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| SUMMARY

All living cells are highly organized and exhibit complex cellular machineries facilitating biochemical
reactions. Compartmentalization is a prerequisite to allocateppropriateenvironment for these
processes. In this work, compartments that are iebim Bacillus subtilismembrane organization

and cell division were studieB. subtilisdivision site selection is dependent on the nucleoid occlusion
and the Min system. ThB. subtilisMin system consists of four components. MinC is the actual
inhibitor of the tubulin homologue FtsZ that is a crucial component of the divisome, forming the so
called Zring. MinC is bound to the ATPase MinD that is tethered via the adapter protein MinJ to
DivIVA. DivIVA senses membrane curvature and was supposed to liig stthered to the cell poles.
Thereby a stable, static DivIVA / MinJDC gradient with minimum concentration at middelimed.

Using advanced microscopy techniques like single cell time lapse microskcmpgscence recovery

after photobleaching andoy utilization of photoactivatable / convertible fluorophorege could
demonstrate that DivIVA is in vegetative cells recruited from the cell pole to mature septa. These data
provide first evidence that the role of tBe subtilisMin system is not to dafe midcell, but prevents
reinitiation of Z-ring constriction after fulfilled division. Utilizing single cell time lapse microscopy

we could further demonstrate that proteins crucial to condense the chromosome are vital for correct

chromosome segregationrihg cell division by influencing the replication fork velocity or resolution.

As a second compartmeBt subtilisflotillin dependent membrane microdomains were studied. These
domains are likely scaffoldetdy the membrane protein flotillin. This protein is pinned to the
membrane via hairpin loop as shown by SNARg labelling experiments. Utilizing the anisotropic
dye Laurdan we could further show spectroscopically and microscopically that flotillinenprev
condensation of microdomains. Flotillin deletion strains also exhibit a generally more liquid ordered
membrane compared to wild type celldsing cdimmunoprecipitatiorexperiments several proteins
interacting with flotillin were identified. These imgetions wereconfirmed with microscopical ¢o
localization analysis.B. subtilis flotillin was additionally heterologously purified via affinity
chromatography. The purified protein creates largadioligomers likely in mega Dalton size. Using
truncationmutants it could be shown that flotillin oligomerizes via a flotillin specific domain, namely
the PHB domain. Though, contrary to eukaryotic c@lssubtilisPHB domain does not contribute to
lipid binding. However, several cellular machineries thatradewith flotillins, as exemplary shown

for the secretion machinery, are impaired in their functionatitgbsence of flotillins. These data
provide first evidence that prokaryotic flotillins are elements that scaffold the plasma membrane and
thereby preide a lipid environment that is vital for correct functionality of diverse cellular

machineries.
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|l ZUSAMMENFASSUNG

Die raumliche und zeitliche Trennung von komplexen biologischen Prozessen durch
Kompartimentalisierung bildetine Grundlagefiir die Funktionalitat von ZellenIn dieser Arbeit
wurden verschiedene Kompartimente des BakterilBasillus subtilis untersucht Insbesondere
Domanendie in der Membran unavahrend deZellteilung vonB. subtilisvorzufinden sindvurden
analysiert Die Zellmitte wird in B. subtilis durch zwei unterschiedliche Systeme definielas
Nucleoid kklusions Systenund das Min SystemDas Min System besteht aus vier Komponenten.
MinC ist der Inhibitor des Tubulin Homologs FtsZ, welches ein zentraler iB#isthdes Divisoms ist

und den ZRing bildet. MinC ist gebunden an die ATPase MithB Uber das Adapterprotein MinJ an
DivIVA gebunden ist. DivIVA bindet an gekrimmte Membranen und es wurde vermutet, dass es
stabil an den Zellpol gebunden ist wodurch gtiatischer DivIVA/ MinJDC Gradient mit minimaler
Konzentration in der Zellmitte entsteht. Durch die Verwendung fortgeschrittener
Mikroskopietechniken, insbesondere durch die Verwendung von &kitaerbaren’ konvertierbaren
Fluorophoren konnte hier gezigt werden, dass inegetativenZellen DivIVA vom Zellpol zum
Septum rekrutiert wird. Diese Daten implizieren, dassBdasbtilisMin Systemnicht flr die Findung

der Zellmitte zustandig istsondern eine erneutKonstriktion des ZRinges nach vollzogear
Zellteilung verhindert.Mittels Einzelzellenzeitreihenmikrosopie konnte auRerdem gezeigt werden,
dass Proteine, die bei der Chromosomkondensation involviert sind, auch fir die korrekte
Chromosomensegregation wahrend der Zellteilung zustandig sindeska ioteine einen direkten

Einfluss auf die Replikationsgabel haben.

Als ein weiteres Kompartiment wurddéh subtilisMembranMikrodoménen (Md) untersucht. Diese

Md werden wahrscheinlich von dem Protein Flotillin gebildet. Flotillin bindet mittels einer
Haarnadelschleife an die Membran, was mit Hilfe von SNWA&kierungsexperimenten gezeigt
wurde. Mit Hilfe des anisotropischen Farbstoffes Laurdan konnte spektragkapwid mikroskopisch
gezeigt werden, dass Flotilline ein Verschmelzen von Md verhindern. Flotilline halten somit eine
Membranheterogenitat aufrecht. Nabeletion von Flotillinen war die Membran generell starker
kondensiert. Mittels Gémmunprazipitationsgperimente konnten zudem verschiedene Flotillin
Interaktionspartner identifiziert werden, die mikroskopisch mittels Kolokalisationsexerimenten
bestétigt wurden. Die Abwesenheit von Flotillinenvivo beeinflusst die Funktionalitat verschiedener
zellulare Maschinen, was beispielhaft fur das S3stem gezeigt wurde. Des Weiteren wurde
Flotillin heterolog exprimiert und gereinigt, wodurch gezeigt werden konnte, dass es groRe Oligomere
in MDa Gr6RRe bildet. Durch die Reinigung von verkirzten FlotMarianten konnte demonstriert
werden, dass die Oligomerisierung Uber die PHB Doméne geschieht. Diese kann jedoch nicht an
Lipide binden. Diese Daten implizieren das Flotilline nétig sind, um eine korrekte Lipidumgebung zu

schaffen, die fur die Funktionalitat veerschiedenen Proteinen nétig ist.
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[1l_ ABBREVIATIONS

3D-SIM = 3 dimensional structured illumination microscopy

B. subtilis= Bacillus subitis

ClI = cardiolipin
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FLIM = fluorescence life time imaging
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noc = nucleoid occlusion

oriC = replication origin

PALM = photaactivated localization microscopy

PBP = penicillin binding proteins
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PS = phosphatidylserine
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SCTLM = single cell time lapse microscopy
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1. Introduction

1.INTRODUCTION

In this work the compartmentalization of the prokaryatiodel orgaism Bacillus subtilis was
studied.Compartmentalizatiois a phenomenon known from prand eukaryotes. kllows cells to
allocate a specific environment for diverse cellular machineries. Compartmentalization makes it
possible to spatially separate processes through borders created by lipid bilayers or by simply formed
gradients and protein assemblies. Hetttig,is an essential prerequisite for complex processes and the

high degree of organisation in living organisms.

1.1 Compartmentalization

Compartmentalization is a long known phenomenon that goes back to"teerit@ry, but first ideas
about the complex organization of live were already made in thé 18" century with the invention

of light microscopy. The first descriptions of cellular organization were already madthagasius
Kircher 1658 andew decads laterby Jan Swammerdar{Kirchner, 1658; Swammerdam, 1737,
Mazzarello, 1999)But it was Robert Brown who mentioned 1833 the very first time the organization

of distinct cellular componen{8rown, 1833)

The actual definition of a compartment is ttlaadistinct domain inside living cells is created. This
might occur via diffusion barriers, gradients, by profgiatein interactions that create reaction
cascades in close spatial proximity or by the physical separation of distinct spaces by pigiiin or
layers(Ovadi and Saks, 2004; Diekmann and Pese@al, 2013)

The most known compartments are organelles that have developed thymoigiosis what is also
named theendosymbiotic theorySagan, 1967; Doolittle and Brown, 1994; Lofearcia and
Moreira, 1999) The endosymbiotic theory comprehends that a progenitor cell took up another cell,
likely an early prokaryotic cell, and kept it as an endosymbiont. The genome of this endosymbiont was
evolutionary reduced but preserved in the organédlagn, 1967; Doolittle and Brown, 1994;
Andersson et al., 1998; SicherRonten et al., 1998; Kurland and Andersson, 2000; Dagan et al.,
2013)
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1.1.1 Eukaryotic ampartmentalization

Some of the most prominent organelles are mitochondria and chloropliétstshondria developed
through endosymbiosis of the alphaproteobacteria SAR11 clade and chloroplasts originated from
cyanobacterigRaven, 1970; Taylor, 1970; Thrash et al., 2011)

Besidetypical organelles like the nucleus, mitochondria, endoplasmatiicuhem, golgi apparatus,
vacuoles and chloroplasts many more structtivasexhibit a remarkable degree of organisation exist
Organelles are compartments that are enclosed by a lipid bilayer. Inside this bilayer a specialized
aqueous space exists thiveates the environment for complex biochemical proce@dbsrts et al.,

2003) Contrary to organelles compartments not necessary have to be surrounded by a lipid bilayer,
but compartments are alsable to separate reactions in space and &xemplaryby protein
assemblies separating the inner space of a assembly from the cytdidtasmgh tre definition how

to term these structures still controversial, it is accepted that distinct compartments with a high
degree of organisation exist. Among thesempartments in eukaryotic cells are the proteasome,
diverse cytoskeletal elements, ribosomes and otlibis existence of compartments inside a cell has
long been considered to be unique to eukaryotic,dktisigh it could be shown that many of these and

other compartments also exist in bact¢bieekmann and Pereitaeal, 2013)

1.1.2 Prokaryotic ampartmentalization

Contrary to early assumptions bacteria exhibit a high degree of molecular organisajiome ).

Among the most prominent compartments that exist in all prokaryotes are the membrane, ribosomes
and the nucleoid. Exemplary the chromosome needs to be highly organized and compacted up to the
10 fold to fit into the limited size of the ce{Holmes and Cozzarelli, 2000; Wang et al., 2013)
Chromosomal topological domains are created in an average size of (Higkins et al., 1996;
Postow et al., 2004)Further distinct protein cluster like Mukssembly, SMC and HU proteins
maintain the chromosome in a condensed gRbeviereYaniv et al., 1979; Larionov et al., 1985;
Yamazoe et al., 1999; Cui et al., 2008pndensin, that is a SMiCkleinsin complex, is essential in
eukaryotes and deletionsdts in a severe growth phenotype in prokary@igki et al., 1991; Hirano

and Mitchison, 1994; Britton et al., 1998h B. subtiliscondensing complexes are enriched on the
chromosome near the origin of replicatianiC) by Spo0J (ParB) bound fmarS sites(Gruber and
Errington, 2009; Sullivan et al., 2009)epletion of condensin iB. subtilisresults in a defect in
partitioning the chromosomes. This phenotype cannot be repressed by inhibiting transoription

translationbut it can beby artificial reduction of the velocity of the replication fo(ruber et al.,
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2014) This indicates that condensin creates distinct functional domains at or behind the replication
fork.

Figure 1. Compartmentalisation of anE. coli cell

Shown is a cross section of the molecular setup of an E. coli cell. The cell wall, the inner and the outer membrane are shown in
green. A flagellum (also green) penetrates the cell wall and membranes ending in the cytoplasmic flagellar motor. Cytoplasmic
machineries are shown in blue (various enzymes) and purple (ribosomes). mRNA is drawn as white strands and tRNA as L-
shaped maroon molecules. The chromosomal region is shown in yellow (DNA, partially wrapped around HU proteins) and

orange (replication fork with DNA polymerase).

'Picture modified and used with David SdGogusel, the Ssipps n o f
Research Institute.
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Also protein machineries like the transcription machinery directly act on the chromosome. Another
domain that is formedy (deoxy) ribonucleic acid arplasmids that can be found as a distinct
compartment in many bacteriphyla (Dubnau and Stocker, 1964; Richmond, 1965; Novick, 1967,
Carattoli, 2013)

Many cellular machineries, as for example protease complexes, form compartments inside the
prokaryotic cells similar toeukaryotic protease complexesNotably, Clp proteases carsa be
considered as chaperone like structures. Beside classical functions of chaperones to support proper
folding of proteins also proteolysis performed by Clp proteasBs suibtilisis a crucial mechanism to

protect the cell against stress conditiohattresult in protein unfolding and protein aggregation
(Moliere and Turgay, 2009)

In B. subtilis proteolysis is mostly performed by the so called Clp machinery. If the Clp protease
complex turns active, a hexameric structure is formed creating a ptatetigmber. The substrate is
unfolded in an ATPi dependent manner, transported into the proteolytic chamber and finally
degraded into small peptidédBougan et al., 2002; Baker and Sauer, 208@}ably, also baperones

form well defined oligomers thatra responsible to disaggregate and refold protein complex8s, in
subtilis these are mainly GroEL/GroES, DnaK/DnaJ/GrpE, trigger factor and Hsp90/HtpG,
(Weibezahn et al., 2005; Moliere and Turgay, 2009)

A large assembly that is formed in many bacterthésflagellum that in gramegativ bacteria crosses

the cell wall, the periplasm, two membranes and originates from the cytoplasm. The flagella hook of
B. subtilisalone exceeds a size of 70 (iKubori et al., 1997)More than 20 different proteins hawe t

be assembled before a functional flagellum is forr(tedhardt et al., 2010)A question that could
barelybe solved so far is how it is possible that huge machineries like the flagellum can be assembled
outside the cell. Recent investigations reveal thatansport mechanism is created that results in
export of single flagella subunits that immediatielgorporateinto the extracellular flagellurtEvans

et al., 2013) Even though, single subunits have to partially transporteé than 20 um before they

are incorporated (Evans et al.,, 2014)All these findings indicate that flagella are complex,

sophisticated machineries that require a high degree of organization.

A compartment that is crucial for mostly all prokaryotes is the cell division machindryha cell

wall synthetic machinery since they are essential for prokaryotic division.
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1.2 B. subtiliscell division machinery

Cell division is one of the most crucial cellular events in all living organisms. During division diverse
elements of the cysikeleton assemble in large, hetetigomeric complexes that form distinct
compartments facilitating cell divisigi®liferenko et al., 2009)Also the spatiotemporal regulation of

this event has to be tightly regulated with other cellular events as fompéxa&ell wall synthesis in

fungi and prokaryotegOliferenko et al., 2009)In B. subtilisdiverse components of the cell division
machinery are recruited stepwise in a cascade of molecular events. One of the most important proteins
for cell division inB. subtilisandE. coliis the essential tubulilike protein FtsZ that assembles into a

ring structure, the so calledrihg, exactly at midcellBi and Lutkenhaus, 1991 he Zring also

serves as a scaffolding element for other components downstream in the cell division machinery that
together form the divisoméi and Lutkenhaus, 1991FtsZ is structurally similar to tubulin and
exhibits a selactivating GTPase actiyi (Adams and Errington, 2009ecessary for polymerisation

of the Zring (Scheffers et al., 2002Yhe divisome itself is composed of various proteins that range
from cytosolic proteins acting as scaffolds to integral membrane proteins that are mastigdrin

cell wall synthesis(CarballideLopez and Formstone, 2007Post polymerisation of FtsZ the
membrane associated protein FtsA is recruited and tethers FtsZ to the melftichioff and
Lutkenhaus, 2005)Notably, FtsA also recruits further dowrestm components of thB. subtilis
divisome(Adams and Errington, 2009J he proteins SepF and ZapA promote polymerisation of FtsZ
(GueirosFilho and Losick, 2002; Hamoen et al., 2006; Singh et al., 2@0&) constriction of the Z

ring the tranganembraneprotein EzrA is recruiteHaeusser et al., 2004)he exact function of EzrA

is not known, but a deletion of EzrA leads to the formation of multiptsn@s after complete cell
division and mini cell formatiorfLevin et al., 1999)Hence, it seems likelthat EzrA is involved in
disassembly of the divisome or inhibits polymerisation of threng. After assembly of the divisome
components further proteins like FtsL, penicillin binding proteins (PBP), DivIB, DiviC and DivIVA
are recruited to the divisom@&amba et al., 2009)The functios of DiviIB and DiviIC are mostly
unknown, but it is known that DivIB, DiviC and FtsL interact with PBP2B and likely regulate the
activity of PBPs(Wadsworth et al., 2008; Rowland et al., 201BjsL is one of the ratémiti ng
proteins during division and processed via regulated intramembrane proteolysis and protected by
DivIC (Bramkamp et al., 2006; Wadenpohl and Bramkamp, 2@®)VA is recruited after fulfilled

division to the divisome since it recognizes curved membthak start toinvaginateafter 4 ring

constriction. Importantly, DivIVA also belongs to the division site selection machin@&ysubtilis
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1.2.1 Division site selection

Cell division in bacteria has to be tightly regulated in space and timevitaidor a cell to receive
complete functional chromosomes; hence chromosome segregation has to take place before division is
complete. Few is known about the actual timing of cell divisioBirsubtilis but it is partially
regulated by the protein UgtRat senses nutrient availability and directly interacts with the divisome.
UgtP is therefore one component of the temporal regulation of cell division that directly links the
nutritional state to the cell cycl@Veart et al., 2007; Chien et al., 2012pntrary to the temporal
components that regulate cell division the spatial components are well investigated. The two major
regulatory mechanisms iB. subtilis regulating spatial cell division are the Min system and the
nucleoid occlusion (noc) systefionahan et al., 2014)

1.2.1.1 Nucleoid occlusion

The noc system is part of the division site selection mechanisBisduabtilisand prevents division
across the nucleoid. Initially it was proposed that DNA itself might prevent constriction ofrthg Z

over the nucleoidMulder and Woldringh, 1989; Harry, 2001&ven though it is still a matter of
debate if DNA is sufficient to inhibit constriction of thering (Moriya et al., 201Q)proteins could be
identified that bind DNA and inhibit-Zing formation(Wu and Errington, 2004Namely these are the
proteins Noc irB. subtilisand the same function is fulfilled by SImA k& coli (Wu and Errington,

2004; Bernhardt and de Boer, 2008pc binds specific consensus DNA sequences (~74 binding sites
per chromgome) mostly homogenously distributed over the chromosome, but absent from the
terminus of the chromosonf#/u et al., 2009)Extra artificial binding sites of Noc at the terminus of

the chromosome or over expression resulted in delayed division. Heree, mporal regulatory
function of noc is assumed but not finally proven sqVdu et al., 2009)Recent studies revealed that
Z-ring formation preferentially taleplace over unreplicated nucleoids with a bilobed morphology (in

B. subtilisequivalent to low DNA concentration at midceMoriya et al., 201Q)However, no direct
interaction of Noc and the divisome could be shown so far. Deletion of Noc together with parts of the
Min system, as shown for double deletimoc; minD, resuledin altered formation of Zings over the

segregated nucleoidg/u and Errington, 2004)

1.2.1.2 The Min system

The second system required for spatial regulation of cell division is the Min system. Absence of the
Min system leads to small, DNfkee mini cells(Adler et al., 1967)The best understood Min system

is fromE. coli. TheE. coliMin system exists of the three proteins MinC, MinD and M{d& Boer et




1. Introduction

al., 1989) Deletion of one or more of these proteins results in the formation rif aeils due to
constant reinitiation of FtsZ filament polymerisation after complete divigdenBoer et al., 1990,
1992) MinC is the actual i nhibitor of FtsZ and
terminal domain of MinC binds independent MIinD to FtsZ and thereby inhibits the lateral
interaction of FtsZ oligomer@u and Lutkenhaus, 2000; Scheffers, 2008)e second binding site of

Mi nC to FtsZ i-®rmihabdomaineldbindso the Baee d@risensus sequence of FtsZ
that al® binds to FtsA. Hence, MIinC directly competes with FtsA for FtsZ bind8ften and
Lutkenhaus, 2009)Via its Gterminal domain MinC interacts with itself and Min(Hu and
Lutkenhaus, 2000)or full functionality of MinC the presence of MinD is requirétinD belongs to

the MinD/ParA family of Walker type ATPaseMinD dimerizes in the presence of ATP and binds in
its ATP-bound state to the membragiéu et al., 2003; Lackner et al., 2003)fter dimerization and
membranebinding of MinD, the actual inhilibr of Z-ring formation MinC is recruited and the
functional MinCD complex is forme¢{Lackner et al., 2003)The MinCD complex dissociates after
hydrolysis of ATP from the membrane and also the interaction of MinC and MinD disinte@ates
and Lutkenhau<000; Hu et al., 2003)his process is mediated by MinE that oscillates between both
cell poles and triggers ATP hydrolysis of MifRowland et al., 2000; Fu et al., 200This results in

an oscillating MhCD system with a stochastininimum concentratin of MinCD at midcell and
highest concentration at the cell pokgure 2). Because of the minimum concentration of MinC at
midcell this is the place where theriig is formed(Halatek and Frey, 2012)

The Min system irB. subtilisis different organized compared to tBecoli Min system. It consists of
four major components, namely DivIVA, MinJ, MinD and MinC. All of these proteins dergelfact
and follow a dstinct hierarchical interaction ord@ramkamp et al., 2008; Patrick and Kearns, 2008;
van Baarle and Bramkamp, 201@ivIVA interacts with MinJ, MinJ interacts with DivIVA and
MinD, MinD interacts with MinJ and MinC. Similar t&. coli, in B. subtilisMinC is the actual
inhibitor of Zr i ng f or maas owe |blu-teariNad idmain of BinC bind to different
regions of FtsZBlasios et al., 2013)The architecture dB. subtilisMinD is similar toE. coli MinD,

but till now it remains elusive at the function of the ATPase Bf subtilisMinD is. It is assumed
that hydrolysis of ATP might control the oligomeric state of some Min comporiEar®ui and
Errington, 2001) MinJ was found to be an adapter protein between DivIVA and NBrBmkamp &

al., 2008; Patrick and Kearns, 200BjvIVA is the topological factor of th8. subtilisMin system. It
senses and binds negatively curved membranes and hence is accumulating at the cell pole and, in a
ring like structure, to new forming sep{&dwardsand Errington, 1997; Lenarcic et al., 2009;
Eswaramoorthy et al., 2011\otably, DivIVA is not sufficient to impose curvatugeenarcic et al.,
2009)
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E. coli Min system B. subtilis Min system
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Figure 2: Comparison of theE. coliand B. subtilisMin system

On the left the E. coli Min system is shown. MinD in its ATP-bound form interacts with MinC and binds to the membrane. MinC
dissociates from MinD after ATP hydrolysis and MinD dissociates from the membrane. MinE triggers this process by stimulating
ATP hydrolysis. This oscillating system results in a stochastic minimum MinCD concentration at midcell. Contrary, the B. subtilis
Min system is static and does not oscillate. In B. subtilis the topological factor DivIVA is stably attached to the cell pole and
recruits the MinCDJ complex. This stable gradient results in @ minimum concentration of MinCDJ at at midcell. Figure modified

from Bramkamp and van Baarle, 2009.

Contrary to theE. coli Min system theB. subtilisMin system is attempt to be static and apan
gradient is formed with maximum concentration of DivIVA/MInCDJ at the cell poles and minimum
concentration at midcellF{gure 2) (Errington et al., 2003; Adams argfrington, 2009) Though,
some publications already indicate that parts ofBheubtilis Min system may not be as static as
supposed and the Min system relocates after divifianegory et al., 2008; Bramkamp and van

Baarle, 2009; van Baarle amtamkamp, 2010)To investigate if the Min system &. subtilisis

indeed somehow dynamic we wanted to investigate its behaviour by light microscopy. Hence it was

crucial to setup a system that is suitable Borsubtilis live cell imaging. We setup andrqved

functionality of our life cell imaging system in the publicatibn nt er | i nked si ster
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arise in the absence of condensin during fast replication iB. subtilis @Gruber et al., 2014(see

above:1.2 Prokaryotic compartmentalizatjon

To investigate the distributioof DivIVA in dividing cells we grew cells expressing DivIVGFP

under its native promoter under the microscope and constantly followed the GFP signal. This revealed
a dynamic behaviour of DivIVA after complete cell division. Waetlier tested the dynamics of
DivIVA -GFP with intact and inhibited protein biosynthesis machinery by classical fluorescence
techniques like FRARFluorescence Recovery after Photobleachitigt confirmed our results.
Finally, we showed by utilizing photactivatable and photconvertible fluorophores that DivIVA is
indeed recruited after completed division from the young cell pole to new forming septa. We used
Dendra2 as a photoconvertable fluorophore. In its native state Dendra is green fluoresceaat but af
illumination with a laser the fluorescence is converted to red. The shift of fluorescence is due to an
irreversible chain break in the backbone of Dendf@2udakov et al., 2007a,.b) T h e-staferoe d 0
Dendra2 is attempt to be photo stable over d&urskaya et al., 20060ur data obtained here
indicate that the true function of tfBe subtilisMin system is rather to preverginitiation of division

than defining a midcell position. These data have been published ima gi ng Di vI VA dyr

using photo-convertible and activatable fluorophores inBacillus subtilisd (Bach et al., 2014)

However, it could be shown that cell division or rather formation of the divisome is directly linked to
membrane organization. The a@dyl carrier protein phosphatacyltransferase PlsX physically
interacts with FtsA and FtsZ hatresuls in stabilization of the Zing (Takada et al., 2014Peletion

of PIsX results in aberrantizng formation(Takada et al., 2014)t is speculated that PlsX is required

to providecertain lipids with distinct bigohysical properties that aracorporatedinto the forming

septum. This indicates that the organization of the membrane is vital for efficient cell division.

1.3Membrane organization

Membranes are the border of a singddl and surround different intracellular compartments. They are

set up by a variety of hydrophobic compounds, mostly represented by various phospholipids and
proteins. The presence of lipids is an essential prerequisite for all living organisms (plpodp ot

most bacteria and eukaryotes; ether | ipids for
condensed state, though most biochemical reactions need to happen in agueous state. Nevertheless,
roughly 25% of all proteins are membrane praigihence they are directly dependent on the
properties of the surrounding membraf@oni, 2014) One of the first accepted models of the
organization of the plasma membrane was the Singer and Nicolson fluid mosaic(8indel and

Nicolson, 1972)
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1.3.1 The fluid mosaic model

The fluid mosaic model proposes very fundamental characteristics of biological membranes. The very
first presumption that was made by the Singer and Nicolson model is that lipids are amphipathic. The
head groups of lipids align tthe outwards of the leaflet but the corresponding fatty acids are
orientatedto the inwards of the membrane and thereby the characteristic hydrophobic lipid bilayer is
created Danielli and Davson, 1935 urther, it was supposed that proteins are abtent and insert

into the plasma membrane, forming membrane associated andnamnsane proteins. Singer and
Nicolson also proposed that every protein and lipid can freely diffuse along the plasma membrane
(Figure3). Notably, this includes rotational movement in the range df 10° s* for lipids; 1Gi 10°

s' for trans membrane proteins and translational diffusi@? {110° cn? s* for lipids; 10° i 10"

cnt s* for trans membrane proteins) but transversional (transbilayer) movement is prohibited since the
polar head groups cannot pass, in a reasonable time scale, the energy barrier created by the
hydrophobic tails of the phospholipid€ornberg and McConnelll971; McNamee and McConnell,

1973; Edidin, 1974; Goni, 2014interestingly, it was already observed that addition of sterols inhibits
lateral movement of the membrafigutler et al., 1970; Schreidiuccillo et al., 1973)In later years
several conceptsf the fluid mosaic model have been proven and updates of the model were proposed
(Figure3).

fluid mosaic model membrane microdomain

variable
—

constant
ECEITER

{
homogeneous mixture

|
\
A
Y

Figure 3: Models of biological membranes

The fluid mosaic model as supposed by Singer and Nicolsen is shown on the left. The membrane is a homogeneous mixture of
proteins and lipids with a constant diameter between the two leaflets. On the right a more modern view of biological membranes,
including the lipid raft model from Simons and Ikonen, is shown. Distinct membrane domains that likely have distinct biophysical
properties (shown here as Id and lo) exist that restrict the translational and rotational freedom of proteins and lipids. Further it is
accounted that the membrane exhibits a constant curvature/deformation, the leaflet can be variable thick and that the

membrane is crowded with trans- and membrane associated proteins.
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1.3.1.1 Membraneasymmetryand membrane curvature

The fluid mosaic model mostly neglects that membrane curvature or respectively membrane
deformation is an overall phenomenon. Membrane curvature/deformation can be due to simple
biophysical processes like interfacial effects or the membrane can be ashaplgd by membrane
processing proteins like dynamins, BAR proteins and otfeens et al., 2008; Ferguson and De
Camilli, 2012; Samaniuk and Vermant, 201Bgside proteins that create membrane curvature also
proteins that only sense membrane curvatuigt.eOne prominent example is tBe subtilisprotein

DivIVA that is involved inB. subtilisdivision site selection (see abo®d.2.1 Division site selectign
However, membrane curvature can also occur due to protein asymmetry. When a hydrophilic protein,
present only one side of the membrane, associates to the membracanthisluce membrane

curvature(Kozlov et al., 2014)

It was assumed by Singer and Nicolson that biological membranes are asymmetric as consequence of
the lack of transversional movement of lipids. Notably, this is in contrast to the biophysical behaviour
of lipids that form bilayerin vitro. If bilayers are formed spontaneously in aqueous solution the
composition of the inner and outer leaflet is similar, hence a biological reason for the observed

asymmetnyhas been proposé8inger and Nicolson, 1972)

The incorporation and hence the orientation of lipids, e.g. sphingomyelin, is based on the compartment
where the corresponding lipid is synthesig@ell et al., 1981; Cooper, 20Q0Dther lipds are
synthesised in the cell and transported via flippases to the external (Ehiéet et al., 1999; Hua et

al., 2002; Pomorski et al., 2003) remarkable example fasymmetryare phophotidylcholine (PC)

and sphingolipids that are highly enriched in the outer leaflet whereas phosphatidylserine (PS) and
phosphatidylethanolamin@PE) mostly occur at the inner leafl¢Geigneuret and Devaux, 1984;
Devaux et al., 1986; Xie et al., 1989;rRarski et al., 2003)Strikingly, asymmetryof membranes has

also direct biological functions. Exemplary, PS is flipped from the inieethe outer leaflet during

apoptosis what results iraognition of marcrophagé¢gadok et al., 1992)

A nice example for protein asymmetogcurs duringysis of bacterial cells due to phage infection
(Sturges and Rettger, 1922; Lewis, 200%fter infection through a bacteriophage the tramesnbrane
proten antiholin is flipped from the inner to the outer leaflet what leads to pore formation through
oligomerization with holin(Wang et al., 2000)This finally results in release and activation of
autolysins and depolarization of the membrane and hencegsisl{Blasi and Young, 1996; Wang et

al., 2000; Rice and Bayles, 2008 hough, the overall biological functions afymmetryeither on

protein as well as on lipid levels are hardly understood till (@sbastian et al., 2012)
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1.3.1.2 Crowding of the membrane and membrane fluidity

Initially it was proposed that only a minor percentage of biological membranes is composed of
proteins(Singer and Nicolson, 1972Yhough, over the last decades it was demonstrated that the
plasma membrane proteins occupy a major {Ergelman, 2005) In some bacteria even more than
25% of all putative genes encode for membrane profeinset al., 2002) Hence, almost every single

lipid molecule is in contact with one or more prote{@anton, 1971) The highabundane of
membrane proteins also directly influences the fluidity of biological membré®aston and
Jacobson, 1997)urther, the ocurrence of large protein domains due prdteiotein interaction and
variousthicknesse®f membranes due to different fatty acid compositions were not considered in the
classical fluid mosaic model. The classical model has recently been replacecdoupatited by the

lipid raft concept of Simons and lkonen and otl{&isons and lkonen, 1997)

1.3.2 The lipid raft concept

The lipid model implies the existence of distinct membrane microdomains that initially have also been
termed lipid rafts. Theseiomrodomains are enriched in certain lipids and protéangions and lkonen,
1997) One of the very first proofs, which also gave rise to the idea lipid microdomains, was to explain
why the apical membrane of epithelial cells are enriched in glycol{Sidsons and van Meer, 1988)
Further studies showed that membrane (micro)domains are also involved in processes like clathrin
independent endocytosis, exocytossggnalling, tansport, protein translocatiowgll division and
others(Baumann et al., 2000; b@aze et al., 2001; Nichols and Lippine8tthwartz, 2001; Stuermer

et al., 2001; Stuermer et al., 2008)assspectroscopy approaches revealed ¢ukiaryotic lipid rafts

are highly enriched isphingolipids anaholesterolFridriksson et al., 1999; Pilat al., 2002)Hence,

drugs that sequester or remove cholesterol sulisruption of lipid raft formation{Ohtani et al.,

1989; Kilsdonk et al., 1995; Pike and Miller, 1998ing in vitro systems it could be shown that

addition of cholesterol cansal be sufficient to induce lipid raft formati¢te Almeida et al., 2003)

Generally, the lipid raft concept distinguishes between two different phases. The more hydrophobic
liquid ordered (lo) and the more hydrophilic liquid disordered (Id) pf2edmaset al., 2013)Likely,

the driving force for formation of lo / Id domains is line tensfmzmin et al., 2005; Garci8aez et

al., 2007) Notably, lipids and proteins in lo phase are more restricted in translational and rotational

movement than in |d pka. Further, in Id phase water penetrates deeper between membrane

headgroups due to the more hydrophilic properties compared to the lo phase. However, it was difficult
to show if certain membrane domain exist in the lo or Id piraseso. Strikingly, doman formation

and bilayer thickness seem to directly influence each atheitro. With increasingncongruity of
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membrane thickness the size of lo domains increzasiro (Heberle et al., 2013)ncreasing size of
lo domains directly goes in hand withdacrease of lateral mobility of lipids and protefReberle et
al., 2013)

The keystone symposium defined lipid raftshaserogeneous platforms that have a size betweé&n 10

200 nm(Pike, 2006) Though, theoretically lipid rafts can be stabilized aodnf larger transient
platforms since a decrease in line tension goes directly in hand by the formation of larger lo domains
(Karnovsky et al., 1982; Pike, 200%lowever, membrane rafts are also considered to be highly
dynamic and have a life time that camge from relatively short, transient structures with a half live

time of 100 ms or less up to long lived stable struct(iése, 2006)

Another definition, although it is controversial, of lipid rafts is that they can be isolated in detergent
resistat membranes (DRMs). It has to be mentioned here that it is now mostly accepted that DRMs
may, but not necessarily have to, contribute to lipid rafts since it could not been shown so far that
DRMs truly contribute to domain formation vivo and the prepation of DRMs may easily result in
artificial results(Pike, 2006) DRMs cannot be solubilized with néonic detergents like TritoX100

at 4°C but can be solubilized at 30(Brown and Rose, 1992; Bickel et al., 1997; Lang et al., 1998)
These fractionsan be collected using sucrose gradient «déatrifugation. Proteins that can routinely

be found in the solubilized floating fraction (the DRMs fraction) are GPI anchored proteins and

flotillin that is named due to its floating properti@ckel et al.,1997; Salzer and Prohaska, 2001)

1.4 Flotillins

Flotillins can be found in all kingdoms of lif@avernarakis et al., 1999; Hinderhofer et al., 2009)
However, flotillins evolved via convergent evolutifidinderhofer et al., 2009Hence, it is crucialo

understand the molecular setup of flotillins to understand their function.

1.4.1 Topology of flotillins

Flotillins exhibit a conserved molecular setup and aréekinally tethered to the membrane by a
hairpin loop, that penetrates, but not crodbesmembrane, a traimmembrane helix or a attached to
the membrane by poestanslational modificationgFigure4) (Salzer et al., 1993; Huang et al., 1995;
Roselli etal., 2002) This region is followed by a PHB (prohibitin) domain that is also often termed
SPFH (stomatin/prohibitin/flotillin/HfIKC) domain. This domain is in eukaryotic cells often

posttranslationally modified bymyristoylation or palmitoylation which can alsocontribute to
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membrane tetherin(Pietzen et al., 1995; Tavernarakis et al., 1999; Morrow and Parton,.Z(5)
PHB domain is followed by an EA rich coilédcoil region that is also termed flotillin domaiRigure

4) (Browman et al.,, 2007)The flotillin domain is in eukaryotic cells involved in hoimo
oligomerization of flotillins (NeumanrGiesen et al., 2004; RiveMilla et al., 2006; Solis et al.,
2007) Notably, fotillins form homa and hetereligomers(Tatsuta et al., 2005; Solis et al., 2007;
Hoegg et al., 2009)Further,purified prohibitins create ring like structures vitro (Tatsuta et al.,
2005; Browman et al., 2007)

p PP P
Flotillin _ TLLLLLLUAL LA LA AL LN L

Podocin

Hairpin loop . PHB domain Flotillin domain W\ EA rich coiled coil region
Hydrophobic . - . . A
. stretch Palmitoylation ! Myristoylation P Phosphorylation site

Figure 4. Structural domains in different classes of flotillins

A cartoon of the typical structural domains of flotillins, podocins and YuaG is drawn. All classes exhibit a similar setup.
Membrane tethering in flotillins and podocins can also be achieved via palmitoylation and myristoylation. Cartoon was created

according to our own data and the data presented in Rivera-Milla et al., 2006 and Browman et al., 2007.

The closest bacterial homologue to eukaryotic flotillins is Bhesubtilisflotillin YuaG (FloT) with

more than35.4 % identity and 67.1 % homology toMus musculusFlotillin2 (Donovan and
Bramkamp, 2009; Lopez and Kolter, 2010otably, flotillins are not evolutionary conserved but
emerged independently via covalent evolutiamally resulting in a similar domain structure what led

to the conclusion that the molecular setup is a crucial and restricted feature for the functionality of
flotillins (Hinderhofer et al., 2009)

1.4 .2 Functionsof flotillins

Flotillins are involved in various cellular processes. Flotillins were discovered as a factor involved in
the regeneration of axons and were also termed Re(@pbslte et al., 1997)urther studies revealed

that flotillins are also involved in endocytegGagescu et al., 2000; Huber et al., 20@@)I division
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(Santamaria et al., 20Q3Jiverse signalling processéBaumann et al., 200@nd othergBanning et
al., 2011)

The molecular function of flotillins is mostly unknown, though it is speculdtat they may act as
scaffolding proteins for membrane microdomai8alzer and Prohaska, 2001; Stuermer, 20&¢¢n
though, no direct function could be shown for flotillins so far. Many flotillins form heatégomers
with a second flotillin, hence twdifferent flotillins exist in most organism®rowman et al., 2007;
Solis et al., 2007; Lopez and Kolter, 2018)so the regulation of flotillins seems to be-regulated.
Down regulation of one flotillin also leads to down regulation of the secontlirld®olis et al., 2007,
Babuke et al., 2009; Zhao et al., 2011)

In B. subtilisthe flotillin homologues YuaG (FloT) and YQfA (FIoA) interact with each otth@pez

and Kolter, 201Q) In wildtype cells YuaG and Y(fA localize as highly dynamic foci at the
cytoplasmatic membran®onovan and Bramkamp, 2009; Lopez and Kolter, 20@¢restingly, in
prokaryotes, flotillins are encoded together with a so called NfeD protein in an operon. Although, the
function of NfeD proteins remains elusiy&reen et al.2009; Dempwolff et al., 2012a; Lee et al.,
2012) However, YuaG is mostly expressed at late exponential or stationary (@sevan and
Bramkamp, 2009)Both flotillins (YuaG and YQfA) localize as discrete foci at the cytoplasmatic
membrane(Donovan and Bamkamp, 2009; Lopez and Kolter, 201@eletion of flotillins in B.
subtilis results ina delay of the phosphorylation of the master regulator Sp@#novan and
Bramkamp, 2009; Lopez and Kolter, 201Bhosphorylation of Spo0A is a crucial eventBorubtilis

to differentiate into stationary phase behaviour like sporulation, cannibalism, biofilm formation and
competencdPerego et al., 1989; Burbulys et al., 199h)absence of flotillins the kinase KinC, that
phosphorylatesSpoOA due to specific environmental signals, becomes inafitiyeez and Kolter,
2010) Hence, biofilm formation and sporulation is altered in flotillin null mutant strédmovan

and Bramkamp, 2009; Lopez and Kolter, 201B) subtilis flotillins seemalso to be involved in
competence development. However, the reports are contradictory if and how flotillins are involved in
competence developme(@empwolff et al., 2012a; Mann et al., 201&verproduction of bot!s.
subtilisflotillins lead to a defecin cell differentiation and a shape defect due to a stabilization of the
protease FtsHYepes et al., 2012; MielieBuss et al., 2013Yhough, it remains elusive B. subtilis
flotillin directly influences the corresponding proteins or the plasma membRarevious studies
revealed that distinct lipid domains exist in Besubtilismembrane. Cardiolipin domains could be
visualized by utilizing the dye NAO1(Q-N-nonyl acridine orange NAO domains localize in
heterogeneous patches at the plasma membinaBe subtilis (Mileykovskaya and Dowhan, 2000;
Kawai et al.,, 2004) Similar studies described a similar heterogeneous localization for PE and
phosphatidiglycerol (PG)(Vanounou et al., 2002; Vanounou et al., 200B) stationary phase th&
subtilis membrane consists of 12% CL, 30% PE, 36% PG and 22% Lysylphosphatidylglycerol (LPG)
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(den Kamp et al., 1969Yhe fatty acid composition d@. subtilisis composed to ~90% of saturated
fatty acids with a majority of 15:0, 16:0 and 17:0 chains. It furtheranoit10% unsaturated fatty
acids with various acyl chain length (mainly 16:1). TBe subtilis membrane also exhibits
hydrophobic compounds like hopano{@ejan et al., 1986; Bosak et al., 2008hough, these are not
involved in flotillin dependent micdomain formation(Lopez and Kolter, 2010)The presence of

distinct membrane domains with certain biophysical propdrtieso also remaine@peculative

A component that is enriched in eukaryotic lipid rafts is cholesterol and treatment with datigs th
sequester cholesterol lead to disintegration of membrane(@&fftani et al., 1989; Kilsdonk et al.,
1995; Pike and Miller, 1998; Simons and Sampaio, 203ikce theB. subtilismembrane does not
contain sterols the function of cholesterol is likelylfifled by other membrane components. A
candidate that was proposed to match the function of choleste®! subtilisis squalene or a
squalene derivate. Strains lacking YisP, that was assumed to be a squalene synthetase, do not contain
any DRMs anymore and the localisation of YuaG and YgfA is altered, so Lopez and Kolter (2010)
assumed that squalene or its derivaterigial for membrane microdomain formation Bn sullilis
(Lopez and Kolter, 2010)Though recent experimentslemonstratedhat YisP is aphosphatase
catalysing the dephosphorylation of farnesyl diphosphate to farngsmig et al., 2014Hence, it is
supposedthat either farnesol or a still unknown lipid component mightlfti# role of cholesterol in

B. subtilismembranes.

In the publicationn F1 ot i | | ins functionally oweglacdatedehet he b
molecular function of th®. subtils flotillin YuaG in membrane¢Bach and Bramkamp, 2013ike

already supposed at the keystone symposiunfithatell membranes, which are dynamic systems not

in thermodynamic equilibrium, the underlying propensity of the lipids to phase separateyis likel
modulated by the presence of proteins and their state of aggregation as well as the continuous
trafficking of Il i pi ds t o(Piken2009)Using rihe anisatropip tya s ma  m
Laurdan (6DodecanoyR-Dimethylaminonaphthalene) we could derstvate spectroscopically and
microscopically that lo domains coalesce in absence of flotillins. This was to our knowledge the first

direct influence of flotillins on membrane dynamics that could be shown experimentally.

It was also demonstrated that caalence of these lo domains have a direct influence on various
cellular machineries that are interacting with flotillins. Using pull down experiments of YuaG we
could identify the second flotillin YgfA, proteins involved in cell wall metabolism, transpogygy
metabolism, signalling and the Sec machinery teelote with YuaG. Indeed proteins of the
mentioned processes alsolocalize with YuaG(Lopez and Kolter, 2010; Yepes et al., 2012; Bach
and Bramkamp, 2013)inally, we demonstrated that absenceflatillins also directly impair the

functionality of these machineries as shown exemplary for the Sec machinery. Likely these
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machineries depend on the correct lipid or rather fatty acid environment that is provided by flotillins.
We further wanted to poj if the oligomeric behaviour of prokaryotic flotillins is similar to eukaryotic
flotillins. Indeed we could show by purification of YuaG and various analyticatro techniques that
dynamic flotillin oligomers, properly in MDa size, exist. Likely thesligomeric structures formed by
flotillins, as heteroeor homaoligomers, organize specific lipidfatty acids by simple protédiprotein

and proteidipid interactions and thereby orchestrate the bacterial membrane.

In the publication:iDi ssecting the molecul ar pr (Bpohrandi es of
Bramkamp, 2015)ve addressed the question if prokaryotic flotillins indeed share the same molecular
setup with eukaryotic flotillinsRigure4). Here, we could show by SNARbelling experiments that

the B. subtilis flotillin YuaG is not tethered to the membrane by a tnamesnbrane helix, but
penetrates the membrane similar to eukaryotic flotiiregs a hairpin loop. We further purified the

PHB domain of YuaG and demonstrate by sedimentation assays that the PHB domain is contrary to
eukaryatic flotillins not involved in YuaG lipid binding but is, also contrary to eukaryotic flotillins,
sufficient b oligomerize. Strikingly, it is assumed that flotillins influence membrane domains via their
PHB domain(Morrow et al., 2002)Since the Yua@HB domain seem not bind lipids it is unlikely

that prokaryotic flotillins can influence membrane domains via B domain. This opened a new
perspective of théunctionality of flotillins since similar molecular functions @bth, eukaryotic and
prokaryotic flotillins are predicted and shown, though this is achieved via different molecular

configuration.
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2.1 Publication I:

Interlinked sister chromosomes arise in the absence of condengiaring fast replication in B.

subtilis
Gruber, S., Veening, J. WBach, J, Blettinger, M., Bramkamp\., and Errington, J.

CurrentBiology, 24, 293298.(2014)

Link to PDF

Abstract:

Condensiran SMCkleisin complex is essential for efficient segregationsister chromatids in
eukaryotes [4]. In Escherichia coliand Bacillus subtilis, deletion ofcondensinsubunits results in
severe growth phenotypes and the accumulation of cells lacking nucleoids [5, 6]. In many other
bacteria and under slow growth conditions, however, the reported phenotypes are much milder or
virtually absent [710]. This raises the quisn of what role prokaryoticondensirmight play during
chromosome segregation under various growth conditionsB.Insubtilis and Streptococcus
pneumoniagcondensircomplexes are enriched on the circular chromosome near the single origin of
replicationby ParB proteins bound fmarSsequences [11, 12]. Using conditional allelesaifdensin

in B. subtilis we demonstrate that depletion of its activity results in an immediate and severe defect in
the partitioning ofreplicationorigins. Multiple copies bthe chromosome remain unsegregated at or
near the origin ofeplication Surprisingly, the growth and chromosome segregation defects in rich
medium are suppressed by a reductionegflicationfork velocity but not by partial inhibition of
translation ortranscription. Prokaryoticcondensinlikely prevents the formation o$ister DNA

interconnections at theplicationfork or promotes their resolution behind the fork.
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2.2 Publication II:

Imaging DivIVA dynamics using photo-convertible and activatabe fluorophores in Bacillus

subtilis

Bach, J. N, Albrecht, N., and Bramkamp, M.

Froniers inMicrobiology, 5, 59.(2014)

Link to article

Abstract:

Most rodshape model organisms suchEscherichia colior Bacillus subtilisutilize two inhibitory
systems for correct positioning of the cell division apparatus. While the nucleoid occlusion system acts
in vicinity of the nucleoid, the Min system was tight to protect the cell poles from futile division
leading to DNAfree miniature cells. The Min system is composed of an inhibitory protein, MinC,
which acts at the level of the FtsZ ring formation. MinC is recruited to the membrane by MinD, a
member of ke MinD/ParA family of WalkeiATPases. Topological positioning of the MinCD
complex depends on MiInE ik. coli and MinJ/DivIVA in B. subtilis While MinE drives an
oscillation of MinCD in theE. coli cell with a timedependent minimal concentration at natictheB.

subtilis system was thought to be stably tethered to the cell poles by MinJ/DivIVA. Recent
developments revealed that the Min systerB.rsubtilismainly acts at the site of division, where it
seems to prevent reinitiation of the division maehy. Thus, MinCD describe a dynamic behavior in

B. subtilis This is somewhat inconsistent with a stable localization of DivIVA at the cell poles. High
resolution imaging of ongoing divisions show that DivIVA also enriches at the site of division. Here
we analyze whether polar localized DivIVA is partially mobile and can contribute to septal DivIVA
and vice versa. For this purpose we use fusions with green to red photoconvertible fluorophores,
Dendra2 and photoactivatable #%P. These techniques havevao very powerful to discriminate
protein relocalizationn vivo. Our results show th&. subtilisDivIVA is indeed dynamic and moves

from the poles to the new septum.
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2.3 Publication IlI:

Flotillins functionally organize the bacterial membrane
Bach,J. N., and Bramkamp, M.

MolecularMicrobiology, 88, 12051217.(2013)

Link to PDF
Abstract:

Proteins and lipids are heterogeneously distributed in biological membranes. The correct function of
membrane proteins depends on spatiotemporal organization into defined membrane areas, called lipid
domains or rafts. Lipid microdomains are therefore thoup assist compartmentalization of
membranes. However, how lipid and protein assemblies are organized and whether proteins are
actively involved in these processes remains poorly understood. We now have identified flotillins to
be responsible for laterakgregation of defined membrane domains in the model orgdasitius

subtilis We show that flotillins form large, dynamic assemblies that are able to influence membrane
fluidity and prevent condensation of Laurdan stained membrane regions. Abselot#ins fin vivo

leads to coalescence of distinct domains of high membrane order and, hence, loss of flotillins in the
bacterial plasmanembrane reduces membrane heterogeneity. We show that flotillins interact with
various proteins involved in protein setion, cell wall metabolism, transport and membreiated
signalling processes. Importantly, maintenance of membrane heterogeneity is critical for vital cellular

processes such as protein secretion.
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2.4 Publication IV:

Dissecting the molecular properties of prokaryotic flotillins
Bach, J. N, and Bramkanp, M.

PloS onel0, e0116750(2015)

Link to PDF
Abstract:

Flotillins are universally conserved proteins that are present in all kingdoms of life. Recently it was
demonstrated that thg. subtilisflotillin YuaG (FloT) has a direct influence on membrane domain
formation by orchestrating lipid domains. Thereby llb@ates a proper environment for diverse
cellular machineries. YuaG creates platforms for signal transduction, processes crucial for biofilm
formation, sporulation,competence, secretion, and others. Even though, flotillins are an emerging
topic of researh in the field of microbiology little is known about the molecular architecture of
prokaryotic flotillins. All flotillins share common structural elements and are tethered to the membrane
N é terminally, followed by a so called PHB domain and a flotiiomain. We show here that
prokaryotic flotillins are, similarly to eukaryaotic flotillins, tethered to the membrane via a hairpin loop.
Further it is demonstrated by sedimentation assays Bhaubtilis flotillins do not bind to the
membrane via their PHBlomain contrary to eukaryotic flotillins. Size exclusion chromatography
experiments, blue native PAGE and cross linking experiments revealeB.tsabtilis YuaG can
oligomerize into large clusters via the PHB domain. This illustrates an important mtiffeie the

setup of prokaryotic flotillins compared to the organization of eukaryotic flotillins.
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3. Discussion

3. DISCUSSION

In this work different compartments of the model organBamillus subtiliswere studied. The plasma
membrane is one compartment that allocates a specific environment for diverse cellular processes.
Flotillins were examined that act as a membrane scaffolding elements forming distinct domains in the
plasma membrane. This revealiat flotillins are a crucial element to maintain membrane domain
dynamics. As a second compartment the membrane curvature recognizing protein DivIVA was

analysed that is involved B. subtilisdivision site selection.

3.1 Dynamics of DivIVA in vegetatvcells

We utilized life single cell time lapse microscopy (SCTLM), FRAP experiments with intact and
inhibited protein biosynthesis and photctivatable / convertible fluorophores, namely-8RP and
Dendra2 to analyze dynamics of DivIVA. To perform SCThaMystem was established that ensures
cell viability and allows investigations of proteins in live cells over long time periods. This was also
true for FRAP, phot@activation / conversion experiments. Using these advanced microscopy
techniques mentioned aie we could show that DivIVA is, contrary to previous assumptions, not
stably tethered to the cell poles but is recruited from the cell pole to new forming septa. This indicates
a dynamic behaviour of DivIVA in vegetative cells. Strikingly, a dynamic Wielba of DivIVA
indicates a different function of the complete Min system. BhsubtilisMin system was supposed to

be static, contrary to thE. coli Min system that oscillates. B. subtilisthe topological factor DivIVA
senses and binds curved menmma®m and interacts with Min(BBramkamp and van Baarle, 2009;
Lenarcic et al., 2009)The transmembrane protein MinJ acts as an adapter and binds NimBC
Baarle and Bramkamp, 2010Hence, a DivIVA / MinJDC gradient is formed with a minimum
concentrationat midcell (Bramkamp and van Baarle, 2009)he topological factor DivIVA was
supposed to be always stably attached to the cell pole. Further, it was known that DivIVA is also
located in a ring like fashion to new forming septa. Since a new formed sepgurnived membranes

and becomes the new cell pole after fulfilled division this is not really contradictory to previous
assumptions.New synthesis of DivIVA was supposed to be responsible for this behaviour
(Eswaramoorthy et al., 2011However, we could l®w that also DivIVA from the cell pole is
recruited to the new formed septum. Recent investigations revealed that DivIVA is also recruited to
the asymmetric septum that is created during sporulation in a SpollE dependent manner
(Eswaramoorthy et al., 2014This indicates that DivIVA dynamics is not only restricted to cell

division.
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