pipetted on top of the dried cells followsda coverslip. The coverslip
was additionally sealed with nail polish to keep gample wet. Slide samples were
either imaged immediately or stored in the dark &t.

Background of fluorescent images was subtracted iatehsity values are

depicted in a linear colour code.

2.14.2 Donor photobleaching FRET experiments
This section only describes the growth conditiohstains used for FRET experiments

and the set-up of the microscope. FRET data arsatygsi be found in Section 5.2.6
Only fresh transformants of RN4220 carrying pvWWitdker plasmids or strains
streaked out from cryo cultures made from freshdi@mants were used for FRET
analyses. Overnight cultures were diluted tog638D.025 in 50 ml BHI supplemented
with erythromycin (5 pg mf) and lincomycin (25 pg i) and grown at 37 °C and 250
88



rom for 2.5 h to an OFo 0.4. Cultures were diluted again to €0.025 in 50 ml
BHI supplemented with erythromycin (5 pg il erythromycin (25 pg rif) and 0.5
mM IPTG followed by grown at 37 °C and 250 rpm i to an Olgy 0.4. 1 ml
samples were harvested by centrifugation at 13,@00 for 3 min. Samples were
washed with 1 ml PBS, fixed and prepared on pobyrky slides as described previously
(Section 2.13.1).

Image acquisition was carried out using a NikoraDdam system and NIS
elements software under a 100 x oil lens in theGF€hannel. The following settings

were used for imaging:

Format — Binning 2x2 Exposure — 500 ms
Readout mode — Global Shutter Readout rate — 5680 M
Dynamic Range — 12 bit & Gain 1 Sensor mode — Nbrm

Images were taken continuously over 6 min and aedlyas described in Section 5.2.6.

2.14.3 Super resolution microscopy
STORM studies were performed using a system destily Dr. R.D. Turner (Turner

et al, 2013). An Olympus IX71 inverted optical microseopnd a 60x, NA 1.4 oll
immersion objective, a system was used for eYFRjingawith a 75 mW, 514 nm laser
and a filter cube containing a 514 nm longpassrdicHilter and a 542/27 nm bandpass
emission filter. Focus was adjusted using a piextet motor (Physik Instrumente)
and the image was projected onto a Hamamatsu ImagEN)-50 frames/sec using an
image expander comprising a 35 mm and 100 mm lens.

A 1m focal length cylindrical lens was insertedvibetn the image expander
lenses to allow for compensation of drift perpentiic to the focal plane (Huareg al,
2008). Focus was maintained by repeatedly localisin TetraSpeck marker and
adjusting the objective position using the piezoni@intain a constant ratio of the fitted
full-width half maxima (FWHM) in perpendicular dictions. The camera and piezo
were controlled using a custom Labview based soéwBr. R.D. Turner) and image
processing was carried out according to previoudies (Huang et al., 2008, Betzy
al., 2006). Data were processed by fitting Gaussiarctians to individual molecule
fluorescence, identified by clear intrinsic blinksing Matlab. Drift in the focal plane
was corrected retrospectively by tracking a fiduparticle throughout the acquisition

sequence and offsetting localisations againstosstion.
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2.14.3.1 STORM buffers
The following stock solutions were prepared:

Tris buffer
Tris 50 mM
NaCl 10 mM

The pH was adjusted to 8 using HCI.

Catalase stock
Catalase 4 mg hl

The catalase stock was prepared in Tris buffer.

Glucose oxidase stock
Glucose oxidase 5 mg ™l

The glucose oxidase stock was prepared in Trisehuff

MEA stock
Mercaptoethylamine 5 mg thi
The MEA stock was prepared in Tris buffer.

GLOX buffer (for 1 ml)

Glucose 100 mg
Tris buffer 790 pl
Glucose oxidase stock 100 pl
Catalase stock 10 pl
MEA stock 100 pl

2.14.3.2 Coverslip sample preparation
First, high-precision coverslips No.1 5H (Marief&uperior, Lauda-Kénigshofen,

Germany)were cleaned by placing the covers slips in a beaietaining 1 M KOH
followed by sonication for 15 min at RT using a isoath. Subsequently, the
coverslips were washed with @B and incubated in a 0.01 % poly-Il-lysine (w/v)
solution (Sigma-Aldrich) for 30 min at RT. The cosigp was rinsed again with ¢B

and dried under a flow of nitrogen.
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2.14.3.3 Sample application
3 ul of cell suspension were mixed with 3 pl ofutlld Tetraspecks (1:500 in gB)

sonicated) used as reference points during imagugthe mixture was placed onto the
cover slip. The resuspension was dried down usitrggen followed by carefully
rinsing the cover slip. Once again, the cover glgs dried using nitrogen and placed
with the sample side down on a clean slide comgira drop of 5 pl GLOX buffer.
Finally, the coverslip was sealed using nail polestd the sample was ready for

imaging.

2.15 Metabolite analysis

2.15.1 Harvesting samples
Metabolite samples were collected using the tharethand sodium chloride (NacCl)

method described by (Spueaal, 2009).

Samples (20 ml) collected from growing cultures evieansferred into a 50 ml
Falcon tube containing 20 ml of quenching solutié@ % ethanol (v/v) + 0.8 % NaCl
(w/v)), which had been pre-cooled to -30 °C by plgdn an insulated bath containing
isopropanol that had been cooled by addition ofidey A thermometer is used in the
bath to monitor the temperature. The sample mixtuas then mixed instantly by
inversion, producing a cell suspension at approtetgd °C and left to cool down to -5
°C in the -35 °C isopropanol bath over the courfs2 ©3 minutes. The cells are stirred
all the time at this stage, using the thermomdtken the cells were centrifuged at 3940
x g at -8 °C for 5 min in a pre-cooled centrifuge (B®an Avanti HP-25I1, JLA-10.500)
and the supernatant was removed by aspiration torddsat -70 °C until used for

metabolite extraction.

2.15.2 Metabolite extraction
The following solvents were used for the metaboletraction. To avoid salt

contamination, only LC-MS grade solvents were ussolvents A and B were pre-
cooled at -20 °C and Solvent C was put on ice leefme. Furthermore, all following
steps were performed on ice.

Solvent A Methanol : Chloroform : dkD (2.5:1:1)(v/v/v)

Solvent B Methanol : Chloroform (1:1)(v/v)
SolventC  dH,O

The Falcon tubes containing the harvested pelleise weighed and thawed on ice.
Subsequently, the pellet was resuspended in 1 rf8bbfent A by vortexing. The cells

were then sonicated for 30 sec in a sonication batftaining ice slurry followed by
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vortexing for 30 sec. After incubation on ice fgpaoximately 5 min the cells were
recovered by centrifugation for 2 min at 5000 rpmd & °C. The centrifugation
separates two phases with a precipitate phase twebn. The upper phase was
transferred to a pre-cooled 15 ml Falcon tube wdeetibe bottom phase was mixed with
500 | of Solvent B, vortexed and added to the the Raltde containing the upper
phase. Subsequently, 350Solvent C and 2001 CHCI; were added and the mixture
was vortexed. The phases were separated agaimbyfwgation for 15 min with 5000
rom at 4 °C. The upper aqueous phase and the bottdoroform phase were

transferred carefully to separate microcentrifugees and stored at - 80 °C.

2.15.3 Electro-spray induced liquid chromatographymass

spectrometry
Detection of metabolites was performed by ESI-LC-Ms&ng a QSTAR Elite liquid

chromatographic system (Applied Biosystems) equdppath an autosampler. The
liquid chromatography was run in electrospray negabnisation mode and the mass
range was set to 50-1000 Da. Source parametersasef@lows: ionspray voltage of
3500 V, GS1 at 27, GS2 at 0 and curtain gas at2€.data was acquired and analysed
using Applied Biosystems Analyst QS 2.0 softwargorPto injection, samples were
centrifuged for 10 min at 12000 rpm and equally exdixwith 50:50:0.02
(Methanol:HO:formic acid (v/v/v)), all LC-MS grade solventshdhinfused into the

mass spectrometer at 0.1 ml fin
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Chapter 3: The physiological role of MreD inS. aureus

3.1 Introduction

3.1.1 The roles of MreC and MreD

MreC and MreD are widely conserved and thought éoshape-determinants in rod-
shaped bacteria. Their genes are chromosomallyelddmgether in an operon with
mreBand were shown to be essential, botlt.ircoliand inB. subtilis (Levin et al,
1992) (Lee & Stewart, 2003) (Ishiret al, 1986). Deletion of eithemreC or mreD
causes the formation of spherical cells that eahytlyse. Growth but not morphology
of both mutants can be restored when grown in nmedawpplemented with high
Mg** concentrations (Wachét al) (Leaver & Errington, 2005). MreC is a membrane
bound protein with its major part facing the peagh (Lovering & Strynadka, 2007). It
is thought that MreC acts as a spatial organiseditect PGN precursor synthesis
proteins in the periplasm. (Divakarugti al, 2005) (Divakarunet al, 2007). According
to this model, MreC could be the link between thé&acellular cytoskeleton and
periplasmic cell wall synthesis machinery. The tiorcof MreD in rod-shaped bacteria
is poorly understood. Its deletion causes the saimenotype as seen for MreC.
Therefore, it is considered to act in a complexhwitreB and MreC to direct peripheral
PGN synthesis by control of localisation and atgivif PGN synthesis proteins (Land
& Winkler, 2011). InterestinglymreCD are not essential itreptococcus pneumoniae
in strains with a suppressor mutation within th@tmkglycan synthesis gergbpla
which strongly suggests an involvement of MreCDceall wall synthesis (Land &
Winkler, 2011). Another link to peptidoglycan syesiis inS. pneumoniagas seen in
cells depleted of MreC or MreD which resulted ire ttormation of spherical cells
connected in chains. This phenotype was also sepbp2adepletion experiments and
possibly indicates that MreCD regulate PBP2a (Betcal, 2013). MreD was also
shown to interact with the PGN synthesis enzymesGVand MraY which are
dependent on MreD for proper positioningGn crescentugWhite et al, 2010). Using
total internal reflection fluorescence microscodyRFM), MreB in B. subtilis was
shown to colocalise with MreC and MreD and to moveircumferential patches along
the cell periphery (Garneat al, 2011). These are held together by MreB and drixen
peptidoglycan synthesis (Dominguez-Escodiaal., 2011, Garneet al.,2011). Recent

research has suggested an involvement of Mre psot@i membrane organisation.
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MreC and MreD were shown to be involved in the poging of MreB which has direct
effects on membrane fluidity and membrane orgaioisats shown by altered Nile Red
staining (Strahkt al., 2014). MreCD is widely conserved among ovoccoithitutes
such as Enterococci, Streptococci, Lactobacilli Stabhylococci (Pinhet al., 2013).
In the ellipsoid-shapedStreptococcus pneumonjadMreCD are colocalised with
peptidoglycan synthesis at the septa and equatdrar@ thought to be required for cell
elongation. Additionally, insertion of new PG printya takes place at the cell-division
site (Monteiroet al, 2015). MreCD might be crucial for driving the eg@tion of cells
by regulating peripheral PG synthesis and theretbesr role is unclear in non-
elongating coccoid bacteria suchStaphylococcus aureus

During this study, Tavares al., published the characterisation of a pantaéD
mutant inS. aureuslt has been reported that the deletion of fuiigidh mreD was not
feasible since a promoter for the downstream gepies ysxBandrpmAis predicted to
be within the end oimreD (Tavareset al, 2015).RplU, YsxB and RpmA are putative
ribosomal proteins and assumed to be essentiaufioai et al, 2009). Therefore only
the first 374 bp of MreD (531 bp total length) weleleted and the resulting strain was
used for the characterisation of mmmeD mutant. This mreD strain exhibits no growth
or morphological defect and no changes in the gegtycan composition were
observed. Furthermore, a number of stress agents & sodium chloride, hydrogen
peroxide and hydrochloric acid were tested butrditireveal any role of MreD in the
response to various stresses. Also, MICs for varamitibiotics remained unchanged in

mreD.

Contradictory to that study, Garcia-Larat al., demonstrated that the
construction of a full-length deletion mutantrafeDis achievable (Garcia-Lart al,
2015). This mutant exhibits a growth defect andwsh@berrant cell-morphologies.
Cells with changed shapes also exhibited a dekatadn of the phospholipid synthesis
enzyme PISY and the cell-division protein EzrA.

3.1.2 Aims of this chapter
Investigate growth of mreDin various media and incubation temperatures
Lipididomic analysis of mreD: fatty acid, phospholipid composition
Investigate the effect of MreD on membrane fluidity
Phenotypic characterisation and whole genome semgrof suppressors of

mreD
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3.2 Results

3.2.1 Effect of temperature orsmreD

Heat has several effects on bacterial c8lsaureusells grow faster when incubated at
42 °C rather than 37 °C, which also results in egpion of heat-shock proteins that
support protein folding or oxidative stress (Qotehfet al, 1998, Qoronflehet al,
1990).

The question arises as to whether MreD is involveddjusting to heat-stress
and thereby allows faster growth? This was testgdséveral experiments. First,
overnight cultures of SH1000 and SH100@reD growth were grown on agar plates
incubated at 37 °C or 42 °C (Fig. 3.1A) and CFUsemealculated based on visible
colonies after 24 h (Fig. 3.1B). To test whetheshart-time heat-shock affects the
mreD mutant, stationary overnight cultures were treatgd42 °C for 10 min,
subsequently plated on agar and incubated at 3@r°24 h (Fig. 3.1C).

ThemreD strain exhibits a growth defect on agar plate$ laot37 °C and 42 °C
compared to the parental strain as seen by snwalleny size (Fig. 3.1A). However, at
42 °C, CFU counts of visible colonies after a 2sh¢ubation on agar were significantly
(P=0.008) lower compared to growth on 37 °C. THisot was not achieved by a 10
min heat-shock demonstrating that 42 °C inhibitsagh rather than inducing cell death.
Interestingly, incubation at 42 °C revealed thenfation of big colonies that are
potentially suppressors oimreD (Fig. 3.1D).

Next, growth of both strains were compared to eatiter in BHI broth at
different temperatures. Cultures were temperathited by growing cells at 30 °C
from an Oy of 0.05 to an Ok 0.2 followed by placing the growth flask in a
shaking water bath at 30, 37 or 42 °C (Fig. 3.2A)a different approach, overnight
cultures were incubated at 30, 37 or 42 °C andexpnt subcultivated cultures were
incubated at the same temperature to monitor grevitiout a temperature shift (Fig.
3.2B).

The mreD strain grows worse than its parent at all tempeeattested (30, 37,
42 °C).

Comparable to the plating experiment, theeD mutant exhibits a heat-sensitivity in
liquid culture when temperature shifted (Fig. 3.28hifting the temperature from 30 to
42 °C eventually results in growth arrest. Celtgpsgrowing 4 h after the temperature
shift. The question remains what exactly is altededng that phase until growth is

entirely inhibited. Cultures that were grown at teme temperature throughout the
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experiment showed a different pattern (Fig. 3.ZB)e ODQyoo of themreD mutant grew
over-night at 42 °C was very low (Q@§~=1.8). Subcultured cells however were growing
almost as quickly as the parent and did not exlabit heat-sensitivity. During initial
growth at 42 °C cells either adjusted to the hé&aiss or suppressors likely
accumulated. At 30 °C and 37 °C theeD mutant still exhibited a growth defect
compared to the parental strain.

Next, it was investigated what might lead to thevgh inhibition at 42 °C in the
mreD strain. Therefore, samples of SH1000, SH10@@reD and the complemented
SH1000' mreD"' geh::PnecomreD (see 3.7.2 Complementation) were taken 2 h after
the temperature shift, stained with fluorescentceamycin (BODIPY) and analysed by
fluorescence microscopy (Fig. 3.3AB).

Microscopic analysis of mreD cells grown at 42 °C reveals that their cell
morphology changed severely. Cells are larger dmokdscent vancomycin staining
shows that septa are formed at irregular positenm$ appear to be bent towards the
septal distal end of the cell. Many cells also bitlexcessive staining in one half of the
cell (Fig. 3.3B). MreD might be involved in the p&anent of the septum under heat-
stress or in conditions of fast growth raising theestion as to whether cell-division
initiation by the Z-ring formation is affected ielts lacking MreD.

In order to investigate the localisation of FtsZtle mreD mutant, a plasmid
expressing pCQ1ftsZ-eyfpupon IPTG induction, was transduced into SH1000 an
SH1000' mreD. Strains were grown in the presence of IPTG at@@rid temperature
shifted to 37 °C or 42 °C. As a control one growgsMeft at 30 °C. Samples were taken
2 h post shift and analysed as previously descrilsat fluorescence microscopy.

FtsZ localisation in thenreD mutant was drastically affected when grown at 42
°C. SH1000 and SH1000mreD grown at 30 °C exhibited a normal distributionFe$Z
at which FtsZ forms an apparent ring at the sepftion 3.4AB). Cultures subjected to
a temperature shift to 37 °C or 42 °C exhibitedscefith unexpected FtsZ localisation
patterns in both strains. FtsZ was found to beridigied in patches around the
membrane of cells with increased cell size. This wlserved both for SH1000 and the
mreD mutant which might be due to overexpression of Fesding to bigger cells and
in turn to a delocalisation of FtsZ itself. Thisug could potentially be resolved using
lower IPTG inducer amounts or adding IPTG at arldt®me point during growth.
Nevertheless, FtsZ localisation was altered in tm@D mutant shifted to 42 °C
compared to the parent. As previously shown, calis enlarged and the altered
morphology is associated with FtsZ localised inchas and aberrant Z-ring formation

at unexpected places, or multiple Z-ring formatiaithin the same cell.
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SH1000 AmreD

no heat shock heat shock

Figure 3.1 Characterization of SH1000 mreD grown at 42 °C
A, Growth of SH1000 and SH1000nreDon BHI agar at 37 °C or 42 °C after 248;.

CFU counts of visible colonies on agar after 24t8% °C or 42 °C. At least five
independent replicates were carried out. Signiieamalue p was calculated using a
paired two-tailed student’s t-te€f Growth of SH100 and SH1000nreD on BHI agar

at 37 °C for 24 h after exposure to a 10 min 42ntbation.D, SH1000 mreD shows

potential suppressors restored in growth when grawd? °C.
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-8~ SH1000 30°C
-@- SH1000 37°C
-@- SH1000 42°C
-0~ AmreD 30°C
-O- AmreD 37°C
-0~ AmreD 42°C

temperature shift

01 2 3 4 5 6 7 8 9 10

-@- SH1000 30°C
-@- SH1000 37°C
=@~ SH1000 42°C
-0~ AmreD 30°C
-0~ AmreD 37°C
-O- AmreD 42°C

no temperature shift

Figure 3.2 Growth phenotype of SH1000 mreD at various temperatures
A, Growth curves of SH1000 and SH100mreD grown at 30°C. The black arrows

indicate a temperature shift to 30, 37 or 42 °Cre€hindependent replicates were
carried outB, Growth curves of SH1000 and SH10Q@reD. Pre-cultures and cultures

were grown at the same temperature. Three indepéengjdicates were carried out.
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Figure 3.3 BODIPY-FL-Vancomycin labelling of SH1000 mreD mutants

grown at 42 °C
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A, Phase contrast and fluorescence images (convalnddieconvolved) db. aureus
SH1000, SH1000' mreD and SH1000' mreD ' PmrecomreD. Images were
acquired using a Delta Vision microscope and SofRW 3.5.0 software (Applied
Precision). Acquisition of fluorescence images wileen using 1 sec exposure in the
FITC channel. Scale bars represent 1 |Bn.Quantification and categorisation of
BODIPY-FL-Vancomycin labelleds. aureusSH1000, SH1000 mreD and SH1000

"mreD’ PmrecomreDgrown at 30, 37 and 42 °C. Scale bars represent.1 p
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Figure 3.4 FtsZ-eYFP in SH1000 mreD grown at 42 °C
A, Phase contrast and fluorescence images (convalndddeconvolved) db. aureus

SH1000, SH1000 mreD and SH1000 mreD '

PmreCD'm reD

SPIRALS/OTHERS

PUNCTATE

MULTIPLE SEPTA

BENT SEPTUM

PERIPHERY

SEPTUM

. Images were

acquired using a Delta Vision microscope anttV8oRx 3.5.0 software (Applied

Precision). Acquisition of fluorescence images wiakeen using 1 sec exposure in the

FITC channel. Scale bars represent 1 pmQuantification and categorisation of FtsZ-
eYFP inS. aureusSH1000, and SH1000mreD grown at 30, 37 and 42 °C. Scale bars

represent 1 um.
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3.2.2 Effect of salts orsmreD growth

Temperature sensitive mutants have been describkalebin Staphylococcus aureus.
Mutations within genes involved in chromosome regdion and repaignaB dnal and
dnaCwere shown to be viable but stopped growth imntetjiafter a temperature shift
from 30 °C to 43 °C (Let al, 2007, Kaitoet al, 2002). A similar phenotype was found
for mutants harbouring mutations in peptidoglycgntisesis enzyme genesurB and
murC. These mutants are able to grow until temperathiited to 43 °C (Ishibashet
al., 2007, Matsucet al, 2003). Interestingly, cell viability was restor@d medium
supplemented with >4 % NaCl (w/v) or >20 % sucrfs#). MreD itself is required
for the rod-shaped morphology B subtilismutants and for growth. The addition of 20
mM MgClI; to the growth medium partially restores growthaahreD mutant but not
morphology (Leaver & Errington, 2005).

To test whether salts or sucrose can restore tlwsvtigr defect and or
temperature-sensitivity d. aureusSH1000 mreD, growth curves were performed in
BHI supplemented with 40 % sucrose (w/v), 20 mM NigGr 4 % NaCl (w/v).
Overnight cultures were diluted to an §0.05 and grown at 37 °C or 42 °C (Fig.
3.5ABCD). Growth in 4 % NaCl (w/v) was additionalgnalysed by phase contrast
microscopy, taking samples 2 h after the tempesgasinift (Fig. 3.5F). Furthermore,
growth of cells plated on BHI agar supplementedwit% NaCl (w/v) was investigated
(Fig. 3.5E).

Growth of SH1000 mreDin BHI supplemented with 20 % sucrose (w/v) or 20
mM MgCl, was not altered. Nor did the supplements complénien heat-sensitivity
(Fig. 3.5AB). As seen beforepreD mutants grow slower than SH1000 and growth at
the non-permissive temperature 42 °C resulted awtr arrest after reaching a low
cell-density plateau. Supplementation with 4 % N&&V) specifically relieves heat-
sensitivity at 42 °C both on agar and liquid cwtubut not the overall growth defect
compared to the parent (Fig. 3.5CD). SH1000reD cells are still enlarged grown at
42 °C in medium supplemented with NaCl but less garad to growth in non-
supplemented medium (Fig. 3.5F). The heat-sensitoauld not be reversed by adding
4 % NaCl (w/v) to amreD mutant culture grown at 42 °C that already reacited
plateau suggesting that the inability to form cotiseplaced septa (Fig. 3.3) and FtsZ
localisation (Fig. 3.4) is irreversible.

3.2.3 Growth of SH1000 mreD in a chemically defined medium
Cells lacking MreD have a growth defect at 42 °@wdver, it is not known whether
this phenotype is due to the elevated temperaturdaster growth. Faster cell

propagation requires efficient cellular organisatido test whether cell growth rate is
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responsible for the observed phenotype of SH1000eD, cells were grown in a
chemically defined medium (CDM) (see Chapter 2 i8ac2.1.6) using different
glucose concentrations to regulate the growth 1@teernight cultures were grown in
CDM and diluted to an O§gp=0.05 in CDM followed by monitoring growth at 37 &t
250 rpm.

Growth of SH1000 and SH1000mreD in CDM was monitored under three
different conditions. First, growth curves werefpened in CDM and different glucose
amounts were added at @p 0.2. The mreD mutant exhibited a growth defect
compared to the wild type (Fig. 3.6A). Growth wésager than in BHI and addition of
glucose did not alter growth rate indicating thatcgse is not the limiting factor in
CDM. Therefore the experiment was repeated in (I3M resulting in faster growth of
both strains (Fig. 3.6B). Addition of glucose entech the growth rate of SH1000 but
not of themreD mutant. The same effect was seen in (2x) CDM smpehted with
different glucose concentrations added from the ¢kag. 3.6C). Only very low (0.01
% glucose (w/v)) or no glucose levels affected dloaf SH1000 mreD. This might
indicate a deficiency omreD to adapt to changing nutritional conditions ortttiee
growth bottleneck is based on a metabolic prodessis not addressed in this assay.

3.2.4 Membrane analysis of SH1008mreD

It has been previously shown that MreD is involwedhe localisation of phospholipid
synthesis enzymes PIsY and CdsA (Garcia-Letral., 2015). The delocalisation of
these enzymes and potentially other proteins iralin fatty acid and phospholipid
synthesis could affect their activity. Thereby thgo between certain fatty acid species
or phospholipids could be altered. The analysisu@dBandmreCmutants inB. subtilis
revealed an increase of the overall fatty acid rcHhangth (Strahlet al., 2014). The
analysis of anteiso compared to iso fatty acidséwar, revealed thareC mutant and
to a lesser extent thrareB mutant exhibited an increased amount of anteidyp &&ids.
Interestingly, fatty acid compositions can haveeffiect on membrane fluidity which
was shown to be a crucial factor in the organisatibbacterial membranes (Stradl
al., 2014).

3.2.4.1 Phospholipid and fatty acid analysis

In order to analyse fatty acids and phospholipi88{1000 and SH1000 mreD
overnight cultures were diluted in BHI to an @B0.05 and grown to exponential
phase of Oy 0.5 in BHI at 37 °C and 250 rpm. Pellets were wdshé?BS and
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Figure 3.5 Heat-sensitivity phenotype of mreDin the presence of salts or sucrose
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A, Growth curves of SH1000 and SH100@reD in BHI medium and BHI medium
supplemented with 20 % sucrose (w/B). Growth curves of SH1000 and SH1000
" mreDin BHI medium and BHI medium supplemented withni2Bl MgCl,. C, Growth
curves of SH1000 and SH100énreDin BHI medium and BHI medium supplemented
with 4 % NaCl (w/v). Experiments were carried autthree independent replicatEs.
Growth curve of SH1000mreDin BHI medium. Black arrow indicates addition o%#}
NaCl (w/v). E, CFU counts of visible colonies on agar supplee@mnwith 4 % NaCl
(w/v) after 24 h at 37 °C or 42 °C. At least thiedependent replicates were carried
out. Significance value p was calculated using imedatwo-tailed tt-test. F, Phase
contrast images db. aureusSH1000, SH1000 mreD and grown at 37 °C or 42 °C in
regular BHI broth or supplemented with 4 % NaClwImages were acquired using

a Delta Vision microscope and SoftWoRx 3.5.0 sofer@pplied Precision).
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Figure 3.6 Growth of SH10006mreD in chemically defined medium (CDM)
A, Growth curves of SH1000 and SH10Q@reDin CDM broth. Black arrows indicate
addition of different glucose concentratioBs.Growth curves of SH1000 and SH1000
"mreD in (2x) CDM broth. Black arrows indicate additiasf different glucose
concentrationsC, Growth curves of SH1000 and SH100@reD in (2x) CDM broth

supplemented with different glucose concentrations.
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Figure 3.7 Fatty acid and phospholipid compositiorof SH1000 and SH1000 mreD
A, Fatty acid amounts relative to total fatty acidsegorised into C13-C20 speci8s.
Relative amounts of iso and anteiso fatty acid igse€, Thin layer chromatograms of
phospholipids.D, Phospholipid quantification based on the thinefaghromatograms
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snap-frozen in liquid nitrogen. Subsequently, frozellets were dehydrated using a
freeze dryer and stored at -80 °C. Phospholipidyaisawas carried out by thin layer
chromatography and fatty acids were analysed ag &atid methyl esters using gas
chromatography (Fig. 3.7). Both services were mlediby the DSMZ Identi cation
Service (Braunschweig, Germany).

Fatty acid analysis results were categorised in&r tcarbon chain length and
compared to the total fatty acid amount. C15 an8 fatty acids are the predominant
species in both strains (Fig. 3.7A). C16/C17/C28css constitute 5-13 % of the total
fatty acids. Other fatty acids such as C12/C13/C19/are less represented in both
analysed strains under the conditions tested. SBi1®reD exhibits slightly higher
amounts of C15 fatty acid species but lower longiobd species such as C16-C20
compared to the parent meaning a decrease in gralbfatty acid chain length in cells
lacking MreD. Additionally, SH1000 mreD has less branch-chained fatty acids as less
iso and anteiso species were found compared tpdhental strain (Fig. 3.7B). Both,
anteiso fatty acids and short chain length fattidsacontribute to an increase of
membrane fluidity (de Mendoza & al.,2002).However, this analysis did not reveal
any large changes in the fatty acid compositionragetls to repeated in order to be able
to draw specific conclusions about the effect o€Blion the fatty acid compaosition.

The phospholipid (PL) composition was analysed tasa thin layer
chromatograms (Fig. 3.7C). Intensity values of aigratches were measured using Fiji-
ImageJ and compared to the total phospholipid amig. 3.7D).. Unidentified PLs
were marked with PL1-5 (Fig. 3.7C).

The mreD mutant exhibited more phosphatidylglycerol and endlys-
phosphatidyl-glycerol. Another unidentified PL,rtexd PL1, was also found to be more
abundant in SH1000mreD compared to SH1000. Interestingly, PL5 was onlynfibin
the mreD mutant and cardiolipin levels were greatly 30 %) reduced. This initial
analysis suggests changes in the membrane congmodiie to the effect of MreD.

3.2.4.2 Membrane fluidity analysis

It has been reported previously that MreB organisesacterial membrane by creating
regions of increased fluidity (RIFs) (Strad al., 2014). These RIFs are involved in
lipid homeostasis and localisation of several memeér proteins inB. subtilis
Furthermore B. subtiliscells lacking MreD exhibited changed Nile Red rsteg and
MreB localisation suggesting a role for MreD in tbeganisation of the membrane
together with MreB. Changes in phospholipid compiasiand to a lesser degree in
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fatty acid composition in SH1000 and itsreD mutant could have an impact on
membrane fluidity.

Membrane fluidity can be measured by fluorescenckarigation using the
membrane dye 1,6-diphenyl-1,3,5-hexatriane (DPH} Hpecifically fluoresces within
hydrophobic but not within aqueous environments@sitaet al, 1981). Movement of
DPH intercalated within the membrane is dependenthe membrane fluidity (Fig.
3.8A). The more fluid the membrane the more DPHngea its orientation. This
movement is analysed by exciting DPH with polariBght and measuring the intensity
of emitted light parallel and perpendicular to theident light (Fig. 3.8B) (Jovin, T. M.,
1979).

Membrane fluidity analysis experiments were caroed based on a modified
protocol of Bayeret al. (Bayeret al, 2000). SH1000 and SH1000nreD overnight
cultures were diluted in BHI to an @§=0.05 and grown to exponential phase of
ODgoo 0.5. 1 ml samples were washed twice in sterile 1 Tinis-HCI buffer (pH 7.0)
and resuspended in the same buffer at ago@D.4. The sample was transferred to a
quartz cuvette and DPH was added to a final conmgon of 4 uM (4 mM stock
solution in THF) followed by incubation for 15 mivith magnetic stirring at 200 rpm in
the dark at 37 °C to allow the incorporation of DRitb the membrane. Fluorescence
polarisation was measured using a Spectrofluorim&®50B Perkin-Elmer) equipped
with a temperature-controlled cuvette holder amdagnetic cuvette stirrer. The sample
was excited at 358 nm emitted light was measure¢R8tnm whereas one emission
polariser is oriented in the horizontal plane ahd other one in the vertical plane.
Measured emission intensities paralle]) (and perpendicular )l to the plane of
excitation light were used to calculate the degoéeoolarisation according to the
following equation:

P=h-G,/1-G;
, Where the correlation factor G is the ratio betwgarallel and perpendicular emitted
light when the excitation light is horizontal. Low#uorescence polarisation values
indicate a higher membrane fluidity.

Fluorescence polarisation values of membrane flpiekperiments are usually
within a narrow range and experiments need to b@edaout multiple times to achieve
significant results (Camarget al.,2008, Mishraet al, 2009, Cartroret al, 2014). The
analysis of membrane fluidity SH1000 and theeD mutant did not reveal a significant
difference between both strains (Fig. 3.10C). Haveexperiments were only carried
out three times due to limited time which is noffisient to draw conclusions on the
effect of MreD on membrane fluidity &. aureus
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Figure 3.8 Membrane fluidity measurements
A, Schematic illustration of DPH intercalated in tmeembrane.B, Schematic

illustration of fluorescence anisotropy measuremeamples are excited by polarised
light and the intensity emitted light parallel apdrpendicular to the incident light is
measuredC, Fluorescence polarisation measurements of SHAAA0SH1000 mreD.
Experiments were performed with three independ@ib@ical replicates. P value was
calculated using an unpaired student’s ttest.
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3.2.5 Metabolome analysis of SH1000 and SH1006reD

Cells lacking MreD were shown to be sensitive tasalemperature changes (Fig. 3.1
and Fig. 3.2) and are unable to utilise differehicgse amounts when added to the
growth medium (Fig. 3.6). Additionally, thareD mutant exhibited a growth defect at
all incubation temperatures tested. Taking togetifisrled to the assumption that MreD
might act as metabolic optimiser that improvesutatl processes. This hypothesis was
tested by the analysis of the metabolome of SH1@f@f@pared to SH1000mreD
incubated at 37 °C and 42 °C.

3.2.5.1 Sample processing
Sample preparation, metabolite extraction and noditebanalysis are described in
detail in Section 2.14.

Briefly, metabolites were extracted from samplé®itafrom a temperature-shift
experiment. SH1000 and SH100éhreD were grown at 37 °C to an @f3 0.2 before
cultures were either temperature shifted to 42 @t at 37 °C (Fig. 3.9A). Cultures
were harvested at an @9 1 and instantly mixed with the NaCl/Ethanol exti@actmix
pre-cooled to -30 °C. Cultures were harvested hytrifagation and the pellet was
stored at -80 °C.

Metabolites were extracted using a methanol/chtmrofprotocol (see Section
2.14.2) and analysed by electro spray induced digehromatography mass
spectrometry (ESI-LC-MS).

3.2.5.2 Principal component analyses between metdbme subgroups

First of all, it was tested whether the metaboloresveen both strains and between
growth 37 °C and 42 °C differs (Fig. 3.9BCDE). Tlamalysis was performed by
principal component analysis (PCA) using the maliiate analysis software SIMCA
P+ (Umetrics SIMCA P+, Umeda, Sweden). PCA idergifigoups of variables that are
related to each other between multiple multivaridé¢asets and visualises them on a
PCA plot (Trivediet al.,2012). This plot shows possible groups of similaunrelated
datasets at which the distance between data pottitate how closely both datasets are

related to each other.
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Figure 3.9 Metabolome principal component analyses
Individual triangles represent metabolomes for SMI@red triangle) and SH1000

mreD (green triangle). Overlapping points indicate ‘darii or matching
metabolomesA, Growth curve of SH1000 and SH100fhreD. Black arrows indicate
a temperature shift. Black circles indicate sangplwoints for metabolite extractioB,
PCA of four metabolome biological replicates of 8@ and SH1000mreD grown at
37 °C. C, PCA of four metabolome biological replicates dfi1®00 and SH1000

mreD grown at 42 °CD, PCA of four metabolome biological replicates ¢11900

mreD grown at 37 °C or 42 °(E, PCA of four metabolome biological replicates of
SH1000 grown at 37 °C or 42 °C.
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The principal component analysis between four lgjigia replicates of SH1000 and
SH1000 mreD metabolomes from cultures grown at 37 °C idertifee cluster of

mreD metabolomes that are closely related to each ¢kgr 3.9B). Metabolomes of
SH1000 are more spread but rather unrelated to mimeD metabolome cluster. This
means that the metabolome of SH1000reD is different from its parental strain when
grown at 37 °C. However, the metabolomes betweéerent replicates of SH1000
grown at 37 °C were also found to exhibit variaiacompared to each other which
could be explained by an extreme variability of abelites due to small changes in
their growth phase. Potentially, samples of SH1@@ftabolomes were harvested at
slightly different time points and thus exhibit féifing metabolite compositions. Yet,
the PCA does not show a random unrelated distohutif all metabolome datasets
indicating that the metabolite extraction and asiglyreveals real changes and is
reproducible.

The same analysis was carried out between botmstgown at 42 °C (Fig.
3.9C) and gives a similar picture. Metabolomes 1800 mreD are strongly
clustered and different from the ones of SH1000n&h@ that the metabolome of the
mreD mutant grown at 42 °C is different from SH1000wncat the same temperature.

Next, the effect of a temperature shift on SH100@reD was tested by
comparing metabolomes of timreD mutant grown at 37 °C against growth at 42 °C
(Fig. 3.9D). The PCA identifies two clusters whdre metabolomes of SH100@nreD
grown at 37 °Care similar to each other. The other cluster ismased with all mreD
samples grown at 42 °C with the exception of ontieyu This suggests that SH1000

mreD temperature shifted from 37 °C to 42 °C exhibitshange in its metabolite
composition.

No clear cluster formation can be seen comparingalbodomes of SH1000
grown at 37 °C and 42 °C (Fig. 3.9E). All datasstart from two samples grown at 37
°C are located within the same cluster. It is tfereelikely that the temperature switch
in SH1000 did not cause large metabolome alteration

3.2.5.3 Identification of altered metabolites
It has been shown that the metabolome between SHAIO® itsmreD mutant is altered
and the logical next step is to identify which nhetiites are changed. Even small
differences in metabolite levels can indicate clgng metabolic processes. Some
metabolites are very abundant whereas others el faund but no less important.
Therefore, the comparison of absolute metabolitel$ecan lead to wrong conclusions
and oversee changes of low level metabolites. Henetabolites that were found to be
significantly different (two-tailed paired ttest<@.005) between SH1000 and SH1000
mreD grown at 37 °C independent of absolute numberse vpecked and further

114



investigated. Since the identity of metabolitesurdkknown they are referred to their
mass/charge in the following analyses.

A number of metabolites were found to be signiftbamp or down-regulated
comparing the metabolomes from SH100@reD with SH1000 grown at 37 °C (Fig.
3.10A). Some metabolites were up to 250 % up an#3fbwn-regulated in theareD
mutant.

Next it was analysed how the same investigated bobtes are altered in
SH1000 mreD grown at 42 °C (Fig. 3.10B). Thus, the same amalyss performed
comparing the same metabolites between SH100fD grown at 42 °C compared to
growth at 37 °C. This reveals that metabolites ¢peip-regulated at 37 °C are down-
regulated at 42 °C and vice versa. The metabolom8H1000 mreD at 42 °C is
therefore more similar to SH1000 grown at 37 °C.

The first step in the identification of altered mdeolite levels is to study which
molecule masses could correspond to the mass foyntass spectrometry. It has to be
noted that electro spray induced mass spectronggyals indicate the mass of
protonated molecules at which molecules can beopated with H, Na', K™ or NH;,".
The signal output of mass data is stated as masgkhsince molecules could be
protonated more than once in case of a normalitylof

These information were taken together and a lispaiential metabolites was
collected (see Table 3.1). Most masses, howevaresgmond to several different
metabolites and it is therefore not possible tonidig a molecule solely based on its
mass. This requires further analysis to collect enmformation of the mass signal
(Table 3.1).

3.2.5.4 Metabolite identification by tandem mass gztrometry

Tandem mass spectrometry is a technique that sepaaasignal based on its mass to
charge ratio. Thus, it is possible to fragmentitodéated mass by electron capture (EC)
ionisation (Leiset al, 2004). This results in the separation of certgioups that
indicate whether the molecule of interest contaiegain functional groups and thus
gives more information about its identity. Tanderass1spectrometry with EC induced
fragmentation was performed on signal peaks 100221211.2/242.2] 244.2/258.2
/267.1 and 473.2. One example of this fragmentgirocess is shown in Fig. 3.11.

The additional information gathered by fragmentatamalyses was not enough
to identify the metabolites of interest since noh¢he observed fragmentation patterns
corresponded to the potential metabolite candidaiéss might be explained by
choosing the wrong candidates or too strong fragatiem settings that might have
resulted in unexpected fragmentation patterns. arfatysis of the metabolome was not
continued since it would have been difficult tontley a range of metabolites.
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Figure 3.10 Relative changes of metabolite levels
A, Relative changes in metabolite levels from SH1806Mpared to SH1000mreD

grown at 37 °C. Metabolites were chosen since thege found to be significantly
altered between both strains. Red arrows indicietiver metabolite levels are lower or
higher in mreD strain compared to its parel, Relative changes in metabolite levels
from SH1000 mreD grown at 42 °C compared to SH100reD grown at 37 °C.
Metabolites analysed from SH1000mreD compared to SH1000 were chosen. Red
arrows indicate whether metabolite levels are lowerhigher in the mreD strain
grown at 42 °C compared to growth at 37 °C.
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Table 3.1 Analysed metabolite masses and potentzdndidates

This table contains all analysed metabolites basettheir mass and their corresponding
potential molecule. Importantly, candidate molesutl® not possess the mass shown
here, but their protonated mass correlating withrttass detected my ESI-LC-MS. Red
arrows indicate whether metabolite levels are lowerhigher in SH1000 mreD

compared to SH1000.
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Figure 3.11 Tandem mass spectrometry electron captelinduced fragmentation
of peak 211.2 da
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3.2.6 Suppressors of mreD

3.2.6.1 Phenotypic characterisation of mreD suppressors
SH1000 mreDforms big colony variants that potentially contauppressors afireD.
These suppressors are especially pronounced wleemrttD mutant was streaked on
agar at 42 °C. Most cells are unable to grow du¢héo heat-sensitivity of SH1000
mreD as shown in Fig. 3.2 and Fig. 3.3. The suppredsongever, are not affected by
heat and when restreaked, it is revealed that theasants are growing faster than their
parental strain (Fig. 3.12AC). PCR and whole gensemuencing confirmed that these
strains aremreD mutants and suppressors are still resistant t@viatiamycin since
mreD is replaced by a kanamycin resistance cassettg. (Bil2A). Plating of
suppressors at 37 °C and 42 °C shows that suppselesd their heat-sensitivity (Fig.
3.12D).

To test whether the suppressors exhibit mutationareC the doublemreCD
mutant was checked for the formation of suppressotants grown at 42 °C (Fig.
3.12B).

Suppressor mutants could be found both forntineD as well as for thenreCD
mutant when strains are grown on BHI agar incubate42 °C (Fig. 3.12). This also
reveals that theareCD mutant exhibits a heat-sensitivity.

Next, it was determined whether these variantsasorguppressors. This would
mean that the suppressors are stable and growthlidsbe restored when strains are
restreaked. In order to test thisnreD suppressed clones were streaked next to their
parental strain and plates were incubated for 24t I87 °C. Subsequently, single
colonies of the suppressed strain were restreakeédhe procedure was repeated twice.
For comparison, the parentalmreD strain, was streaked next to the potential
suppressed strains.

Suppressed clones always grew faster than theanfarstrain (Fig. 3.13) and
are likely to be mutants since the restored gromals stably inherited after continued

restreaking .

3.2.6.2 Whole genomes sequencing ainreD suppressors
To identify potential suppressor mutations ofreD, genomic DNA of SH1000mreD
and seven SH1000mreD suppressed clones were sent for whole genome seiqge

(paired end, 50 bp reads) (GATC, Konstanz, Germawhole genome sequencing
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coverage was > 300x and therefore more than entargthe identification of single
nucleotide polymorphisms (SNPs). The SH1000 sequevas used as a template to
compare whole genome sequences and to identify ®dfgeen SH1000 mreD, its
suppressed derivatives and the original sequenciiel following analysis, only SNPs
between SH1000 mreD and suppressed derivatives were taken into acodiatile
3.2). A complete analysis including all sequencas te found online using the
following link: http://lin5.shef.ac.uk/saureus2/

Whole genome sequencing revealed up to three mem-snutations in each
mreD suppressed strain compared to the parental SH1006D (Table 3.2). Out of
seven sequenced suppressor strains, four (No.,5l6Land 23) showed mutations in
‘goX genes that encode for subunits of the protein merm cytochrome aa3.
Cytochrome aa3 is one of the terminal oxidasesaphg/lococci and contributes to the
last step of respiration by transferring electraasoxygen (Tyneckeet al, 1999,
Clementset al, 1999) The mutations found include stop codons at thenmagg of

goxBandgoxCand amino acid exchanges within the N-terminu@@tA and QoxC.

Furthermore, whole genome sequencing revealedwiastrains (No.12 and 15)
harbouring mutations in genes involved in the phosfansferase system (PTS). PTS is
a multicomponent protein system that facilitatese thptake of sugars in bacteria
(Bramley & Kornberg, 1987).

One suppressor strain (No.9) harbours an aminoeawidange within the global
regulator CodY as the only found SNP (Ledetaal, 2014, Majerczyket al, 2010).
CodyY is a repressor that regulates various aspéatsetabolism and virulence factors.
CodY has also been shown to regulate oxidativesstrelated proteins by inhibiting
expression okatA (catalase) andodM (superoxide dismutase) (Patlal, 2009).

Whole genome sequencing of suppressor No.10 addiljorevealed a SNP
within the genesbi that is encoding the immunoglobulin G binding prot Since its
major role is during host infection specifically tine evasion of the immune response
(Smith et al, 2011), it seems unlikely thabi is involved in suppression of a lack of
MreD.

Many of the SNPs found point to thiexABCDoperon as being involved in the
suppression of mreD. Confirmation of the SNPs was carried out by P@®léication
and sequencing ofjoxA (5’FW36/3'FW36), goxB (5’'FW82/3'FW83) andqoxCD
(5’FW84/3'FW84) from suppressed strains No. 5, 1% and 23. Additionally,
goxABCDgenes of 5 additional suppressed strains (No.8,719 ,21 and 22) were sent

for sequencing. SNPs gqoxgenes revealed by whole genome sequencing were
120



Figure 3.12 SH1000 mreD suppressor growth on plate
A, Growth of SH1000, SH1000mreD and mreD suppressors on BHI agar plates

without orwith kanamycin at 37 °C for 24 8, Plating of SH1000, SH1000mreD
and SH1000 mreCD BHI agar plates incubated at 42 °C for 24Q). Growth of
SH1000 mreD and mreD suppressors on BHI agar incubated at 37 °C for.23,h

Plating CFU counts on BHI agar of SH1000, SH106@reDand mreD suppressors at
37 °C and 42 °C.
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Figure 3.13 Restreaking of SH1000mreD suppressed derivatives
SH1000 mreD suppressed derivatives were streaked on BHI sopgieed with

kanamycin (50 pg/ml). SH1000mreD streaks were performed from the same plate.
Right images show magnified plate areas.

122



Table 3.2 Single nucleotide polymorphisms of SH1000nreD suppressor strains

J

Strain Gene Mutation Function
Number
5 SAOUHSC_01002 S43L Quinol oxidase AA3, subunit Il
(qoxA
SAOUHSC_02660 M250I Hypothetical protein, putative M
transporter
10 SAOUHSC_02706 A266V Immunoglobulin G-binding
(shi) protein Sbi (Smitret al.,2011)
SAOUHSC_02790 K718l Hypothetical protein, putative
helicase
SAOUHSC_01228 N11K transcriptional repressor CodY,
(cody) GTP-binding protein that senses
11 the intracellular GTP
concentration as an indicator of
nutritional limitations (Pohét al.,
2009)
SAOUHSC_00524 R825I RNA polymerase beta chain
(rpoB)
SAOUHSC_01979 P75L Hypothetical protein, Cro/Cl
12 family transcriptional regulator
SAOUHSC 02661 G6A PTS system sucrose-specific
(ptsG) transporter subunit [IBC
SAOUHSC_00749 V276L Hypothetical protein, domains of
FepB (ABC-type Fe3+-
hydroxamate transport system)
and FatB (Siderophore binding
protein)
15 SAOUHSC 01029 R138H Phosphoenolpyruvate-protein
(ptsA Phosphotransferase (Bramley &
Kornberg, 1987)
SAOUHSC_01000 L70Stop Cytochrome c oxidase subunit Il
(qoxQ (201 amino
acid total
length)
SAOUHSC 01001 Q190Stop | quinol oxidase, subunit |
16 (qoxB (662 amino
acid total
length)
SAOUHSC_ A00526 R64L Hypothetical protein
23 SAOUHSC 01000 E29K Cytochrome c oxidase subunit Il

(qoxQ

Amino acid exchanges are stated in the amino awv&dletter code. If a mutation leads

to a stop codon, the original total amino acid sexpe length is stated in brackets.
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confirmed by re-sequencing (not shown). Furtherm@equencing of additional
suppressed strains showed that 2 out 5 sequen@@dssalso harboured mutations in
gox genes. Sequencing revealed a mutation at the toagirof qoxB leading to a
frameshift and following stop codon (after 5 aaktrain No.21. Another mutation was
found inqoxAof strain No.18 causing a stop codon after thé"Ition (total length of
QoxA is 320 amino acids). All mutations foundgoxABCDgenes are summarised in
Fig. 3.14.

In summary, many mutations were found gox genes and two suppressed
strains (No. 5 and 23) were shown to only harboutations in these genes. This
strongly suggests an involvement of the terminabdase in suppression ofmreD.
Potentially, all mutations lead to a non functiongtochrome aa3 that has a positive
effect on cells lacking MreD.

If respiration has a harmful effect on theeD mutant, growth at anaerobic
conditions could relieve the growth defect. Thisswasted by growing themreD
mutant and its parent on agar plates incubated ar 32 °C in a sealed box containing
AnaeroGen sachets (ANAEROGEW Thermo Scientific) and in liquid culture in BHI
filled universal tube incubated without shaking.wéwer, no differences to aerobic

growth were observed (not shown).

3.2.7 Complementation of mreD

Phenotypes observed after mutation of a gene efdst have to be confirmed by
complementation experiments to exclude the infleevicpolar effects and spontaneous
mutations.

Former complementation was performed by constiéuéxpression ofnreD or
mreC together withmreD using a plasmid-based system (Ma, 2016). Howeter,
growth defect on agar was not complemented and thraw liquid was only
complemented whemreD was expressed inmreCD but no complementation was
seen whermreD is expressed in mreD. Expression oimreD together withmreCin

mreCDonly partially complemented growth in liquid cuku
3.2.7.1 Plasmid-based complementation &mreD

To reproduce these experiments plasmids pGL485 tiemector expressindacl)
(Cooperet al., 2009), pGL621 fireD expression) and pGL63In(eCD expression)
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were transduced into SH1000mreD and mreCD and growth in BHI medium
supplemented with chloramphenicol (1/ml) was investigated.

As seen in Fig. 3.15, previous results could notdpeoduced and expression of
mreD alone led to slightly impaired growth of SH100Gldoth themreD andmreCD
mutant. Expression ahreCDin themreD mutant but not in the double mutant partially

restored growth (Fig. 3.15).

3.2.7.2 Single-copy-expression afireD complementation of mreD

The plasmid-based complementation of the growthnptype is therefore not
conclusive. Using a promoter prediction software ttpiwww.softberry
.com/berry.phtml?topic=bprom &group=programs&suhgregfindb; ) suggests that
mreCandmreD expression is driven by a promoter upstrearmC However, there
might also be a promoter within the last 80 bpnokD driving the expression of a
downstream DNA fragment encoding for the ribosopraiteinsrplU, ysxBandrpmA
(see Fig. 3.16). Using the neural network promoteprediction
(http://www.fruitfly.org/seq_tools/promoter.html) nothe other hand proposes two
promoters in the intergenic regionmfeD andrplU. Thus, this suggests that expression
of downstream genes might not be affected by thetida of mreD.

3.2.7.2.1 Construction of complementation vector pKSBAR-Pyreco-mreD

To ensure that the observed phenotypes ofrtteD mutant are not due to downstream
effects, a single copy ahreD integrated ectopically on the chromosome exprebged
the promoter omreCDwas constructed.

This was facilitated using pKASBAR, a derivativepf£L.84 (Kabli, 2013))(Lee
et al, 1991). pKASBAR is a non-replicating plasmid $n aureughat integrates into
the lipase gene via site-specific recombinatiornviielp of an integrase expressed from
plasmid pYL112 19.

A DNA fragment upstream ahreC (5’FW94/3'FW94) and the gene encoding
mreD (5’FW95/3'FW93) were amplified from SH1000 genomi@NA and both
fragments were cloned into thBamHI/EcoRI site of pKASBARezrA-eyfp using
Gibson Assembly replacingzrA-eyfp(see Fig. 3.17). Recombinant plasmids were
tested by PCR using primer pair 5’FW94/3'FW93 raagl amplification of a 732 bp
fragment (Fig. 3.17B) and validated by DNA sequegcCi(GATC Biotech AG,
Konstanz, Germany). The resulting plasmid, pKASBRRscomreD, was

electroporated into a RN4220 strain containinght@kper
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Figure 3.14 SNPs found in SH1000mreD suppressed strains
Schematic representation of thepoxABCD operon and SNPs found inmreD
suppressors. No.5 qOxAS43L), No.18 goxAK149Stop), No.21
(qoxBS161Frameshift), No.16 q¢xBQ190Stop), No0.23 goxCE29K), No.15
(qoxCL70Stop).

Figure 3.15 Plasmid-based complementation of the gwth phenotype of SH1000
$mreD and SH10006mreCD

A, Growth curves of SH1000 and SH100@ireD with pGL485 (acl), pGL621 (nreD)

and pGL631 fireCD in BHI broth. Three independent experiments weagied out.

B, Growth curves of SH1000 and SH100énreCD with pGL485 (acl), pGL621

(mreD) and pGL631 ireCD in BHI broth. Three independent experiments were
carried out.

Figure 3.16 Schematic overview of the native genomiegion ofmreCD
Predicted promoters (Softberry and Neural netwaedkoter prediction) are indicated

by blue bars and the terminator is indicated byesig bar.
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plasmid pYL11219 that expresses an integrase needed for the obkommal
integration of pKASBAR (Luong & Lee, 2007, Lest al., 1991) and from there
transduced into thewreD deletion strain and SH1000 wild type strain. Inéign into
the lipase gene was confirmed by streaking canedah a Baird-Parker agar plate
supplemented with Egg-Yolk (Fig. 3.17D). Positiandidates lost their halo indicating
the loss of lipase activity. Additionally, integiat of the plasmid was tested by PCR
using primers 5’FW94/3'FW93 for the presence of phemoterPyecp next tomreD
and primer pair Fwd_mreD_EcoRI/3’'FW12 for verificet of mreD::kan (Fig.
3.17CE).

3.2.7.2.2 Analysis of single-copmreD expression complementation of SH1000

mreD
Constructed strains were analysed for morphologipl®vys. Overnight cultures were
subcultivated to an OJ3=0.05 and grown to exponential phase. Samples were
harvested and treated with FM1-43 to visualise nramds and allow cell-size
measurements, followed by analysis using a NikamalDCam epifluorescence
microscope (Fig. 3.18AB).

Growth phenotypes were investigated on agar plgtes 3.18D) and in BHI
broth (Fig. 3.18C). To analyse whether the singlpyc complementation vector
complements the previously described heat-sersitigver-night cultures were plated
on BHI agar using drop spreading and plates weza thcubated at 37 or 42 °C (Fig.
3.18E).

The mreD mutant expressing an ectopically integrated siogjgy of mreD in
the lipase gene was analysed regarding morpholbgyngiype as well as growth in
liquid and on BHI agar plates. Cells lacking Mrekhibited a high proportion of cells
with increased cell sizes (Fig. 3.18 AB). ExpresssdmreD in themreD mutant led to
smaller cells than the wild type and the non-commgieted mutant. Both, growth in
liquid and on agar plates were partially restorethe complementedmreD strain and
as seen in Fig. 3.18E the growth at 42 °C on BHf agps also restored.

3.2.7.3 Transduction of mreD into pre-complemented SH1000

As shown in Section 3.2.1, suppressor mutatiorsngriin the complemented strains is
possible. To circumvent the risk of suppressor fram, the' mreD::kanmutation was
transduced into SH1000 carrying tfecomreD complementation or the empty
pKASBAR construct. Strains were restreaked on BHHtgs supplemented with
appropriate antibiotics after transduction and sghsntly streaked on BHI plates
without antibiotics (Fig. 3.19).
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Figure 3.17 Construction of a single-copy chromosoah complementation plasmid
for mreD
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A, Diagram illustrating the construction of pKASB-P.comreD. B, Verification
of pPKASBAR-PnecomreD (Lane 2) by PCR using primer pair 5’FW94/3'FW93iavh
results in amplification of 732 bp fragment, markegd a black arrow. PCR products
were separated by 1% (w/v) TAE agarose geltrelglboresis. No DNA amplification
is seen using pKASBAR as a negative control terepldtane 1).C, Schematic
overview of the native genomic region ofreCD mreC mreD and integrated
pPKASBAR-Pco-mreD. Black arrows indicate primer binding sit&%. Lipase activity
test. SH1000, SH1000mreD and SH1000 mreD geh::PyecomreD growth on
Baird-Parker agar supplemented with egg yolk. Th& faround colonies indicates
lipase activity. E, Verification of mreD :kan by PCR using primer pair
Fwd_mreD_EcoRI/3’'FW12. PCR products were separbyet% (w/v) TAE agarose
gel electrophoresis. A band of approximately 1&@0 marked by a black arrow,
indicates replacement afireD by the kanamycin resistance cassette (Lanes 3-4).
band of approximately 600 bp, marked by a blackvayindicates the presence of the
native mreD. Genomic DNA from SH1000 was used as a negativdrabotemplate
(Lane 1) and genomic DNA from SH1000nreD::kanwas used as a positive control
template (Lane 2), Verification of chromosomal integration of,BcmreD by PCR
using primer pair 5’FW94/3'FW93. PCR products weeparated by 1% (w/v) TAE
agarose gel electrophoresis. A band of approxina@00 bp, marked by a black
arrow, indicates chromosomal integration Bfco0mreD (Lanes 3-4). A band of
approximately 1500 bp, marked by a black arrowjcaigs the nativé®eco-mreCD
locus. Genomic DNA from SH1000 and from SH100treD::kan were used as
negative control templates resulting in the natyg.comreCD for SH1000 genomic
DNA (Lane 1) and no DNA amplification for SH1000mreD::kan genomic DNA
(Lane 2).
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Figure 3.18 Complementation of SH1008mreD by single-copymreD expression
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A, Phase contrast and convolved fluorescence imafy&s aureusSH1000, SH1000
"mreD and SH1000 mreD ' geh::PyecoomreD stained with FM1-43Images were
acquired using a Nikon Dual Cam microscope and BlE&nents software (Nikon
Instruments). White arrows indicate abnormally gizells. Scale bars represent 3 pm.
B, Cell counts categorized by cell diamet€r. Growth curves ofS. aureusSH1000,
SH1000"' mreD and SH1000 mreD ' geh::PyrecomreD in BHI broth. D, Growth
curves ofS. aureusSH1000, SH1000 mreD and SH1000 mreD ' geh::RyecomreD

on BHI agar platesg, CFU/ml counts ofS. aureusSH1000, SH1000 mreD and
SH1000 mreD' geh::PnwecoomreDplated on BHI agar incubated 37 and 42 °C.

131



Figure 3.19 Growth on BHI agar of precomplemented B1000 mreD
Growth on BHI agar of various complemented and complementednreD mutants
and SH1000 wild type strains. Plates were incub&ie®6 h at 37 °C. The "tmreD

indicates that this mutation was transduced ingosthain.
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The original and a fresh SH1000nreD both show a growth defect on plate although the
fresh mutant appears to exhibit a more pronouncedtl defect as colonies are found
throughout the streak for the original mutant bot the fresh mutant (Fig. 3.19). The
empty plasmid, pKASBAR, has no effect on growth&#1000. A pre-complemented
SH1000 that got transduced bynreDis partially restored in growth and colony sizes a
bigger as for the parentaireD strain but colonies are not found throughout thires
streak. However, the empty pKASBAR plasmid alsarseéo confer partially restored
growth in  mreD. These observations were reproducible as otherftramants exhibited
the same growth phenotypes. It seems unlikelyttigaknockout of the lipase gegehor
the resistance marker of pKASBAR are responsibi¢hie growth complementation since
growth of SH1000 containing pKASBAR was not affecte

3.2.7.4 mreD in other strain backgrounds

In order to investigate whether the lack of MreBules in a growth defect in other strain
backgrounds mreD::kanwas transduced into Newman and NewHG and growthesur
were performed. The replacement rafeD by the kanamycin resistance cassette was
confirmed by PCR with primers Fwd_mreD_EcoRI/3'FWthat are binding upstream
and at the end afreD using genomic DNA. Amplification of an approximigté500 bp
fragment indicate$ mreD::kan whereas amplification of a 600 bp fragment shoves th
original mreD gene. There was always an amplification of a gd@&&gment in all PCR
reactions which is probably due to nonspecific afcption of a DNA fragment of
similar size or a low frequent recombination evealy be taking place.

Newman mreDand NewHG mreD exhibited a growth defect compared to their
parental counterparts suggesting that the previaiserved growth defect phenotype in
SH1000 is not a strain-specific effect (Fig. 3.20).

The NARSA library is a collection of transposon amit in a plasmid-cured
USA300 strain (Feet al., 2013). It was tested whether a transposon integjrat the
beginning ofmreD (insertion within the first 5 amino acids) (seg.R.21A) has an effect
on growth. In order to do so,mreD::Tn from USA300 NE858 was transduced into
SH1000 and the resulting strain was tested for tjrawBHI broth.

The insertion of a transposon at the beginningh@D does not affect growth in
liquid broth (Fig. 3.21B). ThenreD gene contains several alternative start codotiseat
beginning andmreD expression could be driven by an alternative RB$iwithe
beginning ofmreD or at the end of the transposon. Another explanatould also be that
mreD has no effect on growth and the observed growdmgtype of mreD::kanis due
to polar effects meaning that the deletiomwe&D reduced expression of its downstream
genes that are required for growth.
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Figure 3.20 Growth phenotype of Newmar$mreD and NewHG $mreD

A, Verification of' mreD::kanby PCR using primer pair Fwd_mreD_EcoRI/3’FW12.
PCR products were separated by 1% (w/v) TAE asgargel electrophoresis. A band
of approximately 1500 bp, marked by a black arrmdicates replacement aireD by

a kanR A band of approximately 600 bp, marked by a blackow, indicates the
presence ofmreD. B, Growth curve of Newman, NewHG and theimreD mutant,

respectively.

Figure 3.21 Growth phenotype of themreD transposon mutant SH1000 NE858
A, Schematic overview of the native genomic regibmpeCDand transposon insertion

site of NE858B, Growth curve of SH1000 and SH100treD::Tn(NE858).
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3.3 Discussion

3.3.1 Is MreD required for cell viability?

A previous study by Tavarest al., demonstrated that a partial mutantnafeD is not
affected in growth, morphology, peptidoglycan cosipon and did not exhibit any
sensitivity towards various stresses (Tavatesl.,2015). It was therefore hypothesised
that MreD has no effect on cell viability which@tgly contradicts the findings in this
study.

The key experiment to prove the involvement of aegef interest in the
observed phenotype is complementation. A plasmskthacomplementation, using
expression omreD or mreCDrevealed that the growth deficiency of SH1000reDin
liquid culture was only partially restored expregsimreC and mreD together.
Expression ofnreD alone worsened growth both in the mutant as veetha wild type
strain which might show a ratio dependent effectvaich a naturally occurring ratio
between MreC and MreD is required for MreD functibtowever, themreC mutant
also possesses a different ratio and did not exhigrowth defect (Garcia-Laet al.,
2015). Therefore, this effect might only be seengis plasmid-basechreD expression
which likely results in a higher expressionnafeD than in the native cell.

Chromosomal integration into the lipase gene lafuareDunder control of the
putative promoter ofmreCD partially complemented growth on agar and in liquid
culture and completely restored the morphology phgre (Fig. 3.18). Partial growth
complementation might be due to non-wild type eggi@n levels. Although the native
promoter ofmreCD was employed, the complementation construct widsdgterent
from the wild type setting. First, expression witlihe lipase gene might be different
than at thanreCD locus, SecondnreD expression levels are likely to be higher since
the mreD gene follows the promoter immediately instead eing transcribed after
mreC In conclusion, the partial complementation a$ fwint is convincing.

A problem arises however regarding SH1000reD with the integrated empty
plasmid pKASBAR(tet) which also exhibited restoreggtowth similar to the
complemented strain (Fig. 3.19). This phenomenos rearoducible and growth was
restored when pKASBAR was transduced into theeD mutant and vice versa,
transducingnreD into SH1000 harbouring the integrated pKASBAR((f@gsmid. This
questions the complementation tayeD. Complementation might be either achieved by
the knockout of the lipase gene or the plasmidfjteeg. the resistance marker. Both
scenarios seem unlikely. Additionally, the formatiof suppressors might explain the
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apparent growth restoration. However, in this das#h small and big colony variants
should have been observable after transduction.edery a difference was observed
when analysing growth on agar of the originaieD strain compared to a freshreD
mutant (Fig. 3.19). The freshly constructed stexhibited a more pronounced growth
defect compared to the original strain which coptunt to spontaneous mutations.
Furthermore, it also shows that th&eD mutant is not stable and exhibits altered
phenotypes after restreaking.

Investigating whether the resistance marker hasindlnence on growth
restoration could be resolved by using an erythmwmyesistance marker version of
pKASBAR. Also an inducible copy ahreD could be investigated to titrate levels of
mreD expression.

It must be taken into account, thateD might not be required for growth and
that the observed phenotypes are due to polarteffatt downstream geneplU, ysxB
and rpmA are proposed to be essential (Chaudketral., 2009) and are likely to be
encoded in one operon based on promoter and telonipeedictions. Several putative
promoters are found in betweemreD andrplU and one was found within the end of
mreD (Fig. 3.16). A putative terminator was only foundwhstream ofrpmA. This
possibility that the observed effect is based alowan-regulation ofplU-ysxB-rpmAis
supported by a study iB. coli showing that aplU-rpmA deletion mutant stops growth
at high (43 °C) and low (25 °C) temperatures (Woweral, 1998). At 37 °C, the
mutant was still viable and able to grow but algbileited a severe growth defect. This
phenotype is reminiscent of that observed for SK10éhreD suggesting that the
growth defect and heat-sensitivity might be duéower transcript levels afplU-ysxB-
romA The mRNA levels of the downstream genes couldnbasured using RT-PCR.
Additionally, 5’RACE-PCR could be applied to iddgtihether the predicted promoter

within mreDis functional.

3.3.2 Effect of MreD on membrane organisation

MreB was shown to functionally organise the memérai B. subtilis by creating
membrane domain regions of increased fluidity (8tret al., 2014). These lipid
domains are involved in membrane compartmentabisatitnd membrane protein
localisation. InB. subtilis MreD does not have an effect on membrane fluiBtyahlet
al., 2014). The coccoid bacteriu®. aureushowever, lacks MreB and MreD could
overtake functions of MreB and replace its roleaaspatial organiser. Cells lacking
MreD fail to localise phospholipid synthesis enzgniésY and CdsA and exhibit an
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altered phospholipid composition (Garcia-Lataal.,2015) (Fig. 3.7C). MreD could act
as a glue to bring together and thereby optimisespholipid enzyme activity by

protein interactions or by generating lipid domaimtese domains could favour the
localisation of phospholipid synthesis enzymes lndg proteins that belong together
in close proximity to each other. The lack of Mreldes not abolish phospholipid
synthesis, since that would lead to immediate gnoartest, but it potentially reveals
bottlenecks in the process. The loss of MreD magliift the reaction equilibrium of

certain steps within phospholipid synthesis andettne slowing it down and altering the
composition.

However, fatty acid analyses ofnareD mutant compared to its parent did not
reveal massive changes. SH1006reD was found to exhibit a slightly decreased
amount of longer fatty acids that contribute toheigfluidity (Fig. 3.7). Yet, anteiso
fatty acid species, that were shown to signifigamtrease membrane fluidity, were not
found to be different to the wild type (de Mendd2aet al., 2012). It is therefore not
surprising that the membrane fluidity when testedatly by fluorescence polarisation
was not significantly altered (Fig. 3.8). In sumgavireD is unlikely to being involved
in regulating membrane fluidity but might have arpact on phospholipid synthesis.

SH1000 mreD exhibits a heat-sensitivity when grown at 42 °Ghbon agar as
well as in liquid culture (Fig. 3.1). Growth in math supplemented with 4 % NaCl
(w/v) restored the heat sensitivity but not the aingd growth rate (Fig. 3.5). The
membrane composition afactobacillus caseandBifidibacterium bifidumsubjected to
various NaCl concentrations was reported to beifgigntly altered (Gandhi & Shah,
2016). Saturated fatty acid content was increasmtgawith an increase in cardiolipin
and decrease in phosphatidylglycerol upon NaClgedusalt stress. Another study
reported that growth oPseudomonas halosaccharolytiat high temperatures is
enhanced by NaCl which also increases cardioliprounts along with a decrease of
phosphatidylglycerol (Ohnet al, 1979). FurthermoreStaphylococcus aureusells
incubated in medium supplemented with various Ne@icentrations also exhibits
similar alterations. Cardiolipin increases whereghosphatidylglycerol and
lysylphosphatidylglycerol diminishes dependent ba amount of NaCl (Kanemasa
al., 1972).Importantly, this study shows that theeD mutant inS. aureusexhibits the
opposite effect ofvhat was reported for NaCl stressed cells.

SH1000 mreD exhibits decreased levels of cardiolipin and iasesl levels of
phosphatidylglycerol and lysylphosphatidylglycer@¥ig. 3.7BC). Possibly, NacCl
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reverses the phospholipid composition and therebiores cardiolipin, PG and lys-PG

to wild type levels which could be required for gth at high temperatures.

3.3.4 Suppressors of mreD

Suppressor mutations can infer the role and funatibthe genes. The analysis of a
lipoteichoic acid deficient mutant gaS) which normally exhibits increased cell size,
misplaced septa and eventually lyses revealedsingpressors igdpP restored cell
viability (Corriganet al, 2011). GdpP is a phosphodiesterase that degtiaddmcterial
second messenger c-di-AMP. It later turned out thditAMP amongst others regulate
potassium uptake suggesting a role of lipoteicleids in ion-homeostasis (Corrigath
al., 2013). Another example is found for MreD itseMreD is essential inS.
pneumoniaéut a mutation irpbplarelieved the essentiality ehreD and indicated a
role of MreD in peptidoglycan synthesis (Land & \Kigr, 2011).

Suppressors also revealed an important aspect lloive free forms of B.
subtilis, also referred to as L-form&. subtilisis able to grow without a cell wall but
requires to be stabilised in a hyperosmotic medi(Mercier et al, 2014). This
transition requires the synthesis of excess menebsgnthesis (Mercieet al, 2013)
and suppressors iiSpA IspA catalyses the formation of a precursor neglifor the
synthesis of menaquinone that is involved in thectebn transport chain (ETC).
Thereby it could be shown that reduced ETC actilefding to reduced oxidative stress
increased the cell viability d@. subtilisL-forms (Kawaiet al, 2015).

Suppressor formation of SH1000nreD was predominantly observed when
cells were grown at 42 °C (Fig. 3.1). These summeswere found to be heat-resistant
and exhibited partially restored growth on agag(R.12). Whole genome sequencing
revealed a number of mutations including stop cedon genes encoding for the
terminal oxidase Cytochrome aa3 (Fig. 3.14 and T&aB). Staphylococcus aureus
harbours at least two terminal oxidases, Cytochraaf ((loxABCD and Cytochrome
bd (cydAB (Clementset al., 1999, Gotz & Mayer, 2013) (Tyneckeat al., 1999).
Aerobic growth in a single mutant of either tijex genes ocyd genes is barely affected
suggesting that one system is able to take oveottier. A double mutant however, is
completely inhibited in aerobic respiration (Hamraeal, 2013).

Interestingly, SNPs in suppressors of SH100GreD were only found ingox
but not cyd genes which might implicate a specific role of Mreonnected to

Cytochrome aa3. The fact that deletion of one teainbxidase normally has no effect
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on aerobic growth also shows that Cytochrome aa&lqaroduce toxic by-products in
the absence of MreD.

MreD could help to localise or assemble Cytochroaad. Without MreD,
Cytochrome aa3 function could be disturbed and ialsibit its electron donors NADH-
dehydrogenase and menaquinone which could causteation reflux and oxidative
damage. These could be responsible for the growflect and heat-sensitivity of
SH1000 mreD.

3.4 Main findings in this chapter

Replacement of thenreD gene with a kanamycin cassette results in a severe
growth defect and heat-sensitivity.

The phospholipid composition in SH1000nreD is altered. Less CL but more
PG and lys-PG was found compared to SH1000.

Cells growing at 42 °C stop growing and exhibit phesed septa, FtsZ
localisation and aberrant cell morphologies. Theathsensitivity is relieved by
high amounts of NacCl.

ThemreD mutant forms suppressors that are partially regtor growth on agar
and do not possess a heat-sensitivity.

Suppressors harbour mutations in a variety of gdmésmainly in genes

encoding for Cytochrome aa3.

3.5 Contributions

Fatty acid and phospholipid extraction and analgbi®wvn in Fig. 3.7 were provided by
the DSMZ identification service (Braunschweig, Gany). The analysis of whole
genome sequencing datarofeD suppressor strains shown in Table 3.2 was perfdrme
by Dr. Roy Chaudhuri (University of Sheffield). Ménane fluidity experiments shown
in Fig. 3.8 were performed by me and Dr. Helenaa®ogImperical College London).

All other experiments in this chapter were caroed by me
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Chapter 4: Localisation of membrane proteins in
S. aureus

4.1 Introduction

4.1.1 Membrane heterogeneity and localisation of @spholipid
synthesis enzymes

Bacterial membranes are primarily composed of prstembedded in a lipid bilayer.
The lipids consist of a hydrophilic phospholipidadgroup carrying a hydrophobic tail
that is usually composed of two fatty acids. Bottimponents are variable and serve
different functions.

The major phospholipids in bacteria are phosphhgiggerol (PG), cardiolipin
(CL) and phosphatidylethanolamine (PE) (de Mendetal., 2003)(Fischeret al.,
1978). The phospholipid composition is highly degemt on the species and is altered
due to various environmental changéscolimembranes are composed of 5 % CL, 20—
25 % PG and 70-80 % PE wheré&saureusexhibits mainly PG (43 %) , lysinylated
PG (30 %) and CL (20 %) but no PE (Hayambial, 1979, Dowhan, 1997). Anionic
phospholipids such as CL, phosphatidic acid (PAJ &t have been found to be
preferentially located at negatively curved regiafishe cell membrane such as the
septum and poles i&. coli (Renneret al., 2013, Ramamurthi, 2010, Jouhet, 2013,
Renner & Weibel, 2011)Conversely, PG, stained with FM4-64, was found he t
whole membrane or in a helical pattern along theglaxis of the cell irB. subtilis
(Baraket al, 2008). The helical organisation of FM4-64 staiiptls was missing in
cells depleted of MurG, an enzyme involved in paguiycan precursor synthesis,
indicating a connection between membrane organrsaind peptidoglycan synthesis
(Muchovaet al, 2011). However, the helical arrangement couldb®bbserved iik.
coli (Fishov & Woldringh, 1999) and no unambiguous ewice could be shown apart
from that FM4-64 specifically stains PG (Stradtl al., 2014). Nevertheless, these
studies indicate a heterogeneity in the bacteri@ambrane that could be explained by
the subcellular localisation of lipid synthesis gmes.

In B. subtilis translational fusions of lipid synthesis enzyméath GFP have
been used to study their localisation. Fusions aleekthat the cardiolipin synthase,
ClsA, colocalises with its product and thereforeysl an important role in the
localisation of CL (Nishiborket al., 2005). A number of other metabolism associated

membrane proteins were also found to localise ¢osttptum including PgsA, PssA |,
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Psd, CdsA, MprF and UgtP (functions are describe8iaction 1.2.4.1) (Nishiboet al.,
2005). UgtP exhibits a septal, as well as a perghbeterogeneous punctate pattern
which corresponds to its role in the synthesis lotgjipids and in the regulation of
FtsZ-assembly (Shiomi & Margolin, 2007, Weattal.,2007). The question arises as to
how these enzymes are targeted to the septum? |Acarederved amphipathic-helix
was found near the C-terminus of cardiolipin sys@®inE. coli, B. subtilis S. aureus
and a number of other bacterial species (Kusdka, 2016). The deletion of this motif
results in the loss of septal localisation indiegtihat this amphipathic helix is required
for the septal localisation of cardiolipin synthas&et, no amphipathic helices were
found for PgsA and other phospholipid synthesisysmes suggesting a different mode
of localisation.

The enzymes PIsY and PIsX link fatty acid with phtoaipid synthesis. PISY is
localised at the cell periphery and at the septui. isubtilisshown by using a xylose-
inducible chromosomal expression system (Hetral, 2006). The localisation of PlsX
was unexpected as although it also localises atéhalivision site, it arrives prior to
other proteins colocalised with the FtsZ-anchopngtein FtsA, and remains at the cell-
division site after septation. It could therefo as cell-division marker before the Z-
ring forms. Its depletion results in aberrant Zgriormation and suggests a connection
between fatty acid synthesis and cell-division @dket al, 2014). Furthermore,
protein-protein interaction studies also revealedraieraction between PlsX and FtsA
as well as several other cell-division associateoteins, metabolic enzymes and

cytoskeletal proteins (Takada et al., 2014).

4.1.2 Aims of this chapter

The general localisation of membrane proteins witthe membrane was
investigated. Specifically, integral membrane pratenvolved in phospholipid
synthesis such as PIsY and other membrane protesns analysed utilising
several reporter protein fusions.

Colocalisation approaches were used to identifydioation in protein patterns.
What are the molecular processes that lead to namabprotein localisation?
Employing PISY-GFP as a marker protein, a varietyinibitors and gene
mutations were used to analyse their impact onldhalisation of membrane

proteins.
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4.2 Results

4.2.1 Localisation of PIsY

PIsY was shown to localise in a punctate patteroudfhout the membrane. Localisation
studies were performed using a GFP fusion and inohogalisation with an antibody
targeting a extracellular peptide loop of PIsY (Gailaraet al.,2015).

The following PIsY localisation studies were permf@d using a strain that
expresses the natiyasY gene translationally fused gfp under control of its native
promoter ensuring native levels of PISY-GFP. Thaswarried out with an derivative of
the integrative plasmid pMUTIN (Kaltwasser et 2002). pMUTINpIsY-gfpintegrates
by homologous recombination into the native loctipleY and thereby places@sY-
gfp fusion under control of the native promoterpd$Y while the originalplsY gene is
placed under control of the IPTG-inducible promd®spac. Repression of the original
plsY gene is facilitated by Lacl which is expressed frtime integrated pMUTIN
plasmid.

4.2.1.1 Growth phase dependent localisation of PIsY

The subcellular localisation of PISY-GFP in SH1008s studied at different growth
phases by comparing early-, late exponential aratiostary phase cells using
fluorescence microscopy of fixed cells.

An overnight culture of SH100pIsY-gfpwas precultured to an QE=0.05 in
BHI and incubated at 37 °C at 250 rpm in the presesf erythromycin (5 pg/ml) and
lincomycine (25 pg/ml). Samples were taken at eaxiyonential phase (after 2 or 3 h),
late exponential (after 4 or 5 h) and stationarggeh(7 h), fixed using p-formaldehyde
and analysed by fluorescence microscopy.

Cells taken from exponential phase exhibit a puactacalisation pattern of
PIsY-GFP that is especially distinctive during gagkponential phase (Fig. 4.1AB).
This pattern lessens in stationary phase. Howeedls also appear smaller and have
less overall fluorescent signal and thus a dimeuiskignal to noise ratio. A Z-stack of
two cells from early-exponential phase revealsttinee-dimensional non-homogeneous
distribution of PISY-GFP in the membrane (Fig. 4.16ince the diffraction limit of
about 250 nm pushes light-microscopy to its limdssee structures within the In
diameter Staphylococcus aureust is required to deconvolve acquired images.
Nonetheless, the localisation pattern can be seearivolved pictures even though with
less clarity. Additionally, another algorithm callsuper resolution radial fluctuations
(SRRF) (Gustafssoat al, 2016) that assumes that signals are formed oird ppread
function with a higher degree of symmetry thantlithekground which can be applied to
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improve the resolution and showed similar resutimgared to deconvolution (Fig.
4.2AB). This analysis was undertaken using a Nikonfocal microscope and data
analysis was performed with the NanoJ-SRRF softywaokage for Fiji-lmageJ.

4.2.1.2 Cell-cycle dependent localisation of PIsY
The localisation of PIsY during the cell cycle wasdied by co-labelling using HADA.
HADA is a fluorescent D-amino acid that is incorgi@d into the peptidoglycan and can
be used to indicate the cell cycle status (Kefral, 2012).

An overnight culture of SH100pIsY-gfpwas precultured to an QE=0.05 in
BHI and incubated at 37 °C at 250 rpm in the presesf erythromycin (5 pg/ml) and
lincomycin (25 pg/ml). Samples were taken at ang$D.5 and cells were labelled
with 5 ul HADA (100 mM stock solution) in PBS forriin at 37 °C on a rotary wheel.
Labelled cells were washed with PBS, fixed andys®al by fluorescence microscopy.

PIsY-GFP localises in a cell-phase dependent mafigr 4.3AB). The fusion
goes to the septum during cell division and it @ppehat two dots are formed at the
septum base during early-division phase that mergedistribute to form a single dot
at the cell-division site after the fission is akhéinished. However, the fusion is also
distributed in a punctate pattern both during dalision and in non-dividing cells. Cell
counts show that a punctate pattern is common latRISY-GFP is predominantly
localised at the septum during late cell-divisiéig( 4.3B).

4.2.1.3 Dose dependent localisation of PIsY

The question arises as to whether the number of-BISP molecules affects its
localisation pattern. In order to test this, IPT@olled plsY-gfpexpression from a
plasmid (pWW10, see Section 5.2.4) was carried umimg 50 and 500 M IPTG.
Fluorescence of samples was measured using a Fda#a reader with 100l cells
adjusted to an Of3=5 that were washed and resuspended in PBS. Fusres
measurements were taken by exposure for 1 secsahdBand Emission at 535 nm.
Samples were taken every 30 min after additionPdfG, fixed with p-formaldehyde
and visualised by fluorescence microscopy.

The fluorescence of the samples increased over tipo& IPTG addition and
was dependent on the amount of IPTG whereby hi¢fAf€G concentrations led to
higher fluorescence (Fig. 4.4A). One sample wasriaikefore and one at the time of
IPTG addition which resulted in no measurable #soence counts. This shows that the
IPTG-inducible expression qflsY-gfpis tightly repressed without the inducer in the
tested framework.

A higher expression level gilsY-gfphas no effect on growth, indicating that
high amounts of the fusion are not harmful for tde#l. The signal-to-noise ratio of
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acquired fluorescence images improved in correfat the measured values (Fig.
4.4AB). Cells exhibit an obvious punctate distribntof PISY-GFP at low expression
levels ofplsY-gfp This pattern however gets lost at later stagé8 (M IPTG, 120 min
past IPTG addition) and the PIsY-GFP fusion is tedathroughout the whole
membrane. The septal localisation of PISY-GFP duraell-division however, is
independent of the expression levels (Fig. 4.4B).

4.2.1.4 Verification of the punctate localisation attern of PISY

It has been suggested recently that the helicatllbanseen for an YFP-MreB fusion
were formed due to an artefact of the fluoresceotten tag that are potentially created
by the multimerisation of YFP (Margolin, 2012, Swsl & Jensen, 2012).

To investigate whether the observed localisatioritepa is due to the
multimerisation of the GFP-tag, the localisationRi§Y was investigated with eYFP
and its monomeric version. meYFP was generate@phacing alanine at position 206
with lysine (Fig. 4.5) which disrupts the hydropimbnteraction at the dimeric
interface. This mutation also creates a monomegision of GFP (von Stettegt al,
2012).

4.2.1.4.1 Construction of a PIsY-eYFP and PIsY-me¥Yfusion in S. aureus

In order to construct pMUTINMSY-(m)eyfpplsY (5'FW116/3'FW116) was amplified
using SH1000 genomic DNA as a template andp (5’FW117/3'FW117j was
amplified using plasmids pKASBARzrA-eyfpor pKASBAR-ezrA-meyfp(Wacnik,
2016) as templates. DNA fragments were cloned tinédKpnl/Spelsite of pMUTIN-
gfpt using Gibson Assembly (Fig. 4.6A) and transformatb E. coli NEB5 .
Recombinant plasmids were tested by restrictioestigvith Hindlll and Spel resulting
in 6388 and 394 bp fragments (Fig. 4.6C) and v&didldoy DNA sequencing (GATC
Biotech AG, Konstanz, Germany). The resulting plasmpMUTIN-plsY-eyfpand
PMUTIN-plsY-meyfpwere electroporated into RN4220 and from theaadduced into
SH1000. Genomic integration at thisY locus was confirmed by PCR amplification of
a 1077 bp fragment using one primer that bindeéngenome upstream pisY and one
primer within theeyfpgene (Inward_plsY/Outward_eyfp) (Fig. 4.6D). Nogification
of a 1077 bp fragment was seen using SH1000 genbid& as a template. The whole
plsY gene was amplified with the use of primers InwaldY/3'FW116 resulting in a
807 bp fragment to confirm the PCR and template.
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Figure 4.1 Growth phase dependent localisation ofi®Y-GFP
A, Growth of SH100(IsY-gfp Imaging sampling points are indicated by whiteas.
B, Phase contrast and fluorescence images (convelwdddeconvolved) of. aureus
SH1000plsY-gfp.Images were acquired using a Delta Vision microsapd SoftWoRx
3.5.0 software (Applied Precision). Acquisitionfiaforescence images were taken using
2.5sec exposure in the FITC channel. Scale baregsept 2 umC, Z-stack images of

selected cells from early-exponential growth ph&sale bars represent 1 um.
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Figure 4.2 SRRF analysis of PISY-GFP
A, SRRF analysis of exponentially grown SH1@MY-gfpcells. Scale bars represent 1
pm. B, SRRF analysis of exponentially grown SH1@MY -gfpcells Z-stack images of

selected cells.
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Figure 4.3 Cell-cycle dependent localisation of PlsGFP

A, Deconvolved fluorescence images of selected cefisesenting different cell-cycle
stages of5. aureusSH1000plIsY gfp labelled with HADA Images were acquired using
a Delta Vision microscope and SoftWoRx 3.5.0 sofevgApplied Precision).
Acquisition of fluorescence images were taken usitty) sec exposure in the DAPI
channel and 2.5sec exposure in the FITC channedlleSbar represents 1 pm.
Fluorescent signal intensities are depicted imaali colour code and saturated pixels
are highlighted in redB, Cell counts categorized depending on PIsY-GFRlikation
and cell-cycle stage indicated by HADA labellingalie n indicates counted cells for
each group. Red and yellow bars indicate septalbdul bars indicate peripheral PIsY-

GFP localisation. The green coloured bar indiceaesdom PIsY-GFP localisation.
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Figure 4.4 Dose-dependent localisation of PIsY-GFP
A, Growth curve of SH1000 + pWhiteWalker10 (IPTGuoible plsY-gfpexpression)
grown in the presence of 50 or 5001 IPTG. Left Y-axis shows Ooand right Y-axis
shows A.U. fluorescence values, white arrows indidenaging sampling points and
IPTG addition.B, Fluorescence images (convolved and deconvolvéd$. caureus
SH1000 + pWhiteWalkerl0 1, 2 or 3 h post additidlRI'G. Images were acquired
using a Delta Vision microscope and SoftWoRx 3.8oftware (Applied Precision).
Acquisition of fluorescence images was taken usingec exposure in the FITC

channel. Scale bars represents 1 pm.

Figure 4.5 Nucleotide and amino acid sequence e§fpcompared tomeyfp
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Figure 4.6 Construction of a chromosomaplsY-(m)eyfpfusion in S. aureusSH1000
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A, Diagram illustrating the construction of pMUTINSY-(m)eyfp B, Schematic
overview of the native genomic region piEY and post integration of pMUTINISY -
(m)eyfp Black arrows indicate primer binding sit€s.pMUTIN-plsY-eyfpp (Lane 1),
PMUTIN-plsY-meyfgLane 3), and pMUTINgfp+ (Lane 2) were digested with Hindlll
and Spel and separated by 1 % (w/v) TAE agaroselgetrophoresis. Bands of 6388
bp and 394 bp, corresponding to pMUTNY -eyfpLane 1) and pMUTINgISY-meyfp
(Lane 3), respectively, are marked by black arrd@ands of 5394 bp and 608 bp (and
190 bp) correspond to pMUTINfp+ (Lane 2).D, Verification of pMUTIN-plsY-eyfp
and pMUTINpIsY-meyfp integration by PCR using primer pair Inward_plsY/
Outward_eyfp. PCR products were separated by 1 %) (WAE agarose gel
electrophoresis. A band of 1077 bp, marked by akbdéarow, indicates pMUTINMSY -
eyfp chromosomal integration (Lane 1) and pMUTpY-meyfp chromosomal
integration (Lane 4). No DNA amplification is seesing genomic DNA from SH1000
(Lanes 2 and 5) or SH10QflsY-gfp(Lane 3). PCR amplification of the whopdsY
gene using primer pair Inward_plsY/3'FW116 resulsa band of 807 bp using
genomic DNA from pMUTINpIsY-eyfp and pMUTIN-plsY-meyfpchromosomally
integrated into the genome of SH1000 and the palr&1000 as templates (Lanes 6-
7).
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4.2.1.4.2 Localisation of PIsY-eYFP
First of all, the localisation of PIsY-eYFP was @stigated to confirm that the fusion

localises the same as PISY-GFP to exclude that edtdPs the properties of PIsY.
Thus, overnight cultures of SH10@GsY-eyfpand SH100(lsY-meyfpvere diluted to
an ODQy=0.05 and grown at 37 °C for 2 h at 250 rpm. 1 amhgles were harvested,
fixed using p-formaldehyde and imaged by fluoreseemicroscopy.

PIsY-GFP and PIsY-eYFP exhibit a similar distrilbatipattern (compare Fig.
4.3B with Fig. 4.7D). Both fusions are localisedanheterogeneous fashion and the
majority of the cells show a septal localisatiorboth fusions in cells during early and
late-cell division stages. The GFP tagged PlsYolusiowever was easier to image due
to a higher fluorescence signal. Furthermore, detetuorescence signals for the PIsY-
eYFP fusion varied between cells whereas fluoreszeof PISY-GFP was more
consistent. PISY fused to the monomeric versioe¥d¥P, meYFP, was not expressed or
fluorescent in the majority of cells (Fig. 4.8). lISethat exhibit a fluorescent signal
however, show a punctate patterned distributiorPlsfy-meYFP along with a septal
localisation. It is not known why the fusion is nexpressed in every cell but the
monomeric property of meYFP has no influence orldbalisation pattern observed for
PIsY-eYFP.

4.2.2 Localisation of other phospholipid synthesisnzymes

4.2.2.1 Genes selected for investigation

It has been shown that PISY is distributed heteregasly and forms a punctate
localisation pattern. The question arises whethiberoenzymes of the phospholipid
synthesis pathway are localised in a similar fastoo even colocalised. In order to
investigate other fusions, enzymes involved in phosipid synthesis (see Fig. 1.5)
were bioinformatically analysed in terms of thegmgtic organisation and topology to

choose suitable candidates for localisation studiab. 4.1).
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Figure 4.7 Localisation of PIsY-eYFP irS. aureusSH1000
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Phase contrast and fluorescence images (convolmdddaconvolved) ofS. aureus
SH1000 plsY-eyfp.Images were acquired using a Delta Vision microsc@nd
SoftWoRx 3.5.0 software (Applied Precision). Acdtins of fluorescence images were
taken using 2.5 sec exposure in the FITC chamkelScale bars represent 3 uB.
Selected cells showing the localisation of PIsY-BYRnd HADA. White arrows
indicate septal localisation. Scale bars repredepm. C, Z-stack images of selected
cells. Scale bars represent 1 piy.Cell counts categorized depending on PIsY-eYFP
localisation and cell-cycle stage indicated by HAD#belling. Value n indicates
counted cells for each group. Red and yellow hadgate septal and blue bars indicate
peripheral PIsY-eYFP localisation. The green cadubar indicates random PISY-

eYFP localisation.
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Figure 4.8 Localisation of PIsY-meYFP irS. aureusSH1000
Phase contrast and fluorescence images (convoludddaconvolved) ofS. aureus
SH1000 plsY-meyfp.Images were acquired using a Delta Vision microscapd
SoftWoRx 3.5.0 software (Applied Precision). Acdtiis of fluorescence images were

taken using 2.5 sec exposure in the FITC channel.
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Table 4.1 Bioinformatic analysis of phospholipid sgthesis enzymes

Gene name GenelD (Staphylococcus aureus Function (protein length in amino
NCTC8325) acids)
and topology Prediction
(http://wlab.ethz.ch/protter/#)
PIsX SAOUHSC_01197 glycerol-3-phosphate acyltransferase
(336)

recG: ATP-dependent DNA helicase
SAOUHSC_01196atty acid biosynthesis transcriptiong
regulator, potentiallfabA

fabD: malonyl CoA-acyl carrier protein transacylase
dabG: 3-oxoacyl-(acyl-carrier-protein) reductase
acpP:acyl carrier protein

rnc: ribonuclease lll

PIsC SAOUHSC_01837

1-acyl-sn-glycerol-3-phosphate
acyltransferase (206)

ptsG Phosphotransferase system IIC components
degQ putative Periplasmic serine protease
SAOUHSC_01839yrosyl-tRNA synthase

mrcB: Membrane carboxypeptidase, Transglycosylase

PgsA SAOUHSC_01260

CDP-diacylglycerol-glycerol-3-phospha
3-phosphatidyltransferase (193)

fabG: 3-ketoacyl-(acyl-carrier-protein) reductase
SAOQOUHSC_0125&ypothetical protein

rodZ Cytoskeletal protein, Helix-turn-helix motif
cinA: competence-damage inducible protein
recA recombinase A

Cls2 | SAOUHSC 02323

major cardiolipin synthase (495)

rodA: rod shape-determining protein RodA
SAOUHSC_02322utative Staphylococcus aureus
copper-sensitive operon repressor (CsoR)
SAOUHSC_02324utative RnaY; HD superfamily
phosphodieaserase
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MprF SAOUHSC_01359 lysylphosphatidyl-glycerol synthetase
(841)

SAOUHSC_0135%redicted PurR-regulated permeasg
PerM

msrAl methionine sulfoxide reductase A

msrR Cps2a, transcriptional regulator

Transmembrane domains were found for proteins PG and MprF but not for PIsC
and PIsX. However, PIsX has been described as abna@e associated protein in
B.subtilis (Takadaet al., 2014). PgsA and MprF are predicted to have cysmpia C-
termini that could be used for protein fusions. Wddally, both proteins together with
PIsC are likely to be monocistronic or the lasteen their operon which makes a C-
terminal fusion using pMUTIN feasible. Although Elsvas not identified as an integral
membrane protein by Protter it was included to ys®alhow an allegedly non-
membrane protein of the same pathway is locali$edrefore, PgsA, MprF and PIsC
were chosen for localisation studies using singlgycchromosomally integrateglyfp
tagged protein fusions under control of their rafwomoters.

Another phospholipid synthesis enzyme, the majodiohpin synthase Cls2,
was chosen to be investigated using a slightlyedsfit approach. The gewts2 was
found to be located within a potential operon idahg a downstream gene that might
be expressed together witls2 Thus, acls2-eyfpfusion was chromosomally integrated
into the lipase gene under control of its nativenpoter in acls2 deficient strain.

The gene encoding for PIsX is likely to be the neddf an operon and was
therefore not considered for localisation studissweell as the phosphatidylserine
decarboxylase Psd since it could not be founderggnome o8. aureusNCTC8325 or
has not been annotated.

4.2.2.2 Construction of single-copy integrative pEmids for phospholipid
synthesis enzyme fusions with eYFP

eYFP was chosen to determine the localisation ospholipid synthesis enzymes since
it has been shown to be useful for STORM studies @ D. Turner, personal
communication) and can be imaged with the filter aeilable for the Delta Vision
deconvolution microscope (Applied precision, GE ltHezare).
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4.2.2.2.1 Construction of a PIsC-eYFP fusion i8. aureus
In order to construct pMUTINMsC-eyfp plsC (5’FW10/3'FW10Q from SH1000

genomic DNA anceyfp (5'FW11/3'FW117)from plasmid pKASBARezrA-eyfpwere
amplified, cloned into th&pnl/Spelsite of pMUTINgfpt+ using Gibson Assembly
(Fig. 4.9) and transformed int6. coli NEB5 . Recombinant plasmids were tested by
restriction digest with EcoRI and Clal resulting5626, 814, 287 and 45 bp fragments.
(Fig. 4.9C) and validated by DNA sequencing (GATGotBch AG, Konstanz,
Germany). The resulting plasmid, pMUTNsC-eyfp,was electroporated into RN4220
and from there transduced into SH1000. Genomigyraten at theplsC locus was
confirmed by PCR amplification of a 906 bp fragmesing one primer that binds at the
beginning ofplsC and one primer within theyfp gene (5’FW10/Outward_eyfp) (Fig.
4.9D). No DNA amplification was seen using SH10Ghgmic DNA as a negative
control template. The whol@lsC gene was amplified with the use of primers
5'FW10/3'FW10 resulting in a 638 bp fragment to ion the PCR and template.

4.2.2.2.2 Construction of a PgsA-eYFP fusion i8. aureus
In order to construct pMUTINtgsA-eyfp pgsA (5'FW16/3'FW16 from SH1000

genomic DNA anceyfp (5'FW17/3'FW117)from plasmid pKASBARezrA-eyfpwere
amplified, cloned into th&pnl/Spelsite of pMUTINgfpt+ using Gibson Assembly
(Fig. 4.10) and transformed inE coli NEB5 . Recombinant plasmids were tested by
restriction digest with Pstl resulting in 3284, P0énd 1452 bp fragments (Fig. 4.10C)
and validated by DNA sequencing (GATC Biotech AGynistanz, Germany). The
resulting plasmid, pMUTIN3gsA-eyfpwas electroporated into RN4220 and from there
transduced into SH1000. Genomic integration apty@Alocus was confirmed by PCR
amplification of a 870 bp fragment using one prirthext binds at the beginning p§sA
and one primer within theyfp gene (5’FW16/Outward_eyfp) (Fig. 4.10D). No DNA
amplification was seen using SH1000 genomic DNAaasegative control template.
The wholepgsAgene was amplified with the use of primers 5’FVBIBW16 resulting

in a 600 bp fragment to confirm the PCR and teneplat
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Figure 4.9 Construction of a chromosomaplsC-eyfpfusion in S. aureusSH1000
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A, Diagram illustrating the construction of pMUTINsC-eyfp B, Schematic overview
of the native genomic region pfsC and post integration of pMUTIIgisC-eyfp Black
arrows indicate primer binding site€, pMUTIN-plIsC-eyfp(Lane 2) and pMUTIN-
gfpt (Lane 1) were digested with Clal and EcoRI anpas&ted by 1 % (w/v) TAE
agarose gel electrophoresis. Bands of 5626, 814, &®l 45 bp, corresponding to
PMUTIN-plsC-eyfp respectively, are marked by black arrows. Barids@a9, 747, 329
and 287 bp correspond to pMUTINp+. D, Verification of pMUTINpIsC-eyfp
integration by PCR using primer pair 5’FW10/Outwaagfp. PCR products were
separated by 1 % (w/v) TAE agarose gel electropgi®eré band of 906 bp, marked by
a black arrow, indicates pMUTINIsC-eyfpchromosomal integration (Lane 1). No
DNA amplification is seen using SH1000 genomic D&ne 2). PCR amplification
of the wholeplsC gene using primer pair 5’FW10/3'FW10 results ibaad of 638 bp,

marked by a black arrow (Lanes 3-4).
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Figure 4.10 Construction of a chromosomabgsA-eyfpfusion in S. aureusSH1000
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A, Diagram illustrating the construction of pMUTpggsA-eyfpB, Schematic overview
of the native genomic region pfisAand post integration of pMUTIgsA-eyfpBlack
arrows indicate primer binding site§, pMUTIN-pgsA-eyfp(Lane 2) and pMUTIN-
gfpt (Lane 1) were digested with Pstl and separated By (w/v) TAE agarose gel
electrophoresis. Bands of 3284, 2000 and 1452 @pesponding to pMUTIN3gsSA-
eyfp respectively, are marked by black arrows. Barfd&l82 and 2000 bp correspond
to pMUTIN-gfpt. D, Verification of pMUTIN-pgsA-eyfpintegration by PCR using
primer pair 5’FWO05/Outward_eyfp. PCR products wseparated by 1 % (w/v) TAE
agarose gel electrophoresis. A band of 870 bp, edatky a black arrow, indicates
PMUTIN-pgsA-eyfpchromosomal integration (Lane 1) . No DNA ampéfion is seen
using SH1000 genomic DNA (Lane 2). PCR amplificatiof the wholepgsA gene
(Lanes 3-4) using primer pair 5’FW05/3'FWO05 resufis band of 600 bp, marked by a

black arrow, indicating the functionality of the RC
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4.2.2.2.3 Construction of an MprF-eYFP fusion irs. aureus
In order to construct pMUTINAprF-eyfp mprF (5’FW14/3'FW14 from SH1000

genomic DNA anceyfp (5’'FW14/3'FW117)from plasmid pKASBARezrA-eyfpwere
amplified, cloned into th&pnl/Spelsite of pMUTINgfp+ using Gibson Assembly
(Fig. 4.11) and transformed inf& coli NEB5 . Recombinant plasmids were tested by
restriction digest with EcoRI and Spel which shoréddult in 6944, 1449 and 287 bp
fragments (Fig. 4.11C) and validated by DNA sequengGATC Biotech AG,
Konstanz, Germany). The resulting plasmid was mlporated into RN4220 and from
there transduced into SH1000. Genomic integratidheamprF locus was confirmed by
PCR amplification of a 2813 bp fragment using onieer that binds at the beginning
of mprF and one primer within theyfpgene (5’FWO01/Outward_eyfp) (Fig. 4.11D). No
DNA was seen using SH1000 genomic DNA as a negatwérol template. The whole
mprF gene was amplified with the use of primers 5’FV8HW14 resulting in a 2543
bp fragment to confirm the PCR and template.

4.2.2.2.4 Construction of a Cls2-eYFP fusion i§. aureus
The gene encoding for the major cardiolipin syntfw@s?2 is likely to be organised in an

operon since its downstream ger@AOUHSC_02324hypothetical protein), begins
immediately after the stop codon o2 (see Tab. 4.1). The use of pMUTIN could
therefore affect the expression®AOUHSC 02324KASBAR is a pCL84 derivative
that is non-replicative in gram positive bactenml antegrates into the lipase gegeh
(Lee et al., 1991) (Kabli, 2013). This integration is facilitdteby site specific
recombination via help of an integrase betweeratd site located within the lipase
gene and arattP site located on pKASBAR (Fig. 4.12B). A promoteregiction
suggests (http://www.fruitfly.org/) that the proraoif cls2 is localised within 100 bp
upstream of the start codon.

Single-copy expression afls2 under its native promoter was achieved via
integration of a pKASBAR plasmid carryirais2 and its promoter into the genome of a
cls2 negative RN4220 strain. Thels2 gene from RN4220 was knocked out by
transduction of a JE2 NARSA transposon libraryist@ntaining a transposon at the
beginning ofcls2 (JE NE258). In order to construct pKASBARr-cls2-eyfp cls2and
its upstream sequenc® EW09/3'FW09 were amplified from SH1000 genomic DNA,
cloned into theBamHI/Asclsite of pKASBARezrA-eyfpusing Gibson Assembly (Fig.
4.12A). This led to the exchange edrAby cls2 and its promoter in frame witkyfp
The resulting plasmid was transformed i&tocoli NEB5S . Recombinant plasmids were
tested by restriction digest with EcoRlI resultimg6347 and 1357 bp fragments (Fig.
4.12E) and validated by DNA sequencing (GATC Bibté&G, Konstanz, Germany).

The resulting plasmid, pKASBARys-cls2-eyfp, was electroporated into RN4220
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expressing an integrase from plasmid pYL112 and from there transduced into
RN4220 cls2::Tn The loss of lipase activity was tested on Baiadkier agar
supplemented with egg yolk (Fig. 4.12D). The preseof a chromosomatls2-eyfp
fusion was confirmed by PCR amplification of a 1831 fragment using one primer
that binds at the beginning o€ls2 and one primer within theeyfp gene
(5’FW08/Outward_eyfp) (Fig. 4.12F). No DNA ampliiton was seen using SH1000
genomic DNA as a negative control template. Theckraut of the originatls2 gene
via transposon insertion was also confirmed by P&&Rording to the NARSA library
information (http://appl. unmc.edu/fgx/index.htnthe transposon inserted in reverse
into cls2 (Fig. 4.12C). Based on this, transposon integratras tested twice using two
primer combinations (5’FW08/Upstream and BusteN3(8, see Fig. 4.10C for primer
binding sites) that should result in approximatebp0 bp (5’FW08/Upstream) and 600
bp (Buster/3’'FWO08) fragments whereas no DNA was ldiag using SH1000 genomic
DNA as a template (Fig. 4.12F).

4.2.2.3 Localisation studies of phospholipid syntlsés enzyme fusions with

eyfp

The constructed strains expressaydpfusions of phospholipid synthesis enzymes were
used for localisation studies by fluorescence nsicopy. Hence, overnight cultures
were diluted to an O§0=0.05 and grown at 37 °C for 2 h at 250 rpm. 1 arhgles
were harvested, fixed using p-formaldehyde and eddyy fluorescence microscopy.

The phospholipid synthesis enzyme fusions, PIsCReYPgsA-eYFP, MprF-
eYFP and Cls2-eYFP, were found to localise in acfate pattern and at the septum in
cells undergoing cell division (Fig. 4.13 - 4.1&)l fusions except for PgsA-eYFP
showed a punctate distribution at the septum aleitly peripherally localised fusions.
Fluorescence levels of PgsA-eYFP were lower contperdéhe other fusions and thus,
the fusion protein appears to only localise at septum in cells undergoing cell-
division.

Interestingly, the analysis of Cls2-eYFP localisatby comparing eYFP fluorescence
with HADA signals throughout the Z-stack revealattiCls2-eYFP appears to be
localised at the base of the septum during ceistim (Fig. 4.16C). This potentially
indicates that Cls2-eYFP localises to the siteighést membrane curvature within the
cell during cell-division.

In summary, all proteins involved in phospholipighthesis were found not to
distribute homogeneously throughout the membranetdbe localised in a punctate
pattern and to display septal localisation in dividcells. However, at this stage more
experiments are required to conclude whether thesteins are colocalised.
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Figure 4.11 Construction of a chromosomamprF-eyfpfusion in S. aureusSH1000
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A, Diagram illustrating the construction of pMUTINprF-eyfp. B, Schematic
overview of the native genomic regionraprF and post integration of pMUTINprF-
eyfp Black arrows indicate primer binding sit€s. pMUTIN-mprF-eyfp(Lane 1) and
PMUTIN-gfp+ (Lane 2) were digested with Spel/EcoRI and sdpdray 1 % (w/v)
TAE agarose gel electrophoresis. Bands of 6944144@ (and 287 bp), corresponding
to pMUTIN-mprF-eyfp respectively, are marked by black arrows. Barfd4849 and
1076 (and 287 and 10 bp) correspond to pMUgfp-. D, Verification of pMUTIN-
mprF-eyfpintegration by PCR using primer pair 5’FW01/Outdiaeyfp. PCR products
were separated by 1 % (w/v) TAE agarose gel elpbtesis. A band of 2813 bp,
marked by a black arrow, indicates pMUTihprF-eyfpchromosomal integration (Lane
2). No DNA amplification is seen using SH1000 geror®NA (Lane 1). PCR
amplification of the wholanprF gene (Lanes 3-4) using primer pair 5’FW01/3'FW14
results in a band of 2543 bp, marked by a blackvarr
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Figure 4.12 Construction of a chromosomatls2-eyfpfusion in S. aureusRN4220
cls2::Tn

A, Diagram illustrating the construction of pKASBARr-cCls2-eyfp.B, Schematic
overview of the native genomic region gghand post integration of pKASBAR s>
cls2-eyfp Black arrows indicate primer binding sitgS, Schematic overview of the
native genomic region afls2 and transposon integration site. Black arrows eigic
primer binding sitesD, Lipase activity test. RN4220 and RN42862::Tn geh::cls2-
eyfp growth on Baird-Parker agar supplemented with egtk.yThe halo around
RN4220 colonies indicates lipase activiy, pKASBAR-Ps-cls2-eyfp(Lane 2) and
pKASBAR-ezrA-eyfp(Lane 1) were digested with EcoRI and separated By (w/v)
TAE agarose gel electrophoresis. Bands of 6347 HB&l7 bp, corresponding to
pKASBAR-P.sCls2-eyfp(Lane 2), respectively, are marked by black arrofvéand
of 7995 bp corresponds to linearized pKASBARA-eyfp(Lane 1).F, Verification of
pKASBAR-P.s-Cls2-eyfp integration by PCR amplification using primer pair
5'FWO08/Outward_eyfp. PCR products were separated By (w/v) TAE agarose gel
electrophoresis. A band of 1831 bp, marked by akbkrow, indicates pKASBAR-
Pusz-cls2-eyfpchromosomal integration (Lanes 2-3). No DNA anigdifion is seen
using SH1000 genomic DNA (Lane 1). Verification afls2::Tnby PCR amplification
using primer pair 5’FW08/Upstream and Buster/3’F\WB8nds of approximately 1500
bp (Lanes 5-6) and 600 bp (Lanes 8-9), respectivelrked by black arrows, indicate
transposon integration intds2. No DNA amplification is seen for both primer pairs
using SH1000 genomic DNA (Lanes 4 and 7).
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4.2.2.3.1 Localisation of PIsC-eYFP

Figure 4.13 Localisation of PIsC-eYFP irs. aureusSH1000
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Phase contrast and fluorescence images (convolmdddaconvolved) ofS. aureus
SH1000 plsC-eyfp. Images were acquired using a Delta Vision microsc@md
SoftWoRx 3.5.0 software (Applied Precision). Acdtins of fluorescence images were
taken using 2.5 sec exposure in the FITC channel lasec exposure in the DAPI
channel.A, Scale bars represent 3 uB,. Selected cells showing the localisation of
PIsC-eYFP and HADA. The white arrows indicate skepomalisation. Scale bars
represent 1 unC, Z-stack images of selected cells. Scale baresept 1 umD, Cell
counts categorized depending on PIsC-eYFP localisand cell-cycle stage indicated
by HADA labelling. Value n indicates counted ceits each group. Red and yellow
bars indicate septal and blue bars indicate pergbfdsC-eYFP localisation. The green

coloured bar indicates random PIsC-eYFP localisatio
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4.2.2.3.2 Localisation of PgsA-eYFP

Figure 4.14 Localisation of PgsA-eYFP irs. aureusSH1000
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Phase contrast and fluorescence images (convolmdddaconvolved) ofS. aureus
SH1000 pgsA-eyfp.Images were acquired using a Delta Vision microscemd
SoftWoRx 3.5.0 software (Applied Precision). Acdtins of fluorescence images were
taken using 2.5 sec exposure in the FITC channel lasec exposure in the DAPI
channel.A, Scale bars represent 3 uBy. Selected cells showing the localisation of
PgsA-eYFP and HADA. The white arrows indicate skepdaalisation. Scale bars
represent 1 unC, Z-stack images of selected cells. Scale bars reptdsum.D, Cell
counts categorized depending on PgsA-eYFP localisaind cell-cycle stage indicated
by HADA labelling. Value n indicates counted ceits each group. Red and yellow
bars indicate septal and blue bars indicate pergblirgsA-eYFP localisation. The green
coloured bar indicates random PgsA-eYFP localisatio
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4.2.2.3.3 Localisation of MprF-eYFP

Figure 4.15 Localisation of MprF-eYFP inS. aureusSH1000
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Phase contrast and fluorescence images (convolmdddaconvolved) ofS. aureus
SH1000 mprF-eyfp. Images were acquired using a Delta Vision microscend
SoftWoRx 3.5.0 software (Applied Precision). Acdtins of fluorescence images were
taken using 2.5 sec exposure in the FITC chamkeBcale bars represent 3 uB.
Selected cells showing the localisation of MprF-YFhe white arrows indicate septal
localisation. Scale bars represent 1 @nZ-stack images of selected cells. Scale bars
represent 1 punD, Cell counts categorized depending on MprF-eYFRfllsation and
cell-cycle stage indicated by HADA labelling. Valnendicates counted cells for each
group. Red and yellow bars indicate septal and blas indicate peripheral MprF-

eYFP localisation. The green coloured bar indiceaeslom MprF-eYFP localisation.
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4.2.2.3.4 Localisation of Cls2-eYFP

Figure 4.16 Localisation of Cls2-eYFP irs. aureusRN4220
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Phase contrast and fluorescence images (convolmdddaconvolved) ofS. aureus
RN4220 geh::P,sycls2-eyfp cls2. Images were acquired using a Delta Vision
microscope and SoftWoRx 3.5.0 software (Applied cRien). Acquisition of
fluorescence images were taken using 2.5 sec espasuhe FITC channel, Scale
bars represent 3 urB, Selected cells showing the localisation of CISER. The white
arrow indicates septal localisation. Scale barsesgnt 1 umC, Selected cells at the
upper and lower Z-level of the cells showing thealsation of Cls2-eYFP. Scale bars
represent 1 unD, Z-stack images of selected cells. Scale baresept 1 umE, Cell
counts categorized depending on Cls2-eYFP localisand cell-cycle stage indicated
by HADA labelling. Value n indicates counted ceits each group. Red and yellow
bars indicate septal and blue bars indicate pemghlidis2-eYFP localisation. The green

coloured bar indicates random Cls2-eYFP localisatio
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4.2.2.4 Localisation studies of non-phospholipid syhesis proteins

The previous localisation studies were focused mzymes involved in phospholipid
synthesis and revealed that all of them show a lainpunctate heterogeneous
distribution. This raises several questions whether localisation pattern is unique to
phospholipid synthesis enzymes and how membrarteipsofrom unrelated pathways
are distributed.

4.2.2.5 Cytochrome B subunit (CydB)

CydB is a subunit of cytochrome BD, a quinol oxielductase, one of two terminal
oxidases inS. aureus Its main function is the production of a protorotive force
through a transfer of protons during respiratiarhds been shown previously that a C-
terminal CydB-GFP fusion ifE. coli is functional and localises in mobile membrane
patches within the plasma membrane (Lehal.,2008b). These mobile patches could
coincide with the punctate localisation patternhaf analysed staphylococcal membrane

proteins.

4.2.2.5.1 Construction of a CydB-eYFP fusion is. aureus
PMUTIN-cydB-eyfp was constructed by amplification of, genesydB

(5’FW21/3'FW2]) from SH1000 genomic DNA andyfp (5'FW22/3'FW117) from
plasmid pKASBARezrA-eyfp were amplified, cloned into th&pnl/Spel site of
pPMUTIN-gfpt+ using Gibson Assembly (Fig. 4.17) and transforiméalE. coli NEB5 .
Recombinant plasmids were tested by restrictioestigvith Pstl which should result in
6944, 1449 and 287 bp fragments (Fig. 4.17C). Heweweither the digest of
pMUTIN-gfp+ which should result in DNA fragments of 5394, & 190 bmor of
pPMUTIN-cydB-eyfpresulted in the expected digestion pattern. Thghtbe explained
due to star activity of Pstl or that the plasmidjgsnce of pMUTINgfp+ used for
analysis is incorrect. Sequencing showed that tiseri is correct and harbours no
mutations. The resulting plasmid, pMUT iBy<dB-eyfpwas electroporated into RN4220
and from there transduced into SH1000. Genomiqyiate®n at thecydB locus was
confirmed by PCR amplification of a 1311 bp fragmesing one primer that binds at
the beginning oftydB and one primer within theyfp gene (5’'FW21/Outward_eyfp)
(Fig. 4.17D). No DNA amplification was seen usingll®00 genomic DNA as a
negative control template. The whalgdB gene was amplified with the use of primers
5'FW21/3'FW21 resulting in a 1040 bp fragment caming the PCR and template.
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4.2.2.5.2 Localisation of CydB-eYFP
In order to study the localisation of CydB-eYFP Sn aureusSH1000, an overnight

culture was diluted to an QE=0.05 and grown at 37 °C to an @p 0.5. Cells were
labelled with 5 pl HADA (100 mM stock solution) PBS for 5 min and subsequently
washed with PBS followed by fixing with para-forrdahyde before analysis by
fluorescence microscopy.

CydB-eYFP distributes non-homogeneously in the nrambd (Fig. 4.18).
Fluorescence can be seen in punctate patches atoerzkll periphery but not at the
cell-division site (Fig. 4.18BD). This is confirmdxy cell counts showing that CydB-
eYFP is only septally localised in around 20-30 #cells undergoing cell-division.
These counts however, could be miscategorisedaltleetlimited resolution that could
lead to an apparent septal localisation. Notalbig, ftuorescence levels between cells
differed and could be explained that the fusiomas expressed in every single cell at

the same level.
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Figure 4.17 Construction of a chromosomatydB-eyfpfusion in S. aureusSH1000
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A, Diagram illustrating the construction of pMUTIN«dB-eyfpB, Schematic overview
of the native genomic region oydBand post integration of pMUTINydB-eyfp Black
arrows indicate primer binding site§, pMUTIN-cydB-eyfp(Lane 2) and pMUTIN-
gfpt (Lane 1) were digested with Pstl and separated By (w/v) TAE agarose gel
electrophoresis. Bands of 6388 bp and 394 bp, sporaling to pMUTINeydB-eyfp
respectively, are marked by black arrows. BandS3®4 bp and 608 bp (and 190 bp)
correspond to pMUTINyfpt+. D, Verification of pMUTIN-cydB-eyfpintegration by
PCR using primer pair 5’FW21/Outward_eyfp. PCR picid were separated by 1 %
(w/v) TAE agarose gel electrophoresis. A band df11Bp, marked by a black arrow,
indicates pMUTINeydB-eyfp chromosomal integration (Lane 3). No DNA
amplification is seen using genomic DNA from SH1@Déne 4). PCR amplification of
the wholecydB gene using primer pair 5’FW21/3'FW21 results ivand of 1040 bp
(Lanes 1-2), marked by a black arrow, indicating filmctionality of the PCR.
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Figure 4.18 Localisation of CydB-eYFP irS. aureusSH1000
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Phase contrast and fluorescence images (convolmdddaconvolved) ofS. aureus
SH1000 cydB-eyfp.Images were acquired using a Delta Vision microscand
SoftWoRx 3.5.0 software (Applied Precision). Acdtins of fluorescence images were
taken using 2.5 sec exposure in the FITC chamkelScale bars represent 3 uB.
Selected cells showing the localisation of CydB-BYdhd HADA. Scale bars represent
1 um.C, Z-stack images of selected cells. Scale baresept 1 umD, Cell counts
categorized depending on CydB-eYFP localisation eslttcycle stage indicated by
HADA labelling. n indicates counted cells for eagoup. Red and yellow bars indicate
septal and blue bars indicate peripheral CydB-e¥YdeRlisation. The green coloured

bar indicates random CydB-eYFP localisation.
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4.2.2.6 Flotillin

The first evidence for the existence of lipid raits S. aureushas been published
recently (Lopez & Kolter, 2010). Lopes al., showed that the bacterial homologue of
Flotillin-1 (FloT) a lipid raft marker in eukarydde localises at a single spot in the
membrane ofS. aureus(Fig. 4.19) (Lopez & Kolter, 2010). This localisati is
dependent on the cholesterol precursor squaleris @Eated with zaragozic acid, an
inhibitor of the squalene synthase, exhibit a lokEIoT localisation which eventually
leads to its degradation. In order to allow conmgariof FIoT localisation to PIsY, the

localisation of FIoT was investigated followed byaagozic acid assay.

Figure 4.19 Localisation of FloT-eYFP inS. aureusUAMS-1
Image is taken from (Lopez & Kolter, 2010).

4.2.2.6.1 Construction of a FloT-eYFP fusion ii%. aureus
pPMUTIN-floT-eyfpwas constructed by amplification of, geriked (5’FW19/3'FW19

from SH1000 genomic DNA aneyfp (5’'FW20/3'FW117 from plasmid pKASBAR-
ezrA-eyfpwere amplified, cloned into tHepnl/Spelsite of pMUTIN-gfp+ using Gibson
Assembly (Fig. 4.20) and transformed iffocoli NEB5 . Recombinant plasmids were
tested by restriction digest with Pacl and Bamtsuteng in 3435, 2926, 619 and 167
bp fragments (Fig. 4.20C) and further validatedldyA sequencing (GATC Biotech
AG, Konstanz, Germany). The resulting plasmid, pNNFloT-eyfp, was
electroporated into RN4220 and from there transducgo SH1000. Genomic
integration at théloT locus was confirmed by PCR amplification of a 12®1fragment
using one primer that binds at the beginninf@f and one primer within theyfpgene
(5’FW21/Outward_eyfp) (Fig. 4.20D). No DNA ampliiton was seen using SH1000
genomic DNA as a negative control template. Thele’HoT gene was amplified with
the use of primers 5’FW19/3'FW19 resulting in a 10dp fragment confirming the
PCR and template.
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4.2.2.6.2 Localisation of FloT-eYFP
In order to study the localisation of FloT-eYFP $n aureusSH1000, an overnight

culture was diluted to an QE=0.05 and grown at 37 °C to an @p 0.5. Cells were
harvested, washed with PBS followed by fixing withra-formaldehyde and analysed
by fluorescence microscopy.

As reported previously, FloT-eYFP is expected tecalse in a single patch in
the membrane (Lopez & Kolter, 2010). Converselg, rtijority of cells were found to
show a heterogeneous punctate distribution (FRLAB) similar to the ones observed
for phospholipid synthesis enzymes (Fig. 4.7 and #i13 - Fig. 4.16).

To determine if the integration of pMUTIN affectetie localisation, the
multicopy lacl expressing plasmid pGL485 was transduced to SHI@OGeyfp to
create strain SH100foT-eyfp+ pGL485. pMUTIN integration results in the origina
untaggedfloT gene under control of the IPTG inducible promoRspac It also
expresses one copy lafcl, the repressor d?Pspac This could potentially constitute an
issue since one copy might not be enough to tigleflyess the expression of untagged
floT and it could thereby affect the localisation ad HeYFP.

The expression of the original gene upon IPTG &ldibor a tighter regulation
through pGL485 alters the localisation of FloT-eYHRerring that the original gene
does not affect the localisation of FloT-eYFP (Fd2). Yet it may be possible that the
integration of pMUTIN affects the downstream ger@AQUHSC 01675, putative
DNA translocase) and that it is linked ftoT localisation. However, it seems unlikely
that a helicase is involved in the localisatioraahembrane protein. On the other hand,
the localisation of FloT-eYFP that has been puklishecently might be an artefact due
to overexpression (Lopez & Kolter, 2010). The pagees not state clearly whether a

single-copy expression or overexpressiofi@f-eyfpwas applied for the study.
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Figure 4.20 Construction of a chromosomalfloT-eyfp fusion in S. aureusSH1000
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A, Diagram illustrating the construction of pMUTIidT-eyfp B, Schematic overview
of the native genomic region @bT and post integration of pMUTHoT-eyfp.Black
arrows indicate primer binding siteS, pMUTIN-floT-eyfp(Lanes 2-4) and pMUTIN-
gfpt (Lane 1) were digested with Pacl and BamHI arphssted by 1 % (w/v) TAE
agarose gel electrophoresis. Bands of 3435, 29P%,afd 167 bp, corresponding to
PMUTIN-floT-eyfp(Lane 2), respectively, are marked by black arrddamds of 343,
1599, 991 and 167 bp correspond to pMUTh+ (Lane 1).D, Verification of
PMUTIN-floT-eyfpintegration by PCR using primer pair 5’FW19/Outd/aeyfp. PCR
products were separated by 1 % (w/v) TAE agarotelgetrophoresis. A band of 1281
bp, marked by a black arrow, indicates pMUTINT-eyfp chromosomal integration
(Lane 3). No DNA amplification is seen using genomNA from SH1000 (Lane 4).
PCR amplification of the whol#oT gene using primer pair 5’FW19/3'FW19 results in
a band of 1011 bp ) (Lanes 1-2).
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Figure 4.21 Localisation of FloT-eYFP inS. aureusSH1000
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Phase contrast and fluorescence images (convolmdddaconvolved) ofS. aureus
SH1000 floT-eyfp. Images were acquired using a Delta Vision microsc@md
SoftWoRx 3.5.0 software (Applied Precision). Acdtins of fluorescence images were
taken using 1.5 sec exposure in the FITC chamkelScale bars represent 3 uB.
Selected cells showing the localisation of FloT-&Yahd HADA. Scale bars represent 1
pum. C, Z-stack images of selected cells. Scale barsesept 1 umD, Cell counts
categorized depending on FloT-eYFP localisation aalicycle stage indicated by
HADA labelling. n indicates counted cells for eagoup. Red and yellow bars indicate
septal and blue bars indicate peripheral periphei@r-eYFP localisation. The green

coloured bar indicates random FloT-eYFP localisatio
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Figure 4.22 Localisation of FloT-eYFP inS. aureusSH1000
Phase contrast and fluorescence images (convolmdddaconvolved) ofS. aureus
SH1000floT-eyfp+ pGL485 grown in the presence of no (left) or 1 MM G (right)
Images were acquired using a Delta Vision microscapd SoftWoRx 3.5.0 software
(Applied Precision). Acquisition of fluorescence ages were taken using 1.5 sec

exposure in the FITC channel. Scale bars repré&sgn.
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4.2.2.7 Secretion ATPase (SecY)

SecY is part of the bacterial Sec secretion machineis composed of three integral
membrane proteins, SecYEG, that form a channel ghieen by the peripheral
cytoplasmic ATPase SecA (Wicknet al, 1991, Driesseret al, 2001). It has been
shown previously that SecY is homogeneously disteitd inB. subtilis(Matsumotoet
al., 2015) and was therefore chosen for localisattadiss inS. aureugo compare its

localisation pattern with PIsY.

4.2.2.7.1 Construction of a SecY-GFP fusion i8. aureus
Construction of pMUTIN-secY-gfp was carried out dggath Kasturiarachchi (Garcia-

Lara et al., 2015) by replacingplsY with secY from pMUTIN-plsY-gfp secY was
amplified from SH1000 template DNA.

4.2.2.7.2 Localisation of SecY-GFP
In order to study the localisation of SecY-GFP3n aureusSH1000, an overnight

culture was diluted to an QR=0.05 and grown at 37 °C to an @p 0.5. Cells were
harvested, washed with PBS followed by fixing withra-formaldehyde and analysed
by fluorescence microscopy.

SecY-GFP appears to be localised homogeneouslyighout the membrane
(Fig. 4.23AB). 60-70 % of the cells exhibit homogens distribution of SecY-GFP and
additionally, SecY-GFP barely localises at the -dellsion site (Fig. 4.23). It is
therefore the first investigated membrane proteithis study showing a non-punctate
localisation pattern. This observation has to leated cautiously though. Due to the
light diffraction limit it is not possible from tise images to conclude whether proteins
are distributed homogeneously or in a punctateepatof more and smaller ‘dots’.
Therefore it is inevitably possible that SecY isrem@bundant than PISY and thus
appears to be localised homogeneously. Dose-depeerdperiments with PISY-GFP
expression (Fig. 4.4AB) gave the first evidencd tha concentration of proteins affect
their localisation which might also be the case $ecY-GFP. It has to be noted that
SecY-GFP distribution is not perfectly homogeneand some dot-like distribution can
be seen. Nevertheless, its localisation is didtirdifferent from the other investigated

membrane proteins.
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Figure 4.23 Localisation of SecY-GFP irs. aureusSH1000
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Phase contrast and fluorescence images (convolmdddaconvolved) ofS. aureus
SH1000 secY-gfp.Images were acquired using a Delta Vision microsc@md
SoftWoRx 3.5.0 software (Applied Precision). Acdtins of fluorescence images were
taken using 2 sec exposure in the FITC chanfAgelScale bars represent 3 uB.
Selected cells showing the localisation of SecY-@REB HADA. Scale bars represent 1
pum. C, Z-stack images of selected cells. Scale barsesept 1 umD, Cell counts
categorized depending on SecY-GFP localisation eglticycle stage indicated by
HADA labelling. n indicates counted cells for eagoup. Red and yellow bars indicate
septal and blue bars indicate peripheral SecY-GdRlikation. Black framed bars
indicate a homogeneous distribution of SecY-GFRe §reen coloured bar indicates
random SecY-GFP localisation.
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4.2.3 Homogeneity Distribution measurements
To calculate whether SecY-GFP is less heterogeheaistributed in the membrane
compared to PISsY-GFP, a new measurement was irteadio analyse the variation of
fluorescence signal within the membrane. First, gbkar transformer plug-in for Fiji-
ImageJ was employed to convert images to polar duoates where the y-value
represents the angle and the x-value stands fatistence from the centre of the image
(https://imagej.nih.gov/ij/plugins/polar-transforntgml). An intensity profile of this
image was then created and plotted. The intensityeg were used to calculate the
standard deviation as an indicator for heteroggndihe standard deviation is both
influenced by the variation of fluorescence as \aslthe intensity. To remove the latter
effect, the coefficient of variation (CV) was cdiied as follows:

CV-factor = STDEV/Mean intensity value x 100
An example using the logo of the Sheffield Unitedtball club is given in Figure 4.24.
A high CV indicates a more heterogeneous distributf fluorescence signal, while
low values indicate a more homogeneous distribut8ince cytoplasmic signals affect
the CV (see the two swords and the rose in Figd)4l2e measurements were further
optimised by removing the cytoplasm. This was penfed by deleting approximately
20 % of the cell volume from the cell centre. Hoee\this procedure was not carried
out for deconvolved images since deconvolutionaglyereduces cytoplasmic signals.

The CV measurement was performed using fluorescemages (convolved and
deconvolved) of PIsY-GFP and SecY-GFP in SH1000a A&sntrol for a homogeneous
distribution of fluorescence, fluorescence imagésytoplasmic GFP in RN4220 +
pWhiteWalkerl ¢fp andmCherryexpression) was analysed.

SH1000 plsY-gfp cells exhibit a CV factor of 18.2 (convolved) ani®.3
(deconvolved) while the CV-factor of SH100€ecY-gfpcells was found to be
significantly lower at 12.2 (convolved) and 11.&¢dnvolved) (p = 0.0130 between
convolved images and p = 0.0014 between deconvaimedes). Thus, SecY-GFP is
more homogeneously distributed in the membrane eoedpto PIsY-GFP. Cytoplasmic
GFP was found to be distributed more homogeneabsly SecY-GFP and PIsY-GFP
as CV values were 8.7 (convolved) and 8.1 (decama))!

Moreover, deconvolution does not significantly altee CV-factor (p>0.69 for

all analysed groups).
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Figure 4.24 Example for the calculation of the coétient of variation factor
The logo of Sheffield United withA) or without B) the inner part as a representative
of the bacterial cytoplasm, was converted to potardinates. These were then used to
plot an intensity profile and calculate the coeét of variation (CV).
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Figure 4.25 CV factor calculation for PIsY-GFP andSecY-GFP inS. aureus
A, Convolved and deconvolved images of SH1pRY-gfpandSH1000 secY-gfwere
converted into polar coordinates (bars atop of plaffiles) and their intensity profile
was plotted. The CV-factor indicates the heteroggna fluorescence signal and is
calculated based on the intensity values derivenh fthe polar coordinate image. The
cytoplasm was removed by deleting approximately%2®f the cell volume starting
from the cell centreB, The CV-factor for 10 cells using convolved andate/olved
images of SH100(lsY-gfpand SH1000secY-gfpwere calculated. Additionally, a
control using cytoplasmic GFP from strain RN4220pWhiteWalker 1 ¢fp and
mCherryexpression) was employed. P-values were calculasety a two-tailed two-
sample equal variance ttest. No significance wasdobetween SecY-GFP and
cytoplasmic GFP. Asterisks indicate the followingvalues: *. p<0.05; **
0.01<p<0.05; ***: p<0.01.
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4.2.4 Colocalisation studies of membrane proteins

The previous experiments showed that membrane ipsoteave a tendency to be
organised in a punctate non-uniform pattern. Comsetly, the next step is to study the
localisation of several membrane proteins in thenesacell. Evidently, a second
fluorophore is required to carry out colocalisatsindies.

GFP is an excellent fluorophore in terms of foldargorightness but it cannot be
used in combination with eYFP due to their oveddgxcitation/emission spectra (Fig.
4.26). This puts the blue and red light spectruto fimcus. eCFP and mCherry are
commonly used in localisation studies. However, R@khibits a clear deficiency in its
properties. The Excitation/Emission of CFP lieshivitthe auto fluorescence range of
bacterial cells and possesses a low brightnesshwalkc together makes it a bad
fluorophore  especially for the study of low abuncan proteins.
(http://nic.ucsf.edu/dokuwiki/doku.php?id=fluoreste proteins). Additionally, both its
excitation and emission spectra overlap with thia@BP. At the other end of the range,
‘red’ proteins suffer from long maturation timesdalow brightness levels making it
difficult to choose an appropriate protein. mCheand mRFPmars1l have both been
used before for localisation studiesSnaureugFischeret al, 2004, Brzoska & Firth,
2013), and offer non-overlapping spectra with GERspite their low brightness
properties, mCherry and mRFPmarsl were chosen deocalisation studies in
combination with GFP simply because of a lack aidyalternatives.

A similar approach than the previously shown sirggipy tagged genes was
used in order to construct mCherry or mRFPmarshe@gproteins. pAISHL is a
PMUTIN derivative that contains a tetracycline stance marker instead of a
erythromycin resistance marker (Aish, 2003) makhgapplication of both plasmids in
concert possible. Unfortunately, single-copy exgi@s of PlsY-mCherry, PgsA-
mRFPmarsl, CdsA-mCherry and CdsA-mRFPmarsl, did wyietd sufficient
fluorescence signals (not shown)(construction ddsplids can be found in the
Appendix: Section 9.1.1 - 9.1.4). Most cells eithet not express the fusions, showed
severe growth defects or only a small subset d§ eelpress the fusions (not shown).
This could be explained by slow folding of mCherapd mRFPmarsl or low

fluorescence signal.
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Table 4.2 Fluorescence properties of selected flugscent proteins

Protein ex em EC QY | Brightness | Aggregation Relative Notes
brightness to
eGFP[%)]
eCFP 433| 475 32500 0.4 13.0 Monomer 39
superfolder | 485 | 510 83300 0.65 54.1 Monomer 160 Fast folding,
GFP highly stable
mNeonGree| 506 | 517 | 116000 0.8Q 92.8 Monomer 276
n
eGFP 488| 507 56000 0.6 33.6 Monomer 100
eYFP 513| 527 83400 0.61 50.9 Monomer 151
Citrine 516 | 529 77000 0.76 58.5 Monomer 174
mKO 548 | 559 51600 0.6 31.0 Monomer 92
mOrange 548| 562 7100Q 0.6 49.0 Monomer 146 ~2.5 hr
maturation
time
mCherry 587| 610 72000 0.22 15.8 Monomer 47 ~15 min
maturation
time
mRFP Monomer 37 ~15 min
584 607 50,000 0.25 maturation
time
tdTomato 554| 581 138000 0.6 95.2 Monomer 283 ~1 hr
maturation
time

ex. EXcitation wavelength, ., Emission wavelength, EC: The extinction coefintie

determines the amount of absorbed light. QY: Thantun vyield describes the

efficiency of molecules to convert absorbed photiots emitted photons. This table is

adapted from

the following websites:

http://www.microscopyu.com/articles/livecellimagifigntro.html
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4.2.4.1 Colocalisation studies using overexpressipiasmids

In order to measure the protein-interaction betweanous membrane proteins and
PIsY, overexpression plasmids exprestgy -gfptogether with a membrane protein of
interest translationally fused tenCherry were constructed. Plasmid construction,
bioinformatic analyses and function of selected fmeme proteins are described in
Section 5.2.3.

Protein-interaction plasmids were also used to stigate the localisation of
PIsY together with other membrane proteins eitledated to phospholipid synthesis
such as CdsA or PgsA or proteins of other metalpsbhcesses that are expected not to
be colocalised with PISY (Tab. 4.3). These incldde formerly described respiratory
protein CydB, the secretion ATPase SecY, the phalayline transporter PheP, the
mechanosensitive channel MscL and the lipoprotgnas peptidase LspA (Tab. 4.3).
Furthermore, localisation of PISsY was compared whtdt of MreD which was reported
to interact with PISY in a bacterial-two-hybrid aggGarcia-Larat al.,2015).

These plasmids were used to overcome the issuesiieced for single-copy
expression of mCherry-membrane protein fusionsaralyse the localisation of PIsY-
GFP compared to other membrane proteins of interest

RN4220 strains containing the plasmids pWhiteWdk@nreD), 4 (cdsA, 7
(cydB), 8 (pgsA, 11 pheB, 12 secY, 13 (nscl) or 17 (spA were precultured from an
overnight culture to an Qg of 0.05 and grown for 2 h at 37°C supplementedh v

M IPTG to an Oy 0.7-0.9. 1 ml samples were taken, fixed and prepdoe
fluorescence microscopy.

All fusions, bothplsY-gfpand the membrane proteins fusedrt@herry were
expressed at high levels since short exposure tifés sec (FITC), 1 sec (RFP))
compared to 2.5 sec for single-copisY-gfp expression were sufficient for their
visualisation. Although with less clarity, punctgiatterns can still be seen for PISY-
GFP and the other fusions. Fig. 4.27 shows thesalisation and arrows indicate
whether proteins appear to be colocalised (whitewas) or non-colocalised (red
arrows). This analysis reveals several interestivgervations.

First of all, using PIsY-GFP as an indicator fotls¢hat are undergoing cell-
division (Fig. 4.28), MreD and CdsA almost alwagsdlise at the septum of cells in
early and late cell-division stage. PgsA and Lsp@ septally colocalised during late
cell-division. Membrane proteins CydB, PheP andenammspicuously SecY and MscL,

do not exhibit septal colocalisation with PIsY-GiRRhe majority of cells (Fig. 4.28).
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Figure 4.26 Excitation an emission spectra of seled fluorescent proteins
compared to GFP
Excitation and emission spectra of CFP and eYFPpeoed to GFP (upper panel) and
mCherry and mRFP1 compared to GFP (lower panel).staids for the transmission

efficiency indicating the proportion of light exicig the fluorophore and light emission.

Table 4.3 Selected proteins used for colocalisati@tudies with PIsY-GFP

Protein name Function

CDP-diacylglycerol synthase, catalyses the conwersf

CdsA phosphatidic acid to CDP-diacylglycerol (Garciad.at al.,
2015)
PgsA Phosphatidylglycerol synthase (Garcia-ledral.,2015)
MreD Cytoskeletal protein, potentially involved in treedlisation of
phospholipid synthesis enzymes (Garcia-Letral.,2015)
CydB Respiration
(4.2.2.5 Cytochrome B subunit (CydB))
SecY ATPase, drives secretion of the Sec system

(4.2.2.7 Secretion ATPase (SecY))

PheP Phenyl-alanine transporter (Horsbegal, 2004)

MscL Large-conductance mechanosensitive channel, peessansor
(Haswellet al, 2011)

Lipoprotein signal peptidase, lipoprotein proceggifjalsmaet

LspA al., 1999)
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Figure 4.27 Localisation of PIsY-GFP and various nmabrane proteins
fused to mCherry in S. aureusSH1000

Phase contrast and fluorescence images (convolmdddaconvolved) ofS. aureus
RN4220plsY-gfpand various proteins fused to mCherry. Images \@eqeiired using a
Delta Vision microscope and SoftWoRx 3.5.0 softw@pplied Precision). Acquisition
of fluorescence images were taken using 0.7 seasexp in the FITC channel and 1 sec
exposure in the RFP channdé-H, White arrows indicate matching fluorescence
signals in FITC and RFP channel. Red arrows indicatismatching punctate

fluorescence signals. Scale bars represent 1 pum.
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The colocalisation of punctate fluorescence sigizasore common for PIsY-GFP with
MreD, CdsA, PgsA and LspA (see white and red arraw&ig. 4.27ABDH) and a
mixture of matching and non-matching punctate dgyisseen for CydB, PheP, SecY
and MscL (Fig. 4.27CEFG). To quantify this obseiomata pixel-by-pixel analysis was
applied using Fiji ImageJ.

This analysis was carried out for strains expregsgigY -gfptogether with MreD
(PWW3), CdsA (pWW4), CydB (pWW?7), PgsA (pWW8), Se@WW12) and MscL
(PWW13) fused to mCherry. A strain only expressag)Y-gfp(pWW10) was used as a
control. These proteins were selected as reprasasaf proteins that appear to be
colocalised, partially colocalised or not-colocatiswith PIsY-GFP according to Fig.
4.27.

The overlap coefficient according to Manders wasoselm to calculate
colocalisation. Manders indicates an overlap ohalg of two channels (Zinchuit al,
2007)(Manderset al., 1993). It is composed of two values named M1 and M2
describes whether a signal in channel 1 for exartimg@d=-1TC channel, is correlated with
a signal in channel 2 for example the RFP charinebther words, if a pixel is green
and red, M1 has a value of 1. If a pixel is green ot red, the value of M1 is 0.
Manders M2 describes the opposite comparing a ksigrediannel 2 with channel 1.

Samples were prepared and imaged the same waysasbee before and three
image fields with comparable amounts of cells peairs were taken. Images were
deconvolved and both convolved and deconvolved @magere analysed to identify
whether deconvolution alters results of colocailisatChannels were separated and the
background of fluorescence images was subtractellirfg Ball radius: 50 pixels). The
threshold of the FITC channel image was auto agjuand a selection of pixels within
the threshold was created. Colocalisation was agdlyising the Coloc2 Plugin in Fiji
ImageJ using the threshold selection for both imad#is procedure was repeated for
all three replicates.

Colocalisation analysis according to Manders shdhat a pixel-by-pixel
analysis of two fluorescence images can be apptecheasure colocalisation of two
membrane proteins, however with one drawback thétbe explained later. The
negative control of sole expression@$§Y-gfpwithout a mCherry fusion results in a
low M1 value meaning that a ‘green’ signal is nairelated with a ‘red’ signal.
Comparing M1 values of convolved with deconvolvethges does not alter results
(Fig. 4.29).
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Regarding the colocalisation of PIsY with the meanter proteins of interest,
colocalisation of PIsY with MreD, CdsA, CydB andsAgcan be seen. SecY and MscL
however also show colocalisation to a certain dedwat less than the other membrane
proteins. This might be explained by a general lgrobwith this analysis. It has to be
taken into account that the comparison of two memdrmroteins will always result in
high false-positive values because both proteiadaralised in the membrane and the
light-diffraction limits to resolve most structure$hus, this kind of colocalisation
measurement is not very sensitive.

Nevertheless, the previous observation that PlsYolecalised with MreD,
CdsA and PgsA and non-colocalisation of PIsY widc$ and MscL (Fig. 4.27A-H)
can be confirmed. According to Fig. 4.27C, CydBastially colocalised with PISY but
using Manders overlay coefficient results in a high value. Hence, colocalisation of

PIsY with CydB remains unclear.

4.2.4.2 Localisation studies of SNAP-tagged membrarproteins

However, the amount of membrane proteins in thecbehrly affects their localisation
as shown previously by the dose-dependdsY-gfp expression meaning the shown
distribution patterns are not necessarily conckisivirst, proteins are likely to be
overexpressed which directly affects their locaisa and second, these localisation
studies were performed with non-native levels. &kpression system of pWhiteWalker
theoretically results in equal amounts of bothdasi which does not represent a native
cell.

An alternative approach is required to verify andHer analyse the localisation
of these proteins. SNAP tags are self-labellingyeres that can be translationally fused
to a gene of interest and fluorescently labellethwsuitable substrates (Kepplet al,
2004a, Keppleet al, 2004b). To overcome the potential folding issoesCherry and
MmRFPmarsl, single copy expression of C-terminabhssof CydB, PIsY and PgsA
with SNAP were constructed. The C-terminus of alitgins is predicted to be at the
inside of the cell. Therefore the SNAP tag substias to be capable of diffusing
through the membrane. Additionally, its excitatenmd emission wavelengths should be
compatible with GFP or eYFP. TMR-Star (SNAP-Cell®R-Star) meets the criteria.
It diffuses through the membrane $f aureugDr.C.Walther, personal communication)
and its ex/em wavelengths are suitable for coleatibn studies with GFP and eYFP
(Fig. 4.30).

202



Figure 4.28 Septal colocalisation of various membree proteins fused to mCherry
with PIsY-GFP

Fluorescence signals in the RFP channel were cowme categorized. Each count

includes at least 60 cells undergoing cell-divigiaking the localisation of PISY-GFP as

an indicator for cell-division. At least 50 cellsdergoing cell-division were counted

and categorised for each strain.

Figure 4.29 Overlap coefficient according to Mandes using convolved and
deconvolved images
Three images of strains expressing PIsY-GFP an@rabrane protein of interest fused
to mCherry were analysed using Fiji ImageJ Coloc@iR. Images were acquired using
a Delta Vision microscope and SoftWoRx 3.5.0 sofevgApplied Precision).
Acquisition of fluorescence images were taken uging sec exposure in the FITC
channel and 1 sec exposure in the RFP channely#isalas carried out in triplicate on

three image fields.
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Figure 4.30 Excitation and emission spectra of TMR{@r
Excitation maximum: 554 nm Emission maximum 580 tmage was taken from NEB
(https:/lwww.neb.com/products/s9105-snap-cell-ttars
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4.2.4.2.1 Construction of a PISY-SNAP fusion i. aureus
Single-copy expression gflsY-SNAPregulated by its native promoter was achieved

using pAISH1 (Aish, 2003). Construction of pAlI§HsY-SNAPwas facilitated by
amplification ofplsY (5’FW85/3'FW85) from SH1000 genomic DNA and amigkition
of the gene encoding for SNAP (5’FW86/3'FW86) frgatlasmid pCQ1lftsZ-SNAP
Both fragments were then cloned into tHmdlll/Swal site of pAISH1 using Gibson
Assembly (Fig. 4.31A) and transformed iro coli NEB5 . Recombinant plasmids
were tested by restriction digest with EcoRV andl.P@ig. 4.31C) resulting in
approximately 2000, 1400 and 1100 bp fragments\atidated by DNA sequencing
(GATC Biotech AG, Konstanz, Germany). The resultplgsmid, pAISHpIsY-SNAP
was electroporated into RN4220 and from there thacsd into SH1000. Genomic
integration at thelsY locus was confirmed by PCR amplification of an ragpmately
800 bp fragment using one primer that binds ingieome upstream gqiisY and one
primer within theSNAPgene (Inward_plsY/Outward_SNAP) (Fig. 4.31D).

4.2.4.2.2 Localisation of PIsY-SNAP (TMR-Star)
SH1000plsY-SNAPRwvas precultured from an over-night culture to ane§ED.05 and

grown to exponential phase of @p 0.6 at 37°C and 250 rpm without antibiotics. 1 ml
samples were harvested by centrifugation and washidd PBS. The pellet was
resuspended in 1 ml PBS and 600 nM TMR-Star (SNARRCTMR-Star) was added.
The tube was covered in foil and incubated at 373C10 min on a rotary wheel.
Subsequently, cells were recovered by centrifugatieashed with PBS and the pellet
was resuspended in 1 ml BHI. The tube was covegeathan foil and incubated at 37
°C for 15 min on a rotary wheel. Cells were hargdsffixed with para-formaldehyde
and analysed by fluorescence microscopy.

The localisation of PISY-SNAP was analysed by addibf TMR-Star, a SNAP
substrate fluorescent in the RFP channel. The demance was brighter than the GFP
tagged PISY since an exposure time of 1.5 secadste2.5 sec was enough to visualise
the fusion. The SNAP tag PIsY fusion localises ipumctate pattern throughout the
membrane and at the cell septum (Fig. 4.32AB) whghn accordance with the
localisation seen for the PIsY-GFP and PIsY-eY Ftofos.

4.2.4.3.1 Construction of a CydB-SNAP fusion i%. aureus
Construction of pAISHydB-SNAP was facilitated by amplification ofcydB

(5’FW89/3'FW89 from SH1000 genomic DNA and amplification of pene encoding
for SNAP 6'FW90/3'FW86 from plasmid pCQ1litsZ-SNAP.Both fragments were
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then cloned into thélindlll/Swal site of pAISH1 using Gibson Assembly (Fig. 4.33A)
and transformed int&. coli NEB5 . Recombinant plasmids were tested by restriction
digest with ECORYV resulting in approximately 45@800 , 1000 and 400 bp fragments,
(Fig. 4.33C) and validated by DNA sequencing (GABbtech AG, Konstanz,
Germany). The resulting plasmid, pAlISiyedB-SNAPwas electroporated into RN4220
and from there transduced into SH1000. Genomiqyiate®n at thecydB locus was
confirmed by PCR amplification of an approximatdl$69 bp fragment using one
primer that binds in the genome upstrearsyafBand one primer within thENAPgene
(5’FW21/Outward_SNAP) (Fig. 4.33D).

4.2.4.3.2 Localisation of CydB-SNAP (TMR-Star)
Localisation of CydB-SNAP in SH1000 was investiga@s shown for PISY-SNAP

(Section 4.2.4.2.2). Briefly, an overnight cultwas diluted and grown to exponential
phase. Samples were harvested and labelled usiiRStad (SNAP-Cell® TMR-Star).
Subsequently, cells were fixed and analysed bydismence microscopy (Fig. 4.34).
CydB-SNAP (TMR-Star) localises in the same way gdE>eYFP showing that
its heterogeneous localisation pattern is not defaut of the eYFP-tag (Fig. 4.18).
Some of the cells show septal localisation of C®AP which was also seen for

earlier localisation studies using a mCherry or BY&sions.

4.2.4.4.1 Construction of a PgsA-SNAP fusion i8. aureus
Construction of pAISHydB-SNAP was facilitated by amplification ofpgsA

(5’FW87/3'FW87 from SH1000 genomic DNA and amplification of tiene encoding
for SNAP &'FW88/3'FW86 from plasmid pCQ1litsZ-SNAP.Both fragments were
then cloned into thelindlll/Swal site of pAISH using Gibson Assembly (Fig. 4.358an
transformed intd. coliNEB5 . Recombinant plasmids were tested by restrictigasd
with EcoRV (Fig. 4.35B) and validated by DNA seqciag (GATC Biotech AG,
Konstanz, Germany). The resulting plasmid, pAlS#tA-SNAP was electroporated
into RN4220 and from there transduced into SH1@¥nomic integration at thegsA
locus was confirmed by PCR amplification of an apgmately 1169 bp fragment using
one primer that binds in the genomic part upstreamgsAand one primer within the
SNAPgene (5’FW21/Outward_SNAP) (Fig. 4.35D).

4.2.4.4.2 Localisation of PgsA-SNAP (TMR-Star)
Localisation of PgsA-SNAP in SH1000 was investidats shown for PISY-SNAP

(Section 4.2.4.2.2). Briefly, an overnight cultwas diluted and grown to exponential
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phase. Samples were labelled using TMRStar (SNARCEMR-Star), fixed using
para-formaldehyde and analysed by fluorescenceostopy.

The microscopic analysis demonstrates that PgsAfSNAound to be localised
similar as PgsA-eYFP in heterogeneous punctatehiition pattern and is localised at

the septum during cell-division (Fig. 4.36).

4.2.4.5 Colocalisation of SecY-GFP and PIsY-SNAP MRStar)

4.2.4.5.1 Construction of a double tagged SecY-GFd PIsY-SNAP strain
In order to construct a double-tagged strain exgimgsecY -gfpandplsY-SNAPR phage

lysate of RN420(lsY-SNAPRwvas transduced to SH108@cY-gfp Integration ofplsY-
SNAPat theplsY locus was confirmed by PCR using genomic DNA #&snaplate and
primer pair Inward_plsY/Outward_SNAP. Amplificatiasf an approximately 800 bp
fragment indicated integration pfsY-SNARFig. 4.37C). Integration ofecY-gfpwas
also confirmed by PCR amplification of an approxieiy 1400 bp fragment using a
primer binding at the beginning ofecY and one primer binding withirgfp
(5’FW75/Outward_gfp) (Fig. 4.37D).

4.2.4.5.1 Colocalisation of SecY-GFP and PIsY-SNAPMRStar)
Localisation of SecY-GFP and PIsY-SNAP in SH100G wavestigated as shown for

PIsY-SNAP (Section 4.2.4.2.2). Briefly, an overrtighlture was diluted and grown to
exponential phase. Samples were washed with PBSamskquently the PISY-SNAP
fusion was labelled using 600 nM TMRStar (SNAP-®ellMR-Star). The tube was
covered in foil and incubated at 37 °C for 10 mmarotary wheel. Labelled samples
were washed in PBS and incubated in BHI for 15 rMallowed by an additional
washing step with PBS before being fixed and amalysy fluorescence microscopy
(Fig. 4.38).

PIsY-SNAP and SecY-GFP are not colocalised. PIsYABNocalisation was
unchanged in a double tagged strain and SecY-GHbeaap to be localised
homogeneously (Fig. 4.23). As shown before, PI4lises to the septum early during
cell-division and remains there until cells areid@d. SecY however, does only go to
the septum during late-cell division as the fulptsen is formed as indicated by the

PIsY localisation showing that both proteins amlsed by different mechanisms.
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Figure 4.31 Construction of a chromosomaplsY-SNAPfusion in S. aureusSH1000
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A, Diagram illustrating the construction of pAlIgHsY-SNAPB, Schematic overview
of the native genomic region pfsY and post integration of pAISHISY-SNAPBIack
arrows indicate primer binding siteS, pAISH-plsY-SNARLane 1) and pAISH1 (Lane
2) were digested with EcoRI and Pstl and separbted% (w/v) TAE agarose gel
electrophoresis. Bands of approximately 2000, 1468 1100 bp, corresponding to
pPAISH-plsY-SNAP(Lane 1), respectively, are marked by black arroBands of
approximately 5000, 2000, 1400 and 1100 bp cormspgo pAISH1 (Lane 2)D,
Verification of pAISHpISY-SNAP integration by PCR wusing primer pair
Inward_plsY/Outward_SNAP. PCR products were sepdrhy 1% (w/v) TAE agarose
gel electrophoresis. A band of 800 bp, marked blaek arrow, indicates chromosomal
integration of pAISHplsY-SNAP(Lane 1). No DNA amplification can be seen using
SH1000 genomic DNA as a template (Lane 2).
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Figure 4.32 Localisation of PISY-SNAP ir5. aureusSH1000
Phase contrast and fluorescence images (convolmdddaconvolved) ofS. aureus
SH1000pIsY-SNARusing TMR-Star as a SNAP-substrdteages were acquired using
a Delta Vision microscope and SoftWoRx 3.5.0 sofevgApplied Precision).
Acquisition of fluorescence images were taken uslng sec exposure in the RFP
channel A, Scale bars represent 3 pB).Images of selected cells. Scale bars represent

1pum.
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Figure 4.33 Construction of a chromosomatydB-SNAPfusion in S. aureusSH1000

211



A, Diagram illustrating the construction of pAISi#dB-SNAPB, Schematic overview
of the native genomic region oydBand post integration of pAlSklydB-SNAPBIack
arrows indicate primer binding site€, pAISH-cydB-SNAP(Lane 1) and pAISH1
(Lane 2) were digested with EcCoORV and separated B¢ (w/v) TAE agarose gel
electrophoresis. Bands of approximately 4500, 250000 and 400 bp, corresponding
to pAISH-cydB-SNARLanes 1-4)respectively, are marked by black arrows. Bands of
approximately 4500, 3000, 1300 and 1100 bp cormspo pAISH1 (Lane 5)D,
Verification of pAISHeydB-SNAP integration by PCR using primer pair
5'FW21/Outward_SNAP. PCR products were separatetl &y (w/v) TAE agarose gel
electrophoresis. A band of 1169 bp, marked by akb&row, indicates chromosomal
integration of pAISHeydB-SNAPR(Lane 1). No DNA amplification can be seen using
SH1000 genomic DNA as a template (Lane 2).
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Figure 4.34 Localisation of CydB-SNAP irnS. aureusSH1000
Phase contrast and fluorescence images (convolwdddaconvolved) ofS. aureus
SH1000cydB-SNARusing TMR-Star as a SNAP-substrdteages were acquired using
a Delta Vision microscope and SoftWoRx 3.5.0 sofevgApplied Precision).
Acquisition of fluorescence images were taken uslidg sec exposure in the RFP
channel A, Scale bars represent 3 pB).Images of selected cells. Scale bars represent

1pm.

213



Figure 4.35 Construction of a chromosomagbgsA-SNAPfusion in S. aureusSH1000
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A, Diagram illustrating the construction of pAlISisA-SNAPB, Schematic overview
of the native genomic region pfsAand post integration of pAISHgsA-SNAPBIlack
arrows indicate primer binding site€, pAISH{pgsA-SNAP(Lane 1) and pAISH1
(Lane 2) were digested with BamHI and EcoRV andasspd by 1 % (w/v) TAE
agarose gel electrophoresis. Bands of approxima280, 2000 , 1100 and 400 bp,
corresponding to pAISHgsA-SNAP(Lane 1), respectively, are marked by black
arrows. Bands of approximately 4200, 3500, 1200 BHI@D bp correspond to pAISH1
(Lane 2).D, Verification of pAISHpgsA-SNAHntegration by PCR using primer pair
5'FW87/Outward_SNAP. PCR products were separatetl &y (w/v) TAE agarose gel
electrophoresis. A band of 729 bp, marked by akbkcow, indicates chromosomal
integration of pAISHpgsA-SNAP(Lanes 5-6). No DNA amplification is seen using
SH1000 genomic DNA (Lane 4). PCR amplification bé twholepgsA gene using
primer pair 5’FW87/3'FW87 results in a band of a®(Lanes 1-3).
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Figure 4.36 Localisation of PgsA-SNAP irs. aureusSH1000
Phase contrast and fluorescence images (convoludddaconvolved) ofS. aureus
SH1000pgsA-SNARising TMR-Star as a SNAP-substrdtaages were acquired using
a Delta Vision microscope and SoftWoRx 3.5.0 sofewvgApplied Precision).
Acquisition of fluorescence images were taken uslig sec exposure in the RFP
channel A, Scale bars represent 3 pB).Images of selected cells. Scale bars represent

1pum.
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Figure 4.37 Construction of SH100GecY-gfp plsY-SNAP
A, Schematic representation of the genomic region pAISH-pISY-SNAP
chromosomally integrated into th@EsY locus. Primer binding sites are indicated by
black arrowsB, Schematic representation of the genomic regiopMi TIN-secY-gfp
chromosomally integrated into theecYlocus. Primer binding sites are indicated by
black arrows.C, Verification of pAISHpIsY-SNAPintegration by PCR using primer
pair Inward_plsY/Outward_SNAP. PCR products werpasated by 1 % (w/v) TAE
agarose gel electrophoresis. A band of approxim&@0 bp, marked by a black arrow,
indicates integration of pAISIgisY-SNARLane 1). Genomic DNA of SH1008IsY-
SNAPwas used as a positive control template (LaneN®)DNA amplification was
seen for SH1000 genomic DNA (Lane 3J), Verification of pMUTIN=secY-gfp
integration by PCR using primer pair 5’FW75/Outwagth. PCR products were
separated by 1 % (w/v) TAE agarose gel electrogi®ré band of approximately 1400
bp, marked by a black arrow, indicates integranbpMUTIN-secY-gfp(Lane 1). No
DNA amplification was seen for SH1000 genomic orl880plsY-SNAFDNA (Lane
2-3).
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Figure 4.38 Colocalisation of SecY-GFP and PIsY-SNAIn S. aureusSH1000
Phase contrast and fluorescence images (convolmdddaconvolved) ofS. aureus
SH1000 secY-gfp plsY-SNARsing TMR-Star as a SNAP-substratenages were
acquired using a Delta Vision microscope and SoRW®.5.0 software (Applied
Precision). Acquisition of fluorescence images weaken using 1.5 sec exposure in the

FITC channel and 1.5 sec exposure in the RFP ch&®cede bars represent 1 pum.
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4.2.5 Role of membrane components in PISY-GFP locsdtion

My work has illustrated the heterogeneous locabsabf many membrane proteins$n
aureus At least for PISY-GFP the heterogeneous locatirais dose-dependent and
overexpression of PISY-GFP leads to a loss ofghitern to an apparent homogeneous
distribution. How these patterns are generatednt@iaied and the role of specific

components of the bacterial membrane is investigat¢he following studies.

4.2.5.1 Inhibition of squalene synthesis

The existence of lipid rafts in bacteria has bemvipusly reported (Lopez & Kolter,
2010, LaRoccaet al, 2013, Toledoet al, 2014). Lipid rafts are described as
microdomains within the membrane enriched in chiete§ glycolipids and
sphingholipids. Lopeet al., revealed lipid rafts ir5. aureughat contain a number of
signalling proteins and FloT, a homologue of flotilthat is known as a lipid raft
marker in eukaryotic cells. Interestingly, theseudres are localised in a single
position in the membrane &. aureusand are dependent on squalene. Squalene is a
precursor of cholesterol although cholesterol i$ prduced in Staphylococci (Fig.
4.39). Fortunately, zaragozic acid (ZA), an inhobiof the squalene synthase was
already known and was used to show that cellslélicitsqualene lost FloT localisation.
It is hypothesised that FIoT requires squalenatfolocalisation and gets degraded if it
is not placed properly.

Since FloT exhibits a non-homogeneous distributiomparable to PIsY, it was
tested whether squalene is involved in the placeéraeRIsY. In order to investigate
this, cells were grown in the presence of zaragaeid at various concentrations.

Zaragozic acid inhibits the activity of the squaeynthase. Squalene, as well as
being required for the formation of lipid rafts, aéso a precursor of staphyloxanthin
(Fig. 4.39A). Since staphyloxanthin is responsiblethe distinct golden coloration of
S. aureusthe pellet of cultures treated with eitherNl, 10 M or no ZA was analysed
to confirm the activity of ZA and to test which camtration is needed for following
localisation studies. Although a slight change ofoar can be observed, complete
inhibition was only seen for cells treated with 1@ ZA (Fig. 4.39). To test whether
zaragozic acid has any effect on localisation siYFGEFP, cells were treated with M,

10 M or no zaragozic acid for 2 h or 5 h, respectivalyd analysed by fluorescence
microscopy. The application of 10M zaragozic acid led to a obvious loss of

localisation and decrease in fluorescence sign&l@r-eYFP (Fig. 4.40). However, no
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effect on the localisation or fluorescence on PGP was seen. Therefore, it is likely

that squalene is not involved in the localisatibRIsY.

4.2.5.2 PIsY-GFP localisation in a cardiolipin¢lsl/cls2) deletion mutant
Cardiolipin, also called diphospatidylglycerol,asone-shaped phospholipid. Due to its
structure, its hydrophilic head group is smalleciiass-section than its hydrophobic tail
(Huanget al, 2006, Mukhopadhyast al, 2008) making it preferentially localise to
negatively curved membranes that are found at #ik poles and the septum. Its
intrinsic ability to sense negatively curved menmasmakes CL interesting for protein
localisation studies since proteins could use ClLaaprior localisation cue. Some
proteins like the osmosensory transporter ProP wkoavn to require cardiolipin for
their polar localisation (Romantse¥ al, 2007, Mileykovskaya, 2007).

In order to study PISY-GFP localisation in a strdacking cardiolipin,
chromosomally integrated pMUTINIsY-gfpwas transduced to SH100Qls1 cls2.
This strain lacks both known cardiolipin synthasasS. aureus Integration of
PMUTIN-plsY-gfpat the native locus oplsY was confirmed via PCR amplification
using one primer binding upstreammpm$Y and one primer binding withigfp resulting
in amplification of an approximately 900 bp fragm@ag. 4.41B).

The localisation of PISY-GFP was investigated as/ipusly shown. Overnight
cultures were subcultured to an 80.05 and grown to exponential phase of an
ODsoo 0.5 in BHI medium supplemented with erythromycin /ml), tetracycline (5

g/ml) and chloramphenicol (1g/ml) incubated at 37 °C at 250 rpm. Samples were
fixed and analysed by fluorescence microscopy.

No growth defect could be observed (not shown)RisY-GFP localisation was
unchanged in a mutant lacking both cardiolipin bases (Fig. 4.42). Fluorescence is
seen as a punctate pattern and at the septum drglldivision which suggests that
cardiolipin is not involved in the placement of Pls

4.2.5.3 PIsY-GFP localisation in a lys-PQ1fprF) deletion mutant

MprF is a phospholipid modifying enzyme that altetke net charge of
phosphatidylglycerol (Andreet al, 2011) and could therefore have an impact on
membrane organisation and potentially the locatisadf membrane proteins like PISY.
MprF catalyses an enzymatic transfer of a lysingduee to PG which converts a
positive net charge that was shown to confer r@scgt to antimicrobial peptides (Ernst

et al, 2015).
220



Figure 4.39 Inhibitory effect of zaragozic acid orsqualene and staphyloxanthin
production
A, chematic presentation of the biochemical pathteagroduce squalene B. aureus
The full names of the intermediates are as followdVG-CoA (3-Hydroxy-3-
methylglutaryl-CoA), IPP (IsopentenylpyrophosphatfPP (Farnesyl-diphosphate
farnesyltransferaseg, Pellet ofS. aureusSH1000floT-eyfpcells treated with zaragozic
acid at different concentrations and untreated &fte growth.
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Figure 4.40 Effect of zaragozic acid on localisatioof PIsY-GFP and FloT-eYFP
Fluorescence images 8f aureusSH1000floT-eyfpand SH100(IsY-gfpafter 2 and 5

h treatment with zaragozic acid. Images were aeduising a Delta Vision microscope
and SoftWoRx 3.5.0 software (Applied Precision)gaisition of fluorescence images
were taken using 2.5 sec exposure in the FITC cHafun PISY-GFP and 1.5 sec
exposure in the FITC channel for FloT-eYFP. Scales bepresent 3 um.
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Figure 4.41 Construction of SH1000 cIsl cls2 plsY-gfp
A, Schematic representation of the genomic region EWUTIN-plsY-gfp
chromosomally integrated into th@sY locus. Primer binding sites are indicated by
black arrows.B, Verification of pMUTINpIsY-gfpintegration by PCR using primer
pair Inward_plsY/Outward_gfp. PCR products wereasated by 1 % (w/v) TAE
agarose gel electrophoresis. A band of approxim&@0 bp, marked by a black arrow,
indicates pMUTINpIsY-gfpchromosomal integration (Lane 2). No DNA amplifioa
is seen using SH1000 genomic DNA (Lane 1). GenddNé& of SH1000plsY-gfpwas
used as a positive control template (Lane 3).
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Figure 4.42 PIsSY-GFP localisation in a clsl cls2 mutant

Phase contrast and fluorescence images (convoludddaconvolved) ofS. aureus
SH1000 clIsl cls2 plsY-gfplmages were acquired using a Delta Vision microscop
and SoftWoRx 3.5.0 software (Applied Precision)gaisition of fluorescence images
were taken using 2.5 sec exposure in the FITC alaAnScale bars represent 3 p&;).
Images of selected cells. Scale bars represent 1 (untCell counts categorized
depending on PIsSY-GFP localisation and cell-cytdge indicated by HADA labelling.
Value n indicates counted cells for each group. &adlyellow bars indicate septal and
blue bars indicate peripheral PISY-GFP localisatiime green coloured bar indicates a

random PISY-GFP localisation.
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So the question arises as to whether an alterethehaf PG has an influence on
membrane domains and/or membrane protein locaisatvhich was investigated
localisation studies of PISY-GFP in a strain lagkimprF.

Replacing the genmprF by an erythromycin resistance cassette was adhieve
by transduction of mprF::ermB from strain SA113 mprF::ermB (Peschelet al.,
2001) to SH1000pIsY-gfp The mprF::ermB was transduced to the tetracycline
resistant version of SH10@0sY-gfp(see Appendix Fig. 9.5 for construction of pAISH-
plsY-gfp due to selection marker purposes. The replacemientprF by ermB was
verified by PCR using primer pair Inward_mprF-N/@atd_ermb1l (see Fig. 4.43B for
primer binding sites) and genomic DNA as a temptaselting in the amplification of
an approximately 800 bp fragment for strains coitg the mprF::ermB mutation
and no DNA amplification for the wild type SH1000asn and SH100Q@IsY-gfp(Fig.
4.43C). SH1000 mprF::ermB genomic DNA was used as a positive control. The
chromosomal fusion gplsY to gfp was verified by primer pair 5’FW23/Outward_gfp
(see Fig. 4.43A for primer binding sites) that aififgd an approximately 800 bp
fragment and results in no amplification for wilgoé SH1000 genomic DNA (Fig.
4.43E). The whol@lsY gene was amplified using primers 5’FW23/3'FW23utesg in
a 632 bp to confirm both the PCR and template @igD).

Localisation of PISY-GFP in strain SH1000nprF::ermB plsY-gfpwas then
investigated as previously described and samptas farly-exponential phase were
harvested, fixed and analysed by fluorescence suomy.

The deletion oimprF results in the loss of lysinylation of phosphatglyterol
phosphate (LPG). No growth defect could be obse(metishown) and the localisation
of PIsY-GFP was not affected by the lack of LPGSYRPGFP exhibits a septal
localisation during cell-division along with a heigeneous punctate pattern at the cell
membrane periphery (Fig. 4.44). Therefore, MprF amiG do not appear to be
involved in the localisation of PISY.

4.2.5.4 PIsY-GFP localisation in a wall teichoic &t (tarO) deletion mutant

Wall teichoic acids are a crucial multifunctionanegponent of gram positive cells that
are involved in the localisation of a number of yynes. They are thought to regulate
ion homeostasis by binding extracellular metal areti and protons which has direct

effects on the positioning of autolysins and tlaeiivity (Kernet al, 2010).
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Figure 4.43 Construction of SH1000 mprF::ermB plsY-gfp
A, Schematic representation of the genomic regiopASH-plsY-gfpchromosomally
integrated into thelsY locus. Primer binding sites are indicated by bladlows.B,
Schematic representation of the genomic regiompfF and mprF::ermB. Primer
binding sites are indicated by black arrowss. Verification of mprF replacement by
PCR using primer pair Inward_mprF-N/Outward_ermBCR products were separated
by 1 % (w/v) TAE agarose gel electrophoresis. A dari approximately 800 bp,
marked by a black arrow, indicates replacememhpifF by an erythromycin resistance
cassette (Lanes 1-2). No DNA amplification is saesimg SH1000 and SH10@0sY-gfp
genomic DNA as negative control templates (Land3. ®, PCR amplification of the
whole pIsY gene using primer pair 5’FW23/3'FW23 resulting inband of 638 bp,
marked by a black arrow (Lanes 1-4). PCR produesevgeparated by 1 % (w/v) TAE
agarose gel electrophoresis, Verification of pAISHplsY-gfp integration by PCR
using primer pair 5FW23/Outward_gfp. PCR produetsre separated by 1 % (w/v)
TAE agarose gel electrophoresis. A band of apprateig 800 bp, marked by a black
arrow, indicates pMUTIN3ISY-gfp chromosomal integration (Lane 1). No DNA
amplification is seen using SH1000 genomic DNA agative control template (Lanes
2). Genomic DNA from SH1000IsY-gfpwas used as positive control template (Lane

3).
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Figure 4.44 PIsY-GFP localisation in a mprF mutant

Phase contrast and fluorescence images (convolwdddaconvolved) ofS. aureus
SH1000 mprF plsY-gfp.Images were acquired using a Delta Vision microscapd
SoftWoRx 3.5.0 software (Applied Precision). Acdtiis of fluorescence images were
taken using 2.5 sec exposure in the FITC chamkelScale bars represent 3 uB.
Images of selected cells. Scale bars represent 1 untCell counts categorized
depending on PISY-GFP localisation and cell-cytdges indicated by HADA labelling.
Value n indicates counted cells for each group. &wdlyellow bars indicate septal and
blue bars indicate peripheral PISY-GFP localisatibhe green coloured bar indicates

random PIsY-GFP localisation.
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Many studies identified an interaction between WTahsl the PG machinery showing
that WTAs are involved in the proper placement mfss-linking enzymes PBP4 and
Fmt (Atilanoet al, 2010, Qamar & Golemi-Kotra, 201Z)ells lacking WTAs through
the deletion oftarO (tarO), a gene required for the first step of WTA sysibgalso
showed a decrease in PG cross-linking (Scktagl, 2010) The localisation of WTAS
themselves is controversially discussed. Some estuduggest that WTAs attach to
nascent PG at the septum since fluorescent Tar@nfiexhibit septal localisation
(Atilano et al., 2010, Bhavsaet al.,2005). However, other studies using fluorescently
labelled concavalin, a lectin being reported todbWTAS, suggest the opposite since
fluorescence could only be observed at non-sef@a|Ithlaget al.,2010, Andreet al,
2011). Nevertheless, WTAs are an interesting corapbim protein localisation that
could be also involved in the localisation of PISY.

The knockout of WTAs was facilitated by transductiof a tarO::ermB to
SH1000 plsY-gfp mutation resulting in a complete loss of WTA synthesis. A
complementedarO mutant (SA113 tarO::ermB + pRB-tarO) (Weidenmaieet al,
2005) was used for phage transduction since phaggsre WTA to infect cells. The

tarO::ermB was transduced to the tetracycline resistant versioSH1000plIsY-gfp
(see Appendix Fig. 9.5 for construction of pAIPIsY-gfp) due to selection marker
purposes. The replacement tafO by ermB was verified by PCR using primer pair
Fwd_tarO/Rev_tarO (see Fig. 4.45B for primer bigdgites) and genomic DNA as a
template which results in the amplification of gypeoximately 1600 bp fragment for
strains containing thetarO::ermB mutation and an approximately 1100 bp fragment
for the wild type SH1000 strain (Fig. 4.45C). THeamosomal fusion oplsY to gfp
was confirmed by primer pair Inward_plsY/Outward deee Fig. 4.45A for primer
binding sites) that amplifies a approximately 950 tbagment and results in no
amplification using wild type SH1000 genomic DNAJF4.45D).

SH1000 tarO::ermB plsY-gfpshowed an unexpected growth defect on agar
plates. When streaking out this strain, only a &®lonies appeared at the beginning of
the streak. These colonies however were not vigificted in growth and exhibited no
obvious growth defect in liquid culture (Fig. 4.46ARestreaking the colonies resulted
in the same effect of single colonies at the bagmof the streak. This might be due to
improper cell-division and proliferation leadingdlumping and therefore do not spread

easily or indicating the generation of suppressors.
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Figure 4.45 Construction of SH1000 tarO::ermB plsY-gfp
A, Schematic representation of the genomic regiopAdSH-plsY-gfpchromosomally
integrated into thelsY locus. Primer binding sites are indicated by alblarrow.B,
Schematic representation of the genomic regiontao® and tarO::erm. Primer
binding sites are indicated by a black arr@y.Verification of replacement da&rO by
ermB by PCR using primer pair Inward_plsY/Outward_gpCR products were
separated by 1 % (w/v) TAE agarose gel electrogi®rd band of approximately 1600
bp, marked by a black arrow, indicates pMUTpNY-gfp chromosomal integration
(Lane 1). Genomic DNA from SH1000 and SH1QfleY-gfpwere used as negative
control templates and resulted in amplificationaaf approximately 1100 bp fragment
(Lanes 2-3)D, Verification of pAISHpIsY-gfpintegration by PCR using primer pair
Inward_plsY/Outward_gfp. PCR products were sepdrate 1 % (w/v) TAE agarose
gel electrophoresis. A band of approximately 90Q byarked by a black arrow,
indicates pMUTINpIsY-gfpchromosomal integration (Lane 1). Genomic DNA from
SH1000 plsY-gfp was used as a positive control template (Lane N©). DNA
amplification is seen using SH1000 genomic DNA a®gative control template (Lane
3).
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The localisation of PISY-GFP intarO was investigated as previously described.
Samples were taken 2, 3 and 4 h after subcultwasee Fig. 4.46A for sampling
points). Samples were then fixed and analysedunydscence microscopy.

Although SH1000 tarO plsY-gfpexhibits no growth defect in liquid culture, the
microscopical analysis reveals severe morphologtarrations (Fig. 4.46AB). Cells
are heavily enlarged, especially during exponermiaivth phase (Fig. 4.46B and Fig.
4.45B). Parental PIsY-GFP localisation is seen asttells (Fig. 4.47A). PISY-GFP is
heterogeneously distributed and localises at thpguse of dividing cells (see white
arrows in enlarged images). At sample point 3 Ie, $leptal localisation cannot be
clearly observed or is lost which might be due tdugher changed morphology.
Furthermore, due to enlarged cells, the punctateenpaof PIsY-GFP becomes more
obvious which is probably based on a better remwiudf fluorescence signal.

In summary, it is likely, that WTAs are not dirgcthvolved in the positioning
of PIsY which is still non-homogeneously localisé&tie altered cell morphology on the
other hand affects its septal localisation whetkasinderlying punctate pattern of PISY

though, remains unaffected by the lack of WTAs.

4.2.5.5 Effect of fatty acid synthesis inhibition o PIsY-GFP localisation
Cerulenin is an antibiotic that inhibits fatty aggnthesis in bacteria (Goldbeey al,
1973). It binds to one of the seven fatty acid Bgeé moieties (ketoacyl-acyl-ACP
synthase) and thereby inhibits fatty acid synthésig. 4.48) (Priceet al, 2001). It is
thought that this inhibition perturbs the membrdnection and it was specifically
found to alter protein secretion (Jacques, 198Bjs makes cerulenin interesting in two
aspects. First, the perturbation of the membranghimaffect membrane protein
localisation. Second, PIsY connects fatty acidsRi&X with glycerol-3-phosphate and
the removal of its substrate could have a diredecefon PIsY-localisation by
interrupting the reaction chain.

Localisation of PISY-GFP was studied in presencgasfous concentrations of
cerulenin. SH1000plsY-gfp was subcultured from an over-night culture to an
ODg0=0.05 and grown in BHI medium supplemented with5025, 50 or 100 uM
cerulenin. Additionally, for one culture, cerulenias added at a concentration of 500
MM after 2 h of growth at an QR 0.7. Samples were taken 2, 3 or 4 h post
subcultivation. One sample was taken at 4 h forciheure with addition of 500 uM

cerulenin. Cells were fixed and analysed by fluceese microscopy.
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Figure 4.46 PIsY-GFP localisation in a tarO mutant
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A, Growth curve of SH1000 and SH100tarO plsY-GFP Arrows indicate sampling
points.B, Phase contrast and fluorescence images (convahedeconvolved) &.
aureusSH1000 tarO plsY-gfpsamples taken 2, 3 and 4 h past subcultivatinages
were acquired using a Delta Vision microscope anitV#oRx 3.5.0 software (Applied
Precision). Acquisition of fluorescence images weaken using 2.5 sec exposure in the
FITC channel. The second row of images for eachpam point shows enlarged
selected cells. White arrows indicate septal Isaéilon of PIsY-GFP. Scale bars
represent 1 um.
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Figure 4.47 PIsY-GFP localisation in a tarO mutant and morphology of tarO
A, Cell counts categorized depending on PIsY-GFRlikation and cell-cycle stage
indicated by HADA labelling. Value n indicates coeuh cells for each group. Red bars
indicate septal and blue bars indicate periphetaY4&FP localisation. The green
coloured bar indicates random PIsY-GFP localisati®nCell counts of exponentially

growing cells, categorised into their cell diameter
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Figure 4.48 Cerulenin inhibits fatty acid synthesis
Schematic overview of fatty acid synthesis linkedphospholipid synthesis and the
effect of cerulenin. A more detailed description thie enzymatic processes are
described in Section 1.2.5.1.4 and Fig. 1.5. Caml@hibits the -ketoacyl-acyl-ACP

synthase activity and therefore fatty acid synthesi
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Figure 4.49 Effect of fatty acid inhibition on PISY-GFP localisation
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A, Growth curve of SH100pIsY-gfpgrown in the presence of different concentrations
of cerulenin Arrows indicate sampling point8, Phase contrast and fluorescence
images (convolved and deconvolved)SfaureusSH1000plsY-gfpsamples taken 2, 3
and 4 h past subcultivatiohmages were acquired using a Delta Vision microscamd
SoftWoRx 3.5.0 software (Applied Precision). Acdtiis of fluorescence images were

taken using 2.5 sec exposure in the FITC chancale®ars represent 1 pm.

236



Cerulenin affects growth &. aureugFig. 4.49). Strains grown in the presence of 100
MM cerulenin, but not 5-50 uM, exhibited impairesbwgth. The late addition of 500
MM cerulenin to exponentially growing cells stoppgcowth entirely. However,
samples taken to investigate the localisation e¥RGFP in these strains did not show
any changes. PISY-GFP localises to the septum maieterogeneous patches. Images
taken 4 h post subcultivation of strains grown e fpresence of 100 or 500 uM
cerulenin show a slightly altered localisation pattof PISY-GFP that lacks a punctate
distribution in many cells and appears to be foduseone spot within some cells. This
effect however, is not very clear due to the limhitesolution and makes it hard to draw
conclusions on the effect of cerulenin on PIsY-Gdédalisation. Nevertheless, cerulenin
might have an effect on membrane protein locabsati

4.2.5.6 Effect of membrane potential inhibition orPIsY-GFP localisation

The previous experiments focused on directly aiffigcthe integrity of membranes to
reveal potential localisation cues of PIsY. But wi@ther membrane processes may be
involved such as respiration and membrane poténtiahas been reported before that
respiratory complexes form punctate patches innteenbrane that can be spatially
redistributed in response to light (Lét al.,2012).

To test whether respiration or membrane potentad bBn influence on the
localisation of PIsY-GFP, cells were treated withe tuncoupling agent carbonyl
cyanidem-chlorophenyl hydrazone (CCCP). CCCP inhibits tbaninal oxidase that
exports protons by acting as an ionophore along thi¢ inhibition of the ATP synthase
(Diez-Gonzalez & Russell, 1997). This destroys rtiembrane potential by increasing
intracellular protons along with reduced ATP whietientually leads to cell death
(Diez-Gonzalez & Russell, 1997). MreB was shownrgquire an intact membrane
potential and delocalised iB. subtilis cells treated with CCCP (Strahl & Hamoen,
2010).

The localisation of PISY-GFP was studied in the spree of various
concentrations of CCCP. SH10pBY -gfpwas subcultured from an overnight culture to
an ODyp=0.05 and grown in BHI medium supplemented with0®, 2.5 or 25 M
CCCP. Additionally, for one culture, CCCP was ad@étd concentration of 25 uM
after 2 h of growth at an Q) 0.8. Samples were taken 3 post subcultivation br 1
after addition of 25 uM CCCP. Cells were fixed aadalysed by fluorescence

microscopy.
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CCCP has a strong effect on growthSofaureusells. Low concentrations (0.5 -
2.5 M) of CCCP were sufficient to inhibit growth entygFig. 4.50A). Cells almost
immediately stopped growth after addition of CCEwever, localisation was not
affected and a punctate distribution pattern aliig septal localisation could still be
observed which leads to the conclusion that the lonane potential does not effect the
localisation of PISY-GFP (Fig. 4.50B).

4.2.5.7 Effect of FtsZ-polymerisation inhibition
Localisation studies of phospholipid synthesis emey inB. subtilisrevealed that their
septal localisation is dependent on FtsZ in a dadil, IPTG-inducibleftsZ mutant.
Upon depletion of FtsZ cells fail to divide and grélamentously. PssA and CIsA lost
septal localisation and distributed in random peschdispersed in the membrane
indicating that septal localisation is dependenttsY ring formation (Nishiboret al.,
2005). Z-ring formation is mediated by a GTPas&alripolymerisation of FtsZ. This
polymerisation can be inhibited using the small esale PC190723 that binds to the
GTP-binding site of FtsZ and stabilises its monamstate (Elseret al, 2012, Haydon
et al, 2008). Thereby FtsZ stops polymerising and dedep growing without division.
The use of PC190723 to study the localisation s¥R$ interesting in two ways.
First, it allows the investigation of PISY localiga in enlarged cells and second, the
determination of the role of FtsZ polymerisatiorPiisY positioning.
SH1000plsY-gfpwas grown as previously described. Overnight ceftuvere
subcultivated in BHI to an Ofg=0.05 and grown in the presence of erythromycin (5
g/ml) and lincomycin (25 g/ml). Samples were taken before addition of 10of
PC190723 stock solution and after incubation fathier 30, 60, 90, 120 and 150 min.
To indicate septum formation, samples were labeMgd 5 ul HADA (100 mM stock
solution) for 30 min at 37 °C before fixing and bses by fluorescence microscopy.
Treatment with PC190723 has no immediate effeatedlagrowth using optical
density measurements as treated cultures grewigdéntto the control up to 2 h post
addition followed by growth arrest (Fig. 4.51A). dvibscopic analysis reveals that cell
size enlarges depending on the duration of tredtnaeth PC190723 as the cells
enlarge, no septal localisation of PIsY-GFP camobserved as most cells appear to
have stopped cell-division (Fig. 4.51C). Some celipear to attempt cell-division
resulting in sandwich-like deformed cells where YPGFP is localised at the
presumptive beginning of septum formation (see tBehtment). Cells treated for 210

min were excluded from the following analysis siregls did not labell with HADA
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anymore and many cells lacked any fluorescencel®f-BFP suggesting that cells
were dying.

PIsY-GFP localisation appears to be more homogeealistributed in cells
treated with PC190723 compared to untreated CHfis. was quantified by calculating
the coefficient of variation (CV-factor) as desewbin Section 4.2.3 (Fig. 4.51B and
Fig. 4.52).

Quantification of PISY-GFP localisation dependent oell-size reveals a
significant correlation between PC190723 treatells and a lower CV-factor (p <
0.001 for all treated groups) which indicates a enMoomogeneous distribution of PISY-
GFP (Fig. 4.51B). However, as cells grow largee, @V-factor remains at the same low
level.

In conclusion, septal localisation of PISY is degemt on FtsZ-polymerisation.
The heterogeneous punctate pattern is lost in tellded with PC190723 independent
of the duration of PC190723 treatment (Fig. 4.508 B&ig. 4.52).
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Figure 4.50 Effect of membrane potential inhibitionon PIsY-GFP localisation
A, Growth curve of SH100pIsY-gfpgrown in the presence of different concentrations
of carbonyl cyaniden-chlorophenyl hydrazone (CCCP). White arrows intdica
sampling points. The black arrow indicates the @aidiof 25 uM CCCPB, Phase
contrast and fluorescence images (convolved andndetved) ofS. aureusSH1000
plsY-GFPin the presence of different amounts of CC@Rages were acquired using a
Delta Vision microscope and SoftWoRx 3.5.0 softw@pplied Precision). Acquisition

of fluorescence images were taken using 2.5 seosexe in the FITC channel. Scale
bars represent 1 um.
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Figure 4.51 Quantification of PIsY-GFP localisationn PC190723 treated cells

A, Growth curves of SH100pIsY-gfp Black arrow indicates addition of PC190723.
White arrows indicate sampling poing,. CV-factor calculation of deconvolved images
of SH1000plsY-gfpuntreated and treated with PC190723 for 60, 9058 min. 40
cells were measured for each group and significantiges against the untreated group
were calculated using a two-tailed unpaired tt€stFluorescence images (convolved
and deconvolved) o5. aureusSH1000 plsY-gfp samples treated or untreated with
PC190723. Samples were taken before or 60, 90,ah80210 min after addition of
PC190723 with HADA labelling for the final 30 mitmages were acquired using a
Delta Vision microscope and SoftWoRx 3.5.0 softw@pplied Precision). Acquisition
of fluorescence images were taken using 1 sec expos the DAPI channel and 2.5
sec exposure in the FITC channel. Scale bars représum.
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Figure 4.52 Correlation between cell size, PC190T2atment and coefficient of
variation
Fluorescence images (deconvolved) of SH1PBRY -gfpcells untreated (diamonds) or
treated with PC190723 for 60 min (green squargsini (blue circles) or 150 min (red
triangles) were measured in diameter (X-axis) anef&tor (Y-axis) and plotted. Each
data point represents a single cell. Four cell etamincluding a deconvolved image
and their intensity profile are shown to illustratee correlation between CV-factor,

image and intensity profile.
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4.2.5.8 PIsY-GFP localisation in protoplasts

The cell wall is a multifunctional essential compah of bacteria. Besides its main
function to counteract cell turgor pressure andatb as a physical barrier against
exterior factors it is one of the key players iotpin localisation. In gram positive cells,
many proteins are known to be anchored to peptydagl via the LPXTG motif that is
recognized by the enzyme sortase A that cleavethefforting signal and covalently
links the target protein via transpeptidation te tiell wall (Mazmaniaret al, 1999).
These cell-wall associated proteins include a nundfevirulence factors such as
clumping factor A (McDevittet al, 1994) fibronectin binding proteins (Floek al,
1987) iron-regulated surface protein B (IsdB) (Mamman et al, 2003) or
staphylococcal protein A (DeDergt al, 2007). A variety of proteins possess
transmembrane domains or are integral membraneipsathat act on the outside of the
membrane at the cell wall. Examples of these pmetare PBPs that are linked to the
membrane through a single transmembrane domaipriesent their enzymatic active
domains on the outside of the cell to catalyse tn@nsglycosylation and
transpeptidation of peptidoglycan precursors (Zagtued, 2008).

The question arises as to whether membrane protéuas exhibit a
heterogeneous punctate localisation pattern, spaityf PIsY, are anchored via
extracellular cell-wall associated factors whicm dze determined by the enzymatic
removal of the cell-wall using lysostaphin? To avaell lysis of protoplasts due to
osmotic pressure, cells were stabilised in a hygraatic medium.

SH1000plsY-gfpwas subcultured from an over-night culture to dd§a=0.05
and grown in BHI medium for 3 h to an @ 1.5. Cells were recovered by
centrifugation and resuspended in SMM-BHI mediu@ ¢% BHI (v/v) , 50 % SMM
(v/v) (1 M sucrose, 0.04 M maleic acid, 0.04 M Mg&I6 HO, pH 6.5)). The culture
was then split into two 500l fractions. One fraction was treated with Blysostaphin
(5 mg/ml stock solution) for 10 min at RT on a rgtavheel whereas the other fraction
was treated the same way without lysostaphin. Téeeation of protoplasts was
monitored by turbidity in 1 % SDS and CFU countet(shown). 50 | of cells were
recovered by centrifugation and 10Dof a 1 % SDS (w/v) solution was added on top
of the pellet. The disappearance of the pelletiwith min indicated the disruption of
protoplasts. Protoplasts were placed on a non-dadite and analysed by fluorescence
microscopy.

Protoplasts could be stabilised using a sucroge medium that prevents cell
lysis. Cells do not appear do be enlarged comp@resbn-treated cells due to osmotic
pressure showing BHI-SMM medium successfully creas®osmotic conditions that
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maintain cell integrity of protoplasts (Fig. 4.53AYhe underlying localisation
behaviour of PISY is not altered in protoplastg(FE.53AB). PIsY-GFP still localises in
patches around the cell periphery. No septal lsaabn can be seen simply because
there are no septa without peptidoglycan in prasisl (Fig. 4.53AB).

In conclusion, apart from septal localisation, phmctate PIsY-GFP localisation
pattern is neither dependent, nor affected by,stgghin-mediated removal of the cell
wall.

4.2.5.9 Effect of SDS treatment on PISY-GFP locaéison

Previous results indicated so far that PISY loadis is solely dependent on the
membrane and FtsZ polymerisation. Specific nonrgggdghospholipid species are not
required for its proper placement as well as theveal. However, the geometry of the
membrane could have an impact on the localisatid?s). Therefore it was of interest
to see whether the disruption of the membrane gtardents alters the localisation of
PISY-GFP.

Sodium dodecyl sulfate (SDS) possesses a long pldhkoc tail combined with
a polar head group that imitates phospholipids emelgrates into and disrupts the
membrane. Cells were treated with SDS up to thetitieal micelle concentration of 8
mM.

SH1000 pIsY-gfp was grown as previously described. A 1 ml sample o
exponentially growing cells was harvested, resudeenin PBS supplemented with
various concentrations of SDS (0, 0.125, 0.25, &, 2 mM) and incubated covered in
foil for 10 min at RT on a rotary wheel. These atds were used for CFU counts and
the rest were harvested by centrifugation, fixed prepared for light-microscopy as
previously described.

PIsY-GFP localisation in cells treated with SDSltered in a dose-dependent
manner. Instead of its punctate pattern around ceie membrane it is aberrantly
localised in one or two patches (Fig. 4.54AB). Thiscurred dependent on the
concentration of SDS (Fig. 4.54AB) whereby the o$e>2 mM SDS resulted in a
altered localisation pattern of at least 50 % & tells. It has to be noted, that the
signal-to-noise ratio deteriorated which could Bplained by protein degradation due
to the SDS treatment. CFU counts reveal that clthRg€Y-GFP localisation correlates
with reduced CFUs meaning that cells with an attdcalisation pattern might be
dead. Nevertheless, this shows that there wagerpdteforehand that requires an intact
membrane. SDS disrupts the membrane and the latahisof PISY-GFP.
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Figure 4.53 Localisation of PISY-GFP in protoplasts

Phase contrast and fluorescence images (convolwdddaconvolved) ofS. aureus
SH1000plsY-gfpsamples treated or untreated with lysostaphin Iggatiin a sucrose-
rich medium.Images were acquired using a Delta Vision microscapd SoftWoRx
3.5.0 software (Applied Precision). Acquisition fifiorescence images were taken
using 2.5 sec exposure in the FITC chan®iel.Scale bars represent 1 uB. Cell
counts categorized depending on PIsY-GFP. Valueditates counted cells for each
group. Red and yellow bars indicate septal and bars indicate peripheral PISY-GFP
localisation. The green coloured bar indicates eamdor homogeneous PISY-GFP
localisation and the black frames blue bar indgate peripheral homogeneous

distribution.
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Figure 4.54 Effect of SDS on PIsY-GFP localisation
A, Phase contrast and fluorescence images (convalnddleconvolved) 0. aureus
SH1000 plsY-gfp samples treated with different SDS concentratidngages were
acquired using a Delta Vision microscope and SoRW®.5.0 software (Applied
Precision). Acquisition of fluorescence images weaken using 2.5 sec exposure in the
FITC channel. Scale bars represent 1 Bn.Cell counts of PIsY-GFP localisation
categorized in 4 groups. Red and yellow bars indit@calisation of PIsY-GFP in one
or two patches in the membrane. Blue bars indie&¥-GFP localisation in a punctate
heterogeneous pattern and at the septum in divicilg. N indicates number of cells
counted for each groupC, CFU counts for cultures treated with different SD
concentrations in PBS for 10 min. Cultures werdégalan BHI agar and incubated at 37
°C for 24 h.
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4.3 Discussion

4.3.1 Localisation of PISY inS. aureus

In B. subtilis the phospholipid synthesis enzyme YneS (PIsY) fwaad to localise at
the cell periphery and at the cell-division siteufitlet al.,2006). PISY inS. aureuds
strongly associated with the septum as well asctieperiphery in a heterogeneous
punctate pattern during cell-division. Non-dividingells exhibit an even clearer
punctate distribution of PISY. This localisatiorttean suggests a manifold role of PIsY.
The cell-division protein EzrA was found at unexeelcdivision planes in the absence
of PISY in a conditional knockout strain (Garciarhat al., 2015) giving the first
evidence for a role of PISY in cell-division anetlink between phospholipid synthesis
and the divisome i. aureus

Interestingly, localisation studies B subtilison PIsX, an enzyme that catalyses
the first step in phospholipid synthesis, reveaedeterogeneous punctate distribution
of PIsX (Takadaet al.,2014). PIsX was also shown to interact with varioel-division
associated proteins such as the FtsZ-anchoringiprétsA and EzrA or cytoskeletal
proteins such as MreB. Further studies focusedsorole on cell-division showed that
PIsX localises to potential cell-division sites aaffiects the Z-ring formation which
again indicates a connection between phospholygithssis and cell-division.

PIsY might very likely be involved in a similar eotogether with PlsX and mark
future cell-division sites. The absence or misptaeet of these ‘road signs’ might then
lead the divisome to the wrong place resulting ispiaced septa. The big questions
however remain unsolved: Which protein arrivest faisd how do they know where to
go? It seems unlikely that PISY is the first toiarand be the key to position Z-ring
formation, since its overexpression did not affeell viability and cell-division (Fig.
4.4B). Additionally, cells lacking MreD exhibit atsant cell morphologies along with
the delocalisation of PISY (Garcia Lagtal.,2015). This might indicate a role of MreD
further up the line of command than PISY in theamigation of a punctate protein

localisation pattern in the membrane

4.3.2 FtsZ dependent localisation of PIsY

Phospholipid synthesis enzymesBnsubtilisare localised at the septum (Nishiberi
al., 2005). This localisation was shown to be FtsZ ddpat, as the depletion of FtsZ in

a conditional mutant resulted in the loss of sefuehlisation of Pss and CIsA. Both
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proteins dispersed in random patches in the peaphaembrane (Nishiboret al.,
2005).

In contrast toB. subtilis phospholipid synthesis enzymesSn aureusare not
solely septally localised but also exhibit a putetpattern throughout the membrane.
The septal localisation of PISY-GFP is lost in selNith non-polymerising FtsZ as
shown by a homogeneous distribution of PIsY-GFRe dépletion of FtsZ iB. subtilis
causes filamentous growth since Z-ring formationingpeded. It might be that
phospholipid synthesis enzymes are then localised ¥econd cell-division associated
protein or mechanism that is not preserfbiraureus

In respect t&. aureusthis potentially reveals two localisation meclsams. The
first one is the positioning to the cell-divisiontesthat is dependent on FtsZ and
peptidoglycan as shown with localisation studiepriotoplasts (Fig. 4.53AB and Fig.
4.51) and the second one is based on the abiliBts to polymerise which is required
for the heterogeneous distribution of PIsY-GFP (Big1l and Fig. 4.52). Importantly,
the heterogeneous distribution is independent ercétl size since the duration of FtsZ-
polymerisation inhibition which is correlated toettcell size does not affect the
localisation of PIsY (Fig. 4.52). Additionally, Mslocalisation in a strain lacking

WTASs which also results in larger cells was unagdqFig. 4.47).

4.3.3 The role of lipid domains in the localisatiorof membrane

proteins

PISY is an essential part of phospholipid synthegisinking fatty acids to glycerol-3-
phosphate. It is thought that phospholipid synthesainly takes place the septum since
all phospholipid synthesis enzymesBnsubtilislike CIsA, CdsA, Psd, MprF and YhdO
(PIsC) were found to go to the septum (Nishikairal.,2005). However, only CL and
PE are localised to the septum or cell poles instuaped bacteria whereas PG is found
at the septum and cell periphery. The mechanisnraflyecertain lipids (CL and PE)
are being kept from diffusing to the cell peripheviiereas PG is free to go remains
unclear. The distinct localisation of CL and PE tedthe assumption that these lipid
domains are required for the localisation of pa@ad septal membrane proteins. This
was found for the osmosensory ProFEircoli that failed to localise to the cell poles in
a CL deletion mutant (Mileykovskaya, 2007, Romawntsbal.,2007). InS. aureust is
only possible to delete CL and LPG since other&pare required for cell viability
(Martin et al, 1999). Both lipids were shown not be requiredtifie septal or peripheral
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localisation of PIsY (Fig. 4.42, Fig. 4.44 and Fi§.55) leaving only PG as a
phospholipid as a localisation cue for PIsY. Fumtihare, the deletion aarO, resulting
in the loss of wall teichoic acids, increases thptal localisation of PISY-GFP in cells
beginning the septum formation but only slightlycreased the heterogeneous
localisation pattern of PISY-GFP (Fig. 4.55). Thaer of lipoteichoic acids in the
placement of PISY was not studied since its detegdethal.

FM dyes stain negatively charged lipids such asa@t PG (Brumbaclet al,
2004) and revealed a striking helical patterrBinsubtilis(Baraket al., 2008). It was
suggested that this pattern is dependent on ththesis of peptidoglycan and its
insertion directed by MreB (Daniel & Errington, Z)0Wanget al, 2012). Other
proteins like MinD or SecA were shown to colocalisgh the helical arrangement
stained by FM dyes (Barait al.,2008, Campcet al, 2004). Importantly, this pattern
was lost in protoplasts and cells depleted of Mpf®yiding strong evidence for a link
between peptidoglycan and lipid organisation (Muehet al.,2011). PISY localisation
however, was not affected in protoplasts suggedtiagg PG/CL are not specifically
required for the placement of PIsY (Fig. 4.53). ,Y&DS treated cells exhibit a changed
PIsY localisation where the original punctate pattis disrupted and PIsSY localises to
one or two dots per cell (Fig. 4.54). This pointg that while specific lipids might not
be required, the membrane integrity as a wholeusial for the positioning of PIsY.

4.3.4 Dose-dependent localisation of membrane prats

One of the most studied and most controversialligatson of a bacterial protein is
MreB. It has been shown in several publications k@B localises in a helical pattern
throughout the the whole cell and thereby navigatesumber of proteins including
components of the cell division synthesis apparéhsh et al, 2005, Vats & Rothfield,
2007, Vatset al, 2009, Wanget al.,2012). It turned out that the helical pattern was d
to the YFP tag and overexpressed MreB (Swuétsl, 2011, Garneet al., 2011,
Dominguez-Escobaet al.,2011). This example shows that protein localisatitudies
have to be carefully examined.

Localisation of wild type levels of PIsY has beeadidated thoroughly using a
variety of localisation methods including differeftlorescent protein fusions (GFP,
eYFP) (Fig. 4.3 and Fig. 4.7), a monomeric eYFFsioer (Fig. 4.8), SNAP tag (Fig.
4.32) and immunofluorescence microscopy (Garciakegal.,2015).

However, two proteins in this study, PISY and SesWpwed varying localisation

patterns depending on their expression levels @rfgand comparing Fig. 4.23 with
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Figure 4.55 Summary of the effect of cardiolipin ad lysinylated
phosphatidylglycerolphosphate on the localisationfdPlsY
A, Cell counts categorized depending on PIsY-GFRligation in SH1000, SH1000
cls1/2 and SH1000 mprF dependent on the cell-cycle stage indicated by HADA

labelling. Red and yellow bars indicate septal Ahte bars indicate peripheral PIsY-
GFP localisation. The green coloured bar indiceaeslom PISY-GFP localisation. Data
was taken from Fig. 4.1, Fig. 4.42 and Fig. 4BACV-factor calculation of 20 cells of
deconvolved images of PIsY-GFP in SH1000, SH100B1/cls2 SH1000 mprF and
SH1000 tarO. Significance values against SH1000 were calcdlagng a two-tailed
unpaired student’s ttest.
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4.27F). PISY is localised in a heterogeneous fashiowild type levels but distributes
homogeneously when overexpressed on a plasmid &4. A higher number of
PlsYmolecules might lead to a higher number of dtftat are eventually not
distinguishable using fluorescence based microstiopted by light-diffraction. SecY
on the other hand, is localised throughout the meémbrane but appeared to form a
dot like distribution expressed from an IPTG-indilei plasmid after a short IPTG
induction (Fig. 4.27F). This potentially resulteda lower expression level compared to
its wild type level. The cell might use the regidatof membrane protein expression
levels as a mechanism to regulate protein locadisaand thereby their activity and
function.

4.3.5 Subcellular localisation of other membrane mteins

The localisation of a number of proteins were asedlyin this study. First and foremost,
membrane proteins tend to distribute heterogengowmslrandom patches. Proteins
involved in phospholipid synthesis appear to becalised with PIsY whereas others
are positioned in a similar fashion but do not lseaat the same spots as PIsY. Another
important localisation marker is whether a protisirgoing to the septum indicating a
possible role in cell-division.

Proteins found to be septally localised were enzymeolved in phospholipid synthesis
such as PIsY, CdsA, PgsA, MprF, PIsC and Cls2 (Eig.and Fig. 4.13-Fig. 4.16).
Their septal localisation suggests that phosplbynthesis irS. aureusmainly takes
place at the septum. However, all these proteins &kso shown to additionally localise
at the cell-periphery in a punctate pattern, paadigtdemonstrating that phospholipid
synthesis also takes place at the cell periphetlgairthese proteins have a second so far
unknown role. MreD was recently shown to affectal@ation of PIsY and showed a
weak interaction with PIsY using BACTH (Garcia-Lataal.,2015).

Some proteins such as the phenylalanine transpBieP and the lipoprotein
signal peptidase LspA also exhibit a septal loasig in the majority of dividing cells
(Fig. 4.28). Both proteins do not seem to sharesralith PIsY as LspA is involved in
the maturation of lipoproteins (Zhao & Wu, 1992)daRheP is an amino acid
transporter PheP (Horsburgt al., 2004). However, it remains unclear whether
lipoprotein maturation takes place at the septurggssting that lipoproteins are
integrated into the membrane during septation aleitiy the synthesis of peptidoglycan
and phospholipids. The role of phenylalanine transpt the septum remains unclear.
Proteins SecY, MscL and CydB only show septal isaéibn in a minority of cells,

mainly during early cell-division (Fig. 4.28). Theesounts however, might be due to the
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limited resolution and localisation patches couévén been near the septum start and
misinterpreted as septum associated localisatiamddieneous non-septal localisation
of SecY has been described f&: coli (Brandon et al, 2003) andB. subtilis
(Matsumotoet al.,2015) and this study i8. aureusonfirms these findings suggesting
that secretion seems to be a process requiredgihoot the cell membrane but not at
the septum (Fig. 4.23). The large mechanosensitnamnel (MsclL) is responsible for
turgor regulation upon activation by osmotic pressPerozo & Rees, 2003, Sukharev
et al, 1994) MscL needs to be exposed to external pressurerr#tia@ pressure
induced by the daughter cell during septation whoduld lead to an unwanted
induction during cell-division. Therefore, it makesnse to find MscL at the cell-
periphery rather than at the septum. It would batafrest to investigate whether MscL
is naturally localised in a punctate or homogenepatern since a homogeneous
distribution would be favourable to sense the dverassure on the cell surface.
Cytochrome BD subunit Il CydB was found to be lesxd in patches mainly at
the cell-periphery (Fig. 4.18, Fig. 4.27C and HF®8). This is consistent with findings
in E. coli describing CydB to be concentrated in mobile dosdLennet al., 2008b).
Other studies on respiratory proteins such as ticeisate dehydrogenase (SDH) and
ATP synthase inB. subtilis or the SDH and the NADPH dehydrogenase in
Synechococcus elongatusvealed a localisation pattern in discrete spatsthe
membrane (Johnsaet al, 2004, Liuet al.,2012).
Lenn et al., hypothesised the formation of so-called ‘respiree=d that concentrate
respiration components in specialised microdomarespirazones would allow the cell
to optimise the efficiency of electron and protarcuits resulting in a higher output of
ATP for the cell and reduction of oxidative stré@isennet al, 2008a). Finding CydB to
exhibit a similar distribution pattern in the merabe ofS. aureuss a first indicator for
the existence of respirazonesSnaureus.

4.3.6 Conclusion

Membrane proteins 5. aureustend to form punctate patterns at the cell peryphe
Phospholipid biosynthetic enzymes also exhibit@addocalisation providing evidence
for a link between lipid synthesis and cell-divisidnterestingly, no specific membrane
or cell wall components such as cardiolipin, LPG WiTAs are required for the

localisation of PIsY. However, level of PISY andEipolymerisation are crucial for the
pattern formation.
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4.4 Main findings in this chapters

The phospholipid synthesis enzyme PIsSY is localiseda heterogeneous
punctate pattern at the cell periphery and at #musn during cell-division as
shown with an eYFP, a GFP and a SNAP fusion wifY Pl

Most investigated membrane proteins also exhipiirectate localisation pattern
using native expression levels including phosphalgynthesis enzymes PgsA,
PIsC, MprF, ClIs2, the eukaryotic lipid raft mark&ilpT and the respiratory
protein CydB.

The secretion protein SecY is homogeneously digkihin the membrane.

The localisation of PISY and SecY are dose-depeanden

The localisation of PIsY is independent of lys-PGardiolipin, WTAS,
membrane potential, is not disturbed by fatty aydthesis inhibition and does
not require peptidoglycan.

Inhibition of FtsZ polymerisation redistributes Pls

Cells treated with SDS exhibit an altered PIsY lisadion.

4.5 Contributions

| performed all experiments in this chapter witke txception of the NanoJ-SRRF
analysis shown in Fig. 4.2, which was carried oytDr. Sian Culley (University
College London).
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Chapter 5: Membrane protein interaction studies in
S. aureus

5.1 Introduction

5.1.1 Protein-interaction analysis methods in bact&

Cellular functions rely on the interplay betweemtpms. To understand what role a
specific protein plays, it is crucial to considés place within its local environment
since most biological processes are executed hypgrof proteins rather than a single
protein. The discovery of genetically encoded fapirores has enabled the study of the
localisation of a wide range of proteins. Howewhre to the diffraction limit, it is not
possible to conclude the colocalisation at the mdé level or interactions between
proteins which requires the application of resoltindependent or indirect methods.
Relatively few bacteria have been comprehensivelydied for protein-protein
interactions. Most of these interactions have néesn verified by a second method
and therefore have to be considered of potentiatiyed biological relevance.

There are two main approaches for protein-intevacsiudies: complementation
assays such as yeast 2-hybrid and bacterial 2¢hybrd immunoprecipitation based
methods. The yeast 2-hybrid assay was first shoyvifriblds and Song in 1989 and
relies on the reconstitution properties of the gswaiption regulator GAL4 from
Saccharomyces cerevisigeields & Song, 1989). The DNA binding domain aheé t
activation domain of GAL4 can be fused separatelypttoteins of interest. If both
proteins interact with each other, both GAL4 dorsaane reconstituted and enable the
expression of reporter genes. Yeast 2-hybrid has beed early to identify interactions
between cell-division proteins in various bactéiidanget al, 1997, Yanet al, 2000,
Din et al, 1998, Liuet al, 1999). However, heterologous host interactiorlisti of
bacterial proteins in yeast might be inaccurate ¥8H is known to produce a high
number of false positive results since many pretaiare demonstrated to induce GAL4
without an interaction with the activation domaineven has been estimated that 50 %
of all Y2H results are unreliable (Deaatal, 2002). These major flaws were resolved
with the introduction of the bacterial adenylatelage two hybrid system (BACTH).
BACTH facilitates a similar mechanism as Y2H bytoeimg the activity of two
domains of theBordetella pertussisadenylate cyclase to proteins of interest in an
adenylate cyclase negativey&) strain ofE. coli (Karimovaet al, 1998). A positive
interaction activates the adenylate cyclase to edmATP to cAMP. cAMP triggers the
transcriptional activation of thiac operon containingacZ. Expression ofacZ results

in the hydrolysis of X-Gal to galactose and 5-bre#achloro-3-hydroxyindole. The
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latter product exhibits an intense blue colour ttet be detected as an indicator for
positive protein-protein-interaction. Unlike Y2Hhet transcriptional activation of a
reporter gene is uncoupled from the protein-proeteieraction and thus allows the
investigation of membrane and as well as cytoplagmbteins and produces less false
positive results. BACTH has been used intensivelgttidy protein interactions of cell-
division proteins in many bacteria. 18. aureusBACTH was used to map the
interactome between cell-division related protdiateeleet al.,2011) and showed the
interaction between Fem proteins involved in peggldcan synthesis (Rohrer &
Berger-Bachi, 2003). Another study used BACTH tondastrate that RNases B
aureus form a protein complex termed the ‘DegradosomebuR et al, 2011).
Although being superior to Y2H in the analysis afterial proteins, BACTH exhibits
many problems that can cause false-negative asé-faisitive results. Proteins fused to
the adenylate cyclase domains may not be foldedeplp which might be especially
problematic for multimerising proteins for theirtemaction properties. Also, both
studied proteins might never be expressed togethtteir interaction is dependent on a
third protein or condition that is not presentincoli. Y2H and BACTH are easy to
carry out and allow the screening for possibleradgon partners with a protein of
interest or even the generation of en entire ioterae. However, due to a variety of
problems, positive interactions have to be confanby another method such as co-
purification via an affinity tag. Immunoprecipitati relies on the pull-down of protein
complexes using an antibody that binds the natingtem of interest or a protein
translationally fused to an affinity tag. Pulledwdo proteins can be then identified by
Western blot or mass spectrometry. Co-immunopretipn was used to show protein
interactions between components of the type 3 8Benresystem ofPseudomonas
aeruginosaby enhancing the cytoplasmic secretion regulatoGRvith an affinity tag
that was used for a pull-down assay (Leteal, 2010). Furthermore, this method
demonstrated interactions within the Z-ring of Fte#th FtsW and ClpX inM.
tuberculosisand between penicillin binding proteins Gaulobacter crescentudatta
et al, 2002, Surekat al, 2010, Figgeet al.,2004). Although Co-IP is a reliable method
to show protein complexes it misses the detectiameak or transient interactions.

A series of other approaches have been used toalrgu®tein-protein-
interactions such as Plasmon Surface Resonandeadlsh al.) which is based on the
changing refractive index of a medium on a golanfivith absorbed proteins in
response to interactions with added proteins (Ragcl2014). Moreover, phage display
and affinity gel electrophoresis were successfapplied to study protein interactions.
An overview of commonly applied protein-proteindrdaction methods in bacteria is
listed in Table 5.1.
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Table 5.1 Protein-protein interaction methods

Protein-protein
interaction method

Advantages and Disadvantages

First described in arapplication examples

Yeast-2-Hybrid (Y2H)

easy to carry out

high number of false positives,
fusions are hybrids

requires overexpression
heterologous host

(Fields & Song, 1989)(first described)
(Chienet al, 1991, Wangpt al.,1997)
(Yanet al.,2000, Dinet al.,1998, Liuet al.,1999)

Bacterial adenylate cyclase
two-hybrid system (BACTH)

easy to carry out

high number of false positives
fusions are hybrids,

non native environment if n@. coli
requires overexpression

(Karimovaet al.,1998) (first described)(Claessen
al., 2008, Daniekt al, 2006, Datteet al, 2006,
Ebersbaclet al, 2008, Fraiponét al., 2011, Galli
& Gerdes, 2010, Karimova et al., 2005, Marbout
et al, 2009, Mazounet al, 2004, Mulleret al,
2007, Patrick & Kearns, 2008)

Complementation assays

Bimolecular
fluorescence/luminescence
complementation (BiFC/BILC

in vivo
native environment

(Ghoshet al.,2000) (first described)(Moreét al,
2008)

Spectroscopic Surface Plasmon resonance

low-throughput
requires purified proteins

(Liedberget al, 1995) (first described)(Bertscle¢
al., 2006)

analysis non-native environment
requires purified proteins (Reddy & Kumar, 2000, Satet al, 2011)
Farwestern proteins are denatured
T 8 non-native environment
L c Phage display Non-native environment (Smith, 1985) (first described)(Rosan@¢mal,
£ 8 2002, Wallet al, 2003)
S g_ potential protein degradation or modificatign(Bertscheet al.,2006, Corbiret al, 2007, de
g % Affinity purification during sample preparation, Leeuwet al, 1999, Espelet al, 2003,

results dependent on antibody binding
efficiency
nonspecific binding to beads

Buddelmeijer & Beckwith, 2004, Noirclerc-Savoy
et al, 2005, Butlancet al, 2005)

Fluorescence-
based
measurements

FRET/FRAP/FLIM

real-time analysis of dynamic processes
capable of detecting transient interactions
low sensitivity

native environment

extremely sensitive to small distance chan

(Forster, 2012)(first described)(Sourgkal, 2007,
Berget al.,2013, Hu & Lutkenhaus, 1999, Okuna
et al, 2009, Shen & Lutkenhaus, 2010, Szetal,
2001, Fraipongt al.,2011, Broussardt al, 2013)

ges
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5.1.2 Forster Resonance Energy Transfer

The Forster-resonance energy transfer is a noatraglienergy transfer between two
light-sensitive molecules. A well known example BRET in nature is seen in
photosynthesis. Light-harvesting complexes focusrgyn by a gradual transfer of
energy of carotenoids to phycobiline to Chloropty/nd a (van Thor & Hellingwerf,

2002). Energy is only transferred upon excitatiba donor fluorophore if its emission
spectrum overlaps with the excitation spectrum rofaaceptor fluorophore (see Fig.
5.1).

Figure 5.1 Schematic overview of FRET
A, FRET only occurs if the emission spectrum of aatdluorophore overlaps with the
excitation spectrum of an acceptor fluorophore.dea taken from (Broussard et al.,
2013).B, FRET itself describes the transfer of energy feomexcited state of the donor
to the ground state of the acceptor fluorophore.agen is taken from

https://de.wikipedia. org/wiki/Forster-Resonanzgmetransfer.

Since the efficiency of FRET is inversely propon@bto the sixth power of the distance
between donor and acceptor, it makes it a powéohllto investigate small changes in
distance between 1 and 10 nm of fluorophores (§td®78). Thus, the fusion of
appropriate fluorophores to molecules of interdstwas making conclusions on their
potential colocalisation and interaction (Harrie1Q).

FRET based interaction systems are the leadingoapprto study protein
interactionsin vivo, for instance to investigate the interaction betmvéhe chemotaxis
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response regulator CheY and its phosphatase ChEZdali which later led to the first
interactome revealed by FRET (Sourgkal., 2007, Vaknin & Berg, 2004, Sourjik &
Berg, 2002) FRET has also been applied to study the redor Statusing genetically
modified fused fluorescent proteins that carry tieaccysteine residues. The cysteine
residues form a disulfide bond in an oxidised statech brings both fluorophores
closer to each other and thereby increases the FRt€iency (Abrahanet al, 2014).

FRET also provided the experimental framework teeat protein interactions
within the divisome and peptidoglycan synthesisyares inE. coli. Van der Ploeget
al., revealed the interaction between MreB with othetoskeletal proteins such as
RodZ and RodA together with the peptidoglycan sgsih enzyme PBP2. These
interactions were abolished using the MreB polyasion inhibitor A22 (van der
Ploeget al, 2015). A FRET system using near endogenous lefelse investigated
proteins unveiled the interaction of FtsZ with itssnd ZapA. Additionally it allowed
the study of the interaction between various otheing associated proteins such as
FtsN, Ftsl, FtsW and FtsQ (Alexeew al, 2010). Furthermore, this system could
showed the interaction of PBP2 with PBP3 at thedieision site (van der Ploeet al,
2013). Other studies involved the design of biosenso screen colonies for calcium
uptake or the validation of protein interactionstween magnetosome associated
proteins in magnetotactic bacteria (Litzlbaeerl, 2015, Carilloet al, 2013).

5.1.3 Measurement techniques

Since FRET is a non-radiative process, it is naspme to directly detect and quantify
FRET. However, FRET affects the emission intengftacceptor and donor as well as
the lifetime of the donor fluorophore which can tmeasured with the appropriate

instruments.

5.1.3.1 Sensitized emission

FRET results in a decreased donor emission anédeed acceptor due to the energy
transfer from the donor to the acceptor (Clegg,9200hus, FRET efficiency can be
inferred from the variation of emission intensitiggce excitation of the donor also
results in excitation of the acceptor which is knoas sensitized FRET. However, an
issue can be an emission crosstalk leading toextdexcitation of the acceptor. This
effect can be corrected by acquisition of fluoreseeimages of samples with donor-
only, acceptor-only or both fluorophores usingeliéint filter settings.
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5.1.3.2 Fluorescence Lifetime Imaging Microscopy (EM)

FLIM measures how long in average a fluorophoreaiemin its excited state. These
time constants lie in a range of pico to nano sdsmnd therefore require very fast
image acquisition. Since the fluorescence lifetimeinfluenced by a number of
environmental changes such as pH, ion, oxygen &THBartners it can be a useful tool

for a variety of applications (Gadella, 2009)(GeoApbrahanet al, 2015).

5.1.3.3 Acceptor bleaching

Presently, the most prevalent measurement methad FBRET is acceptor
photobleaching. The principle idea is to unquer@h donor fluorophore by bleaching
the acceptor. This avoids the energy transfer amg¢amitantly increases the emission
intensity of the donor. A gradual acceptor bleaah thereby help to find the optimal
bleaching settings (Van Munstet al, 2005).

5.1.3.4 Donor Photobleaching (pbFRET)
Fluorophores are only sensitive to photodamageheair texcited state. Since FRET
decreases their fluorescence lifetime they are l@s® sensitive to photodamage and
hence have longer photobleaching times. Consequeht FRET efficiency can be
inferred from photo-bleaching over time (see Fi@)5

pbFRET was introduced by Jovat al.,in 1989 and used to show clustering of
lectin receptors and conformational changes of mdajstocompatibility complex
molecules (Younget al, 1994, Szolloset al, 2002). However, ppbFRET has never been
applied in prokaryotic cells. Both acceptor- anchalo photobleaching require long
time-frames and are therefore most applicable Xedfisamples where cell function is
not affected by the bleaching and the measuremsamttiaffected by potential specimen

movements.

5.1.4 Aims of this chapter
Establishment of a donor photo bleaching basecpratteraction system i8.
aureus
Confirmation of protein interactions between Plsid &£dsA and PIsY and
MreD

Analysis of protein interaction of PISY with oth@embrane proteins
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Figure 5.2 Examples for donor photobleaching decanates
pbFRET measures the photobleaching decay ratesdohar fluorophore in presence

and absence of an acceptor fluorophore. The dodeaches slower in the presence of

an acceptor due its reduced energy excitation. énmtpken from (Young et al., 1994).
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5.2 Results

5.2.1 Genetic and experimental setup

Donor photobleaching was chosen as the measurdastmtique due to its simplicity in
terms of image acquisition. This method can beqgoeréd with a standard equipped
wide field microscope. In this study, a Nikon D@dm System was used to carry out
FRET experiments. Proteins of interest were traioslally fused to GFP or mCherry
encoded on the shuttle-vector pCQ11. This pair evexsen based on good expression
levels inS. aureusas seen in previous experiments and low unwartietbpensitivity

in case other measurement techniques like FLIMcoejtor photobleaching should be
applied (Tramieet al, 2006).

pWhiteWalker, a derivative of pCQ11 designed irs thiudy, is a shuttle-vector
and fusions are expressedHEncoli and gram-positive bacteria such&saureusBoth
fusions are expressed under control of the IPTGérdde promotelPspac(Yansura &
Henner, 1984). This allows the controlled expraswb proteins in the experimental
host. The emission spectrum of GFP and the exmitagpectrum of mCherry overlap
(see Fig. 5.3A) making them a suitable FRET paowEver, their spectral overlap is
less favourable compared to other commonly apptRET pairs like eYFP/mCherry or
CFP/eYFP (see Fig. 5.3BC).

Fig. 5.4 shows the genetic setup of the pCQ11 bas@thiteWalker
experimental plasmids. Both fluorophores and gesfesterest can be replaced by
restriction digest. Additionally, proteins of ing=st are fused to mCherry or GFP via a
five amino acid glycine-serine linker (GGSGS) t@mase the risk of steric hindrance
between protein of interest and the fluorescentemo

5.2.2 Selected controls

Donor photobleaching analyses the bleaching bebhawba donor, in this case GFP,
over time. The FRET efficiency is calculated conmpgubleaching time constants of a
donor in the presence of an acceptor comparedetdirtte constant of the donor in the
absence of an acceptor. In this study, proteinacteons between PISY and various
other membrane proteins were tested. This reqgexpgession of PISY-GFP only as a
control for the donor in absence of an acceptancé&idonor photobleaching has not
been used i1$. aureusor other bacteria before it is not known whaexpect. In order
to introduce a positive control, GFP and mCherryenteanslationally fused in tandem
linked by the same Glycine-Serine linker used fog experimental plasmids. In this
case, both fluorophores are forced to stay in clasximity and therefore to show

FRET.
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Figure 5.3 Excitation and emission spectra of seled fluorophores
Spectra were generated using Chroma Spectra Viewer
(https:/Iwww.chroma.com/spectra-viewer\, Excitation (blue) and emission (red)
spectra of GFP and mCherfy, Excitation (blue) and emission (red) spectra i@
and mCherryC, Excitation (blue) and emission (red) spectra BP@Gnd eYFP.

Figure 5.4 Schematic presentation of the genetic mstructs used for FRET
experiments
Genes are indicated by arrows. The gene of intér¢gbi A) is translated in frame with
mCherrywhereas the gene of interest @bl B) is translated in frame withfp. Every

part of the system can be replaced by restrictigasd and cloning.
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5.2.3 Genes selected for investigation

The primary aim was to confirm protein-interactioesults obtained by BACTH.
Therefore a PISY-GFP fusion was investigated in ghesence of CdsA- or MreD-
mCherry fusions. Additionally, membrane proteins w®frious metabolic or
physiological functions were tested for interactioith PISY. For this purpose integral
membrane proteins were chosen based on their wpobnd size. GFP was
translationally fused to the C-terminus of PlsYcsirthis configuration has been shown
to be functional and the C-terminus is likely to drethe inside of the cell. Thus, only
membrane proteins with a cytoplasmic C-terminusewsdrosen for interaction studies
to make sure the fluorescent protein fusion iq@inside of the cell and to maintain the
overall structure of the overexpression plasmiddiAdnally, only proteins with a
maximum size of 500 amino acids were chosen todatha@ construction of massively
large plasmids (>13000bp).

5.2.4 Construction of FRET plasmids

Plasmids pWhiteWalker1-4 and pCQd@fi> were constructed in cooperation with Lucas
Walker (Walker, 2015). Some of these plasmids wenamed and the updated name is
shown in Table 5.3.

The plasmid pWhiteWalkerl was constructed as fatosodon-optimised forms
of the genesmCherry (Uniprot X5DSL3-1) andgfp (eGFP; Uniprot Q8GHE2-1)
containing their own ribosomal binding sites werparately amplified by PCR
(oligonucleotide primers: 5'FLO04/3'pWhiteWalkerOmé&inyOE and 5
pWhiteWalkerOGFPOE/3'FLO5, respectively), fused dwyerlap extension PCR and
cloned at theecoRI/Asclsite of shuttle-vector pCQ11 (Fig. 5.5). A tramisiaal fusion
of mCherry-gfplinked by a sequence encoding a Serine/Glycirteetinvas constructed
by PCR amplification omCherryandgfp (oligonucleotide primers: 5’FL04/3'FLO40E
and 5’FLO50OE/3’FLO5, respectively), fusion of thdments using overlap extension
PCR and cloning of the final fragment at teoRI/Asclisite of pCQ11. This resulted in
plasmid pWhiteWalker2. In the following constru&saureusSH1000 genomic DNA
was used as a template for amplification of allestigated genes. Construction of
pWhiteWalker3 was carried out by amplification aridning the gene coding fd3.
aureusplsY (5’FLO6/3'FL0O6) at theBglll/Kpnl site of pWhiteWalkerl in lieu offp.
Additionally, a tandem fusion ofmreD (5’FLO7/3'FLO7OE) and mCherry
(5’FLO8BOE/3'FL04) was created by overlap extendRDR. This fragment contained a
ribosome-binding site and is flanked Byglll andEcoRIsites that were used for
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Table 5.2 Bioinformatic analysis of selected integt membrane proteins chosen for
protein interaction studies with PIsY

Gene
name

GenelD

Function (protein length
in amino acids)

Topology Prediction (nttp://wlab.ethz.chiprotter/#)

pheP

SAOUHS
C_01326

Phenylalaninetransporter
(484)

pgsA

SAOUHS
C_01260

CDP-diacylglycerol--
glycerol-3-phosphate 3-
phosphatidyltransferase,
involved in phospholipid
synthesis, processes the
CdsA product CDP-
diacylglycerol into
Phosphatidylglycerolpho-
sphate that is required for
Phosphatidylglycerol (PG)
synthesis (193)

cydB

SAOUHS
C_01032

Cytochrome B subunit,
component of the terminal
oxidase Cytochrome bd
(339)

mscL

SAOUHS
C_1342a

Large-Conductance
Mechanosensitive Channe
translates physical forces
applied to the membrane
into electro-physiochemica
signals (120)

secY

SAOUHS
C_02989

Main transmembrane
subunit of the Sec secretio
pathway, ATPase (430)

n
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alsT | SAOUHS | Sodium-Alanine Symportef
C_01354 | (486)

IspA | SAOUHS | Lipoprotein signal
C_01162 | peptidase (163)

fmnP | SAOUHS | Riboflavin Symporter (181
C_01505

mntP | SAOUHS | Manganese transporter
C_00636 | (278)
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Table 5.3 Nomenclature of FRET plasmids and theirdatures

Plasmid name

Features

Purpose

T

pCQ1llgfp Expression of cytoplasmfp Intermediate plasmid used for
the construction of other
pWhiteWalker’'s
pWhiteWalkerl Expression of cytoplasngfp Negative control
andmCherry
pWhiteWalker2 Expression of cytoplasngfp Positive control
andmCherryfused in tandem
pWhiteWalker10 | ExpressigpisY-gfp Negative control, used for FRE
efficiency calculation
pWhiteWalker3 ExpressioplsY-gfpandmreD- | Confirmation of PIsY-MreD
mCherry interaction
pWhiteWalker4 ExpressioplsY-gfpandmreD- | Confirmation of PIsY-CdsA
mCherry interaction
pWhiteWalker7 ExpressioplsY-gfpandcydB- | Investigation of potential
mCherry interactions of PIsY with other
membrane proteins
pWhiteWalker8 ExpressioplsY-gfpandpgsA- | Investigation of potential
mCherry interactions of PISY with other
membrane proteins
pWhiteWalkerll | ExpressiguisY-gfpandpheP- | Investigation of potential
mCherry interactions of PIsY with other
membrane proteins
pWhiteWalker12 | ExpressiguisY-gfpandsecY- | Investigation of potential
mCherry interactions of PISY with other
membrane proteins
pWhiteWalker1l3 | ExpressiguisY-gfpandmscL- | Investigation of potential
mCherry interactions of PIsY with other
membrane proteins
pWhiteWalker14 | ExpressiguisY-gfpandfmnP- | Investigation of potential
mCherry interactions of PIsY with other
membrane proteins
pWhiteWalker1l5 | ExpressiguisY-gfpandalsT- Investigation of potential
mCherry interactions of PISY with other
membrane proteins
pWhiteWalker16 | ExpressigoisY-gfpandmntP- | Investigation of potential
mCherry interactions of PIsY with other
membrane proteins
pWhiteWalkerl7 | ExpressiguisY-gfpandispA- Investigation of potential
mCherry interactions of PISY with other
membrane proteins
pWhiteWalker18 | ExpressiguisY-gfpand Investigation of PISY interactior]

TMD(plsY)-mCherry

with an artificially membrane

|

bound mCherry

A more detailed description of plasmids used is tiiapter can be found in Section

2.3.3 Table 2.5.
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cloning into theEcoRI/Bglll site of the modified pWhiteWalkerl containiptsY. This
resulted in the final construct pWhiteWalker3 camtay tandem fusions omreD-
mCherry and plsY-gfp pWhiteWalker 4 was constructed in the same maasefor
pWhiteWalker3, using a gene encodiodsA (5’FL09/3’'FLO90OE) fused by overlap
extension PCR tomCherry (5’FL100OE/3'FL04) in lieu of mreD. The resulting
construct contained tandem fusionsd$A-mChernandplsY-gfp

Construction of pCQléfp was carried out by amplification affp using
primers 5’pCQ11gfp/3'CQ11gfp followed by restrigtiaigest withEcoRI/Ascl The
digested DNA fragment was then ligated irfgoRI/Asclcut pCQ11 resulting in
pCQ1l1lgfp.

In order to construct pWhiteWalker7 and 8, genesdimg forcydB and pgsA
were amplified using primer pairs 5’ FW65/3 FW65 &1eW66/3'FW66 respectively.
These fragments were then cut wiEboRland Nhel and ligated into pWhiteWalker3
that was cut with the same enzymes replacmgD with cydB or pgsA A schematic
cloning overview of the construction of pWhiteWatke7,8 and 10-18 is depicted in
Figures 5.6 and 5.7.

Plasmids pWhiteWalker10-18 were constructed usiigs@ Assembly (New
England Biolabs, Hitchin, United Kingdom). pWhitelki&r3 was used as a template to
amplify a tandem fusion gblsY-gfp(5’FW73/3'FW73) that was subsequently cloned
into the EcoRI/Ascl site of pCQ1llgfp replacing gfp by plsY-gfp resulting in
pWhiteWalker10. In order to construct pWhiteWalkedl7, genes encodinghePR,
secY mscL, fmnP, alsT, mntP and Ispiere amplified using primer pairs
5'FW74/3FW74 pheB, 5FW75/3FW75 §gecY, 5FW76/3'FW76 (mscl),
5'FW77/3'FW77 (mnB, 5'FW78/3'FW78 @lIsT), 5’FW79/3'FW79 MmntP and
5'FW80/3'FW80 (spA), respectively. These DNA fragments were then etbimto
Nhel/EcoRlcut pWhiteWalker3 replacingireD. This resulted in plasmids containing
tandem fusions of the cloned genes wit€Gherrytogether withplsY-gfp
pWhiteWalkerl8 containing a tandem fusion pisY-gfp together with the first
transmembrane domain of PIsY fused to the C-tersmofnCherrywas constructed by
amplifying mCherrythrough two amplification rounds. FirsnCherry was amplified
using primer pair 5’FW81-1/3'FW81. The product veadsequently used as a template
for another PCR amplification round using primeisV881/3'FW81, thus resulting in
an enhancednCherry containing a nucleotide sequence that encodeshéoffirst 27
amino acids of PIsY on the C-terminus. This DNAgfrent was cloned into the

EcoRI/Bglllsite of pWhiteWalker3, thus replacingeD-mCherryFig. 5.7).
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All plasmids were transformed intcE. coli NEB5 by Heat-Shock
transformation and correct transformants were ob@dky restriction digest (see Fig.
5.5B-E, 5.6C-G and Fig. 5.7B) followed by DNA sego&g (GATC Biotech AG,
Konstanz, Germany). Recombinant plasmids contairihmg correct insert without
mutations were purified, concentrated and electiaed intoS. aureuskRN4220.

Restriction digest of pCQ1dfp and pWhiteWalkerl0 candidate plasmids
resulted in unexpected DNA fragment sizes using rdsgriction enzymes Spel and
Ascl. Sequencing however showed the right DNA seqgedor the inserts. Ascl was
used before and cuts once within the plasmid baklsuggesting an addition&pel
restriction site within the plasmid backbone thaiswnot indicated in the plasmid

sequence used for cloning.

5.2.5 Analysis of functionality

To test the functionality of the constructed pladsnin RN4220, overnight cultures were
diluted to an Olho=0.05 and grown for 2 h at 37 °C in the presencergihromycin (5
png / ml) and lincomycin (25 pg / ml) and 500 mM [BTCultures were harvested,
washed with PBS and analysed by fluorescence nuepysusing a Nikon Dual Cam
epifluorescence microscope.

Both strains expressingfp and mCherry from pWhiteWalkerl or 2 show
cytoplasmic fluorescence signals in the FITC and® RRannel (TexasRed) (see Fig.
5.8AB). The control plasmid pWhiteWalker10 only esgses lsY-gfpfusions that is
localised at the membrane and the septum duringlisetion (Fig. 5.8G). Importantly,
there is no cross-bleed through the RFP (TexasBleahnel using the excitation and
emission settings applied for image acquisitioralbfstrains (Fig. 5.8G). All the other
pWhiteWalkers express plsY-gfp fusion together with a gene of interest fused to
mCherry mCherry-fusions withmreD, cdsA, cydB, pgsA, pheP, secY, mscL, fmnP,
mntB andIspA are expressed and membrane-associated (Fig. 58@H-K and M-
N). An alsT-mCherryfusion was barely expressed in most cells andesged fusions
do not appear to be membrane-associated (Fig. .58le) expression ahCherryfused
to the first transmembrane domain of PISY also dussexpress well, but the fusion

appears to be located at the membrane (Fig. 5.80).
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Figure 5.5 Construction of pWhiteWalker 1-4
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A, Diagram illustrating the construction of pWhitelM& 1-4. pCQ11 was used as the
backbone for the integration ofCherryinframe withgfp (pWhiteWalker2) omCherry
separately expressed fragip (pWhiteWalkerl) mCherryof pwhiteWalkerl was then
replaced by a translational fusionmafeD (pWhiteWalker 3) ocdsA(pWhiteWalker 4)
with mCherryandplsY was inserted upstream and inframegfyf resulting in plasmids
pWhiteWalker 3 and 4B, pWhiteWalkerl candidate plasmids (Lanes 1-4) were
digested with EcoRI/Ascl and separated by 1 % (WA agarose gel electrophoresis.
Bands of 8380 and 1477 bp corresponding to pWhitk®Vh, respectively, are marked
by black arrowsC, pwWhiteWalker2 candidate plasmids (Lanes 1-4) vaggested with
EcoRI/Ascl and separated by 1 % (w/v) TAE agaroskelectrophoresis. Bands of
8380 and 1471 bp corresponding to pWhiteWalker@yeetively, are marked by black
arrows. D, pWhiteWalker3 candidate plasmids (Lanes 1-2) wdigested with
EcoRI/Ncol and separated by 1 % (w/v) TAE agaroskedectrophoresis. Bands of
8933 and 2097 bp corresponding to pWhiteWalker§peetively, are marked by black
arrows. E, pWhiteWalker4 candidate plasmids (Lanes 1-3) wdrgested with
EcoRI/Ncol and separated by 1 % (w/v) TAE agaroskejectrophoresis. Bands of
8933, 2112 and 237 bp corresponding to pWhiteWdlkegspectively, are marked by
black arrows. A list of plasmids used in this cleapand their nomenclature can be
found in Table 5.3.
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Figure 5.6 Construction of pWhiteWalker 7, 8, 10-17
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A, Diagram illustrating the construction of pWhiteM& 7,8 and 11-17.
pWhiteWalker3 was used as the backbone for thaceptent ofnreDwith the gene of
interest resulting in a translational fusion of tpene of interest wittmCherryalong
with the separate expression of a translationabfusf plsY with gfp. B, Diagram
illustrating the construction of pWhiteWalker10. @Cl-gfp was used as a backbone for
the construction of pWwhiteWalker 10 by replacgfg with plsY-gfp.C, pwhiteWalker7
(Lane 1) and pWhiteWalker3 (Lane 2) were digestét coRI/Bglll and separated by
1 % (w/v) TAE agarose gel electrophoresis. Band37@df© and 1329 bp corresponding
to pWhiteWalker7, respectively, are marked by blagows.D, pWhiteWalker8 (Lane
1) and pWhiteWalker3 (Lane 2) were digested witmBkh and separated by 1 % (w/v)
TAE agarose gel electrophoresis. Bands of 9626 b6 bp corresponding to
pWhiteWalker8, respectively, are marked by bladkows. E, pWhiteWalker10 (Lane
1) and pCQ14fp (Lane 2) were digested with Ascl/Spel and sepdrhtel % (w/v)
TAE agarose gel electrophoresis. Bands of appraein®000, 2000, 1500 and 1200
bp corresponding to pWhiteWalkerl0 (Lane 1), res8pely, are marked by black
arrows. F, pWhiteWalkerll (Lanes 1), pWhiteWalkerl2 (Lane @yVhiteWalkerl13
(Lane 3) and pWhiteWalker14 (Lane 4) were digestéd EcoRI/Bglll and separated
by 1 % (w/v) TAE agarose gel electrophoresis. Bamdis9750 and 2202 bp
corresponding to pWhiteWalkerl11, respectively, megked by black arrows. Bands of
9750 and 2040 bp corresponding to pWhiteWalker@@pectively, are marked by black
arrows. Bands of 9750, 1077 bp (and 33 bp) cormedipg to pWhiteWalkerl3,
respectively, are marked by black arrows. Bandg7&0 and 1293 bp corresponding to
pWhiteWalker14, respectively, are marked by blackws. G, pwWhiteWalkerl5 (Lane
1), pWhiteWalker16 (Lane 2), pWhiteWalkerl7 (LaneaBd pWhiteWalker3 (Lane 4)
were digested with EcoRI/Bglll and separated by 1(%v) TAE agarose gel
electrophoresis. Bands of 9750 and 2208 bp cormepg to pWhiteWalkerl5,
respectively, are marked by black arrows. Band37&0 and 1584 bp corresponding to
pWhiteWalker16, respectively, are marked by blackvas. Bands of 9750 and 1239 bp
corresponding to pWhiteWalkerl7, respectively, magked by black arrows. Bands of
9749 and 1281bp corresponding to pWhiteWalkerJaetsvely, are marked by black
arrows. A list of plasmids used in this chapter #melr nomenclature can be found in
Table 5.3.
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Figure 5.7 Construction of pWhiteWalker 18
A, Diagram illustrating the construction of pWhiteM& 18. pwhiteWalker3 was used
as a backbone replacingreD-mCherrywith an enhanceanCherry containing the
sequence encoding for the first transmembrane dowi@PIsY at its N-terminusB,
pWhiteWalkerl8 (Lane 2) and pWhiteWalker3 (Lane wgre digested with
Hindlll/Bglll and separated by 1% (w/v) TAE agarogel electrophoresis. Bands of
6583, 3154 and 836 bp corresponding to pWhiteWatkétane 2), respectively, are
marked by black arrows. Restriction digest of p\WWitlker3 results in bands of 6583,
3154 and 1293 bp (Lane 1). A list of plasmids usedthis chapter and their
nomenclature can be found in Table 5.3.
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Figure 5.8 Localisation of PIsY-GFP and various metwrane proteins fused to
mCherry in S. aureusRN4220

Fluorescence images (convolved)SfaureusRN4220 + pWhiteWalkers incubated in
the presence of antibiotics and 500 uM IPTG for. 2nilages were acquired using a
Nikon Dual Cam system and NIS elements softwaré&diilnstruments). Acquisition
of fluorescence images were taken using 500 mssexpan both channels. Scale bars
on the left panel represent 3 um and scale barshenright represent 1 pnmA,
Fluorescence images of RN4220 + pWhiteWalkenCkerry + gfp). B, Fluorescence
images of RN4220 + pWhiteWalkerehCherrygfp, fused in tandem)C, Fluorescence
images of RN4220 + pWhiteWalker3nfeD-mCherry + plsY-gfp). D, Fluorescence
images of RN4220 + pWhiteWalkerdn(eD-mCherry + plsY-gfp). E, Fluorescence
images of RN4220 + pWhiteWalkerzydB-mCherry + plsY-gfp). F, Fluorescence
images of RN4220 + pWhiteWalkerpgsAmCherry + plsY-gfp). G, Fluorescence
images of RN4220 + pWhiteWalker10lgY-gfp). H, Fluorescence images of RN4220 +
pWhiteWalkerll ghePRmCherry + plsY-gfp). I, Fluorescence images of RN4220 +
pWhiteWalker12 ¢ec¥mCherry + plsY-gfp). J, Fluorescence images of RN4220 +
pWhiteWalker13 hscl-mCherry + plsY-gfp). K, Fluorescence images of RN4220 +
pWhiteWalker14 fmntPmCherry + plsY-gfp). L, Fluorescence images of RN4220 +
pWhiteWalker15 #&lsT-mCherry + plsY-gfp). M, Fluorescence images of RN4220 +
pWhiteWalker16 hntRmCherry + plsY-gfp). N, Fluorescence images of RN4220 +
pWhiteWalkerl7 I6pA-mCherry + plsY-gfp). O, Fluorescence images of RN4220 +
pWhiteWalker18 TMD(plsY)mCherry+ plsY-gfp).
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5.2.6 FRET measurements
Protein interactions using FRET are measured by tRET efficiency. This value
describes the amount of transferred energy betwerar and acceptor. As described in
the introduction, this energy transfer only occursclose proximity between both
fluorophores. A detailed protocol of sample prepara image acquisition and analysis
can be found in the Methods section. Briefly, celisre continuously bleached for 5
min at wavelength 488 nm and fluorescence intermir time was used to determine
the photobleaching decay rate in arbitrary unisfe. Table 5.4 lists the
photobleaching time constants for all carried dREF strains. These values were used
to calculate the FRET efficiency using the follogiformula:

E=1-ps/ P8
where pg is the time constant of PISY-GFP in the absenanddcceptor andpsg is the
time constant of PISY-GFP in presence of the ingat#d fusion. In other words,
expression oplsY-gfpfrom pWhiteWalker10 was used for determinationf FRET
efficiencies were only calculated between straad tvere analysed on the same day to
minimise experimental variations. Therefore, tinenstant summaries cannot draw
conclusions on FRET efficiencies.

This study demonstrates a donor-photobleaching FREdroach for the first
time inS. aureudo identify protein interactions between PIsY flise GFP and various
other membrane proteins fused to mCherry. All valuere calculated based of the
photobleaching decay rate of GFP compared to tkeoba strain only expressimsY -
gfp. Since this system is novel, a positive contrahgi® cytoplasmic tandem fusion of
mCherry-GFP, was required to get an idea of a ipesERET result. mCherry-GFP
(PWW2) exhibits an efficiency value of 19.9% 9.9 Whereas a strain expressing
cytoplasmic non-fusethCherryandgfp (pWW1) shows an efficiency of 6.5% +10.1 %
(Fig. 5.9AB). These values are not significantlffetent but exhibit a relatively low p-
value of 0.076 (Fig. 5.9C). Expression of cytoplas@®FP and mCherry might result in
too high levels of both proteins and thereby catmedom FRET events in the
cytoplasm. However, the analysis of FRET efficiescibetween PISY and MreD
(PWW3) or CdsA (pWW4) or PgsA (pWW8) shows highi@éincy levels of 20 — 23 %
that are not significantly different from each atlip-values range from 0.06 to 0.99)
(Fig. 5.9ABC). Furthermore, the interaction betweeydB and PIsY (pWW?7) also
exhibits a high FRET efficiency value of 13.0% +2o0&hat is not significantly different
from MreD (p = 0.074), CdsA (p = 0.500) and PgsA=(p.152). Two proteins showed

a low FRET efficiency. SecY-PIsY (pWW12) and MsclsP (pWW13) interaction
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measurements demonstrate FRET efficiencies of%4#4 4.8 % and -4.1 % + 5.3 %,
respectively (Fig. 5.9AB). Both data sets are digaintly different to the mCherry-GFP
fusion, MreD (p = 0.0024 for pWW12 and p = 0.0044 pWW13), CydB (p = 0.0174
for pWwW12 and p = 0.0456 for pWwW13) and PgsA stsidpe= 0.0179 for pWwW12 and
p = 0.0316 for pWW13) (Fig. 5.9C). The analysidgrdéraction between PISY and the
artificially membrane bound mCherry protein (pWW218)yntaining a N-terminal
transmembrane domain exhibits a negative FRETIieffoy. This could be explained
that this protein has a negative effect on PISY-Gifiel potentially decreases its
fluorescence lifetime. FRET interaction studieswestn PIsY and PheP, FmnP and
LspA were only carried out once and showed FRETCieficy values in between the
negative and positive values seen for other grolipese studies have to be repeated in
order to draw conclusions. Furthermore, although ititeraction between PIsY and
CdsA (pWW4) exhibit a high FRET efficiency valug,is not significantly different
from any other group (p values range between 0.H690.9998) since this group has
only been carried out twice.

In conclusion, a donor photo bleaching approacteteal interactions between
membrane proteins i6. aureusis viable and identified the interaction of PlsYtiw
MreD and PgsA. Additionally, CdsA and CydB are moi interaction partners but
need to be clarified since significance values @dsA) or FRET efficiency (for CydB)
are different from the other positively tested pnos.

Table 5.4 Donor photobleaching times

Plasmid name pWhiteWalkerl  pWhiteWalke[2 pWhiteVéall® | pWhiteWalker3
Time constant 99.2+6.8 118.6:9.9 94.6t8.6 124.27.5
[A.U./frame]

Sample size 4 6 6 5

Plasmid name pWhiteWalker4  pWhiteWalke[7  pWhiteWak | pWhiteWalkerl1]

Time constant 112.86.5 108.4t12.3 118.2:8.3 93.4

[A.U./frame]

Sample size 2 4 3 1
Plasmid name| pWhiteWalkerl2 pWhiteWalkerll3 pWhitdid4 | pWhiteWalkerl5
Time constant 94.1+11.5 98.8:12.0 104.2 -
[A.U./frame]

Sample size 3 4 1 0

Plasmid name pWhiteWalkerlp  pWhiteWalkerl7  pWhité#id 8

Time constant - 92.5 85.8t14.4

[A.U./frame]

Sample size 0 1 2
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Figure 5.9 Protein-protein-interactions between P¢-GFP and various membrane
proteins fused to mCherry

A, FRET efficiencies calculated based on donor plig¢aching decay rates of GFP
compared with the decay rate of a strain expregsisg-gfp(pWhiteWalker10) alone.
Sample size indicates the biological replicate athegroup.B, Mean and standard
deviation values of FRET efficiencies used for@\.Cross-table of significance values
calculated between all groups that were investiyateduplicate or more repeats (no
pWhiteWalkers11,14 and 17). Significance was caled using a student’s t-test, two-
tailed unequal variance. Green bars indicate saamte whereas non-coloured bars

(n.s.) indicate no significance.
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5.2.7 FRET measurements in presence the of Daptomyc

Daptomycin is a lipopeptide antibiotic used to trgeam positive bacteria. Its mode of
action has not been entirely elucidated but ihaught that daptomycin acts on the cell
membrane causing local changes in membrane cuevétat eventually result in the
delocalisation of cell-division proteins in a‘Céon dependent manner (Pogliaeial.,
2012). In order to investigate whether this delsetion has an effect on the interaction
between the previously shown membrane proteins, TFRitdies were carried out
comparing the interaction of PIsY with MreD, CydBscY and MscL. Additionally, the
translational fusion of mCherry-GFP was used assitige control since its FRET
activity is based on a interaction in the cytoplaamd not in the membrane. Therefore,
if daptomycin affects the interaction between meanbrproteins, no effect should be
seen on the cytoplasmic mCherry-GFP fusion.

In order to determine the minimal inhibitory contration of daptomycin, an
overnight culture ofS. aureusSH1000 was diluted to an @§=0.025 in 25 ml BHI
supplemented with Cagl5 pug / ml) and grown at 37 °C at 250 rpm to §@D1.4
followed by addition of daptomycin (1, 10 or 50 faml). 50 pg / ml daptomycin was
the only concentration causing a growth defect thiedefore chosen for the following
FRET interaction studies. (Fig. 5.10A).

The interaction between membrane proteins in teegmce of FRET was carried out as
described in Section 5.2.6 with the modificatiorattithe second subculture was
supplemented with Cag(5 pg / ml) and grown for 1.5 h before adding dapycin to a
final concentration of 50 pug / ml. The cultures svéinen incubated for another 30 min
before cells were fixed and analysed by fluoreseenicroscopy (Fig. 5.10B).

All FRET efficiency values except for the positiv®ntrol, mCherry-GFP,
decreased in the presence of daptomycin (Fig. 5.10Be interaction of PISY with
CydB is completely abolished whereas the interacti@ues between SecY and MscL
with PIsY even reached negative levels of7%. The FRET efficiency of MreD-PIsY
however remains high and only exhibits a decredssraund 3 %. Interestingly, the
translational fusion of mCherry-GFP was not affdctey daptomycin and even
increased by 9 %. These changes might be explained that tleeaiction of all fusions
except for mCherry-GFP is affected by daptomycim dhat the reference strain
expressingplsY-gfpalone that was used to calculate the FRET effogiaralues might
also have been affected. However, this study wasaarried out once since it requires
high amounts of daptomycin and thus is not conetusiegarding the effect of

daptomycin on the interaction of membrane prot@irs. aureus
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5.2.8 Single cell subcellular FRET measurements

The application of FRET revealed an interactionweein PIsY and MreD but no
interaction between PIsY and SecY. FurthermoreY Rigght interact with CydB. This
protein-protein interaction system is capable dfedeining where, on a subcellular
level, the interaction takes place. Usual measunésngere carried out by analysing the
fluorescence intensity of GFP of a whole imagedfieler time. Repeating the analysis
of selected cells that are either undergoing aelsbn or do not show cell-division
was studied to reveal a potential difference (Big1A). Additionally, cells undergoing
cell-division were further subdivided into septal geripheral membranes to investigate
whether protein interactions mainly occur at thetge.

In order to achieve this, 10 cells or subcellulegaa per image field of strains
RN4220 + pWhiteWalker3 (MreD), pWhiteWalker7 (CydBpWhiteWalker10 (PISY-
GFP only) and pWhiteWalkerl2 (SecY), were seleeatedl analysed (Fig. 5.11B).

Using a single-cell donor-bleaching analysis resudtsimilar values compared
to the whole image method applied to the initialEHRefficiency calculation (Fig.
5.11B). PIsY-MreD displays a high FRET value fdrialestigated subcellular areas.
However, the FRET efficiency is higher for cellsderngoing cell-division indicating
that these cells might exhibit more protein intéoac between PIsY and MreD.
Interaction between PIsY and SecY is low or evegatiee in all studied areas.
Interestingly, CydB-PIsY interaction is more pronoad in cells undergoing cell-
division and dissecting these cells further reveasinteraction at the cell periphery
rather than the septum. However, the standard tieviess high and the difference is not

significant.
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Figure 5.10 Protein-protein-interactions between RlY-GFP and various

membrane proteins fused to mCherry in the presencand absence of daptomycin
A, Growth curves of SH1000 in the presence of ¢&&lpg / ml) and daptomycin.
Strains were grown to an Q3 1.4 followed by addition of daptomycin. Only GQJ2
values after addition of daptomycin are shown @ity the growth defectB, FRET
efficiencies calculated based on donor photo biegctecay rates of GFP compared
with the decay rate of a strain expressplgY-gfp (pWhiteWalker10) alone in the
presence of Cag(5 pug / ml) and daptomycin (50 pug / ml). ‘- indies no addition of
daptomycin whereas ‘+’ indicates the addition gbtdanycin.
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Figure 5.11 Subcellular single-cell FRET analysisfgrotein-interactions of PIsY-
GFP and MreD, CydB and SecY fused to mCherry

A, Schematic presentation of the data analysis nmgeof selected subcellular areas
used for FRET efficiency measuremesFRET efficiencies of protein interactions of
PIsY with MreD, CydB or SecY. Whole image valuesravéaken from Fig. 5.9BC,
Significance values calculated between all thremugs within the subcellular area of
measurement. Significance was calculated usingaaied equal variance student’s t-
test. Green bars indicate significance whereas cotmired bars (n.s.) indicates no

significance.
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5.3 Discussion

5.3.1 A novel system to study protein-protein-inteactions inS. aureus
This study introduced a novel method to study pnepeotein interactions i1$. aureus

A donor photobleaching approach allows investigaprotein interactions vivoin its
native host. This can have great benefits comptardacterial-two hybrid studies .
coli since heterogeneous expression can result inaleded and misfolded proteins that
exhibit altered properties. The measurements gn®decible but require at least three
independent replicates to produce significant daiawever, this assay is time
consuming and not suitable to screen for protetarattions in between a group of
proteins. The protein interaction assay here was wath exponentially growing cells
to investigate protein interactions between fastuiin where cellular processes have to
be efficient. Since photobleaching rates are thaaéy dose-independent, it should be
possible to use this system to analyse proteimaot®ns over time to study the relation
between two proteins dependent on the growth pAdss.study also demonstrates that
the analysis of subcellular areas is feasible wiuchld be a powerful tool to study
protein-interactions dependent on the cell-cycgest Furthermore, it would be of great
interest to elucidate the mode of action of memérangeting antibiotics by analysing
their effect on the interaction between membrarseprs. Preliminary results using
daptomycin demonstrated that protein-interactioasvben PIsY and MreD decreased
and the interaction between PISY and CydB was d@mtiabolished. Importantly,
daptomycin had no negative effect on the cytoplastontrol comprised of a tandem
fusion of mCherry-GFP. Further studies could ingege the effects of telomycin or
lysocin E, two cytoplasmic membrane targeting aotits that are active in gram
positive bacteria (Fet al, 2015, Hamamot@t al, 2015). Interestingly, daptomycin,
telomycin and lysocin intercalate between specilijgids. Daptomycin targets
phosphatidyl-glycerolphosphate, telomycin intertzdebetween cardiolipin and lysocin
exhibits an affinity to menaquinones (Epapt al, 2016). In case the membrane
proteins investigated in this study preferentiétigalise in a local microenvironment of
specific lipids, the use and comparison of thegéiatics could identify these lipids.
The treatment should specifically only inhibit irgetions of membrane proteins
localised in these lipid domains.

To deploy better controls than the cytoplasmic egpion of mCherry and GFP,
either separately expressed or in tandem, it wofllthterest to construct membrane
bound fluorophore fusions. A first attempt was umalen by fusing the first
transmembrane domain of the integral membrane ipr&®ksY to the N-terminus of

mCherry termed TMD(PIsY)-mCherry. Although the fusiappears to be located at the
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cell periphery, it did not express or fluorescelwElg. 5.8) and also exhibits a lower
photobleaching rate than the negative control s¥FEFP alone (Fig. 5.9A). This could
be explained due to a detrimental effect of TMD{mCherry on PISY-GFP. To
repeat the experiment using a different transmengdmmain fused to mCherry and or
GFP would further corroborate the protein-intei@etystem. Additionally, the analysis
of protein levels using Western blots with anti-G&fl anti-mCherry antibodies could
be used to ensure that both protein fusions areeegpd at the same level.

5.3.2 PISY is part of a complex protein-interactiometwork

Bacterial two-hybrid studies revealed the intemcttbetween PIsY, CdsA and MreD
(Fig. 1.19). The donor photobleaching system usetk ttonfirms the interactions
between PIsY/CdsA and between PIsY/MreD (Fig. %Bich further indicates that the
cytoskeletal protein MreD could be involved in tbhealisation of PIsY and indirectly of
CdsA. Furthermore, it has been demonstrated th&t Piteracts with PgsA, another
component of the phospholipid biosynthesis path@g. 5.9). These findings along
with the localisation studies using fluorescentt@iro fusions point to a protein cluster
composed of phospholipid synthesis enzymes and MFai3 cluster could improve the
synthesis of phospholipid head groups through noditalzchannelling. No enzymatic
activity is known for MreD so far suggesting thatd®® might act as a glue to keep
phospholipid synthesis enzymes together.

Additionally, the interaction of PISY with other mérane proteins was
investigated and showed that PISY potentially sxtes with the respiratory enzyme
CydB. A FRET efficiency of 13 % was found betwedsYPand CydB which is lower
than that of other studied interactions. CydB ie ohat least two terminal oxidases in
S. aureusthat facilitate the last step in respiration tha@nsfers an electron to,0
forming HO and thereby pumping a proton to the outside ef dall. This step is
required to drive the ATP synthase to generate MiRer & Gennis, 1983, Kiteet al,
1984, Clementst al.,1999). The synthesis of phosphatidic acid, thestsate for CdsA
can either be performed by the acetyltransferasguredoy PIsX/Y/C or by a recycling
process catalysed by DgkB (Fig. 1.5 and Fig. I\M@)lér et al, 2008). The latter is
ATP dependent and it might be advantageous forc#ieto keep respiration and
phospholipid synthesis close to each other to ingr®llular processes.

In Section 4.2.2.7, fusions of the secretion pro®ecY with GFP showed that SecY
homogeneously distributes in the membrane unlikespholipid synthesis enzymes that
exhibit a heterogeneous punctate distribution. dimaysis of PIsY and SecY shows no
interaction, suggesting that both proteins areljike be independent of each other.
Thus, secretion might be a process that is requimeighout the cell periphery but not
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at specific places. Moreover, no interaction betwsY and MscL is found and it
would of interest to study the localisation of Msekpressed at native levels.

This study further corroborates a link between-delision and lipid synthesis.
The cytoskeletal protein MreD that is thought tarmelved in peptidoglycan synthesis
in other species interacts with the phospholipidspnthesis enzyme PISY. Depletion
studies of PISY revealed the delocalisation ofdbk-division proteins EzrA and PBP2
(Garcia-Laraet al., 2015). A similar link is seen iB. subtiliswhere PIsX has been
shown to interact with several cell-division protincluding DivIB, DivIC, FtsL and
FtsA together with cytoskeletal proteins such agB/rMbl and RodZ (Takada et al.,
2014). PIsX arrives prior to FtsA and FtsZ at tk#-division site and its localisation is
stabilised by the Z-ring. Additionally it localisés the cell poles (Takadst al.,2014).
PIsY might have the same properties as PlsX anaild be of great interest to study
their interaction. Furthermore, a bacterial twodgbassay did not identify an
interaction between PIsY and FtsAS$n aureusn preliminary experiments (Bottomley,
2011). This could either mean that the interacti@s to be tested under different
conditions or that not PISY but PlsX or MreD are tkey interaction partners that
facilitate the link between cell-division and phbeppid biosynthesis.

5.3.3 Main findings in this chapter
Establishment of a FRET donor photobleaching systestudy protein-protein
interactions irS. aureus
Confirmation of the interaction between PISY andeMrand between PISY and
CdsA
PIsY also interacts with the phospholipid synthesiwyme PgsA and the
respiratory protein CydB.
Daptomycin treatment decreases the protein inieracif membrane proteins

such as between PIsY and MreD and between PIsYCgdB.

3.5 Contributions

The construction and analysis of pWhiteWalkers wa$ carried out by me and Lucas
Walker as part of his Master thesis. The softwasedu for the analysis of
photobleaching decay rates was provided by Dr. Roberner (University of

Sheffield). All other experiments in this chaptezre/ performed by me.
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Chapter 6: In vitro studies of MreD

6.1 Introduction

6.1.1 Reconstitution of bacterial proteinsn vitro

The study of protein functiona vivo can be misleading. The bacterial cell is composed
of a variety of proteins acting independently anadtoncert with each other. Removing
one protein can result in pleiotropic phenotypes thight only be indirectly linked to
the protein of interest and thus makes it hard tawdconclusions. In order to
comprehend how proteins function, it is requiredgtadually remove parts of the
system to study a protein in a well-defined andticdled environment which can range
from expression in a heterologous host to protbmsnd to microbeads or membrane
nanodiscs (see Fig. 1 for an overviewro¥ivo andin vitro study systems).

6.1.2 Subcellular localisation andn vitro study examples

6.1.2.1 DivIVA

DivIVA localises to the septum and/or cell polesBinsubtilis(Edwards & Errington,
1997, Marstoret al, 1998). However, it was unclear how DivIVA targetembranes
and finds its way to the cell-division site andgmlExpression of DivIVA ifB. subtilis
mutants exhibiting aberrant cell morphologies shbwet DivIVA preferentially binds
to highly curved membranes (Lenar@t al., 2009). This observation was confirmed
expressing DivIVA in constrained. coli cells. ConfiningE. coli spheroplasts in
agarose micro chambers allowed bending of cellsaatastment of their shape to the
chambers (Renneast al., 2013). Experiments using DivIVA in liposomes alevealed
that the N-terminus containing an ampiphatic h&ixequired for membrane binding
(Lenarcic et al., 2009). DivIVA lost its localisation pattern in kysyme induced
spheroplasts where it was found to distribute umfg around the cell (Ramamurthi &
Losick, 2009).

6.1.2.2 SpoVM

SpoVM expressed in the non-sporulating bacteriamcoli showed that it binds to
convex shaped membranes (Ramamuwathal., 2009). Interestingly, ai. coli mreB
strain forming internal vesicles revealed that Sigodnds to the surface of the vesicles
which mimic forespores. This observation was aEensexpressing SpoVM in a mutant
of Saccharomyces cerevisidigat produces internal vacuoles. Additionally, tise of

GUVs and spherical supported lipid bilayers at Whéclipid bilayer is coated around
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silica beads with defined sizes revealed that SpodMls to the surface of curved
membranes dependent on the degree of positive touevéRamamurthet al., 2009,
Gill et al.,2015).

6.1.2.3 MinCDE

To understand the underlying mechanism of how Matgn oscillation works required
in vitro studies. Reconstitution of fluorescently labeldMthCDE on a supported lipid
bilayer that mimicks the inner membranekofcoli showed that MinCDE proteins self-
organise and propagate in waves (Loetal, 2008). This movement lasted for several
micrometers and only required a lipid membrane &R# for the activity of MinD. The
wave lengths were 10 fold longer than the lengtk.afoli which could be explained by
missing boundaries in a cell-free environment ghbr reaction rates in the tested
vitro system in comparison t6. coli (Looseet al, 2011).A similar observation was
made by reconstitution of MinCDE on the surfaceGdfV which resulted in circular
and spiral waves of MinCDE (Martost al, 2013). The analysis of Min protein
propagation in a controlled environment such as 6o allowed the identification
of other physiochemical factors influencing Min @ios. It was also demonstrated that
lipid composition can alter Min protein movemenicg MinD and MinE preferentially
bind to anionic lipids (Vecchiarelgt al, 2014).

6.1.2.4 FtsZ-FtsA
FtsZ is the first protein moving to the cell-diwasi site forming the Z-ring that initiates
cell septation but it is not a membrane bound jpnaad relies on FtsA to be tethered to
the membrane (Bi & Lutkenhaus, 1991). IsolationFt$A into a nanodisc containing
lipids proved to be a powerful tool to study its miane binding properties and
revealed its affinity for the inner membrane. lesmgly, FtsA was shown to exhibit a
10 fold higher affinity to nativé&. coliinner membranes containing membrane proteins
than toE. coli lipids without proteins which indicates that otluall-division proteins
could support the membrane targeting of FtsA (Madb al, 2012b). Cloning the
membrane targeting sequence of FtsA to the C-tersnof FtsZ (FtsZ-mts) allowed
studying the activity of FtsZn vitro. This demonstrated that FtsZ alone can form Z-
rings that move laterally along tubular vesiclebe3e rings generate a force and can
constrict but not divide vesicles (Osava al., 2008). Later studies using co-
reconstitution of fluorescently tagged FtsZ andAFis GUVs showed that vesicle-
division can be achieved suggesting that FtsA péagstical role in membrane division
(Osawa & Erickson, 2013). FtsZ and FtsA were fotomde homogeneously distributed
but started to form dense spots and fibres upon &ddtion (Jimene=zt al, 2011).
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Finally, the combination of both FtsZ and the Mystem demonstrated impressively
what can be achieved with a simptevitro system. The reconstitution of oscillating
MIinCDE proteins in a membrane-clad soft-polymer panment, mimicking a rod-

shaped cell, together with FtsZ-mts revealed tha¥ Fonly formed a Z-ring at the

middle of the compartment (Zieske & Schwille, 20Aumugamet al, 2012).

6.1.2.5 Other examples of protein reconstitutions

Reconstitution experiments aim to understand howteprs work under defined
conditions and also work towards a bottom-up retitut®n of an artificial cell to
address general questions how life can be creaigdnaintained. This includes several
other aspects of cell maintenance and division likeomosome partitioning and
cytoskeletal features.

The actin homologue MreB was shown to bind direetlymembranes and is
capable of self-assembly to double protofilamentenvreconstituted on lipid bilayers
(Salje et al, 2011, van den Eng¢t al., 2014). Due to its crucial role as a shape-
determinant and in peptidoglycan synthesis (Kaetaal, 2009, Kruseet al, 2005,
White et al., 2010, Vats & Rothfield, 2007) MreB is consideredey component of
bacterial cells and its implementation with Ftsd &fin proteins into aim vitro system
would be of great interest. Furthermore, cells negio segregate their genetic material
in order to propagate. The ParABS system is a ka&yep in a mitosis-like partitioning
of low-copy plasmids in bacteria. ParB bound tocefieparSDNA sites present on the
plasmid is capable to bind ParA and thereby ads/ats ATPase activity. ParA in
return looses its affinity for DNA. This results ParB pulling the DNA and chasing
after ParA (Rodionowt al, 1999, Hiranoet al, 1998, Erdmanret al, 1999). Anin
vitro system where ParA was reconstituted inside a Dhpated flow cell
demonstrated the detachment of DNA upon ParB-stitadlATPase activity (Hwangf
al., 2013).

The combination of these described systems thak worisolatedin vitro
systems could be a powerful tool towards a bott@megonstitution of an artificial cell.

6.1.7 Aims of this chapter
Expression and localisation studiesSofaureusMireD inE. coli
Overexpression and purification 8f aureusvireD
Reconstitution of purified MreD into liposomes
Localisation studies of membrane proteins in cyeplic membrane vesicles
derived fromS. aureusnembranes

290



6.2 Results

6.1.1 Heterologous expression ofreD-eyfpin E. coli

MreD was shown to interact with PIsY and CdsA (Getara et al., 2015). The
deletion of mreD causes the delocalisation of PIsY and MreD itsedls shown to
localise in a punctate pattern. As a first stedetermining how MreD is able to form a
heterogeneous punctate distribution it was invastig) howS. aureusMreD localises in
the heterologous expression hdst coli. SinceE. coli preferentially uses different
codons as$. aureusthe genes encoding forreD andeyfpwere codon-optimised to the
use inE. coli (DNA and amino acid sequence can be found in thpeAdix: Fig. 9.6
and Fig. 9.7) (GeneArt™, Thermo Fisher Scientifilaltham, United States of
America).

An eyfptranslational fusion tonreD was chosen as eYFP can be used for super
resolution microscopy studies (Dr.R.D.Turner, peedocommunication). The fusion
was expressed from the IPTG-inducible overexpresplasmid pWALDO. The insert
in this plasmid is tagged with 8 histidines and tlaerefore also be used for protein
purification purposes (Waldet al.,1999).

Three constructs were designed to analyse whetl@temminal or N-terminal
fusion of MreD with eYFP or a linker sequence inween both proteins is more
suitable for expression or affects the localisapooperties of MreD (see Fig. 6.2 for an
overview of expression constructs). AdditionallyTBV protease recognition site was
cloned in between MreD and eYFP to be able to dite¥FP post purification.
Expression of all constructs is driven by a T7-RNAlymerase promoter that is
repressed by Lacl and therefore requiresEancoli strain expressing the T7-RNA
polymerase and medium supplemented with IPTG. Tagngds were expressed
coli C43 (DE3), a derivative from BL21 that was seledm@dbetter overexpression of
membrane proteins (Miroux & Walker, 1996). Straid3Charbours a mutation in the
promoter driving the expression of T7 RNA polymerdacUV, resulting indirectly in
a slower expression of the gene of interest (Wagteal., 2008). This can have a
positive effect on the cell since it is not ovenivhed by high expression of potentially

toxic proteins.
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Figure 6.1 Schematic overview oin vivo andin vitro protein study systems
Adapted and extended from (Marteisal, 2012a, Salje et al., 2011).

Figure 6.2 Schematic overview ofreD-eyfpfusion expression constructs
The blue bar indicates the IPTG-inducible T7RNArpoter. The red bars and arrows
are translated in frame and encode for a singlepro
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6.1.1.1 Construction of an IPTG-inducible MreD-eYFPfusion in E. coli
First, mreD was amplified by either extending the gene withE/ protease restriction

site (primer pair: 5’FW112/3'FW112) or a TEV sitecluding a six amino acid linker
sequence (SGSGSG) (primer pair: 5FW112/3'FW113xh&t N-terminus ofmreD
using the codon-optimiseanreD gene provided by GeneArt™ (Thermo Fisher
Scientific, Waltham, United States of America) amplate. The PCR products were
purified and served as templates for further PCRpldication using primer pair
5'FW112/3'FW114. The gene encoding faeyfp was amplified with primers
5'FW115/3'FW115 using codon optimised linear DNAadments provided by
GeneArt™ (Thermo Fisher Scientific, Waltham, Unit&tates of America) as a
template. All DNA fragments were gel purified amgbtcombinationsroreD-TEVsiter
eyfp or mreD-TEVsite-linker + eyfp were cloned into theXhol/Hindlll site of
PWALDO-gfp-E using Gibson Assembly (see Fig. 6.3 for an oesry, followed by
transformation intcE. coli NEB5 . Recombinant plasmids were tested by restriction
digest with Clal resulting in 4325, 1753 and 453ftggments for pWALDOmreD-6-
eyfpand 4325, 1753 and 435 bp fragments for pWALD@D-eyfp.Plasmids were
validated by DNA sequencing (GATC Biotech AG, Karst, Germany) and
electroporated int&. coli C43 (DE3).

Additionally, for an N-terminaleyfp-mreDfusion, mreD was amplified with
primers 5’FW34/3'FW34 aneéyfpwas amplified with primers 5’FW33/3'FW33 using
their codon optimised gerntemplates. In this configuratiomyfp was extended by a
TEV site and an 11 amino acid linker (GSGSGSGSGE®)e N-terminus. Both DNA
fragments were gel purified and cloned into Xteol/Hindlll site of pWALDOgfp-E
(Waldoet al.,1999) using Gibson Assembly (Fig. 6.3) followedttgnsformation into
E. coliNEB5 . Recombinant plasmids were tested by restrictigasd with EcoRV and
Pstl resulting in 5092 and 1494 bp fragments (6i8B) and were further validated by
DNA sequencing (GATC Biotech AG, Konstanz, Germam) recombinant plasmids
were then electroporated info coli C43 (DE3).

6.1.1.2 Localisation of MreD-eYFP and MurJ-GFP inE. coli
In order to investigate the localisation of MreDFH, MreD-6-eYFP and eYFP-11-

MreD in E. coli, overnight cultures were diluted to an £&0.05 in BHI and grown at
25 °C for 5 h in the presence of kanamycin (50 jgand 1 mM IPTG. Cells were
harvested, washed with PBS and analysed by fluenescmicroscopy.
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Figure 6.3 Construction of IPTG-inducible mreD-eyfpfusion constructs inE. coli
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A, Diagram illustrating the construction of pWALD@reD-eyfp pWALDO-mreD-6-
eyfp and pWALDOeyfp-11-mreD. B, pWALDO-mreD-eyfp (Lanes 1-2) and
PpWALDO-mreD-6-eyfp(Lanes 3-4) candidate plasmids and pWALD-E (Lane 5)
were digested with Clal. WALD@yfp-11-mreD(Lanes 6-8) candidate plasmids and
pWALDO-gfp-E (Lane 9) were digested with EcCORV and Pstl. Adledt products were
separated by 1 % (w/v) TAE agarose gel electrog®r8ands of 4325, 1753 and 435
bp, corresponding to pWALD@reD-eyfp(Lanes 1-2), respectively, are marked by
black arrows. Bands of 4325, 1753 and 453 bp, spaeding to pWALDOmreD-6-
eyfp(Lanes 3-4), respectively, are marked by blackvesrdands of 4325 and 1753 bp
correspond to pWALDQHp-E (Lane 5). Bands of 5092 bp and 1494 bp, cormdipg

to pWALDO-eyfp-11-mreD(Lanes 6-8), respectively, are marked by blackvesroA
band of 6011 bp corresponds to pWALREp-E (Lane 9).
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As a control strain to analyse the localisatiom @iembrane protein unrelated to MreD,
pWALDO-murJ-gfp(gift from Dr.D.Roper, University of Warwick) wasectroporated
into E. coli C43 (DE3) and prepared as described for the MréBRefusion strains.
MurJ flips lipid-linked precursors for peptidoglytaynthesis (lipid 11) from the inside
to the outside of the cell (Shaghal.,2014).

All fusions were expressed B coli C43 (DES3) (Fig. 6.4). Both the C-terminal
as well as the N-terminal fusion of MreD and eYF®& lacalised at the cell periphery as
well as the cell poles. However, they do not exhabpreference for the poles since no
increased polar fluorescence can be observed. Tuwme$cence is not equally
distributed throughout the membrane and apped@noa punctate pattern. In contrast
to the MreD-eYFP fusion, MurJ-GFP localises preaif@edly at the cell pole and to a
lesser extent to the cell periphery.

Since the MreD-eYFP fusions are likely to be higkkpressed, it was tested
next whether the distribution pattern is maintairs@dower expression levels. Thus,
overnight-cultures were diluted in BHI to an @B0.05 and grown at 37 °C for 1 h in
the presence of kanamycin (50 pg/ml) at 250 rpnbs8quently, 0.6 mM IPTG was
added and cultures were grown for another 2 h ilC3Tells were harvested, washed
with PBS and analysed by fluorescence microscopy @-5AB). Additionally, MreD-
6-eYFP localisation was analysed using stochagiica reconstruction microscopy
(Fig. 6.6).

Low expression of MreD-6-eYFP and eYFP-11-MreD ifles the protein
localisation pattern irkE. coli. Both fusions localise in a punctate pattern anchdb
exhibit a preference for the cell poles (Fig. 6.5AB-terminal or N-terminal tagging
with eYFP to MreD does not alter its localisatiaogerties. However, it is not known
whether the tag itself affects the localisationO&RM studies of MreD-6-eYFP i&.
coli also confirm its non homogeneous distribution (Fg). However, due to the
overexpression of the fusion protein, the localsapattern appears messier compared
to deconvolved epifluorescence images and the riuseems to be localised at the
whole cell periphery. This might show that decomtioin oversimplifies the
localisation pattern and that MreD-6-eYFPERN coli is rather localised in a gradient
than in clearly separated areas. Nevertheless, ftlon does not localise

homogeneously.
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Figure 6.4 Localisation of MreD-eYFP fusions and MuJ-GFP in E. coli
A, Phase contrast and fluorescence images (convalvedleconvolved) d&. coliC43
(DE3) + pWALDO-mreD-6-eyfp pWALDO-eyfp-11-mreDand pWALDOmurJ-gfp
grown in the presence of 1 mM IPTG for 5lmages were acquired using a Delta
Vision microscope and SoftWoRx 3.5.0 software (AggblPrecision). Acquisition of
fluorescence images were taken using 1 sec expasuhe FITC channel. Scale bars
represent 3 unB, Images of selected cells. Scale bar represemnis.1
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Figure 6.5 Localisation of MreD-eYFP fusions irE. coli at low expression levels
A, Phase contrast and fluorescence images (convalvedieconvolved) d&. coli C43
(DE3) + pWALDO-mreD-6-eyfp pWALDO-eyfp-11-mreDand pWALDOmurJ-gfp
grown in the presence of 0.4 mM IPTG for 2.9rhages were acquired using a Delta
Vision microscope and SoftWoRx 3.5.0 software (AgublPrecision). Acquisition of
fluorescence images were taken using 1 sec expasuhe FITC channel. Scale bars
represent 3 umB, Z-stack images of select&d coli + pWALDO-mreD-6-eyfpcells.
Scale bar represents 1 pm.
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Figure 6.6 3D-STORM imaging of MreD-6-eYFP inE. coli
3D-STORM reconstruction images of MreD-eYFP loalsn inE. coliC43 (DE3) +
pWALDO-mreD-6-eyfpimaging was performed in GLOX -MEA. The colour scal

represents the z-axis (nm).
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Next it was asked as to whether the rod-shapeEofcoli is required for the
heterogeneous localisation pattern of MreD-eYFHRIs@eere prepared as shown for the
previous experiment (Fig. 6.5). Cells were harwtsted washed with ice-cold Tris-HCI
(10 mM, pH 7.5) and the pellet was resuspendeah t®B;0=0.6 in sucrose buffer (33
mM Tris-HCI (pH 8.0), 20 % sucrose (w/v)). 80 ul BDTA (0.1 M) and 400 pl
lysozyme (1 mg/ml) were added to 1 ml of resuspdruidls and the tube was covered
in foil and incubated at 4 °C on a rotary wheel30rmin. Cells were then washed with
and resuspended in ice-cold sucrose buffer. Préppkeeroplasts were placed on non-
coated slides and analysed by fluorescence migpgsco

MreD-eYFP localises in a heterogeneous fashiok.ircoli spheroplasts (Fig.
6.7). Therefore the rod-shape is not the determifearMreD positioning in terms of its

heterogeneous distribution.

6.1.2 Localisation of membrane proteins in cytoplasic vesicles

As a next step, the localisation properties Sf aureusmembrane proteins were
investigated in isolated protoplast membranes @hatalso referred to as cytoplasmic
membrane vesicles. IB. subtilis and E. coli, cytoplasmic membrane vesicles are
generated by the enzymatic removal of the cell walhg lysozyme in a hypotonic
medium which causes the cells to burst. In anradtére gradual approach, the cell wall
is removed first in a stabilising hypertonic medidollowed by the transfer to a
hypotonic medium (see Fig. 6.8). Cytoplasmic meméraesicles still contain all the
native membrane proteins and components.

Since MreD at its native levels is not abundantughofor visualisation, an
EzrA-GFP fusion, that was shown to be very brighder the microscope, was used to
establish the cytoplasmic membrane vesicle protd&@ohureuss lysozyme resistant
due to an O-acetyl group on its N-acetylmuramid aesidue sterically hindering the
access for lysozyme (Bemt al, 2005). Therefore, lysostaphin was used instead of
lysozyme in the following protocols. A new protodok the creation of cytoplasmic
membrane vesicles was designed based on &iml. and Alcayageet al. including

modifications (Kimet al, 2009, Alcayag&t al, 1992).
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Figure 6.7 Localisation of MreD-eYFP inE. coli spheroplasts
A, Phase contrast and fluorescence images (convalvedleconvolved) d&. coliC43
(DE3) + pWALDO-mreD-6-eyfpspheroplastsimages were acquired using a Delta
Vision microscope and SoftWoRx 3.5.0 software (AggblPrecision). Acquisition of
fluorescence images were taken using 1 sec expasuhe FITC channel. Scale bars

represent 3 unB, Selected convolved fluorescence images. Scaleepagsents 1 um.

Figure 6.8 Schematic overview of the preparation ahnembrane vesicles
Image is adapted from Konings al. 1973.
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Overnight cultures of SH1000 and SH1GXA-gfp(Steeleet al., 211) were diluted in
11to an ORw=0.05 in a HCI-washed 3 | flask. Cultures were grde an Oy 2 at
37 °C and 200 rpm. Cells were harvested by cegiion at 6000 x g for 20 min at 4
°C and subsequently washed with Tris-HCI (50 mM,7gH. The pellet was
resuspended in 40 ml hypertonic resuspension b(dféf sucrose, 50 mM Tris-HCl,
pH 7.5, protease inhibitor cocktail (Sigma-Aldriclgt.Louis, United States)).
Lysostaphin and DNase were added to a final coratort of 75 pg/ml and 20 pg/ml,
respectively. The tubes were covered in foil ardibated at 37 °C with mild agitation
at 40 rpm for 2.5 h. Formation of protoplasts wamitored on a microscope placing a
sample of protoplasts on a non-coated slide witBeating the coverslip. Cells were put
on focus before adding a drop of a 10 % SDS (wdlgteon at the edge of the coverslip.
The disappearance of cells straight after addingS Sbdicated the presence of
protoplasts. Protoplasts were recovered by cegtifan at 5000 x g at 4 °C for 15 min
and resuspended in 40 ml hypotonic resuspensioferb(B0 mM Tris-HCI, pH 7.5,
protease inhibitor cocktail (Sigma-Aldrich, St.LeuUnited States)) supplemented with
RNase (10 pg/ml) and DNase (10 pg/ml). The resuspemwas incubated at RT for 1 h
at mild agitation covered in foil. Subsequentlyproken cell debris was removed by
centrifugation at 2000 x g for 10 min at 4 °C ahd supernatant was centrifuged at 25
000 rpm (38 000 x g; Beckman Ti50.2 rotor) for 3tnmat 4 °C. The pellet was
carefully resuspended in sucrose buffer (300 mMaae 50 mM Tris-HCI, pH 7.5)
and loaded on top of a sucrose gradient in a SVéfjtarbonate tube. The gradient was
built up as follows: 3.5 ml 50 % sucrose (w/v), 81630 % sucrose (w/v), 3.5 ml 20 %
sucrose (w/v) and 1-1.5 ml sample. The gradient muasfor 10 h at 4 °C and 36400
rpm (100 000 x g) and fractions at the interphdee20 %, 30 %, 50 % and near the
bottom of the tube were carefully collected. Sammpieere mixed with a 2 % agarose
(w/v) solution and placed on a non-coated slide¥e¢d by analysis using fluorescence
microscopy.

Vesicle formation is a rare event since not manynimane vesicles could be
observed even though the initial culture volume wasy high. Membrane vesicles
reached sizes of 2-10 um and were mostly connectenther vesicles and smaller
undefined potential membrane particles.

First, vesicles derived from SH1000 expressazgA-gfpwere analysed (Fig.
6.9A) using a vesicle-agarose suspension suppletesith FM4-64. Vesicles were
successfully stained with the membrane dye, FM4aB4a fluorescent signal could be

seen in the Cy5 channel. Furthermore, the Ezra-fa&iBn appears to be present in the
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vesicles and fluoresces. However, using two cositaie with SH1000 derived vesicles
stained with FM4-64 and the other without the dadditof FM4-64, questions the
observation seen for SH1000 EzrA-GFP vesicles (Bi§B). Vesicles prepared in
agarose supplemented with FM4-64 exhibit fluoreseen both the Cy5 and the FITC
channel which shows that the fluorescence seerSKHI000 EzrA-GFP vesicles is
unlikely to be due to the EzrA fusion (Fig. 6.9Burthermore, using no membrane dye
still results in fluorescence signals in both cheareven though the signal strength is
weaker. In conclusion, FM4-64 could cross-bleedh® FITC channel and membrane

vesicles may exhibit auto-fluorescence in both ce#n

6.1.3 Localisation of membrane proteins in liposonse

6.1.3.1 Liposome formation by lipid emulsion
Cytoplasmic membrane vesicles are not suitabletarfembrane protein localisation

studies since the autofluorescence hinders theicapiph of fluorescently tagged
membrane proteins in the FITC channel.

The use of liposomes could circumvent this issue thie observed
autofluorescence of vesicles is due to fluorescemponents in the membrane $f
aureus In order to do so, a lipid emulsion protocol aeapfrom (Osawaet al., 2008)
was applied using DMPC lipids. This method is basedayering a lipid emulsion on
top of an aqueous phase followed by centrifugatiesulting in the formation of
vesicles as the lipid emulsion enters the aquebase

25 pl of a DMPC stock solution (10 mg/ml in 100 %thmanol (v/v))(Avanti
Polar lipids, Alabaster, United States of Amerieggs dried under air-flow in an
eppendorf tube at RT. The lipid pellet was resudpdnin 250 pl mineral oil
(Affymetrix, Santa Clara, United States of AmerifaljJowed by 20 x 2 sec sonication
cycles at maximal amplitude (Equipment). The resasn was incubated at RT for 5
h and subsequently 130 pl of the resuspension kagezed on top of 50 pl dig in an
eppendorf tube followed by centrifugation at 200@ for 3 min. The bottom phase
containing a mix of vesicles and gBbl was carefully removed without mixing both
phases and 40 pul of this phase were gently andkiguigixed with 20 pl agarose (2 %,
(wiv), low gelling agarose) supplemented with FM64-(1 pg/ml) or FM1-43 (1
pg/ml). 20 pl of this mix were placed on a non-edatslide and analysed by

fluorescence microscopy.
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Figure 6.9 Cytoplasmic membrane vesicles &. aureus

A, Phase contrast and fluorescence images (convalvedeconvolved) of cytoplasmic
membrane vesicles derived fra& aureusSH1000ezrA-gfpand prepared in agarose
supplemented with FM4-64mages were acquired using a Delta Vision microscapud
SoftWoRx 3.5.0 software (Applied Precision). Acdtiis of fluorescence images were
taken using 1 sec exposure in the FITC channellaset exposure in the Cy5 Channel.
Scale bars represent 5 pB, Cytoplasmic membrane vesicles $f aureusSH1000
prepared in agarose with and without the additib4-64. Scale bar represents 5
pm.
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Figure 6.10 Liposome generation using the emulsianethod
Images were acquired using a Delta Vision microscapd SoftWoRx 3.5.0 software
(Applied Precision). Acquisition of fluorescence ages were taken using 1 sec
exposure in the FITC channel, 1 sec in the RFPraaand 1 sec exposure in the Cy5
channel. Scale bars represent 5 pAy). Phase contrast and fluorescence images
(convolved) of liposomes derived from DMPC lipidsda prepared in agarose
supplemented with FM1-438, Phase contrast and fluorescence images (conyobied
liposomes derived from DMPC lipids and preparedgarose supplemented with FM4-
64. C, Phase contrast and fluorescence images (conyobfdgposomes derived from
DMPC lipids and prepared in agarose without memibdyes.
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Liposomes could be successfully formed using thil lemulsion method. Liposomes
were stained by stabilising the vesicles in agasaggplemented with membrane dyes
FM1-43 and FM4-64 resulting in bright vesicleste FITC channel (FM1-43) and Cy5
(FM4-64) channel (Fig. 6.10AB). Observed vesiclesiwere in the range between a 1
to 30 um in diameter. However, fluorescence analgéainstained vesicles revealed an
autofluorescence in the FITC and RFP channel buimithe Cy5 channel (Fig. 6.10C)
which could potentially be an issue for localisatstudies with reconstituted proteins

that are labelled with dyes fluorescent at theseslemgths.

6.1.3.2 Reconstitution of MreD into liposomes

6.1.3.2.1 Overexpression and purification of MreD-@YFP
MreD-6-eYFP purification was performed according do protocol based on the

purification of GFP-tagged membrane proteins (Detwal., 206). As a control to
establish the purification protocol, MurJ-GFP wispaverexpressed and purified.

Protein overexpression and purification is describe detail in Section 2.12.
Briefly, recombinant proteins were overexpressedgbywing E. coli C43 (DE3) +
pWALDO-mreD-6-eyfpor pWALDO-murJ-gfpto exponential phase at 37 °C, followed
by induction with 1 mM IPTG and shifting the inctios temperature to 25 °C for 4 h.
Cultures were harvested and broken by a Frencls.pkdsmbranes were purified by
ultracentrifugation and solubilised using DDM. Thpeoteins were then purified by
passage over a HiTrap™ affinity column (GE Headre), that was preloaded with Ni
Sepharose™ and charged with®NiThe column was washed with 5 % (w/v)
imidazole and finally eluted by increasing imidazatoncentrations. Eluted 1 ml
fractions were collected, separated by 15 % (WOBFAGE and purified MreD-6-
eYFP and MurJ-GFP were visualised by western bigttising anti-GFP antibodies
(Rabbit) (Thermo Fisher Scientific, Waltham, Unit8tates of America) as primary
antibodies and anti-Rabbit peroxidase (Goat, hadigh peroxidase conjugate) as
secondary antibodies (Thermo Fisher Scientific, tiéath, United States of America).
The western blot was developed by enhanced chenmi&stence using the Pierce™
ECL Western Blotting Substrates (Thermo Fisher 18ifie, Waltham, United States of
America).

Purification of MreD-6-eYFP was unsuccessful sitice fusion did not bind

properly to the HiTrap column and was washed ot Ww imidazole amounts (see
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Fig. 6.11A, Lanes 3-4). Separation of the initis@mbranes used for purification also
did not show any signal indicating that the amoahtVireD-6-eYFP fusions in the
overexpression might not be sufficient for purifioa (Fig. 6.11A, Lane 1). The band
corresponding to MreD-6-eYFP runs between 32 andk@é& which is lower than
expected since the calculated weight of MreD-6-eYRB 54.6 kDa
(http://www.sciencegateway.org/tools/proteinmw.htm)

Purification of MurJ-GFP could be achieved sincstrang signal of a protein
band can be seen of elution fractions (Fig. 6.11#hes 6-8) and MurJ-GFP fusions
could also be visualised in purified membranes.(€i§j1B, Lane 1).

Overexpression and purification of MreD-6-eYFP wiplasmid pWALDO-
mreD-6-eyfpwas also attempted by A.Szewczak (Cambridge) kptession yields
were not sufficient and the fusion could not beiffad via a Nickel column (personal
communication A.Szewczak). Therefore, purified floiorescent MreD including a C-
terminal His-tag was used for reconstitution staqgift from Prof. J. LOwe, University

of Cambridge).

6.1.3.2.2 FITC-labelling of purified MreD
In order to visualise MreD, purified MreD proteimgere labelled with Fluorescein

Isothiocyanate (FITC). FITC is a derivative of Hlescein that reacts with amine
groups and can be used to label proteins. 2 mgiifign MreD proteins were mixed in
1 ml labelling buffer (200 mM sodium bicarbonateQ® % n-dodecyl -d-maltoside
(DDM) (w/v), pH 9) and 50 ul FITC (10 mg/ml stocklstion in DMSO) was added.
The tube was covered in foil and incubated at RT6ftn on a rotary wheel. Unbound
FITC was removed using an equilibrated PD MidiTrgp25 desalting column
(equilibration buffer: 20 ml of 20 mM Tris-HCI, 106M NacCl, 0.03 % DDM (w/v) pH
7) (GE Healthcare, Little Chalfont, United Kingdanthe concentration of the desalted
MreD-FITC solution was determined by Pierce™ BCAtBIn Assay Kit (Thermo
Fisher Scientific, Waltham, United States of Amayiand stored at -70 °C.

6.1.3.2.3 Reconstitution of FITC-labelled MreD intdiposomes
Liposomes were created as previously describedertié 6.1.3.1. Briefly, DMPCs

were dried under air-flow and the lipid pellet wasuspended in 250 pul mineral oil
followed by sonication. The resuspension was intedat RT for 5 h. Labelled MreD

was added and the mixture was vigorously vortexafdre 130 pl of the resuspension
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was layered on top of 50 ul d®lin an Eppendorf tube followed by centrifugatidn a
2000 x g for 3 min. The bottom phase was removet4hpl was mixed with 20 pl
agarose (2 % (w/v), low gelling agarose) suppleeentith FM 4-64 (1 pg/ml). 20 pul
of this mix were placed on a non-coated slide aradyaed by fluorescence microscopy.
MreD reconstitution into liposomes was attemptedgiseveral combinations to
explore how the membrane dye or different prot@ncentrations affect the liposomes.
First, liposomes were generated using 0.5 pM MréDeF without FM4-64 to
investigate whether the FITC-labelled protein ekhil cross-bleed to the Cy5 channel.
As seen in Fig. 6.12A, no fluorescence signal @woliserved in the Cy5 channel, but a
liposome with a fluorescent signal in the FITC amancan be observed. Next, various
MreD-FITC concentrations ranging from 0.5 to 7 pkbtein were employed. Protein
concentrations higher than 2 uM resulted in a nvasBuorescent signal (not shown).
Using 2 uM MreD-FITC shows that the labelled protdiinds to liposomes (Fig.
6.12B). However, the background signal is very ragld no signal can be observed for
FM4-64 that was used to stain the liposomes. PatBntthe amount of MreD-FITC is
too abundant and blocks the incorporation of FM4t8ging 0.5 uM resulted in the best
results showing liposomes stained with FM4-64 angeDAFITC (Fig. 6.12D). The
background signal is still very high and probabigicates that the unbound FITC was
not removed enough by the desalting column. Intexgly, liposomes appear to be
deformed. This might indicate a potential effectMrieD on the liposome structure by
bending the membranes or that the detergent uskdejp the purified MreD proteins
soluble affects the liposomes. The fluorescentadignthe FITC channel is distributed
homogeneously and no detailed features can bewdsseAs a control, only FM4-64
without using MreD-FITC was used to investigate thilee FM4-64 causes a fluorescent
signal in the FITC channel (Fig. 6.12C). Unfortielpt a clear signal could be seen
even though no MreD-FITC was used. This signal waaker compared to the MreD-
FITC reconstitution experiments and might be duethe autofluorescence of the

liposomes (see Fig. 6.10) or due to a fluoresceness-bleed from FM4-64.
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Figure 6.11 Purification of MreD-6-eYFP and MurJ-GFP

Western Blot of various purification steps of MréEeYFP and MurJ-GFP. Western
blots were performed using a 1:2000 dilution of iIABEP (Rabbit) antibodies as a
primary and 1:10000 Anti-Rabbit (Goat) peroxidiseaasecondary antibody. Blots were
developed by enhanced chemiluminescence. West@atoBlpurification fractions of
MreD-6-eYFP A) and MurJ-GFPR). The following fractions were analysed: purified
membranes (Lane 1), flowthrough of membranes pasistigough the HiTrap column
(Lane 2), Wash fractions (Lanes 3-4) and elutiactions (Lanes 5-7 for MreD-6-eYFP
and lanes 5-8 for MurJ-GFP).
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Figure 6.12 MreD-FITC reconstitution into liposomes
Fluorescence images (convolved) of different cotreéions of reconstituted FITC-
labelled MreD into liposomes derived from DMPC maeose with or without FM4-64.
Images were acquired using a DeltaVision microscapeé SoftWoRx 3.5.0 software
(Applied Precision). Acquisition of fluorescence ages were taken using 0.2 sec
exposure at 50 % intensity in the FITC channel Asgc exposure in the Cy5 channel.
Scale bars represent 5 um, Fluorescence images (convolved) of liposomesvddri
from DMPC lipids with 0.5 uM FITC-labelled MreD anprepared in agarosd,
Fluorescence images (convolved) of liposomes derfvem DMPC lipids with 2 uM
FITC-labelled MreD and prepared in agarose supphede with FM4-64. C,
Fluorescence images (convolved) of liposomes deriranm DMPC lipids and prepared
in agarose supplemented with FM4-6B, Fluorescence images (convolved) of
liposomes derived from DMPC lipids with 0.5 uM FHH&belled MreD and prepared in
agarose supplemented with FM4-64.
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6.3 Discussion

6.3.1 Punctate patterned distribution of membrane poteins in rod-

shaped bacteria

MreD-eYFP expressed i&. coli localises in a heterogeneous punctate pattern (Fig.
6.5). This localisation is dose-dependent sincéndrigexpression resulted in a more
homogeneous distribution at the cell-periphery (Bigl). Importantly, although MreD
does not avoid the cell poles, no increased ptlardscence could be observed unlike
for other membrane proteins such as MurJ (Fig. 6tA¢ lactose transporter LacY, the
chemotaxis protein CheR or the phosphotransfergstera protein E1 (Romantsaeat

al., 2010, Santost al, 2014, Govindarajaat al.,2013).

There are two possibilities as to how MreD locaigsea punctate pattern: First,
the heterogeneous punctate localisation pattermtniig an intrinsic property of MreD
by sensing membrane domains or membrane curvdtureoli poles are enriched in
cardiolipin and phosphatidylethanolamine and Mreighhavoid these lipids (Kawait
al., 2004, Nishiboriet al.,2005). Furthermore, the degree of membrane cuvaould
be the critical parameter determining the localisabf MreD. The radius of thE. coli
cylinder is 0.37 + 0.05 um and the radius Eof coli spheroplasts 0.61 = 0.09 um
whereas theés. aureusexhibits also a similar cell size radius of 0.4®.84 um (the
average cell size of 76 cells was measured fronomptially growing cells using
MreD-eYFP inE. coli and PIsY-GFP ir. aureusas membrane markers). Henée,
coli rods and spheroplast membranes offer similar ésgod membrane curvature
compared té&. aureusnembranes.

The second explanation for the punctate localisatifcs. aureusvireD in E. coli
could be that the protein is positioned by MreBeBIED interact with each other i
coli and form a membrane bound complex (Krasal.,2005). MreB localises either in
a helical pattern throughout the cell or in patchiethe cell-periphery (Errington, 2015).
In either way, if MreB positions MreD, the localiga of MreD could appear as a
punctate pattern. IB. subtilis MreD localises similarly td. coli in a banded pattern
along with MreB and MreC (Leaver & Errington, 200%herefore, a punctate pattern
of MreD in the rod-shaped bacteriuf coli is not surprising and might facilitate pre-
existing localisation cues.

Also other membrane proteins in rod-shaped bacteei®e found to exhibit a
punctate localisation pattern. The succinate dedggitase Sdh, the ATPase AtpA as
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well as the phage protein p16.7 localise in digcpettches along the cell peripheryBof
subtilisand form a pattern reminiscent of MreD-eYFHFEincoli (Johnsoret al.,2004).
Recently, KinC, a histidine kinase involved in ggation, and FloT were shown to be
localised in lipid rafts irB. subtilis(Meile et al., 2006, Lopez & Kolter, 2010). These
rafts also form discrete patches in the membrang niot known yet whether these lipid
rafts are connected to the positioning of othercpate patterned membrane proteins
such as Sdh, AtpA or p16.7. Another membrane prdteialised heterogeneously is the
FtsZ-associated protein UgtP (Nishibetial., 2005). UgtP is a division inhibitor that
stops FtsZ assembly under nutrient rich-conditiems colocalises with FtsZ (Shiomi &
Margolin, 2007, Wearet al.,2007).

In conclusion, several mechanisms can be respenibla punctate patterned
distribution of membrane proteins in rod-shapeddyée and specifically for MreD in
E. colias shown in this study. These encompass cytoskel@inponents such as MreB,
membrane domains or FtsZ. However, it can not lobuded that MreD self-organises

based on a specific degree of membrane curvature.

6.3.2 Reconstitution of MreD into liposomes

The overexpression and purification of MreD-eYFHEircoli was not successful which
could be explained in several ways. MreD-eYFP dairig a C-terminal His-tag might
not bind properly to the HiTrap column. MreD is emegral membrane protein and
likely to be insoluble. Therefore it might be coé@rin a mix of lipids and detergents
and the His-tag might not be exposed and thus sséteterms of purification. MreD
containing a C-terminal His-tag but without eYFPowever, could be purified
indicating that the eYFP tag might be an issue Wwisiguld be resolved with the use of
different detergents, an N-terminal His-tag of Mre®FP or the use of other affinity
tags such as the streptavidin tag.

Labelling of membrane proteins might also exhibiprablem regarding their
micro environment. In this study, amine-labellingtrtwFITC was used to visualise
purified MreD. Since proteins are likely to be crack in lipids or detergents, FITC
might not reach amine residues of MreD resultingqaomplete labelling. Additionally,
protein reconstitution experiments revealed a higlckground fluorescence that is
either due to labelled MreD not being incorporaiteid liposomes or due to unbound
FITC. In the latter case, a desalting column is emdugh to remove unbound FITC
which could be resolved by an additional purifioatstep via gel filtration.
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Reconstituted MreD appears to be localised homageshe in liposomes. No
detailed features such as a punctate localisatien could be observed. Potentially,
too much MreD was used for reconstitution experitei@mn if MreD is capable of self-
organisation and requires a specific membrane tun®athe liposomes generated in
this study were probably too large. Vesicles wereud in diameter and thus
substantially larger tha8. aureusor E. coli cells. Another explanation could be that the
punctate heterogeneous localisation pattern of MseBased on a different underlying
mechanism that is not present in liposomes suchmasibrane domains or other

proteins.

6.3.3 Conclusion

MreD-eYFP localises non-homogeneously in a pungiateern inE. coli. This pattern

iIs maintained in spheroplasts and therefore, tlteshape, cell wall and the outer
membrane are not required for the localisationepatt Purification of MreD-eYFP
failed but MreD without an eYFP tag could be pedfi Purified proteins were
attempted to be reconstituted into liposomes ampeapto be localised homogeneously
in liposomes. However, autofluorescence of liposemaend high background
fluorescence potentially due to unbound label exinilajor problems with this method.

6.4 Main findings in this chapters

MreD with a C-terminal or N-terminal fusion with &P localises in a punctate
pattern inE. coli

The punctate pattern of MreD-eYFP is maintaineB.igoli spheroplasts

MreD labelled with FITC distributes homogeneousty liposomes but more
experiments are required to draw conclusions of ghaperties of MreD in

liposomes

3.5 Contributions
Purified MreD was provided by the laboratory of Pi@an Léwe (Andrzej Szewczak

University of Cambridge). | performed all experingeim this chapter.
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Chapter 7: General Discussion

All life demands the temporal and spatial contrblegsential biological functions.
However, cellular organisation in the prokaryoteagdom is poorly understood.
Bacteria lack many of the known organisers as wasllthe compartmentalisation of
eukaryotic cells and have to count on the cell wall the membrane as anchoring sites
for fundamental processes. Furthermore, these narakassociated processes are
driven by proteins organised in complexes that htwebe positioned at certain
subcellular locations. The discrimination betweeibcgllular cues is vital and much
research over recent years has been focused amdatgy how proteins identify where
to locate, be it the cell poles, division site &ta.important role for sensing membrane
curvature has begun to be established. Studies tomused on regions of greatest
membrane curvature but the question remains asote proteins are organised
throughout the cell membrane? In addressing fundeahguestions that can lead to a
better understanding of biological systems it igvitable to apply a reductionist
approach. The removal and dissection of individ@@mponents allows the
identification of novel mechanisms contributingthe whole system. In this respect, the
study of membrane protein localisation in the app#ly spherical bacteriur8. aureus
seems a logical approach. aureudacks many of the known spatial organisers such as
MreB and the Min system (Pinhet al., 2013) and does not have highly curved cell
poles. It therefore represents a simplified moael the study of membrane protein
organisation.

Recently, a novel protein localisation pattern angramolecular structure was
found in the membranes @&. aureus(Garcia-Laraet al., 2015). This structure is
composed of the phospholipid synthesis enzymes BigY CdsA being localised in a
heterogeneous punctate pattern that is stabiliggtebcytoskeletal protein MreD. This
study focused on the identification of how thisteat is maintained and whether other

membrane proteins exhibit a similar localisatiors@sn for PIsY and CdsA.

7.1 Pattern maintenance
Cells lacking MreD exhibit delocalised PIsY. Thtady also demonstrated thatraeD

mutant grown at 42 °C shows severe morphologicainghs along with the
delocalisation of FtsZ and aberrant placement ef daptum (Fig. 3.3 and Fig. 3.4)
while the majority of cells, when grown at 37 °@ ot exhibit delocalisation effects.
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MreD might therefore act as a spatial stabilisguneed for fast growth when cellular
processes have to be efficient.

Previous studies revealed the importance of menebm@omains and thus
specific lipids on the placement of membrane prstein particular, cardiolipin and
phosphatidylethanolamine were shown to be localegethe cell poles or the septum
and to be required for localisation of many pratesach as the osmosensory transporter
ProP inE. coli (Romantsowet al., 2007, Mileykovskaya, 2007), or the cholera toxin
export system irvibrio cholerae (Camberget al, 2007). Since membrane proteins
could have an affinity for certain lipids it woulse possible to also observe lipid-
dependent patterns for PISY. The three major phagptls in S. aureusare cardiolipin,
phosphatidyl-glycerolphosphate and lysinylated phasidylglycerolphosphate (de
Mendoza et al., 2003(Fischer et al., 1978). Surprisingly, PIsY localisation was
unaffected in strains lacking either CL or LPG (Hg40 and Fig. 4.42). The enzyme
catalysing the synthesis of PG, PgsA, is essemti8l aureugChaudhuriet al.,2009)
making localisation studies of PISY in a mutankiag PG not feasible. Additionally,
wall teichoic acids, squalene and peptidoglycamataequired for the punctate pattern
of PISY (Fig. 4.44, Fig. 4.38 and Fig. 4.51.). dttherefore possible that the observed
localisation pattern solely relies on the existeoica membrane.

So how can PIsY, CdsA and MreD adopt the obsepagtern in a uniformly
curved membrane (in non-septating cells), in theeabe of cytoskeletal components
and without an impact through the cell-wall or theestigated membrane constituents?

A mathematical approach considering the basiaifeatof the staphylococcal
cell was used to analyse the distribution of PI&ércia-Laraet al., 2015). If integral
membrane protein complexes inflict a sufficientlgrge local curvature on the
membrane, protein complexes can themselves spantsigeform the observed patterns
(see Fig. 7.1 for a graphical simplified represgotaof the model). A homogeneous or
random distribution would be accompanied with heglergy costs to counteract the
intrinsic locally induced membrane curvature imgbby the protein complexes. This
model is robust in respect to altering parameterseschanging single variables of the
system over a broad range does not change the tiomwd protein patterns. However,
the intrinsic properties of the protein complexdaypa crucial role in their own
localisation. Changing the degree of membrane bentkads to the decay of the
localisation pattern. Therefore the compositiotthef protein complex is pivotal, which

iIs where MreD and other proteins come into play.
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Figure 7.1 A mathematical explanation for the puncite patterned distribution of membrane proteins inS. aureus

A, The bacterial membrane is a lipid-based surfacder cytoplasm-induced turgor pressure and tedher¢he cell wall, which contains protein
complexes whose distribution is a 3D phenomenondha be defined by a mathematical functiBnThe latter depends on multiple independent
variables that can be grouped into dimensionlegabas (P, K, M, and W). This enables one to sthesdifferential equations corresponding to
the various components and overall free energh®@tystem. The solutions to the equation are twotions + and , representing the growth
(> 0; pattern formation of protein complexes) ocale( < 0 and = 0; random distribution of protein complexes}Yhe membraneC, A linear
analysis reveals W as the key variable determithieglistribution of protein complexes. Hence, thespnce of a protein complex in the membrane
induces a membrane deformation that results inisshmembrane curvature {Hand will entail a bending cost. If the curvatisdarger than a
critical threshold (k), it will result in a system that will enable tgeowth of patterns. If Fi< H,c, the resulting system will lead to the decay of
patterns. A more detailed explanation and the tsmecalculations can be found in Garcia-Latal.,2015.
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7.2 A metabolic perspective
This study revealed that a number of proteins ektabheterogeneous distribution

pattern. Other proteins involved in phospholipidhteesis such as PgsA, MprF, PIsC
and the cardiolipin synthase Cls2 exhibit a simltzzalisation pattern to PIsY and
CdsA. Also proteins from non-related metabolic psses were found not to be
homogeneously distributed but to be localised irtaoe spots throughout the cell-
periphery. These proteins include the respiratooggin CydB and the lipid raft marker
FloT. Additionally, PIsY was shown to interact wilPgsA and CdsA using a novel
FRET-based protein-interaction system giving furtieeidence for a phospholipid
synthesis protein complex. Importantly, PISY does imteract with other membrane
proteins such as the homogeneously distributed %ealshows less interaction with
CydB. These interactions not only take place atdbptum, where many metabolic
processes (such as the majority of peptidoglycathggis) are localised, but also at the
cell-periphery (Fig. 5.11) (Monteiret al., 2015). In summary, this shows that the
membrane ofS. aureuss highly organised and not a random fluid celinpartment
that only exhibits organisation at the septum.

These observations are in agreement with the ‘eotmentalised fluid’ or
‘partitioned’ model of biological membranes (Engaim 2005, Kusumet al, 2005,
Marguet et al, 2006) that replaced the out-of-date traditionaidf mosaic model
(Singer & Nicolson, 1972). According to the new nieame paradigm, a random
membrane protein distribution must be regardechasekception rather than the rule.
But why do these protein patterns and thus thesitr properties of membrane proteins
evolve? This is important since it shows that themay exist an underlying
organisational pattern that conducts proteins ef same metabolic processes to be
where they are supposed to be. Thus, the bactetialeduces energy costs by avoiding
the active transport of metabolic intermediateth®next enzyme or avoiding time-loss
and inefficiency due to the transport via diffusiover a long range. Metabolic
channelling through the formation of protein conxgle anchored to the membrane
through the bending imposed by the complexes theesecould be a common

mechanism applied in all organisms that does rptire prior curvature of membranes.

7.3 A link between phospholipid synthesis and cetlivision?
It is currently unknown as to ho®. aureusdivides in three planes which requires a

system to create cell polarity in the absence oiWknpolarity determinants such as the

Min system (Pinhcet al., 2013). Moreover, aivIVA null mutant shows no apparent
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phenotype (Pinho & Errington, 2004). Another pdiadeterminant, TipN, identifies
the new cell pole, but is only found @ crescentugLam et al, 2006). It is therefore
likely that the future cell-division sites are madkthrough an epigenetic inheritance
system inS. aureus An AFM analysis demonstrated that cells exhibit atered
peptidoglycan architecture at the newly formed waptvith a ‘piecrust’ ring, remnants
of which are inherited over generations and migttilitate a cue used to divide in
orthogonal planes (Turnet al.,2010). However, it is not known whether this stanet

is recognised by the membrane proteins involvatierplacement of the Z-ring.

Some of the findings in my study point towards ithelvement of the observed
localisation patterns in the placement of the Zrrikells depleted in PISY exhibit
incorrectly placed Z-rings and a severe growth cdbeit it seems unlikely that PISY is
a spatial organiser (Garcia-Laga al., 2015). Additionally, cells lacking MreD have a
similar phenotype compared to PIsY depleted c@lr¢ia-Laraet al.,2015). Bacterial-
two-hybrid analyses also identified the interactimetween PIsY, PBP4 and putative
wall teichoic acid ligases SA1195 and SA0908 (Ka0t,3).

A link with FtsZ is present for PIsX iB. subtilis which exhibits a punctate
pattern reminiscent of PIsY and interacts with t&Z-anchoring protein FtsA (Takada
et al.,2014). PIsX localises at the future cell-divisiate grior to and independent of
FtsZ. Deletion oplsXalso results in a severe growth defect along mitplaced septa.

7.4 Future work
Future studies will work towards a better underditag of the supramolecular structure

described here, in a biological context and to idate their physical properties. This
can be done on several levels. Studies of memhmanieins inS. aureusare crucial for
a basic understanding that can be transferred estdd in other bacterial speciasd

their properties can be examined in cell-free systeuch as liposomes.

7.4.11In vivo and Ex vivo
Epifluorescence microscopy allowed an initial asay of the supramolecular

organisation of membrane proteins but ultimatelypes resolution techniques such as
STORM/PALM are required to get further insightstbé nature of the investigated
membrane proteins. Preliminary attempts to achlage-resolution images of PIsY-
eYFP at native levels i8. aureusvere unsuccessful (not shown) and may require more

suitable fluorescent fusions. These could also del dor single molecule tracking to
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investigate whether the protein complexes are raaid how they behave in respect to
other potentially non-colocalised proteins suclviasL and CydB.

Furthermore, the investigation of the localisatioh a range of membrane
proteins at native levels combined with quanti@tiimage analysis would allow
mapping of the membrane &. aureus This analysis could be transferred to the
ellipsoidic shapedEnterococcus faecalisr Streptococcus pneumonide investigate
whether altered membrane curvature features founthese bacteria are enough to
fundamentally effect the localisation of membrametgins. Alternatively, membrane
proteins taken frons. aureuscould be expressed in ellipsoidic and rod-shazedebia
as shown for MreD in this study (Section 6.1.1.20d acompared to their native
homologues. This would direct future work as to ha@mbrane protein properties,
independent of their metabolic function, evolvedoa@edent on cell shape. In this
respect, it is crucial to determine whether the omeric version of eYFP in a MreD-
meYFP fusion expressed i coli still localises in a punctate pattern.

Additionally, a role for protein complexes mighe lin a connection to cell-
division which could be further analysed by protgiteractions studies using co-
immunoprecipitation of PIsY-GFP with anti-GFP awptilies. BACTH studies with PlsX
and cell-division components could show whetherXPis the linking factor. The
heterogeneous distribution of PIsY was found talependent on the ability of FtsZ to
polymerise. It would be interesting to extend thiservation with the FRET assay to
analyse whether protein-interactions between Plad @dsA or MreD require the
punctate patterned distribution of PIsY, by comboraof PC190723 treated cells with
FRET.

7.4.21n vitro
Ultimately the aim is to analyse purified proteinsanin vitro system to have a ‘filter’

free view on the properties of membrane proteihshals been shown before that
proteins reconstituted into liposomes can selfiagde and form patterns as seen for
FtsA, ZipA and FtsZ (Osawat al., 2008, Osawa & Erickson, 2013, Martes al.,
2012a).In this study, a preliminary attempt was undertakseimg MreD. Future work
should be directed to the purification of a rangenembrane proteins followed by their
reconstitution using a different liposome generatmethod that yields more vesicles
than the one employed in my work. These could lEpamed using the hydration
method followed by the use of a lipid extruder ghtt/avantilipids.com/tech-

support/liposome-preparation). Moreover, varioymdlicompositions could shed light
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on the influence of lipids in the observed pattefiitsese techniques could also be used
to study membrane protein localisation in non-cdrveembranes such as supported
lipid bilayers.

The protruding nature of membrane proteins in mamds could be facilitated
using atomic force microscopy (AFM). This tool cdwhow whether PIsY and Co. are
forming protein complexes on a molecular level.rndsihe vesicle purification protocol
described in Section 6.1.2 coupled to fluoresceniceoscopy and AFM would allow to
identify the position of the PIsY-GFP fusion and s$tudy their supramolecular

architecture in nativ8. aureusnembranes.

7.5 Conclusion
My study highlights a simple mechanism that potdhyti controls physiological

processes within a complex system. While bactemsewonce thought of as being
simple life forms, the last decade have provideéxpected insights, drawing the
picture of an intricate cell composed of simple hstsms. It is these ‘hidden’
mechanisms that constitute the framework for theeldpment of cellular life forms.
The discovery of a supramolecular organisation eimirane proteins 5. aureus
could be a common feature and apply across albgyol

My work illustrates a glimpse into future avenues research. These will be

technically challenging but their outcome will hétpunravel the fundamentals of life.
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Chapter 9: Appendix

9.1 Construction of mCherry and mRFPmars1 fusions wh
membrane proteins

9.1.1 Construction of a PIsY-mCherry fusion inS. aureus

In order to construct pAISKisY-mCherry plsY (5’'FW23/3'FW23) was amplified
using SH1000 genomic DNA as a template an@herry (5’ FW24/3'FW24 was
amplifiedusing plasmid pMV158nCherry(Dr. S. Mesnhage, unpublished) as templates.
DNA fragments were cloned into thdindlll/Swal site of pAISH1 using Gibson
Assembly (seeFig. 9.1A) and transformed iRtocoli NEB5 . Recombinant plasmids
were tested by restriction digest with EcoRV raaglin approximately 4500, 2500 and
1000 bp fragments (Fig. 9.1C) and validated by Dééfuencing (GATC Biotech AG,
Konstanz, Germany). The resulting plasmid, pAlgBlY-mCherrywas electroporated
into RN4220 and from there transduced into SH1@$nomic integration at thglsY
locus was confirmed by PCR amplification of an @xmately 900 bp fragment using
one primer that binds at the beginningptfY and one primer within theaCherrygene
(5’FW23/Outward_mCherry) (Fig. 9.1D). No amplificat of an approximately 900 bp
fragment was seen using SH1000 genomic DNA as al#&en The wholelsY gene
was amplified with the use of primers 5’FW23/3'FW@&Sulting in an approximately
600 bp fragment to confirm the PCR and template.

9.1.2 Construction of a CdsA-mCherry fusion inS. aureus

In order to construct pAlSkedsA-mCherry cdsA (5'FW45/3'FW45) was amplified
using SH1000 genomic DNA as a template an@herry (5’ FW45/3'FW24 was
amplified using plasmid pMV158aCherry(Dr.S.Mesnage, unpublished) as templates.
DNA fragments were cloned into thdindlll/Swal site of pAISH1 using Gibson
Assembly (seeFig. 9.2A) and transformed iBtocoli NEB5 . Recombinant plasmids
were tested by restriction digest with Pstl anddHinresulting in approximately 4000,
3000 and 1000 bp fragments (Fig. 9.2C) and valdldge DNA sequencing (GATC
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Biotech AG, Konstanz, Germany). The resulting plasmAISH-cdsA-mCherrywas
electroporated into RN4220 and from there transduogo SH1000. Genomic
integration at thedsAlocus was confirmed by PCR amplification of anragpmately
1000 bp fragment using one primer that binds at#ginning ofcdsAand one primer
within themCherrygene (5’FW45/Outward_mCherry) (Fig. 9.2D). No arfigdtion of
an approximately 1000 bp fragment was seen usin@0O88 genomic DNA as a
template. The wholedsAgene was amplified with the use of primers 5’ FV3I5W45
resulting in an approximately 800 bp fragment tofcon the PCR and template.

9.1.3 Construction of a CdsA-mRFPmars1 fusion ifs. aureus

In order to construct pAISidsA-mRFPmarskdsA(5’'FW47/3'FW47) was amplified
using SH1000 genomic DNA as a template am@dFPmars1(5’FW48/3'FW48 was
amplified using plasmid pTK-RFP (Prajsnar, 2009) as templ&®A fragments were
cloned into theHindlll/Swal site of pAISH1 using Gibson Assembly (Fig. 9.3Ada
transformed intde. coliNEB5 . Recombinant plasmids were tested by restrictigasd
with Pstl and Hindlll resulting in approximately @@ 3000 and 1100 bp fragments
(Fig. 9.3C) and validated by DNA sequencing (GATGotBch AG, Konstanz,
Germany). The resulting plasmid, pAlSidsA-mRFPmarsivas electroporated into
RN4220 and from there transduced into SH1000. Genortegration at thedsAlocus
was confirmed by PCR amplification of an approxieiatL000 bp fragment using one
primer that binds at the beginningadsAand one primer within themRFPmarslgene
(5’FW45/0Outward_mRFP) (Fig. 9.3D). No amplificatioh an approximately 1000 bp
fragment was seen using SH1000 genomic DNA as alééen The wholedsAgene
was amplified with the use of primers 5’FW45/3'FWéEsulting in an approximately
800 bp fragment to confirm the PCR and template.

9.1.4 Construction of a PgsA-mRFPmars1 fusion i. aureus

In order to construct pAlISHgsA-mRFPmarspgsA(5’'FW49/3'FW49) was amplified
using SH1000 genomic DNA as a template amdFPmars1(5’FW49/3'FW48 was
amplified using plasmid pTK-RFP (Prajsnar, 2009) as templ&®&A fragments were
cloned into theHindlll/Swal site of pAISH1 using Gibson Assembly (Fig. 9.4Ada
transformed intde. coliNEB5 . Recombinant plasmids were tested by restrictigasd
with Pstl resulting in approximately 7000 and 1080 fragments (Fig. 9.4C) and
validated by DNA sequencing (GATC Biotech AG, Karst, Germany). The resulting
plasmid, pAISHpgsA-mRFPmarsivas electroporated into RN4220 and from there
transduced into SH1000. Genomic integration apti@Alocus was confirmed by PCR
amplification of an approximately 1000 bp fragmasing one primer that binds at the
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beginning of pgsA and one primer within the mRFPmarsl gene
(5’FW49/0Outward_mRFP) (Fig. 9.4D). Amplification @n approximately 1000 bp
fragment was also seen using SH1000 genomic DNA aegative control template
which could explained by non-specific DNA amplifican. The wholepgsAgene was
amplified with the use of primers 5’FW49/3'FW49 wésng in an approximatel$00
bp fragment to confirm the PCR and template.
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Figure 9.1 Construction of a chromosomaplsY-mCherryfusion in S. aureus

SH1000
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A, Diagram illustrating the construction of pAISHsY-mCherry B, Schematic
overview of the native genomic region plsY and post integration of pAISHIsY-
mCherry Black arrows indicate primer binding sit€3. pAISHpIsY-mCherry(Lanes
1-2) and pAISH1 (Lane 3) were digested with EcoRM aeparated by 1 % (w/v) TAE
agarose gel electrophoresis. Bands of approximd&hy, 2500 and 1000 bp fragments,
corresponding to pAISHHsY-mCherry(Lanes 1-2), respectively, are marked by black
arrows. Bands of approximately 4600, 3000, 1500X0@D bp fragments correspond to
pAISH1 (Lane 3).D, Verification of pAISHplsY-mCherryintegration by PCR using
primer pair 5’FW23/Outward_mCherry. PCR productgevseparated by 1 % (w/v)
TAE agarose gel electrophoresis. A band of appratehg 900 bp, marked by a black
arrow, indicates pAISHMsY-mCherrychromosomal integration (Lane 3). No DNA
amplification is seen using genomic DNA from SH1@Dane 4). PCR amplification of
the whole plsY gene using primer pair 5’FW23/3'FW23 results in ant of
approximately 600 bp, marked by a black arrow (lsahe).
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Figure 9.2 Construction of a chromosomatdsA-mCherryfusion in S. aureus
SH1000
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A, Diagram illustrating the construction of pAIStdsA-mCherry B, Schematic
overview of the native genomic region afisAand post integration of pAISEdSA-
mCherry Black arrows indicate primer binding sit€%. pAISH-cdsA-mCherryLanes
1-2) and pAISH1 (Lane 3) were digested with Pst &tindlll and separated by 1 %
(w/v) TAE agarose gel electrophoresis. Bands ofr@pgmately 4000, 3000 and 1000
bp fragments, corresponding to pAlSisA-mCherry(Lane 1), respectively, are
marked by black arrows. Bands of approximately 758D0 and 1000 bp fragments
correspond to pAISH1 (Lane 2D, Verification of pAISHedsA-mCherryintegration
by PCR using primer pair 5’FW45/Outward_mCherryRP@oducts were separated by
1 % (w/v) TAE agarose gel electrophoresis. A bahdpproximately 1000 bp, marked
by a black arrow, indicates pAlSetsA-mCherrychromosomal integration (Lane 3).
No DNA amplification is seen using genomic DNA fro8H1000 (Lane 4). PCR
amplification of the wholeedsAgene using primer pair 5’FW45/3'FW45 results in a
band of approximately 800 bp, marked by a blac&variLanes 1-2).
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Figure 9.3 Construction of a chromosomatdsA-mRFPmarsZXusion in S. aureus
SH1000
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A, Diagram illustrating the construction of pAlSidsA-mRFPmars1B, Schematic
overview of the native genomic region afisAand post integration of pAISEdSA-
mRFPmarsl1Black arrows indicate primer binding sit€3. pAISH-cdsA-mRFPmars1
(Lane 1) and pAISH1 (Lane 2) were digested witH Bstl Hindlll and separated by 1
% (w/v) TAE agarose gel electrophoresis. Bandsppraximately 4000, 3000 and 1100
bp fragments, corresponding to pAlSHsA-mRFPmarsiLane 1), respectively, are
marked by black arrows. Bands of approximately 758D0 and 1100 bp fragments
correspond to pAISH1 (Lane 2)D, Verification of pAISHedsA-mRFPmarsl
integration by PCR using primer pair 5’FW45/OutwartRFP. PCR products were
separated by 1 % (w/v) TAE agarose gel electrogi®rd band of approximately 1000
bp, marked by a black arrow, indicates pAIS#sA-mRFPmarslchromosomal
integration (Lane 3). No DNA amplification is seasing genomic DNA from SH1000
(Lane 4). PCR amplification of the whatdsAgene using primer pair 5’FW45/3'FW45

results in a band of approximately 800, marked by a black arrow (Lanes 1-2).
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Figure 9.4 Construction of a chromosomapgsA-mRFPmarsXusion in S. aureus
SH1000
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A, Diagram illustrating the construction of pAlISigsA-mRFPmarsl1B, Schematic
overview of the native genomic region pdsAand post integration of pAISHgsA-
mRFPmarsl1Black arrows indicate primer binding sit€3. pAISHpgsA-mRFPmarsl
(Lane 1) and pAISH1 (Lane 2) were digested with &stl separated by 1 % (w/v) TAE
agarose gel electrophoresis. Bands of approximat®é0 and 1000 bp fragments,
corresponding to pAISHgsA-mRFPmars{Lane 1), respectively, are marked by black
arrows. Bands of approximately 9000 and 1000 bgnfients correspond to pAISH1
(Lane 2).D, Verification of pAISHpgsA-mRFPmarsintegration by PCR using primer
pair 5’FW49/0Outward_mRFP. PCR products were seedray 1 % (w/v) TAE agarose
gel electrophoresis. A band of approximately 10Q0 fmarked by a black arrow,
indicates pAISHpgsA-mRFPmarsthromosomal integration (Lane 3). Amplification
of an approximately 1000 bp fragment was also ssérg genomic DNA from SH1000
(Lane 4) which could be due to non-specific DNA #figation. PCR amplification of
the whole pgsA gene using primer pair 5’FW49/3'FW49 results in antb of
approximately 60®p, marked by a black arrow (Lanes 1-2).
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9.1.5 Construction of a PISY-GFP (tetracycline restance) fusion inS.

aureus

In order to construct pAISIisY-gfp plsY (5’'FW23/3'FW43) was amplifiedusing
SH1000 genomic DNA as a template agfg (5’FW44/3'FW44 was amplifiedusing
plasmid pMUTINgfpt as templates. DNA fragments were cloned inta-imell1l/Swal
site of pAISH1 using Gibson Assembly (Fig. 9.5A)datransformed intoE. coli
DC10B. Recombinant plasmids were tested by resmiadigest with Nhel and Sacl
resulting in approximately 8000 and 750 bp fragme(ftig. 9.5C) and validated by
DNA sequencing (GATC Biotech AG, Konstanz, Germariie resulting plasmid,
PAISH-pIsY-gfp was electroporated into RN4220 and from there stteaned into
SH1000. Genomic integration at thisY locus was confirmed by PCR amplification of
an approximately 1000 bp fragment using one pritin&tr binds in the genome upstream
of plsY and one primer within thgfp gene (Inward_plsY/Outward_gfp) (Fig. 9.5D). No
amplification of a 1000 bp fragment was seen usil000 genomic DNA as a

template.
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Figure 9.5 Construction of a chromosomaplsY-gfp(tetracycline resistance) fusion
in S. aureusSH1000
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A, Diagram illustrating the construction of pAISHsY-gfp B, Schematic overview of
the native genomic region pEYand post integration of pAISHIsY-gfp Black arrows
indicate primer binding site€, pAISH-pIsY-gfp(Lane 1) and pAISH1 (Lane 2) were
digested with Nhel and Sacl and separated by 1 %) (WAE agarose gel
electrophoresis. Bands of approximately 8000 ar@l bfb fragments, corresponding to
pPAISH-plsY-gfp (Lane 1), respectively, are marked by black arrovsbands of an
approximately 10000 bp fragment corresponds to pAIfLane 2)D, Verification of
pAISH-plsY-gfpintegration by PCR using primer pair Inward_pls¥Mf@Ward_gfp. PCR
products were separated by 1 % (w/v) TAE agarodeclgetrophoresis. A band of
approximately 1000 bp, marked by a black arrow, icaigs pAISHplsY-gfp
chromosomal integration (Lane 1). No amplificatioh an approximately 1000 bp
fragment was seen using genomic DNA from SH1000¢L2).
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9.2 Codon-optimised sequences

9.2.1 Codon-optimised sequence afreD

The sequence ahreD from S. aureusSH1000 was optimised for the usekHn coli
using GeneOptimizer®  (https://www.thermofisher.cokién/home/lifescience/
cloning/gene-synthesis/geneart-gene-synthesis/géingeer.ntml). The following

figure (Fig. 9.6) shows the original sequence adywith the optimised sequence.

Figure 9.6 Nucleotide alignment of5. aureusSH1000mreD with the optimised
mreD sequence
Sequence alignment ofreDfrom SH1000 (first row) compared to the codon-mpsied
mreD (second row). Green letters indicate translatetboanto amino acids in the one

letter format. Yellow bars indicate changes inneleotide sequence.
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9.2.2 Codon-optimised sequence ef/fp

The sequence otyfp from plasmid pKASBARezrA-eyfp (Wascnik, 2016) was
optimised for  the use in E. coli  using GeneOptimizer®
(https:/iwww.thermofisher.com/uk/en/home/life-s@efcloning/gene-
synthesis/geneart-gene-synthesis/geneoptimize).hthe following figure (Fig. 9.7)

shows the original sequence aligned with the ogtthisequence.

Figure 9.7 Nucleotide alignment okyfpwith the optimised sequence
Sequence alignment ayfp from pKASBAR-ezrA-eyfp(first row) compared to the
codon-optimisecyfp (second row). Green letters indicate translatetboanto amino

acids in the one letter format. Yellow bars indécelhanges in the nucleotide sequence.
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