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Abstract

MglA is the master regulator of -Aand Smotility, and one of three RasGTPases,
MXAN_1925 (MglA), MXAN_6703 (SofG), and MXAN_2495 of the soil bacterium
Myxococcus xanthuBesides motility, MglA plays key roles in cell division, polarity, fruiting
body formation, and sporulation. Recent research has revealed that MglA and SofG specifically
interact withbactofilin cytoskeletal proteins, suggesting that this interaction has important
functional implications. Using a novel luciferasased proteiprotein twehybrid system, it
was shown that two out of four tested MgBacM pairs from the noemyxobacterial
prokaryotes |l eptothrix mobilisand Bdellovibrio bacteriovorusinteracted specifically with
each other irM. xanthus This indicates that RasGTPase binding to bactofilins is a broadly
conserved function. Importantly, a previously reported SB&P interaction could not be

confirmed, as SofG only bound to BacM in the luciferase assay.

To understand how MgIA controls these different processes, its cellular localization was
studied using differently tagged versions of the protein. Unfortunatehgnd Gterminal
eYFRtagged MglAs were either unable to complementZimglA phenotype or only able to
restore motility at singkeell but not colony level. Full complementation, including colony
level motility, was only observed using MglA tagged with the smalasmnoacidlong TC
tag. Using fluorescence light microscopy, thé-tagged MglA also showed the previously
described characteristic intracellular distribution, a large unipolar cluster with smaller lateral
clusters. Expression of eYHRgIA in yeast cells resulted in mitochondrial staining, suggesting
that MglA may bindo cardiolipinrcontaining membranes, which are also found at the poles of

M. xanthuscells.

Various bacterial and eukaryotic MglA homologues were used to test their ability to
restore motility, colony expansion, fruiting body formation, and sporulatiadimglA With
the exception of the 99% identical Mgl#dm from the closely related myxobacteriug
aurantia@, no other tested proor eukaryotic homologue, including mutated versions, was
able to complemenfmglA Importantly, in contrast to an earlier report, Sarl from yeast was
unable to rescue fruiting body spore formation, but instead forghgzrol spores upon
starvation. Finally, mutated MglA was unsuccessfully used to detect potential post
translational modificationsndicating that other methods such as mass spectrometry may have

to be employedh the future
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Introduction

Myxococcusxanthus is a Gramnegative bacterium that belonge the phylum
Myxococcota(Waite et al.,2020) The rodshaped cells of this bacterium form swarthat
consist ofhundreds of thousanas individual cells thatpredateother bacteria ofeed on
decomposing organic mattéCopenhagen et al., 202@#s a soil bacteriugrM. xanthudives
in a very divers habitat and uses two types of moiggto move on different substrates. On
moist substrates, the cells rely omtility, a type IV pilipowered form of motility, while on
drier surfaces the cells userotility, a formof motility for which the motor is currently not
clearly identified. Importantly, the only knowprotein that is essential for both; And S
motility is MgIA, the master regulator afiyxobacteriaimotility. MglA belongs to a classf
proteins called small R&STPases that iaukaryotic cells are important regulators of various
cellular functions including cell divisiomolarity and motility. In totalM. xanthugpossesses
three RassTPases, MglA, SofG and MXAN_2495. While the function of MglA in motility is
well documented$SofG has been proposed to form a complex with the bactofilins BacN, BacO
and BacP to control cell divisicand type IV pili activity while the function of MXAN_2495
is currently unknowr(Bulyha et al, 2013)Importantly, the precise mechanismith which
MgIA controls motility inM. xanthuds not well understood.

In a previous study in the laboratory proteitein interaction assays had revealed that
MgIA binds to the cytoskeletal protein BacM (Semeijn, 2019). Therefioiestudyaimedat
investigaing the interaction of MglAwith BacM homologsfrom the following differenfour
bacteria Bdellovibrio bacteriovorus Leptothrix mobilis Collimonas fungivorans and
Xanthomonas bromiThese bacteriawere selected because they represent evolutionary
different phyla and possess both BacM and MglA homologes similrxanthusMoreover,
various fluorescentlytagged versions othese different nomyxobacterialMglAs were
generated and used to study the localizatibthese protein inM. xanthusas well as their

ability to complement the nemotile phenotypeof a aanglAstrain.
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Chapter I: General introduction

1.1 The bacterial model organismMyxococcus xanthus

Myxococcus xanthuis a Gram-negative bactemim that belong to the newly created
phylum Myxococcota(Waite et al., 2020). The individual cells of this bacteriara long,
flexible, rod-shapedcells that exist inmulti-cellular swarms numberinigp the hundred of
thousandof individual cells(Spormann, 1999%€openhagen et al., 202@achM. xanthusell
has a diameter of about G, a length of about-8 nm and moves at a speed of about 2
4 mm/min across the surface of substratég.(1). During swarnng, M. xanthussecretes lytic
enzymes and toxic secondary metabolites that can either degrade organic macromolecules or
stun andyse a wide range déramnegative andsrampositive bacterido release nutrients
for growth(KeaneandBerleman, 2016)interestingly predationin M. xanthuds a facultative
behaviour and occumenly when the organism is in proximity fmtentialprey cells(Thiery
andKaimer, 2020)Predation also helps to satidfly xanthu$peculiar need fovaline, leucine,
and isoleucingas the organism lacks the biosynthetic pathways necessary to synthesize these
three crucial amino acidd/egetative cells oM. xanthusmove as coordinated swarjmes
behaviour that increases the efficiencyutfising insoluble nutrientbetter tharsingle cells
This increase in efficiency is due to the fact that the cells of a swarm can pool hydrolytic
enzymes and metabolites, thereby increasing their concentration within the environment, a

strategy that has often been linked to the technique of wolf packgunti

While motility is important for swarming and hunting, it also plays a major role during
developmental differentiatiori-{g. 1). This important phase of the life cycleMf xanthugs
initiated when the cells run out of nutrieritgponstarvation, the cells start tivastically change
their motility-driven behaviour They initiate thesynthess of the hyperphosphorylated

guanosine derivativgp)ppGpp, stop swarmin@nd start instead moving towards each other.
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This reversed movement results in the formation of large clumps of callsd aggregation
centres which, over time hrough the attraction of more celi®ecome fully formed mature
fruiting bodies (Copenhagen et al., 2020)nside the haystaekhaped fruiting bodies,
approximately 80% of the aggregatddxanthuscells will eventually lyse to liberate nutrients

so that about 15% of the remaining cells can develop into spherical spores (Van Gestel et al.,
2015), while the remaining 5% of cells differentiate intecatled peripheral rods that are
highly motile cels scouting for nutrients to junmtart the formation of a new swarim
contrast to other spoflerming bacteriasuch asBacillus subtilis M. xanthuscells do not
undergo cell division duringpore formationbut the entire rodhaped cell converts into an
environmental stresesistant sporeAs a consequence, the spherical spores are diploid in
contrast to the vegetative cells that possess only one chromosome (Tzeng and Singer, 2005;
Harms et al., 2013)0One possible reason for this peculiar strategy is that epoaunteing
nutrients, the germinadeM. xanthuscells do not have to duplicate their chromosome during

their first cell division and, therefore, can start tli@mplex life cyclefaster

Overall, fruiting body formation is a highly complex form of developmental
differentiation and depend®n regulated changes in gene expression, intercellular
communication, celto-cell signalling, regulation athecell cycle, and motilityThis complex
social predatoryand developmentdifestyle hasmade M. xanthusa model organism for
investigating factorsand processethat control and enabl@rganisational complexityn

bacterialZusman et al., 2007
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Figure 1: Life cycle of M. xanthus.

During itsvegetative phas#/. xanthusells formslarge swarmshatfeed on decaying organic matterprey on
other bacteria (left)Upon starvation, the development phase is initiated, culimgniatthe formation of fruiting
bodesfilled with spores thaére resistant to desiccation and hdatage fromMauriello et al.(2010.

1.1.1 Motility systemsof M. xanthus

M. xanthuspossessetwvo distinct but coordinatefbrms of locomotiorfor its surface
associatednotility. Social (S) motility is powered byype IV pili (T4P) (Kaiser, 1979)while
adventurousA-) motility relies on an, as of yet not unequivocally identified, molecular motor
(Wolgemuth et al., 2002; Nan and Zusman, 20Although both maotility systems allow
movement across substrates, they differ in important aspects. For exa&mualtljity requires
cell-cell contact@nd is used by groups of celighile A-motility enablesinglecell movement
that allows individual cells to explore their surroundif§shumacheandSggaardAndersen,
2017) Another important difference is the ability of these two systems to enable motility on
very different substrates. hile the Smotility systemis essential for cell movement on soft

and wet substrateg,-motility enablegyliding motility of cells on hardand drysurface (Shi
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and Zusman 1998). Importantly, d#hough A and Smotility are coordinated, they are
mechanistically independent. Mutant studies revealed that motile cells deficient in eitier A
S-motility still retain wild type characteristics of the othmotility system However double
mutans (A°S) are noamotile, suggesting thatne or botksystems are required feuccessful

locomotion(Spormann, 1999)

1.1.1.1 A-and S motility system

S-motility-driven locomotioris initiated whermm4Ps areassembled at the leading pofe
the cell,bind to exopolysaccharidesndthenretract(Li et al., 2003)This retractiorpulls the
cells forwardand enables locomotiaon wet solid surfacesindependent of flagellé&Shi and
Sun, 2002)Usually, S-motility is stimulatedwhen cells are in proximity to each othAs the
extension and retraction of T4P are powered by the ATPases PilB and PilT, respectively, S
motility is ATP-dependent anaontingent on the functionality ajenes involved in the
synthesis, processing, expassembly, and function dfie T4P machinergSpormann, 1999
Chang et al., 2096 Genes identified to be associated with th@@ility system include the
pil genesput also a number of ngpil genes such dszA, mglAtgl etc. InM. xanthusall pil
genes have been identified and annotated with putative funckans2j (Spormann, 1999

Chang et al., 2026
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Figure 2: Schematic overview of genes involved in the-iBotility system.

In M. xanthus variouspil, frzA, mglA, tglgenes, and others have been identified and annotated based on their
putative functions. The majority of the pilus filament is made up of the pilin protein which is encodegi¥ the
gene. The twaomponent regulatory syste®ilS, andPilR, controls the regulation of this gene. PilR serves as a
transcriptional activator, facilitatingilA expression, whereas the sensor kinase PilS is believed to impede it. In
addition, pilA expression is autoregulated. AlthougibA expression is activated under hightrientconditions

and developmental circumstances, it does not depeRdSar R. Figure fromSpormanr(1999).

In contrast to the -#otility system the Amotility system is nolinked to the activity of
T4P or anyotherobviousmolecular motoistructurés) and thereforejs currently lessvell
understoodTwo principally different models have been proposed to account-foot#ity:

The focal adhesion (Mignot et al., 2007) and the slime nozzle model (Wolgemuth et al., 2002).

The focal adhesion model was initially developedstudying the behavior of the YFP
tagged protein Agldn M. xanthusAlthough AglZis an essential protefor A-motility, it is
not necessary f@-motility. Using timelapse video microscomf M. xanthusells expressing
AglZ-YFP, it was found thathe tagged\gl1Z formed fluorescent clusters along the cell length
that werdocalised at transierstdhesion sitethat stayed stationary, while the cell moved in the
opposite direction (Mignot et al., 2007). This initial observation, together with genetic and
proteinprotein interaction studies, led to the discovery of the rputiiein AgtGlt trans
envelope machimg. This machinery is thought to attach to the substratum using the
peptidoglycan carbohydrate strands of the cell wall as helical tracks to move on. As the
adhesion sites are fixed to the substratum, the movement of the intracellular parts of the

complexes then moves the cells forward using the carbohydrate strands as tracks. Whereas the
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S-motility machinery is polarly arranged, the A@It machinery is distributed along the
entirety of the cell. Interestingly, motile cells which lackean&tility moved at speeds
unrelated to the length of the cell, which was even true when cells wéiaadlstielongated
using the antibiotic cephalexin. Hence, ti@nber of Amotility clusters observed in csll
appears taeorrelatewith the speed of locomotion, supporting the idea that the focal adhesion

sites generate the power formotility (Mignot et al., 2007)

According to the slime nozzle modekrAatility is powered by the secretion and swelling
of a polyelectrolyte slime that is secreted from polarly arrangeds located in the outer
membranend partof atrarne n v e Inozpe@ d@ppar atus (Wol gemuth et
microscopy of isolated/l. xanthuscell envelopes has shown that these nozzles are highly
concentrated at both poles of the cells but also, more sparsely, present along the entire cell
length (Wolgemuth et al., 2002)ight microscopy hasonfirmed that all cells capable of A
motility secrete slime, and that this secretion occurs at the lagging pole of the cells, which could
explain how secretion can push the cells in the opposite direction. Morkbwanthusnutant
strains that are unable to move usingwotility either secrete no slime or slime from both the
leading and lagging poles simultaneously (Yu and Kaiser, 2007). Finally, mathematical
calculations support the plausibility of the slime nozzle mosléha secretion and swelling
slime physically generate sufficient force to move the cells at the observed speeds (Wolgemuth

et al., 2002).

So far, no consensus model le@serged, and it is currently unclear whether the two
proposed model could be integrated into one general rfard&imotility or whether only one
of the two is correc{Nan, 2017) In part, progress on this subject has been hampered as
important aspects of the two models are either speculative or simply unknown. For example, it
is currently unclear how the outer membrane part of the focal adhesion complex binds to the

carbohydrate strals of the peptidoglycan and how the cells would ensure that the movement
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of this part is unidirectional from the front to the rear of the cell. As the carbohydrate strands
are relatively short no r eal Atrackso exi st
complexes along the entire length of the cells. Similarly, itapbaspects of the slime nozzle

model are currently not known. To start, the chemical nature of the slime is currently unknown

as the material has defied isolation and purification so far. Therefore, it is not only unclear
whether the slime has the adivesand expansive properties the model proposes, but research

has not yet been able to generate a true simmels mutant that could shed light on the overall

role of slime secretion in Aotility.

1.2 The bacterial cytoskeleton

The cytoskeletons an intricate, dynamic network of interconnected protein filaments
found in the cytoplasm of all celliitially discovered in eukaryotes, cytoskeletons are also
present irbacteria and archagaontroling the temporal and spatial organizatiornhadsecells.

In their simplest form, cytoskeletons a@affolds thatsupport the cell'physicalstructure and

distributemacromolecular complexes to particular subcellular locations.

Bioinformatics and comparative genomics have revealed #Hweta contain a wide
range of polymeforming proteins thaplay roles in cell polarity, morphogenesis, DNA
segregation, and cell divisiomhe best studied polyméorming cytoskeletal proteins in
bacteria ar&tsZ and MreBwhich are homologus to eukaryotitubulin andactin respectively
suggesting that the eukaryotic cytoskeleton can trace its evolutionary origins to bacterial and,
morelikely, to archaeal ancestors (Graumann,2@®gliaro, 2008; Thanbichler and Shapiro,
2008). Inaddition to FtsZ and MreBacterid cytoskeletabroteirs includethe intermediate
filamentlike protein crescentin, as well as proteins that have no counterparts in eukaryotes,

such as Walker AB type ATPases drattofilins
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The tubulin homologug-tsZ polymerizes into a contractile ring near the location of
future cell divisiors, emphasizingts significance in cytokinesi®uring cell division, the FtsZ
ring acts as a scaffoldr theassembly of a muHprotein machinery called the divisome that
executes cell divisions in bacte(iai and Lutkenhaus, 1991; Goehring and Beckwith, 2005).
In contrast, the actin homologudreB (and its various paralogyess responsible for
maintaining the specific shape of rbkie bacteria likeEscherichiacoli andB. subtilis To do
so,MreB polymerizsinto short fibreghat line the cytoplasmic membraswed serve to control
the spatial distribution gbeptidoglycan synthesizingnzymecomplexs, responsible for the
synthesis of the peptidoglycan sacculus in these bacteria. Initial light microscopic investigation
suggested that MreB forms a solid calike helix spanning from the front to the rear of the
cell (Joneset al,2001). However, more recent research has shown that this appearance of a
solid cable was an optical artefact, and that MreB forms instead abontRl@hg fibres that
are sparsely distributed across the circumference of cells. Interestingly, MreB in some bacteria
hasalso beenmplicated in chromosome segregation and cell polarity (Jehes, 2001;

CarballideLopez, 2006).

The third intensely studied bacterial cytoskeleton proteirrascentin,a coiled-coil
proteinclosely related to eukaryotic intermediate filament pret@rard et al., 1999; Ausmees
et al., 2003; Bagchi et al., 2008). Crescentin forms a polymahteat theconcave sidef
Caulobacter crescentuscells and is responsible for thdistinctive crescent shap# the
organism(Ausmeeset al, 2003). Unlike MreB, it appears to agtirely mechanically by
constraining longitudinal extension of the cell waBsulting in uneven cell growth and
bending (Cabeeast al, 2009).Interestingly,intermediate filamenlike cytoskeleton proteins
like crescentirpolymerize differently compared tobulin/actinlike proteins (Ft& andMreB).
While the lattempolymerise dynamicallyn the presence of nucleotide cofactondermediate

filament proteins assemble spontaneously to form stable flamentous structurées \ntith
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andin vivo (Ausmeest al. 2003; Bagclet al. 2008; Carballidhopez and Errington, 2003;

Charboret al. 2009Mukherjee and Lutkenhaus, 1998).

1.2.1 Bactofilins: A new family of cytoskeletal proteins

Somewhat surprisingly, deterial cytoskeleton proteins exhibit greater diversity than
their eukaryotic counterpartsncompassing molecular structures and folds that have not yet
been found in higher cells. One such class of bacterial cytoskeletal proteins is bactofilins.
Bactofilins are widespread and conserved in bacteria, and although they polymerize nucleotide
independently into fibres, these structures are distinct from intermediate fildikegroteins
such as crescentifiKiihn et al., 2010; Deng et al., 2018jiochemicaly, bactofilins carbe
easily identified bytheir conserved DUF583 domainyhich forms the major part of the
filamentous protein and ilanked by variableusually shortN- and Gterminal regions.
Recently, he atomic structure of the DUF583 domain has been detertmreimbiningsolid-
state NMRand electron microscopic data. These studiegaéd that theDUF583 domain
adopts aight-handedb-helix architecture, in which 1B-strand segments are arrangedgiin
turns suroundng a hydrophobic triangjarcore {/asa et al., 20155hi et al., 2015)}unctional
investigations using different bacteria have revealed that bactofilins play important roles in cell

morphology, motility, and possible cell division.

The first ever identified bactofilin waScmA (curved cell morphologyprotein A) of
Proteus mirabilis(Hay et al., 1999)This bactofilin was found during a transpodmsed
genetic screen that identified cells with morphological and motility defesfrtantly, this
early study failed to recognize the cytoskeletal nature of CcmA but helped identify the
conserved DUF583 domain, later found as a common structural motif in a large number of

small proteins found across many bacteria. Moreover, the wétkmirabilisalso established
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a possible role of bactofilins in motility, as both the transposon mutant@mdAnull mutant
produced elongated, irreguahaped cells that could not swafifay et al., 1999)mportantly,
the cytoskeletal nature of bactofilins was later established when a numBemaéf homologs
in various bacteria, includingHelicobacter plori, C. crescentusand M. xanthuswere
investigated in more detgiKihn et al., 2010Sycuro et al., 2010; Koch et.aR011).These
later studies also consolidated the initiatling that bactofilins play a major role in cell shape

maintenance.

For example,n H. pylori, the CcmA homolog isessential for the cell's characteristic
helical cell shapewhich is importantforthb act er i umés col onSyar@at i on o
et al., 201D As this bactofilin, like all others, lacks any enzymatic domain, it became clear
that its morphological function appears to be indirect, most likely by interacting with other
proteins, such as Csdl andparticularlyCsd5,anendopeptidase hat coul d change
peptidoglycan structure through the cleavage of peptide br{&yesiro et al., 2010, Blair et

al., 2018).

More recent research has revealed more di
For example,hie assembly of the flagellar hook and filament8.rsubtilisand Treponema
pallidumis facilitated by the presence of bactofilims B. subtilis,the two conservedyenes,
yhbEandyhbF, encode bactofilins that, like thgaaralogs fronT. pallidum interact with FIiY
and FIiS, two proteins crucial for flagella production (Rajagopala et al., 20UHjle FliY is
found in the flagellum's basal body compldliS serves ashaperone foiflagellin, the
structural protein component that forms bwdlow cylindershapé filamentof the flagelum.
Importantly, deletion of both bactofilimeducel motility, probably by impairing formation or

functionality of the flagelldRajagopala et al., 2007).
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A more specific morphological function of bactofilins was identifiedCincrescentus
(Kahn et al., 2010)In this bacterium, two bactofilindBacA and BacBform membrane
associated polymeric sheets that recRbpC (penicillin binding protein C) to the stal&n
elongated tubdike outgrowth of the cell body'he presence of PbpC at the stalk then further

supports the continuous elongation of tthsracteristicell structure.

1.2.2 Bactofilins in M. xanthus

One key organism that has been extensively used to study the function of bactofilins is
M. xanthus Intriguingly, this bacterium possesses not only one but four different bactofilins,
namelyBacM (MXAN_7475) BacN, BacO, and BacRMKAN 4637-4635, that are located
in two separate operofiKoch et al., 2011 )Early work in the Hoiczyk laboratory revealed the
importance of BacM for the cell shape maintenandd.ofanthusas the loss of this bactofilin
resuled in a recognizable "crooked" cell shapédoreove, this work also showed that the
morphological change was not simply a deformation of the peptidoglycan, but had a more
complex effect on the structure of the cell wall polymer, as thavBdeletion mutant also
showedgreater susceptibility to antibiotics that aff@aptidoglycan synthesis (Koch et al.,

2011)

Biochemically,BacM is a 156amino acidlong protein that exists in the cell in two
different forms: a fullength version and a shorter one that is cleaved at the aminSex2ig.
Electron microscopy of natively isolated BacM fibres sho®ed wide structures that, based
on the NMR structure of bactofilins, represent bundles of multiple, probably three individual
fibres. Like MreB, fluorescent light microscopy has indicated that BacM forms large cell
spanning helical structures. However, it is cutlseminclear whether this observation is an

optical artefact like the initial descriptions of MreB helices and whether higher resolving
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microscopy techniques will eventually show small pdic distributions of the protein inside

cells In addition, light microscopy also revealed a thicker, polarly arrangetikeodtructure

in a subset of cells (Koch et al., 2011). As this structure is found in all cells upon overexpression
of BacM, it may represent a storage form of excess BacMgumgly, isolated native BacM

fibres are only formed by the shorter version of BacM starting at Ser28, which could indicate
that the two different formsra differently distributed in the cell and therefore may play
different roles. Based on work on the bactofilin frdmmermus thermophilyghe fulklength

version may attach to the cytoplasmic membrane, while the shorter version may be distributed

in the cytosol.

Labelling of BacM with mCherry change#BacMb structure and distribution inside the
cell. Instead of the normally visible helix, the fusion protein foanalstinctthick corkscrew
like structurethat attaches to one pole of the cell and, eventually, in some cells can reach the
opposite pole. A comparison of the cellular distribution of MreB and BacM.ixanthus
demonstratethat thér geometry differed with respect to the pitch and overall structure of their
helices Interestingly, this specific distrilbon of the BacM fusion protein mirrors the observed
structure and distribution of mCherrgnd GFPfused crescentin, and, unsurprisingly, in both
cases, the fusion proteins are unable to complement the morphological defect of the lack of the
native versio of those proteinfCabeen et al. 2009Koch et al., 2011)BacM and crescentin
also share their high propensity to polymerigevivo and in vitro as both proteins form
spontaneously filaments when overexpresséfl tolior reconstituted after denaturation with

urea(Kuhn et al., 2010Koch et al., 2011).
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1.3 Raslike GTPases

Raslike GTPases form an ancient protein superfamily of GTPaseklmatmportant
roles in the production of proteins, transmembrasignalling through receptonediated
processesprotein translocation, cytoskeletémrmation regulation ofvesiculartraffic, cell
differentiation, and growthMoreover, GTPases havealso been studied due totheir
involvement incancerandthe pathogenesisf infectiousdiseaseshrough theimutatiors and
as targets of toxins, respectivglyerstraeten et al., 2011)While eukaryotic GTPases are
functionally highly divers, lhglobally conserved bacterial GTPases have been linked to protein
synthesis oribosome assemblin fact, thelargest class dbacteriakibosome assembly factors
areGTPases (Karbstein, 200T).bacterial ribosomes, GTPases play diverse and crucial roles.
Their functions encompass facilitating treeruitment or displacemenf ribosomal proteins
during ribosome assembly, the regulation of assembly factors, and the inhibition of early
binding of ribosomal protein®ritton, 2009) Beyond their involvement in ribosome assembly
and function, bacterial GTPases are involved in a rahgwlogical processes, includiigNA
replication, cell division, stress response, sporulasnyell as contributing tpathogenesis

and bacteriamotility.

The characteristics of members of tRaslike GTPasesupefamily are exemplified by
the protoypical GTPase Ras, after which the superfamily was named. StruciReally,a
20kDa largeglobular proteincontainings i x bet a-b&)r amdls f ( v@@1l- al pha
ab5) (Wittinghofer andVetter, 2011).Together, these structural elements fawo domains:
the G domain, wh 166 amino acidssesponsible foguanosine nucleotideinding, and the
CAAX-COOH domain, modified by farnesyl transferase, RCE1, and ICMigcting
membrandargeting These two domains of Ras share a conserved architeGiirhinding,
and hydrolysis motifsvith other GTPases like Rho, despite differences in their primary amino
acid sequencgdishraandLambright, 2016)
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The Ras protein & domain features five G motjfashich are crucial for the individual
steps of the binding, activation, and hydrolysis of G&@R5DP.Notably, the Rloop or G1
motif binds to the beta phosphateboth GI'P andGDP. While the G2 motif, known as Switch
| (SW1), interacts with a magnesium ion and the terminal phosphate of f&diftating the
coordination of nucleotide bindin@rig. 3). Crucially, theGTPaseconformation is vital for
effector protein binding, and this is modulated by the diffeneicteotide stateS'he G3, G4,
and G5motifs ultimately determinghe specificity of Ras for GTH.he G3 motif, also known
asSwitch Il (SW2, contairsthe DXXGQmotif, in which Asp57 plays a key role selectively
binding guanine over adeninavhile GIn61 activates a watemolecule, facilitating GTP
hydrolysis to GDP. In the G4 motif, the preference for guanine over adenine is mediated
through the sequendeVGNKxDL, while in the G5 motif the consensus sequesaK
features Alal46, which is crucial for selectivity. Ultimatelye tG2 and G3 motifandergo
conformational changeupon GTP hydrolysisdefining the molecular switch transition
betweenthe GTB ound Aono and t he (FIGRBPOveal Gpmteirso f f 0 ¢
exhibit specificityfor GTP hydrolysis, guanine base selectivity, &P releasalue to their
unique conformation and amino acid sequené&de(fils and Zeghoyf2013) In contrast,
NTP-binding poteins possess the distinct Walker A motif (G1 motif) with the signature
sequenceGxxxxGK][TS], while guanine base binding specificityas describedis mostly
determined by theombination of th&s4 motif [NT]KxD and the G5 motif XAx. Importantly,
the O6 of the guanine forms a bond with Alal46, while Asp57 with its side chain establishes
bifurcated hydrogen bonds with guaninen@rmational changesccurin the switch | (12
loop) and switch Il (2 loop) regions during the GTBDPhydrolysis As described by Mishra
and Lambright(2016) and Wittinghofer and Vett¢R011), the G2 motf s ¢ o x$xer v e d
threonine stabilizethe phosphate in GTBY interacting withMg?*, and DxxGQ in the G3

motif is critical for GTP hydrolysis mediating ontact between water and the phosphate of
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GTP. Additionally, theaspartate in th&Valker B motif contributes to thevatermediated

magnesium coordination. Relaxation of ordered switch regions in theb@il formpost

GTP hydrolysishas alsdeenobservedGerwert et al.2017).
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Figure 3: Small GTPase Ras cycle and Xay structure.
(A) The cycling of GDP/GTP is tightly regulated by specific proteins known as regulatory proteins. Among them,

Guanine nucleotide exchantgetors (GEFs) and GTPasetivating proteins (GAPS) are the two primary types

of regulatory proteins involved in this process. GEFs facilitate the transformation of the inactnmGmPstate

into the active GThhound state, while GAPs facilitate thepogite transformation from the active GbBund

state to the inactive GDPound state(B) Structure of the prototypical small GTPase Rasthe active
conformation.The Ras GTPase protein consists of five G motifs and a conformational change regioe that a
essential for its proper functioning. The importance of conformational changes in the Ras GTPase protein
underscores its key featuas nucleotidelependent molecular switdtighlighting its significance in biological

processefMishra and Lambright, 20}6

32



1.3.1 Rassuperfamily
The discovery of Rastarted in the early 1980s during investigations into oncogenes

inducedby arat sarcoma virus (Han et,&@017).Nearly two decades later, the human version
of the RasGTPase was identified. All members of fRas proteirsuperfamily are small GFP
binding proteins with molecular weights typically ranging fr@ti 25 kDa.In eukaryotes,
these Ra$sTPases controhumerous signalling cascadesucial to various biological
functions (Han et al., 2017Mistorically, the Ras protein supenidy has been divided into
five major subclassesRas, RhoArf/Sarl,Rab, and Ran based on theibiological roles and

amino acid sequences (Touchot et al., 1987).

Broadly speakingRaslike GTPases serve asicleotidedependent molecular switches
in cellular signallingexerting profoundnfluences orell growth, differentiation, morphology,
and apoptosisThe multiple roles they playunderscoreaheir keyimportance in maintaining

proper cell function (Yamamoto, 1999vermeyer, 2011)

1.3.1.1 Rho protein family

Rho (Ras homologous) proteirday important roles asegulatorswithin signalling
networks that mediate external stimubrchestratingthe organization of actin, gene
transcription development, and the cell cycle (EtiedvlannevilleandHall, 2002).Among
these proteins, & isassociated with hematopoiesis, cytoskeletal organization (Heasman
Ridley, 2008), and cell polarity (Pa#kdBi, 2007; Schlessinger et al., 2009). The Rho family
encompasses approximatélyenty members, with RhoA, Racl, andd3d2 being the most

extensivelystudied (Boureux et al., 20Q7)

MammalianRho primarily functionsin the regulaton and reorganization of thectin

cytoskeletonln contrast, Rcl stimulates lamellipodium growth and membrane rufflirigle
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RhoA promptsfocal adhesion emergence and actin stress filaned,Cdc42 induces the
development of actin microspikes and filopod&ayyad et al., 2016)Additionally, Rho
GTPases ar@evolved in regulatirg exocytosis and endocytosis, as well as nyaaf cell
polarity, motility, shape, and interactions with the environment and other cells (Ridley, 2001).
The extensive involvement &thoA, Racl, and Cdc42 proteimsa wide rangeof cellular
processess underscored by theiegulaton by adiversearray d GEFs and GAPsas well as
their utilization of variousdownstream effectors (Mo@ndZheng, 2003; MooandHall, 2002;

SchmidtandHall, 20@).

All Rho-family proteins share a RHgpe GTPasdike domain, with adistinctive Rho
insert domain within the small GTPase domain, setting them apart from other small GTPases.
Noteworthy within the Rho proteins is the Miro subfamily, initially classiisatypicalRho
GTPaseslue to their lack of the Rho insert domain. Subsequently litvey beemeclassified
asthe Miro subfamily of the Ras superfamily (Wennerbard Der, 20@). Miro proteins
consist ofan N-terminal GTPase domaicontaining two EFhand motifs andx Gterminal
GTPasdike domain (Wennerbergnd Der, 20@1). They are crucial for maintaining the
integrity of mitochondria,exhibiting a specificlocalization to these organellesvithout

association witlthe cytoskeletonunlike any other Rho GTPases

1.3.1.2 Arf/Sar protein family

The Arf protein familyplays a crucial rolén regulatingvesicular transport arekhibits
similarities with the Rab protein familAmong its member#rfl hasbeenextensively studied
(Memon, 2004; Wennerberg et al., 200bhe Arf GDP/GTP cyclas tightly regulated by
various GEFs and GAP®uring this cycle, Arf proteingnteract withnumerouseffectors,

including coat complexroteinslike COP, AR1, and AP3, lipid-modifying enzymesuch as
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phosphatidylinositol «inase, PLD1, phosphatidylinositol 4 anekibase, and vesicle coat
proteins thabind tothe activeGTP-boundArf (Nie et al., 2003)Distinct conformations in the
switch | and Il domains and the-tdrminal regiorare exhibited by thewo nucleotidebound
forms of Arf during their activity cycle. These conformational changes enable Arf proteins to
interact with membranes effectivelpPgsqualato et al. 2002)\rf1, in particular, plays a key
role in cargo sorting, vesicle producti@nd release. These activities involmteracton with

and stimulaton of coat proteingvithin the Arf-coatprotein complex duringariousstages of

exocytosis and endocytogNie et al, 2003 Memon 2004).

The Arf-coatprotein complexonsists oAArf bound to GTP and thaonor cellmembrane.
Dissociation of tis complex andsubsequentusion with acceptor membranes requine
activity of GAP, whichconvers GTP-boundArf into its GDP-bound form Unlike Rab proteins,
Arf proteins can perform multiple functiorssmultaneously atlifferent stages of membrane
trafficking. Forinstance Arfl stimulates the production of immature secretory vesithes,
associabn of endosoraswith the clathrin/adapter protein(AP1) complex in the trarGolgi
network (TGN), andheretrograde transpodf COP}coated vesicles between the Golgi and

ER.

While Arfl has been extensively studied, some members of the Arf family, sActbas
exhibit uniquefunctions in endocytosis and actin cytoskeleton remodelliingginct from
conventionalArfl roles Additionally, Sarl, another membeof the Arf family, regulates
COPIlcoated vesicle assembly in the Einilar to Arfl. Generally,Arfl isassociated with
membrane trafficking, while other Arf familsnembers haveliverse or poorly understood

cellular roles.
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1.3.1.3 Rab family

Theregulation of vesicle transpoftision, uncoating, and budding of vesiclesanious
cell typesis primarily regulated by Rab GTPasesan important and largamily within the
Ras superfamily (Srikanth et al., 2017). This famyal for cellular processe$iasnotable
expanded throughout evolutiona gene duplication. In theertebrate genomancluding
humansp6 Rab familygeneshave been identifiedhe orchestration ohtracellular vesicular
transport and the movement of proteins between organelieisn endocytotic and secretory
pathwayss a fundamental rolef the Rab familynembergZerialandMcBride, 2001)During
these processes is the unique functionality of each Rab family member intricately tied to its

specificcellular location, emphasizing the critical role of spatial distribuggtenmark, 2009).

The functional cycle of Rab involvate GDP-dissociation inhibitor (GDIl)and the
GTPaseactivating proteins (GABPscatalyang GTP hydrolysis This cycle is pivotal in
recycling Rab back to the donor compartm@gniandMartin, 2015) Conformational changes
in the switch regions (I and IlI) of Rab proteinsduced by the bindingf GTP or GDR
facilitate theirdynamicinterconversion between active and inactive states (Homma et al.,

2021).

Beyond their central role imtracellular membrane transpdrRabproteirs areinvolved
in diverse cellulaprocessescluding signalling and autophagyror instanceRab5plays a
crucial role inrecruiing the signalling moleculeAPPL1 and APPL2 to earlgndosomes,
modulatng Akt's phosphorylation specificity for GSK rather than TSC2 (Zhu et al., 2007,

Schenck et al., 2008).
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1.3.1.4 Ran family

Ran,a 25kDa protein known asasrelated nuclear protejis an important member of
the Rassuperfamily It plays a crucial role in facilitatinidpe translocation of RNA and proteins
through the nuclear pore complex (Dingwall et al., 198&jilar to otheismall GTRbinding
proteins,Ran undergoes cycldsetween an active (GFBound) and inactive (GDBound)
state However,it distinguishes itself y lacking the CAAX motif at their C-terminus which
typically facilitatesplasma membrane localizationring trafficking betweerthe nucleus and

thecytoplasm(Boudhraa et al., 2020)

The intricate regulation dRaninvolves its interaction with theegulator of chromosome
condensation 1 (RCCIjrotein for nuclear localization anthe GTPas@ctivating protein
RanGAPL1 inthecytosol (Ki and Ying, 2009). The compartmentalization of RanGkRthe
cytoplasm and RCCih thenucleus results ianasymmetric distribution of RaGTPandRan
GDPacross the nuclear envelofi@nhienne et al., 2009This asymmeyris fundamental for
nucleocytoplasmic transpas itmediaesthe assembly and disassembly of im@ord export

complexes through interaction with the nuclear import machinery (Lonhienne et al., 2009).

RCC], situated in the nucleuggnerates a high local concentration al¥& TP around
chromatin andwithin the nucleus This localised concentration induces the nucleatibn
microtubules anekxerts control ovenuclear transport (Izaurralde et al., 1997)e Tinclear
import processs facilitatedby the interaction of RaGTP with importinbetg leadng to the

release or displacement of the cargo into the nucleus (Lange et al., 2007).

Conversely, the nuclear export complex comprisgportinl and RaGTP. Upon
reaching the cytoplasnRanGTP is hydrolysed to Ra@DP by RanGAP,land exportid is
subsequentlyecycled (Lonhienne et al., 2008eyond its role in nucleocytoplasmic transport,

Ran participatesn various otheprocesses and biological functiafsoughinteractonswith
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diverse proteins. Consequently, Ran has been implicatetiséasessuch as ancer and

Kennedy's disease

1.4 Raslike GTPasesn M. xanthus

As described abovermll Raslike GTPases are commorfiyundin eukaryotesand are
usedfor wide range of cellulafunctions including cell signalling and motilityln contrast,
bacterial GTPases that are not involved in ribosomal functions are relativel{edbergand
SggaardAndersen, 2013)Notably, hese norribosomalbacterial Radike GTPass have
similar functions tdheir eukaryotic counterparts, playifgmong othersoles, a crucial partn
determining cell polarity and motility (Mauriello, 2010; Zhang et al., 2010). Maintaining
bacterial cell polarity is crucial for thessembly and functioof polaty arrangedcellular

structuresuch as flagella aralli and for bacterial behaviours like cell attachment and motility.

As has been described in detailM. xanthusbidirectional surface motility is regulated
by two types of motilitiessocial (S) motility and adventurous Amoaotility. Importantly, oth
require the mutual gliding motility locusngl), consisting oftwo genesmglAandmgIB, in
whichthe RasGTPaddglA (Mxan_1925) is the master regulator of aad Smotility, while
MgIB (MXAN_1926) is aGTPaseactivating protein (GAP)egulating MglA activity Fig. 4a).
Research has shown tl@&t P-boundMglA and MgIB have incompatible localization patterns,
with the majority ofMglA-GTP localizing at the leading pole and MgIB at the lagging pole

(Figure d; Miertzschke et al., 2011; Leonardy et al., 20TWjis specific distribution is stable

but dynamic due t o MegbuBdbVgIA fwhiagh mayibiodro the RggiBAA P .

pole, is instantaneously converted into GMBIA. The resulting GDPMgIA is no longer able

to bind to the laging pole, thereby ensuring exclusive MgIA accumulation at the leading pole.
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In M. xanthus MglA is a crucial determinant of motility, controlling both- And S
motility systems and the localization of T4Poally one, thdeadingpole at any given time.
When cells undergo a polarity reversal, the polarities of both motility systems shift in relation
to the pole where T4P fornand the leading pole becomes the lagging ®hes process is
possible, adMglAG GTPase activity is enhanced by IBgan interplay that iSmportantfor
suppressing cellular reversals so thadtl-type cells can move in a single direction for several

cell lengths before reverg) (Bulyha et al.2013,Zhang et al.2010)

As described abovenithe absence of MglAM. xanthuscells arenon-motile. This
supports the ideghat the polarly arrangedglA is responsible for controllindgoth the
activitiesof the T4P and the proteins involved in themotility engine,both ofwhich appear
to operatein a polar fashion For MglA-controlled Amotility, this switch maybe achieved
through the interaction of MglA with its partner protein RomR, which is activated by signals
received from the Frz chemosensory sys{€ig. 4b). In turn, RomRthen controls cellular

reversals irM. xanthugKeilberg et al., 2012).

Although most functionally relevant domains and amino acid residues clikRas
GTPase are usually conserved, MglA differs with respect to a number of distinct features.
Within the conserveds>-domain of MgIA all amino acidresidues necessary for guanine
binding and GTP hydrolysiare present, buhe aspartate residue in the G4 motif is replaced
by threonine. Moreover, the extlang switch | region in MglAsurprisinglysuggests a closer
relationship to the Arf subfamily of GTPassn to any of the eukgotic Raslike GTPases
that are in involved in motility or cytoskeletal protein function like i.e. RWiertzschke et al.,

2011).

Interestingly,M. xanthuspossesses two more rabosomal small Rakke GTPases,

SofG (MXAN_6703) andMXAN_2694. SofG plays an important role irs-motility by
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controlling the polarly localizatioaof PilB and PilT, two ATPases that are crucial forgheper
functioning of T4P ig. 4¢). PilB and PIlT power T4RIriven Smotility through cycles of
extensions and retractions of the Rfl&xmed pilus filament at the leading pole, which in turn
pulls the cells forwar{Bulyha et al., 2013; Chang et al., 2018jhough SofG has been shown

to play a crucial role in pilus functioning, its precise contribution to the polarly arrangement of
PilB and PIIT is not completelynderstood. FinallyM. xanthuspossesses a third non
ribosomal Radike GTPase,hle protein MXAN_2694Thefunctionof this proteirhas not been
elucidatedso far, but investigations of MXAN_2694 mutant and deletion strains did not reveal
anyobvious phenotype indicating at least that this RasGTPase is not involvétl kanthus

motility or polarity (Bulyha et al., 2013).
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Figure 4: Polarity of the motility system of M. xanthusis regulated by three protein modules.
MglA/MgIB/RomR, SofG/BacP, and Frz(a) GTPase cycle of M@ regulated by MgIB. (b) The
MglA/MgIB/RomR polarity module. RomR recruits Mgi& TP to the polesvigIB localized to one polsets up
MgIA-GTP asymmetry by stimulating GTP hydrolysis bylMdo form MglA-GDP, which loses its ability to
bind to the pole(c) The SofG/BacP module for polar localization of PilB and F8GfGis shuttlecbver the BacP
patch resultingn polar localization of PilB and PilTd) Dynamic polar localization of PilB and PilT is established
by thethreeproteinmodules SofG/BacP, MglA/MgIB/RomR, and Er (€) Polarized assembly and disassembly
of the gliding motility machine at thedding and lagging cell poles, respectivélythe leading cell poléyiglA-
GTP stimulates assembly of the gliding motiliyachine MgIB at the lagging pole stimulates disassembly of the
machine Imagefrom Schumacher and Sggagad17).

1.5 The Scope othe work
Recentresearch in the lab had shown tttee master regulator &f. xanthusS- and A
motility, MglA, binds to the cytoskeletal protein Ba¢Bemeijn, 2019), not MreB, as had been
previously reportedVauriello, 20D). Separate work has shown that anoMekanthusRas
like GTPase, the protein SofG, binds to BacP to contnmio8lity (Leonardy et al., 2010)
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Therefore, he initial scope of this work was to investigatdetherinteractiors between
bacterial Radike GTPases like MglA/SofGand bactofilins also occur irother bacteria
Bioinformatics was used to identify bacteria from various phyla that contained both an MglA
and a BacM homologue. Necessampteinprotein interaction studiesetween the various
protein combinations/ere conducted iM. xanthususing a newly developed luciferasased

two-hybrid systen{Semeijn, 2019)

Next, attempts were made determine the precise cellular localization of MglA inside
M. xanthuscells, as well as in a no#bacterialorganism, the yea$S. cerevisiaePreviousy
publishedresearchad relied on variously fluorescently tagged versionkiglA to localize
the protein and to demonstrate that the tag did not interfere with the function of MglA. In these
experiments, the restoration ofrAotility of individual cells of complementegmglA M.
xanthusstrains was used to confirm the functionatit the tagged MglALeonardy et al., 2010;
Mauriello, 2010; Patryn et al., 201@terestingly, the position of the tags in these experiments
switched betweethe Gterminus and the Nerminus as the latter positioning appeared to
rescue Amotility better, indicating that the position of the tag unsurprisingly influenced the
ability to recover Amotility. However, while these experiments had showesztue ofA-
motility in aggnglAmutantof M. xanthuson asinglecell leve| nodata indicating a rescué
colony spreadingn agar was reportdtleonardy et al., 2010; Mauriello, 2010; Patryn et al.,
2010) As our investigation showed a lack of such rescue, the next goal of the thesis was to
systematically develop and test variously tagged versaibMglA with the aim tadentify a
constructthat fully complements the phenotype, thereby improving the interpretation of
localization studiesfor this important protein.This part of the thesis showed that the
introduction of a longer highly flexible linker between MglA and the fluorescent fusion protein
is crucial for achieving full complementation of tpaglAphenotypeUsing this new construct,

its localisation inM. xanthusas well asS. cerevisiaevas investigated. These experiments
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showed that itM. xanthughe protein forms small dispersed clusters, whil8.icerevisiadé
appears to specifically associate with mitochondria, a compartment that is rich in cardiolipins.
Intriguingly, cardiolipins are also highly enriched at bacterial cell poles where they enable
membrane curvature, indicating that MglA may find its intata location through its

interaction with cardiolipins.

Finally, the motility of gmglA M. xanthuscells wasstudial to investigate whether the
loss of the master regulator prevented motiiey se as often described in the literatuce,
resulted in a hypereversing phenotype that prevents cell locomotion (Spormann and Kaiser,
1999). Lack of motility would support the idea that MglA is part of the currently unknewn A
motility motor, while hypeireversing would indicate a more likelygidatory function in
motility. Observations oin vivo motility of ggnglA M. xanthuscells on agar patches clearly

showed small displacement motility of the cells supporting a regulatory function for MglA.

Together, the results of these studies should resultbett@r understamag of the
function of MglA,an important motilityassociated proteiof M. xanthughat shows homology

to eukaryotic Rasike GTPases
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Chapter II: Development of luciferase systemn M. xanthus

2.1 Introduction

Luciferases are a diverse group of enzymes found in various organisms that are capable
of emitting light during the oxidation of their small molecule substrates collectively called
luciferins (Hastings, 1998). This production and emission of light bydivrganisms is
referred to as bioluminescence and found in numerous organisms ranging from unicellular
bacteria and dinoflagellates to fungi, insects, jelly fish, and higher, often marine, animals
(Widder, 2010). As light can be easily detected and quedhtifesearch has early on focused
on developing luciferaskased assays for a wide variety of purposes. One of the earliest
examples were simple luciferase reporter gemsed expression assays that allowed to measure
the expression level of a proteininferest by quantifying the emitted light of the fusion protein
(Wood, 1991; Hall et al., 2012). Using such transgenic luciferase gene constructs, protein
expression levels have been successfully studied for thousands of proteins across a broad range
of organisms and cell types (Hampf and Gossen, 2006). The most commonly used luciferases
for these assays were from the firefly bedflbdtinus pyralisPluc) and the cnidaria sea pansy
(Renilla reniformis Rluc) and used due to their high sensitiwitjch is in the low picagram
range This high sensitivity is, however, only one of many attractive features that
bioluminescencg@roducing luciferaséased assays offer. Other advantages are the linearity of
the produced light signal that in most studied cells allows accurate quantifigetass several
orders of magnitude or the fact that no external excitation light is necessary to generate
bioluminescence. Consequently, luciferdssed assays show minimal autofluorescence and
are virtually free of any interfering background emissidaripf and Gossen 2006). For high
throughput and industrial applications, the {owst aspect of these assays can also be of
interest. However, luciferadeased assays are not without drawbacks. One particularly
important one is that the cells have to benpEable for the relevant luciferin substrate, which,
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dependent on the type of luciferase, can have a molecular weight ranging from 280 to over
400g/mol. Therefore, during measurements using the bitlucopt system, the cells are lysed to
allow access of the substrate to the luciferase enzyme, a necessity that preventstewgnlong

or dynamicdn vivo studies of biochemical or physiological procesSe=n{eijn, 201

While research initially relied mostly on the firefly luciferase (Fluc, 61kDa) and the sea
pansy luciferase (Rluc, 36 kDa), the recent search for alternative sources of luciferases,
particularly from marine organisms, has greatly expanded our reperthirgfefases adding
among others e.g. emission or substrate variability. Among these newly discovered luciferases
are e.g. those from the bioluminescent cope@aisssia princep0 kDa) andMetridia longa
(24kDa) (Inouye et al. 2000; Markova et al. 2004; Nakajima et al. 2004; Suzuki et al. 2005;
Tannous et al. 2005). Other organisms include the ost@gpddina noctiluca61 kDa), the
dinoflagellatePyrocystis lunulg40kDa), and the deepea shrimgplophorus gracilirostris
(106kDa;Fig. 5). Over time, this increasing number of available luciferases has concomitantly
expanded the scope and objectives of lucifebased assays. Besides of the initial reporter
genebased assays studying expression levels, newer assays use lupifeteiseflsions as
intracellular biosensors to track the metabolism and interactions of these proteins with e.g. their
substrates, ctactors or ions (Perroy et al., 2004; Smirnova et al., 2011). Yet another type of
application relies on splitting luciferase intoaywarts with each part being fused to a different
protein thereby allowing to identify and track protgiotein interactions (PPi vivobetween
the two proteins of interest (Remy and Michnick, 2006). Importantly, bioluminesteiseel
PPIs allow the study not only of individual interactions but of complex @e#ven organism
wide PPI networks called interactomes that are often atdteeaf physiologic and system

wide responses of organisms to changes in their environment (Braun et al., 2009). Therefore,
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understanding PPIs is at the centre of our understanding of virtually all cellular, physiological,

biochemical, and immunological functions of living cells (Jia et al., 2011).

Figure 5: Typical morphology of the bioluminescent deejsea shrimpOplophorus gracilirostris
Deepsea shrimps have photophores, which are specialized organs that emit bioluminescence and are located
throughout their bodiegHeather, 2020).

Examples of largscale highthroughput applications are LUMIER.U minescence
basedMammalian InERactome) or LUMPISL{uminescencdasedM altosebinding protein
Pull-downl nteractionScreening System). These studies used a combination efhdd-lag
tagged proteins or maltosending fusion proteins to quantitatively measure and recover
interacting protein pairs in a human embryonic kidney 293Tlioelland infected cells with
varicellazoster virus. (Vizos®into et al., 2009; BarrieRodiles et al., 2017). Other commonly
used luciferase reporter assays simultaneously analyse the relative protein expression levels of
two different proteins using the dual luciferase reporters (DLRs) Fluc and Rluc. The &luc an
Rluc reporter assayseasure and quantify these interactions in a single sample, making it a

quick, simple, sensitive, and quantitative tool (Sherf et al., 1996). The abovementioned high

46


https://case.fiu.edu/about/directory/profiles/bracken-grissom-heather.html

sensitivity and bright bioluminescence of the DLRs is hereby essential to achieve the necessary

high signal to background ratio which is key for the sensitivity of this assay (Hall et al., 2012).

As has been describedbove the various luciferases from different organisms show
large variance of their molecular weights ranging from c&2®in the marine copepods to
over 100kDa in the shrim. gracilirostris. One reason for this large variance is that in some
organisms, luciferase is present as a single polypeptide (e.g. copepods), while in others, such
asO. gracilirostris, the physiologic form of luciferase is a large complex containing multiple
35 and 1%Dalarge polypeptides. Ideally of course, a luciferase for bioluminescence assays
should be small, monomeric, and structurally stable under highly variable physiological and
environmental conditions (Hall et al., 2012). Intriguingly, the luciferase afekpsea shrimp
O. gracilirostris has just these desirable properties and therefore is widely used in currently
employed luciferase assays (Hall et al., 2012). Although this luciferase is secreted by the
shrimp as the described ca. IDa-large multiprotein complex, its active luciferase is the
small, only 1%Da-large, subunit of this high weight molecular complex. Genetic analysis of
chromosomal DNA (cDNA) clones revealed this surprising result (Inouye et al., 2000). This
smaller 1%Da-large subunit (Olud9; Fig. 6) contains 169 amino acid residuesluding
one cysteine residuend does not show significant homology with any other luciferases
including those that use similar imidazopyrazinone substrates (Thompson et al., 1989; Lorenz
et al., 1991; Verhaegen and Christopoulos, 2002; Markova et al., 2@@dhtrast, the second
luciferase complex protein, which consists of 320 amino acid residues and has a molecular
weight of 35 kDa, contains eleven cysteine residues and five lexgprat sequencebhese
repeats exhibit the consensus pattern (LeuKkgXaaleuXaa(Leu/lle}XaaXaaAsn
Xaa(Leu/lle}XaaXaaXaaPro, where Xaa represents any amino acid residue. Of note, this
particular sequence is also found in multiple members of the leticimeepeat family of

proteins (Reinke et al., 198Bpbe and Deisenhofer, 1994; Buchanan and Gay, 1996). As the
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35kDa protein does nqter secontribute to the observed bioluminescence, it appears to have

a different, currently unknown, function. One possible function that has been proposed in the
literature is the stabilisation of the kBalarge luciferase protein (Inouye et al., 2000).
However, other possibilities exist, such as increasing luminescence through the increase of the
local concentration of luciferase in the secreted complexes or slowing down the dispersal of
the secreted fght luminous clouds through aggregatiém.nature, the shrimps use secreted
material to protect themselves from predation (Hall et al., 2012). These luminous clouds appear
to stun predators with their blue light (South et al., 2017). This light emission, which is
produced through the ATRdepement oxidation of the imidazopyrazinone substrate

coelenterazine, has a spectral maximum of 454 nm (Shimomura et al., 1978).

Figure 6: Dimeric structure of the engineered luciferase bitLucopt fromOplophorus gracilirostris

For the engineered version, the nativekD2-large nanoluc luciferase is split into two parts: a smalkD&

peptide and a larger K®a polypeptide. These two parts have been selected so that they interact only very weakly
with each other and therefore can be used for pr@@tein interaction assays. Bioluminescence only occurs
upon the interaction of the two target proteins whintough their binding reonstitute the active bitLucopt
luciferase. Hence, the brightness of the emitted signal isofifopal to the strength of the protginotein
interaction of the two target proteins and can be used to accurately quantify this paf@ireteet al., 2016)

Due to its complex life style and unusually large protedvhexanthushas been used for

numerous PPI studies. These studies have, because of the lack of a Buitathusbased
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assay, either been done uskhgolirbased bacterial twhybrid (Nan et al., 2015) or yeast two
hybrid systems (Whitworth et al., 2008). One protein that has been particularly intensely
studied is MglA, a 2&Da-large cytoplasmic RasGTPase that plays a critical role in the
bacterium's growth, development and motility (Kroos et al.,, 1988; Stephens et al., 1989;
Hartzell and Kaiser, 1991). Homologues of MglA are present in all myxobacteria and have also
been cheacterised in cell extracts d¥lyxococcus virescenand Stigmatella aurantiaca

(Hartzell and Kaiser, 1991).

Previous experiments in the Hoiczyk laboratory had aimed at identifying potential
proteinprotein interaction partners of the novel discovered cytoskeletal protein B&dtivh (
et al., 2010Koch et al., 2011). For this purpose, a former postdoctoral, Dr David Zuckerman
had performed pullown assays using isolated purified BacM fibres as bait. These fibres were
incubated overnight witM. xanthuscell lysate, harvested by centrifugation, and extensively
washed with buffer before analysed using SEXSGE electrophoresis. BacM fibres lacking
the polyprolinecontaining Gterminus were used as control bait. Mass spectrometry was used
to identify bands thatpecifically interacted with fullength BacM but were absent from the
BacMpc-term Sample. The most abundant BacMteracting protein identified in these pull
downs was MgIA (Zuckerman, unpublished). More recently, a PhD student in the lab, Koen
Semeijn confirmed this MglA BacM interaction using a novel lucifetzesged assay that he
adapted fouse inM. xanthugSemeijn, 2019 Importantly, BacM and MglA are not the only
bactofilinRasGTPase interactions M. xanthus Previously, it had been shown that the
bactofilin BacP interacts with the RasGTPase SofG (Bulyha et al., 2013). Together these results
suggested that RasGTPase may generally be usedpnbacteriabactofilins as cellular
binding partners and motivated the investigation whether these interactions also occur in other
bacteria that possess bactofilins and RasGTPases (Bulyha et al.\\a@¢hetand Sggaard

Andersen, 2014 Therefore pioinformaticswas used to select MglA and BacM homologues
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from various bacterial species representing different classegxafcoccotabdellovibrionia

and proteobacteriaMaite et al., 2020)n particular, MglA BacM pairings frorBdellovibrio
bacteriovorusLeptothrix mobilisCollimonas fungivorangndXanthomonas bromvereused

for the PPI studies based on their homolB§pichetandSggaardAndersen, 2014 The goal

of this chapter was to explore the interaction of these four MglA BacM homologueshih the
xanthusOmglA strain using the ladevelopedM. xanthusbasedluciferase assaySemeijn,
2019. These cells still contained their native BacM as previous work in the lab had shown that
mgIA bacMdouble deletions are lethal fbt. xanthuscells (Semeijn, 201p In addition, the
luciferase PPl assay was also used tonvestigate possible interactions between the
RasGTPase SofG and the four bactofilinéokanthus BacM, BacN, BacO, and BacP (Koch

et al., 2011). Finally, we wanted to test whether the expression of the various MgIA
homologues of the five bacteria would be able to rescwsé&/or Smotility in theM. xanthus

OmglAstrain.
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2.2 Materials and methods:

2.2.1 Bacteria strains and growth condition

All M. xanthuscells including the wildype DK1622 were cultivated and prepared as
described in the literatur@aiser 1979)Briefly, cultures were inoculated and grown @TT
medium,which contained1% casitone@ mM MgSQy, 1 mM K2PQs, and 10mM Tris-HCI at
pH 8.0. They were shaken at 2§fim and incubatea@t a temperature of 3Z until a density
of approximately4 x 10° cells/mL was achieved, correspamgito an approximate Odoo of
0.8.Cell motility was investigated using either CTT soft (0.5% agar) or hard agar (1.5% agar)
plates for Sand Amotility respectively. For all cloning experimenis,coliD H 5whs used
which was cultivatedising LB medium containng 5 g/L yeast extract, 18/L tryptone and
5g/L NaCl. All E. coli cells were grown aB7°C either in liquid LB or on LB agaplates
containing 1.5% agar If necessary, #h LB medium was supplementedth 50¢ g / mL
kanamycirnto select for mutant strain&s the four bioinformatically selected bacterial species,
Bdellovibrio bacteriovorus(DSM 50701) Leptothrix mobilis(DSM 10617), Collimonas
fungivorans(DSM 17622), and Xanthomonas brom{DSM 18804)are difficult to grow and
only needed as a source for chromosomal DiAlive cellswerecultivated of these species.
Instead samples of genomic DNA were purchased for the listed type strains from the German

Collection of Microorganisms and Cell Cultures (DSMZ).

2.2.2 PCR protocols

For most PCR reactiong, touchdownprotocol was used. Briefly, for eadPCR
reactionghe following components were pipetted into a PCR t@b&0 ng chromosomal or
plasmid DNA,12.5ul Q5Hot Start PCR Master Mix or Dreangtdaster Mix 0.5ul DMSO,

0.25pl of each of the primerand enougliouble distilledsterile water to reach a total volume
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of 25ul. Table 1 lists the primers used in this stulélly.touch down PCR reactions were run
according to standard protocols using annealing temperatures bet@&€na@d 50 °C
depending on the melting temperature of the used pri@érsiot Start PCR Master Mixas
used for all reaction where the fidelity of the product was essential (e.g. cloning)Ewtali
transformant colony PCR was done using the che®peamts@ Master Mix With the
excepton of the M13 forward andreverse primersall primers used in the study were either

designed as part of this study ogpieed from previous worllone in thdaboratory.

2.2.3 Cloning of mglA- and bacM-like genes for the luciferaseébased PPI assay

For the expression of the luciferase systerMirkanthusthe pMR3679 plasmid was
used (Iniesta et al. 2012). Dr Semeijn, a former PhD student in the lab, designed four different
luciferase fragments that were cloned into the multiple cloning site (MCS) of this plasmid
(Semeijn, 201Q These lucif fragments allowed for both the N andefninal tagging of
proteins with the small (Sm) and large (Lg) subunits of the bitLucopt luciferase. The plasmid
allowing for N-terminal tagging of proteins was used for the interaction assays beRasen
GTPases and bactofilins. This was based on the observation, thatetmaidus of BacM is
essential for the interaction with MglA. An overview of the Lucif fragment allowing for N
terminal tagging of proteins of interest is presentedrg.(7 and 8). At the start of the
transcriptional unit is the vanillaieducible promoter (purple). Both the Sm and Lg subunits
are flanked by a ribosomal binding site (RBS, green), which allows for efficient and accurate
translation of the mRNA. The Sm (yellow) and Kblue) are followed by a flexible linker
(grey). This flexible linker is 15 amino acids long and consists of glycine and serine residues
(GSSGGGGSGGGGSSEG). The first HupA gene (orange) is flanke&poy and Bglll
restriction sites allowing for cloningf genes with an Sytag. The second HupA gene (orange)

is flanked byEcoRlandMlIul restriction sites allowing for cloning of genes with athg. At
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the end of the transcriptional unit a SIpA terminator region (red) was added to efficiently stop

transcription.

The Raslike genes were amplified using PCR and digested with Kpnl and Bglll. The
bactofilins genes were amplified using PCR and digested EswigtHF andMIul-HF (NEB).
The plasmid was digested with these enzymes allowing for &teypcloning of these genes
at the Sm and Lg. As a positive control a plasmid containing thkefdth luciferase was used.
As a negative control a plasmid containing 1tagged Sm ahLg was used. In addition, for
each PPI, constructs were made expressing a tagged pritkeannentagged Sm or Lg. These
controls are essential as they check for erroneous interactions between the protein of interest

and the SniLg complex.
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Figure 7: Transcriptional unit showing the genetic parts for Nterminal tagging of proteins of interest with

Smand Lg

The colours highlight the following elements: vanillate promoter (purple), RBS sites (green), Sm (yellow), Lg
(blue), linker regions (grey), HupA genes (orange) and the SIpA terminator region (red). Restriction sites are
annotated in light purple above tbequence.
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Rbs Sm SofG Rbs Lg BacM

Figure 8:Schematic arrangements of the genetic elements of the plasrbidsed bitLucopt system used for

the PPI assays.

The following colour coding is used to highlight tiéerent elements: ribosomal binding sites (Rbs, orange), the
small fragment (Sm, bluedhe large fragment (Lg, green), and the various investigated proteins (MglA, SofG,
and BacM, grey).

Tablel: List of used primers.

) Description
Plasmid + gene ) Sequence 5'to 3'
Forward (F) and revers(R) primers
) TATATGGTACC
| Sm F MglIAX. bromi+ Kpnl
pMR3679lucif ATGAGCCTTCCGGCCAAC
TATATCTAGATCT
pMR367%lucif | Sm R MgIAX. bromi+ Bglll
TCATGGTGATGCCCACCG
) ) TATATGGTACC
pMR367%lucif | Sm F MglAC. fungivorans+ Kpnl
ATGGCTGGGCCGGAGCCG
TATATCTAGATCT
pMR367%lucif | Sm R MgIAC. fungivoranst Bglll
TCATATTGTTATCAGCAG
_ _ TATATGGTACC
pMR3679lucif | Sm F MgIAB. bacteriovorus- Kpnl
ATGTCCTTTATTAACTAC
) ] TATATCTAGATCT
pPMR3679lucif | Sm R MglAB. bacteriovorus- Bglll
TTACAGAGTCGTTCCGCC
TATATGGTACC
| Sm F MgIAC. aggregans Kpnl
pMR3679lucif ATGGGTCTGATCAATGTC
TATATCTAGATCT
| Sm R MgIAC. aggregans Bglll
pMR3679lucif CTACAATTTACTAATAAC
- TATATGGTACC
| Sm F MglAL. mobilis+ Kpnl
pMR3679lucif ATGGCTCACAAAGACCAC
TATATCGCGT
pMR3679lucif | Sm R MglAL. mobilis+ Bglll TCAGGCGTCGGCCGTTTC
TATATGAATTC
_ | Lg F BacMX. bromi+ EcoRI
pMR3679lucif ATGTTCGGAAACAAGTCC
Lg R BacMX. bromi+ Mlul TATATCGCGT
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pPMR3679lucif TCAGGCGTCGGCCGTTTC
_ TATATGAATTC
_ Lg F BacMC. fungivorans+ EcoRlI
pPMR3679lucif ATGTTCAACCGTAAAGCA
) TATATCGCGT
_ Lg R BacMC. fungivorans+ Mlul
PMR3679lucif TTAGGCAGATTGCGACAT
) TATATGAATTC
] Lg F BacMB. bacteriovorus- EcoRl
pMR3679lucif ATGGCAGTAAACCTTTCC
) TATATCGCGT
| Lg R BAcM B. bacteriovorus- Miul
pPMR3679lucif CTAAGACTTAGGCATGAT
TATATGAATTC
) Lg F BacMC. aggregans EcoRl
pPMR3679lucif ATGTTTGGTTCTAATCGC
TATATCGCCT
) Lg R BacMC. aggregans Miul
pPMR3679lucif TCACGACTCTGATGATGA
- TATATGAATTC
_ Lg F BacML. mobilis+ EcoRI
PMR3679lucif ATGTTTGGTTCGAAGAAA
TATATCGCGT
pPMR3679lucif | Lg R BacML. mobilis+ Mlul TTACTTCGTGTCGTTGCC
TATA-GGTACC
| Sm F SofG +pnl
pMR3679lucif GTGAGGAGCCGGATTTCG
TATA_CTAGAT
. Sm R SofG +Bglll
pMR3679lucif TCATCGCCCTTCTCCGCT
TATAT-GAATTC
) Lg F BacM- EcoR1
pPMR3679lucif TCTGGTGAGGTCCAC
TATAT-ACGCGT
pMR3679%lucif | Lg R BacM- Mlul CTAGGCTTCTCCTTCTCGTCCACC
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Table 2: Bacterial constructs used for the PPI studies itVv. xanthus.

Constructs plasmid Expression Reference
MglAsmBacM,g X. bromi PMM101 M. xanthus This study
MglAsmBacM, C. fungivorans pMM 102 M. xanthus This study
MglA smBacM,4 B. bacteriovorus pMM103 M. xanthus This study
MglAsmBacM,g C. aggregans pMM104 M. xanthus This study
MglA smBacM4 L. mobilis pMM105 M. xanthus This study
SofGsm BacM g M. xanthus pMM106 M. xanthus This study
SofGsm BacN g M. xanthus pMM107 M. xanthus This study
SofGsm BacQ g M. xanthus pMM108 M. xanthus This study
SofGsm BacRg M. xanthus pMM109 M. xanthus This study

2.2.4 Colony greading assag

The spreadingof M. xanthuscell colonieswas measured on hard agar (1.59¢¢r a
period of 1 to 3 dayef growth at a temperature of 32. Briefly, M. xanthusOmglA strains
expressing MglA proteins from the five different bacterial species were gro@hlimedium
until they reachethe midlog stageAfter thatthe cells were diluted usirfgeshCTT medium
to a cell density of c&'° cells per ml, and 1l of the cell suspension was spottatto the
hard agasurface. To induce overexpression of the various MglA homologues, selected agar
plates contained 506M vanillate. All agar plates were Iefior ten minutes to dry under the
flow hood. Subsequentlthe plates weravrapped with parafilm to prevent the agdirom

drying and placed for three days into the incubator at a temperatB2e@f The diameter of
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the cell colonies in millimetres was measured daily, and from each strain, an average of three

independent coloniesesemeasured in this way.

2.2.5 Nano-Glo luciferaseassay

For eaclgeneratedonstruct, cellsveretaken from three separate coloraeslincubated
in liquid CTT overnightat 200rpm and 32 °C. In the morning, theells were inducedor 3
hoursby adding250 uM vanillate before they were used for the asdayciferase activity was
measured bgombining50 ul of thecell culture with50 pl of Nano-Glo lysis buffer(Promega
N112A) before addindl pl of furimazine substrate (Promega, N113A). The additiothef
furimazine substrat@itiates theoxidationreaction that causes a measurable light ofigt
9). Measurements in triplicate were carried out in test tumsg a Berthold LuMat3
luminometeto quantifythe relative light unit§RLUS). To compare measurementsg relative

' ight wunitsd o uthgouitiresoptaa densiesmmesurad at 60m (Ooo).

1 (0

™
e

M ’N L ,-1"\
OAlﬁl + 02— @J“N| + CO2 + LIGHT
FURIMAZINE FURIMAMIDE

Figure 9: Chemical reaction of the optimised luciferase bitLucopt.

BitLucopt is composed of two fragments, Sm and Lg, which, when interacting, catalyse the oxidation and
conversion of furimazine to furimamide. This oxidation leads to the measurable emidighih afid the release

of carbon dioxide(Hall et al., 2012)
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2.3 Result

2.3.1 Investigation of the interactions between MgIA and BacM protein pairs of

different bacteria using a luciferasebased interaction assay iM. xanthus

In this chapter, a previously in the lab developed novel lucifdrased proteiprotein
interaction assay favl. xanthugSemeijn, 201Pwas used to test possible interactions between
small MglA-like RasGTPases and BaelMe bactofilins in a number of phylogenetically
diverse bacteria. For this purpose, the two bitLucopt luciferase subunits, Sm and Lg, were fused
to each of the selected RasGTPases and bactofilins, respectively and tiveisgakpressed
in anM. xanthusOmglAstrainbackground. Thé&mglAstrain was used as background so that
the cloned nommyxobacterial RasGTPases did not have to compete with Mglfor
bactofilin binding. Unfortunately, previous work in the lab had shownvhatanthusloes not
tolerate the loss of both its RasGTPase MglA and its bactofilin BacM at the sani®dimnaijn,
2019. Therefore, the used strain for the PPI study still contained the native BacM, which could
have resulted in neproductive interactions with the cloned mmyxobacterial MglA

homolog.

Each of the five selected bacterial straiBspacteriovorusL. mobilis C. fungivorans
X. bromj and C. aggreganswere used to generate &h xanthusstrain containing the
corresponding RasGTPabactofilin pair. These expression strains were grown as biological
triplicate and prepared according to the described protocol. After the cellsnbfcEQure
volumes were lysed using the NaGto lysis buffer, the substrate was added and after the light
output reached its maximum the relative light units for each sample was measured. The results
of these measurements showed that the RasGHiaasafiin pairs ofB. bacteriovorusandL.

mobilisshowed higlrelative light outputs with RLU valued 22,000 RLU and 25,000 RLU,
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respectively(Fig. 10). These data indicated that in these two bacteria the MghAologues

and bactofilins showed a positive interaction, when the Lg subunit was fused to the bactofilin
while the Sm subunit was fused to the RasGTPase. Moreover, the meafatreel light units

were comparable to the ones measured for the original PPI of the MgIA and BadM of
xanthus In contrast, when the position of the fusion was reversed, the light output fell to 10,000
and 3,000 RLUs, respectively indicating that the location of the fusion is an important factor
that needs to be considered tchi@dve a successful and productive reconstitution of the
luciferase.The absence of a PPI in tlsecondcombination was in line with a previous
observation that MglA and BacM interact with thett€€mini and therefore thenavailability

of this part of the protein due to the fusion would prevent the R&kigns of interactions
between the RasGTPase and bactofilins were observed for the two other investigated bacteria,
C. fungivoransand X. bromj in theM. xanthusbackground irrespectively of the useagin

termini for the fusion. In these experiments the highest interaction values were 6,000 RLUs or
below, values that were similar to the one seen for the_@megative control. Even the
positive RLU values irL.. mobilisand B. bacteriovorusvere much lower than the positive
control of the optimised bitlcopt luciferase that reached RLU values of 1.4 milkirUs.
Importantly, some of the negative control strains, such as 84dglAmobilis g, showed relative

high interaction values of around 3,000 ta0D® RLUs Most likely this phenomenon is caused

by the fact that the @®rminus of these MgIA homologs play a critical role in their
physiological interaction with their cognate output proteins including bactofivesrall, these
results demonstrated the specificity and sensitivity of the luciferase system for detecting MgIA
BacM proteinprotein interactions usinlyl. xanthusas host organism. More importantly, the
data showed that RasGTPase bactofilin interactions are not limiteld xanthusbut also
present in other bacterial species indicating that this interaction is a novel discovered key

feature of these important cellular proteins.
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Figure 10: Results of the luciferase assay for the interaction of various bacterial RasGTPases and bactofilindinxanthus

For two bacterial speciels, mobilisandB. bacteriovorusigh RLU values confirmed the predicted interaction between the RasGTPase and bactofilin. For the two other species
C. fungivoranandX. bromino indication of a positive protejorotein interaction between the two tested proteins could be detected. The bitLucoptlagpdrBynconstructs

were used as positive and negative control, respectively
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2.3.2 Motility assay of aanglA cells expressing MgIA and BacM homologs.

As described earlier, MglA is the master regulator for myxobacterial motility
controlling both A and Smotility (Hartzell and Kaiser, 1991Although the underlying
molecular mechanisms for this control function are currently unknown, we wanted to
investigate whether nemyxobacterial MglA homolgues could rescue the -nuotility
phenotype of amanglAstrain This plan was based on published data that indicated that the
yeast GTPase Sarl was able to partially rescamglA phenotype inVl. xanthus(Hartzell
1997). Therefore, both-Aand Smotility assays were carried out using hard and soft &jar
plates to determine whether any of the-mayxobacterial MgIA homologues could rescue the

cell's ability to move using either-Ar Smotility.

2.3.2.1 Restoration of A- or S-Motility in semg Icels usingvarious MgIA and BacM

homologs

The motility phenotypes oM. xanthuscells expressing Mglé&w and BacMg
homologues oB. bacteriovorusX. bromj C. fungivoransandL. mobiliswere compared to
the wild type strain DK1622 anginglA cells. All strains containing/iglA-BacM constructs
were grown overnight in CTT liquid media, plated onto CTT hard agar plates (1.5% agar)
containing either no or 25@M vanillate and incubated at 32 for four days. AgFig. 11)
shows, no restoration of-fotility was observed for any of the constraontaining strains
even when the expression of the MglA homologues were induced by addinyl2&hillate
indicating that the investigated homologues appear not to interact with their cognate partners

contolling the A-motility motor. Even after four days of incubation, the diameter of these
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colonies on the agar plates remained fairly constant and similar to the one ahd
negative control strain; indicating that the various MglA homologwesd notrescue A
motility in M. xanthussanmglAcells. In contrast, the diameter of the colony of the wild type of
strain, as expected, gradually increased over the-dayrperiod, showing the normally

observed Amotility-dependent colony expansiifig. 12).
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Figure 11: Restoration of A-motility of aanglA cells expressing various MglAm and BacM.g homologs in an

aanglA background.

The bars depict the diameters of the cell colonies on the hard agar surfaceaXisaepresents the number of

days of incubation, and the-&xis shows the colony diameter in millimetres. Expression of the various bacterial
MglA-BacM protein pairs irM. xanthuswas induced through the addition of 28@ vanillate and colony
diameters were measured daily for a period of four days and normalised to a cell density of OD 0.1 for each
measurement. All measurements are based on three biological replicateewandvith standard deviations.
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Figure 122 Morphology of sanglA cell colonies expressing various Mglén and BacM.g homologs in an
aanglA background on hard agar.

This experiment involved the expression of MgiBacM_y homologs from the bacterB. bacteriovorus, X.
bromi, L. mobilis, andC. fungivoransin aanglA cells on1.5% soft agar. The MglAexpressing strains were
induced using 50QM of vanillate, and pictures were taken after four days of growth.
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Next, we investigated whether the expressed Mgkl BacM homologues ofB.
bacteriovorusX. bromj C. fungivoransandL. mobiliscould restore $notility in M. xanthus
aaglA cells. For these experiments CTT soft agar plates (0.5% agar) containing either 0 or
250nM vanillate were incubated at 32 for four days. As negative and positive controls the
parentalM. xanthusaanglA strain SA4420)and the wild type of strain DK1622 were used,
respectively. For each construct, three colonies were spottedrigiea@ate, and the diameter
of the colonies was measured over a fday period. The results showed that none of the
cloned MglA homologs was able to rescue8tility and achieve a similar level of swarming
as the wild type on soft agéFig. 13 and 14). Only the wild type showed the-r8otility-
dependent gradual increase in colony diameter during thelyuincubation period, while the
parentalM. xanthusaanglA strain (SA5910), like the tested constructs, did not show any S
motility. Overall, these rests demonstrate that the various of amative MglA homologues

can neither restore-Aor Smotility of gmglAcells.
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Figure 13: Restoration of Smotility of sanglA cells expressing various MglAm and BacM.g homologs in

an amglA background.

Thebars in the graph depict the diameters of the cell colonies on the soft agar surfacexihieeiresents the
number of days of incubation, while theaxis shows the colony diameter in millimetres. Expression of the

various bacterial MglABacM proteinpairs inM. xanthuswvas induced through the addition of 28@ vanillate

and colony diameters were measured daily for a total of four days and normalised to a cell density of OD 0.1 for
each measurement. All measurements are based on biologicaltepbea shown with standard deviations
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Figure 14: Morphology of amglA cell colonies expressing various Mglén and BacM.g homologs in an
aanglA background on soft agar

This experiment involved the expression of MgiBacM 4 homologs from the bacterB. bacteriovorusX.
bromi, L. mobilis andC. fungivoransn aanglAcells on 0.5% soft agar. The Mgiéxpressing strains were induced
using 500uM of vanillate, and pictures were taken after four days of growth.
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2.3.2.2 Restoration of Smotility in M. xanthusaemg Icefls using the MglAsm BacMyg

construct

Earlier work in the laboratory using the bitLucopt luciferase system had established
that MglA binds BacM inM. xanthus(Semeijn, 201Q To investigate whether the fusion of
Sm to MglA interfered with the function of MglA in-®otility, it was investigated whether
the MglAsm BacM.g construct could restore-1@otility in an ggnglA background. Therefore,
thegmglAMgIA sm BacM.g strain waggrown overnight in liquid CTT media and plated on 0.5%
soft agar containing 0, 5, 50, 250 500nM vanillate. Notably, a significant increase in the
diameter of the colonies on soft agar was observed after induction ofsM@ACM.g
expressiomwith vanillate, with the optimal concentration being 38@ vanillate (Fig. 15 and
16). At this concentration, swarming closely resembled that of wild type cells, whereas a
concentration of 50QAM did not further increase swarming, and @i\ and 50uM swarming
was reduced compared to the wild type. Importantly, in the absence of vanillate, no swarming
was observed and the diameter of the colony during thedfpperiod did not increase. Of
note, biochemical investigations indicated that the uniedumnstruct showseak leaky
expression which could result in the presence of small amounts of the protein. However,
experiments with these uninduced cells demonstrate that these small amounts do not support
any detectable Aor Smotility. Overall, the gradual increasethre diameter of the colonies at
increasing vanillate concentrations indicated that the fusion of the Sm fragment to MglA did

not interfere with the biological function of MglA in&otility.
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Figure 15: Restoration of Smotility in M. xanthuseem g tehs through the controlled expression of MglAm

and BacMg.

The ability of MglAsm BacMg-expressingVl. xanthusaamglA cells to swarm was analysed on soft agar for four
days. The Xaxis represents the number of days of incubation, and thgisyshows colony diameter in
millimetres. Cultures were induced with increasing vanillate concentrations. Colony diameter wasdraaiur
using three biological replicates. For all measurements the standard deviation is shown.
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Figure 16: Swarming of aanglA cells expressing MglAm and BacM.g.
The cells were grown on 0.5% soft agar and induced with increasing concentrations of vanillate. Images were captuwedafeofgrowth. TheanglAstrain and the
wild type DK1622 were used as negative and positive control, respectively
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2.3.2.3 Restoration of A-motility in M. xanthuseemg Icels using the MglAm BacMyq

construct

M. xanthusgmglA cells expressing the Mgk BacM.g construct were grown
overnight in a liquid CTT medium and plated on hard agar containing increasing amounts of
vanillate. Five different concentrations of vanillate ranging from 0, 5, 50, 250 amd\Vb@@re
tested for their ability to restore-motility. Similar to the recovery of-otility, the optimal
concentration of vanillate for the restoration ofmotility was 250uM vanillate. At this
concentration the Anotility-driven spreading of the cells on hard agar reacimost wild
type level. Mirroring the Snotility recovery experiments, a further increase of vanillate above
250uM did not result in a further increase ofmotility. Likewise, the leaky expression of the
construct resulted already in a weak but detectahteoAility-driven colony expansion in the
absence of vanillate. Similar terB8otility, A-motility restoration a hard agar correlated with
the concentration of vanillat€ig. 17 and18), but overall was lower than the-iotility of the
wild type during the fouday incubation period. The negative contgehglA was not affected
by increasing vanillate concentrations during the four days of investigation. In contrast, there
was a gradual increase in the diameter of dmeglA MglAsm BacMg colonies as the
concentration of vanillate increased fronuM to 500uM following day 2. Overall, these
results suggest that the vanillateluced expression of Mgk fusion protein can rescue the
A-motility defect of gmmgIA cells, and that the optimal vanillate concentration to do so is

250uM on hard agar.
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Figure 17: Restoration of A-motility in M. xanthus aanglA cells through the controlled expression of the
MglA sm BacMLg construct.

The ability of MglAsm BacM, 4 expressingVl. xanthussanglA cells to move on hard agar usingrdotility was

analysed for four days. The-a«is represents the number of days of incubation, and #vesYshows colony
diameter in millimetres. Cultures were induced with increasing vanillate concentrations. Colopyedsawere
measured daily using three biological replicates. For all measurements the standard deviation is shown
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Figure 18: Colony morphology of gmglA expressing MglAsm BacMvg
The cells were grown on 1.5% hard agar and induced with increasing concentrations of vanillate. Images were capturedafseoffgrowth. TheanglAstrain and the
wild type DK1622 were used as negative and positive control, respectively.
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2.3.3 Interaction between the Radike protein SofG and the bactofilins BacM, BacN,

BacO and BacP

Previously,it hadbeenreportedthat the Raslike GTPaseSofG is necessary
for Smotility in M. xanthusandthatSofGinteractswith the bactofilin BacP(Bulyhaet
al. 2013).Intriguingly, researchn the Hoiczyk lab hadshownthatthe mastemregulator
protein for myxobacterialA- and S-motility MgIA also interactswith a bactofilin,
namely BacM. This PPl had beendemostratedising pull down assaygZuckerman,

unpublished)and a novel developeduciferaseassay(Semeijn,2019. In contrastthe

interactionbetweenSofG and BacP had beenestablishedusing /i vitro experiments
utilizing a SofG protein that was fused to the maltosebinding protein MalE for
solubilisationand purification purposesand a Hiss-BacP. Therefore,we decidedto
repeatand expandthe SofG bactofilin PPI studiesandinvestigatepossibleinteraction
betweena minimally changedSofG andall four M. xanthusbactofilins,BacM, N, O,
andP usingour luciferaseassayln this experimentSmwasfusedto the N-terminusof
SofG, while Lg wasfusedto the N-termini of BacM, N, O andP astheir C-termini are
potentiallyinvolvedin PPI. Eachstrainwasgrownin triplicate in CTT liquid medium
overnightand then inducedfor 3 h using 2500 Mof vanillate. This concentratiorof
vanillate was chosenasit restoredA- and S-motility to nearlywild type levelsin our
previousexperimentsOur luciferaseassaywasusedto measureheinteractionbetween
the proteins,andthe RLU valueswererecorded, while the establishednteractionof
MglA sm BacM.g wasusedaspositive control(Fig. 19). Surprisngly, our /n vivo assay
showedthat SofGsm and BacM.q interactedwith eachotherresultingin the production

of 21,000RLU, a value half the measuredRLU outputfor the MglAsm BacM.g PPI
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(42,000RLUs). However,all othercombinationsSofG-BacN, SofG-BacO,and SofG-
BacPshowedointeractionsyith mosthavingRLU valuesbelow3,000,avaluesimilar
to theonemeasuredor the negativecontrol Sm-Lg andSm-BacM.g. Importantly,these
data contradictedpublishedreports suggestingthat SofG interactswith BacPin M.

xanthugBulyhaeta.,2013).
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Figure 19: Luciferase assay measuring PPIs between SofG and the four bactofilins, BacM, N, O and Rvbfxanthus
The measurementshowthatonly BacM interactswith SofGandthatnoneof the otherthreebactofilins,includingBacP ,appeato interactwith SofG contradictingpublished
accountgBulyha et a., 2013)
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2.3.4 Restoration of Smotility i nsof@M. xanthuscellsusing SofGsn and BacMg

To test whether the fusion of the Sm fragment of bitlucopt to theriNinus of SofG
would interfere with the biological function of this protein in swarming, the mutant strain's
ability to restore Snotility was investigatedM. xanthusqsofG cells expressing the Sofw
BacM.g construct were grown overnight in liquid CTT medium and plated on soft kiyar
different concentrations of vanillate ranging from 0, 5, 50, 250 andrbD@ere tested for
their ability to restore #notility.0.5% soft agar at 3ZC with increasing concentrations of
vanillate to establish the optimal concentration of the inducer. Notably, the results showed that
up to a concentration of 25%M vanillate the rate of swarming steadily increased, while a
further increase of the inducer to 5801 did not furtber improve the cell's ability to swarm
(Fig. 20and21). Like in other rescue experiments, the wild type was used as a positive control,
while thegmglA cells were used as a negative control, respectively. The diameter of every

colony was measured each day for a total of four.days
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Figure 20: S-motility rescue onsoft agar by expression of SofG irsesofG.

The graph displays the relationship between the number of days of incubation and the width of colonies in
millimetres. The Xaxis represents the number of days of incubationaadthe Y -axis representshe width of
thecolonyin millimeters.Theexperimeninvolvedinducingcultureswith increasingconcentrationsf vanillate.
Thewidth of the colonieswasmeasuredlaily overa periodof four days,with abaseopticaldensityODggo = 0.1.

The measurementateswere determinecby calculatingthe standarddeviationbasedon the treplicateson each
colonyplate
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Figure 21: Spread ofasSofGcells expressing of SofG.
The image displays the spread of colonies on hard agar 1.5 CTT with an increase in the concentration of vanillate.\iide qatpitoed after four days of growth, and it
visually demonstratedifferentcolony spreadat varyingvanillateconcentrations.
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2.3.5 Investigation of the interaction of B. bacteriovorusMglAwey and S. cerevisiae

Sarlyeastwith M. xanthus BacMmyx

Previously published results suggested that the RasGTPase Sarl. fcenevisiae
can partially complement ®l. xanthusgmgIA phenotype (Hartzell, 1997). Moreover, our
bioinformatic analysis had shown that the sequences d¥lth@nthusandB. bacteriovorus
MglAs show high homology64% identity, 82% similarity)Therefore, this part of the study
investigated possible interactions between BagNrom M. X aant kalAss from B.
bacteriovorugSmMglAnay LgBacMmyx) or Sarieastof S. cerevisia¢SmSarieastLgBacMmyx)
using the bitlucopt luciferase assay. Each construct was examined using biological triplicates.
For the actual luciferase assay, the triplicate constructs were grown overnight, induced with
250uM vanillate and RUL measurements were made three hours post induction. BitLucopt
luciferase and Mglav BacMwav were used as postive controls, whenMglAwav Lg and
SmSarieastLg constructs were used as negative controls to rule out that possible detected
interactions were the result ofetibinding between the Stagged protein and the Lg subunit
of bitLucopt. Like in the previous reported experiments, the interaction between SmMglA
and LgBacMyx resulted in a high positive RLU output of ca. 44,000, while SmMgland
BacMwav had roughly half theoutput at 22,000 R.Us (Fig. 22). However, no significant
interaction was observed using the SmMglALgBacMmyx or SmSarjeast LgBacMmyx
constructs indicating thateither SmMglAdy nor SmSarkast binds to LgBacMyx. The
measured values foinese experiments, like for other nimiteracting pairings, were all below

1,000 RLUSs.
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Figure 22: Luciferase assay measuring PPIs between Baglyko and the MglA homologsSmMglAwavand SmSarlyeast irV. xanthus
ThemeasurementshowpositivePPIsbhetweerSmMglAmyx and LgBacMyx as well as BacM, but no PPIs were detecteetweerSmMglAyg, or SmSarieasand LgBacMyx.
Bitlucopt was used as a positive control, while the tagged proteins plus thegyad Lg fragment of bitlucopt were used as negative controls. -Exé&hows the relative
light units (RLU), while the bars show the mean and standard deviation cadchéted on three biological replicates
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2.4 Discussion

Published data regarding the occurrence of Ras GTPases in bacteria, along with BLAST
searches for homologues of MgIA (Wuichet and SggAaidersen 2014), were utilized to
identify MglIA homologues in a variety of phylogenetically diverse bact&iailarly, the
highly conserved bactofilin domain DUF583 was used as a guide to identify -BeeM
bactofilins in a broad range of bacteria. A comparison of these two datasets, identified bacteria
that contained homologs for both of these proteins, Mgld\BacM, and that therefore were
suited candidates for the planned PPI studies. Overall, four bacterial species were selected that
represented three classes of the phylum proteobacteria, therbttabacterid. mobilisand
C. fungivorans the gammaproteobacteriumX. bromi and the bdellovibrionota B.
bacteriovorus No member of thelphaproteobacteria was included in the selection as this

class of bacteria lacks homologues of MglA or BacM.

To investigate potential interactions between the identified MglAs and BacMs of the four
bacterial species, their respective genes were cloned into the vantlatgble plasmid
pPMR3679 (Iniesta et al., 2012), bacteria were transformed inteetiggA M. xanthusstrain,
and used as constructs for a recently developed lucifbesssl PP1 assay M. xanthus This
assay had been originally develoged PPIs inClostridium difficile (Paiva et al., 2019%nd
previously been adapted the lab for work inM. xanthus(Semeijn, 2019 Importantly, the
luciferasebased PPl assay addresses a number of shortcomings of the more commdaly used
coli- or yeastbased two hybrid PPI assays. In particular due to its sensitivity, the newly
developed assay allows the study of PPIs at physiololgicelsthereby minimizing the risk
of inadvertent interactions of highly overexpressed proteins in the confined space of a bacterial
cell. In addition, the use of the natural physiological milieu of the bacterium of choice
potentially circumvents problems assaed with the correct folding or posttranslational
modifications of proteins. Importantly, the assay wascessfully used in the past to confirm
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the interaction between MglA and Bad®emeijn, 201Pthat had been discovered usingran

vitro pull-down assay (Zuckerman, unpublished).

Using the bitlucopt luciferaskased assay, it was found that MglA and BacM from the
B. bacteriovorusand L. mobilisinteracted like MglA and BacM frorv. xanthus while no
interactions were detected for these two proteins from the other two investigated bacterial
species. It's important to note thRt bacteriovorusis, like M. xanthus Two additional
important findings were made: the SmMgIA negative control led to light output in three
proteins of the four bacteriB, bacteriovorusL. mobilis andX. bromi. The reasons for this
observation are currently unclear but possibly due to heterologous SmMgIA interacting with
the endogenous BacM M. xanthusdue to their amino acid chargesiditionally, the light
output signal for heterologous protein pairs decayed faskérxanthughan for native protein
pairs, indicating that heterologous proteins are recognized by the endogenous protdases of
xanthusand subsequently proteolytically degraded. Overall, these findings suggest that this
novel twahybrid g/stem is a valuable addition to conventional Huydrid systems in yeast
andE. colithat have so far been used to study PPM.iranthugWhitworth et al., 2008Nan
et al., 2015). Excitingly, the new assay will allow the criticalexamination of earlier
identified PPIs inM. xanthusthat relied onconventional twehybrid systems of proteins
expression, potentially leading to inadvertent interactions that are physiologically irrelevant
due to the above described shortcomings of conventionahyiwod systems for proteirisom

M. xanthusor other bacteria.

Taking advantage of the bitlucopt assay, we investigated whether the heterologous MglA
proteins were capable of complementing the-matile phenotype of thgmglA M. xanthus
strain, which would suggest that these proteins might have conserved functions and interaction

partners in their respective bacterial species. Unfortunately, none of the four MglA proteins
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could complement Aor Smotility, indicating that the role of MglIA in motility iM. xanthus
may be a unique feature or that motHiglevant amino acids or protein motifs were absent
from the tested MglAs. This holds even trim B. bacteriovorus capable ofgliding
locomotion (Lambert et al., 20L.1However, it is unclear whether this gliding is analogous to

the A-motility of M. xanthusand relies on similar motor and control proteins.

Next, the bitlucopt assay was utilized to investigate the PPIs between SofG, another Ras
like protein fromM. xanthus and the four bactofilins BacM, BacO, BacN, and BacP of this
species (Koch et al., 2011; Bulyha et al., 2013). The results of these experiments revealed that
SofG positively interacts with BacM, as evidenced by the relatively high measured light output,
while no interactions between SofG and BacO, BacP or BacN could be detected. Of note, our
findings are in contrast tpreviously published ata that SofG binds to BacP (Bulyha et al.,
2013). However, this earlier study used a maltmseling protein MalE fusion of SofG and
His-tagged BacP as interaction partner. Moreover, the interaction assay wasa sireat
un-physiological concentrations and therefore would need at least to be repeated uising an
vivo-based twehybrid system. Without additional validation it is possible that the published
SofG-BacP interaction is an artefact due to the conditions of the used assay. The discovery of
the interaction between SofG and BacM is particularly intriguing, as the described polarly
arranged "BacP filaments" (Bulyha et al., 2013) look strikingly similar to previously described
polarly arranged BacM filaments (Koch et al., 2011), which could ingliteitt the previously
described structures are in fact BacM filaments. Moreover, this new finding may support the
idea that BacM has a unique key function as binding partner of small RasGTPases in
xanthus In this context, it would be interesting to diout whether the third known small
RasGTPase dfl. xanthusthe proteirMXAN 2694 also binds to BacM like MglA. Sof@ays
a role in motility albeit a more limited only-1®&otility-relevant role through the control of the

localisation and assembly of type IV pili (Bulyha et al., 2013). Together these findings provide
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clues for the localisation and roles of MglA, SofG, and BacMlirxanthus The picture that
emerges suggests that polarly arranged BacM filaments may help SofG localize to the cell pole
where this RasGTPase controls the assembly and activity of type IV pili. Similarly, these BacM
filaments may also help localize a portion o¢ ttellular MglA pool to the front cell pole.
However, the noomembraneattached cellular BacM cytoskeleton formed by theehninal
truncated version of this protein (Koch et al.12Dappears to also be able to bind MglA. The
functional significance of this interaction is currently unclear, but one possible function could
be to remove and store excess MgIA to prevent it from binding to cellular localisation and to
further control tle availability of this protein. Overall, the findings presented in this chapter
show that one novel highly important and somewhat unexpected function of the cytoskeletal
protein BacM is to act as binding partner for the small RasGTPases MgIA and SEFG in
xanthusand that similar interactions also exists between other bacterial RasGTPase and their
cognate bactofilins. Therefore, this study has shed light on the pprtd&in interactions
involved in the motility ofM. xanthusand provide insights for future studies to further

investigate these interactions and their functions.

In addition, it was previously postulated that théekininal region of BacM binds to the
cytoplasmic membraneDéng et al., 2019 which suggests that there exist two separate
populations of BacMassociated MglIA molecules in the cell. One population that is in close
proximity of the cytoplasm membrane binding to the-kigth BacM molecules and one that
attaches to the fferminaltruncated BacM fibres that are dispersed throughout the cytoplasm.
Based on the relative size of the two populations of Babd,latter one is twofold more
abundant suggesting that the majority of MglA is bound to the cytoplasmic pool of BacM,
which includes the aforementioned polar filaments (Koch et al., 2011). Interestingly, our PPI
studies suggest that the second investth&asGTPase d¥l. xanthus SofG also binds to

BacM and not as previously shown to BacP, but that the-8aftB/ interaction is only half as
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strong as the MglAacM interaction. In contrast, despite their conserved DUF583 domain,
BacO, P and N did not show any interaction, possibly because they lack the-poblife
terminus found in BacM (Koch et al., 2011). In this context, it is interg@stimote that the
BacM Gterminus region contains two lysine residuess¢kand Kisg), and deletion of this
region resulted in the loss of interaction with Ba¢®emeijn, 2019 Furthermore, it was
confirmed that the interaction between SmSofG and BacM could complement the non
swarming phenotype of thEA3801)DSofG strain, indicating that the functionality of this

protein was not compromised by the fusion to the Sm fragment.

Finally, the bitlucopt luciferase was usedMnxanthugo examine whether the two Ras
proteins, MglAav and Sarjeastare able to bind tM. xanthusBacM. These experiments were
based on the high degree of homology ofBhéacteriovorusandM. xanthugproteins, which
e.g. both have @erminal lysine residues. In addition, both bacterial species have more in
common; both are predators that are able to move by gliding motility. Although it is currently
unclear whetheB. bacteriovorusises the same cellular machinerpvascanthudor this type
of motility (Lambert et al., 2001 Similarly, the idea to include Sarl from &revisiaenvas
based on published rep® that suggested that this protein can partially complemEantghA
phenotype inM. xanthus However, no interaction was confirmed between MglAand
BacMmyx and no light output could be detected. Interestingly, the interactions betweepMglA
and BacMadv and between MglAyx and BacMwyx had been previously demonstratedMn
xanthusand were used as positive controls. These results may not be that surprising given the
fact that both bacteria are predatory deltateobacteria capable of gliding motility (Lambert
et al., 2011). More importantly, this phylogenetic closeness is alsatesf in the high degree
of identity and similarity of their MglA protein sagnces(64% identity, 82% similarity
Despite these similarities, however, the two MglAs are not interchangeable indicating that
subtle, probably only a few critical amino acids, differences are sufficient to prevent their
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binding to the BacM of the other species. The lack of MgIB.ibbacteriovorusompared to

M. xanthuscould be another reason why their MglAs are not interchangé@sliileer et al.,

2014. In contrast, the eukaryotic protein Sarl fr8mcerevisiashares only 24% similarity

with BacMmyx. It was, however, included in these experiments as it had been shown to partially
complement aaamglA phenotype (Hartzell, 1997Predictablyno interaction was found
between Saktastand BacMhyx. This lack of interaction could potentially be explained by their
low sequence similarity, particularly in the ldnd Gterminal regions, which are possibly
crucial for the interaction between RasGTPases and bactofilins. In this context, it is worth
mentioning that recent work itihe laboratory has cast doubt on the original report chait's

ability to complement adnglA phenotype inM. xanthus Careful reexamination of the
described rescue for example revealed that the reported successful sporneridemdit the
formation of fruiting body spores but of glycerol spores, which have slightly different shapes.
Therefore, the reported complementation has to be viewed with scepticism and the lack of an

interaction between Sagkstand MglAnyx was probably not too surprising.

In summary, the data of this chapter has shown that one novel discovered key feature of
bactofilins is their ability to act as binding scaffolds for small-RasGTPases iM. xanthus

and that this feature is conserved across phylogenetdiadlyse bacteria.
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Chapter lll: Localization of MgIA in M. xanthus and Saccharomyces

cerevisiae

3.1 Introduction

As has been described in the Introduction of the thikisanthususes two different
motility systems, AandS-motility, simultaneously, to perform unusually complex behaviours
such as swarming, hunting, rippling, and fruiting body formation (Zusman et al., 2007). To
accomplish these behaviours and to be able to respond to external stimuli in a directed fashion,
the cells periodically switch the polarity of their locomotion, a process during which the leading
pole of the cell becomes the lagging one @od versaOne major molecular switch enabling
these reorientations is the small Réike GTPase MglA, the méar regulator of myxobacterial
motility (Hartzell, 1997). During r@rientations, MglA interactaith three differentypes of
proteirs. the effectorproteins which are required tinitiate a specific response; GTPase
activating proteins (GA$), whichstimulateGTP hydrolysis of activated Ré#i&e proteins and
guanineexchange factor@GEFs),which facilitate thereleaseof GDPfrom Raslike proteins
(Leonardy et al., 2010dn M. xanthusMgIB is the GAP proteinof MglAand, | i ke it és
Raslike GTPase essential for motiliteonardy et al., 201@atryn et al., 201Miertzschke
et al., 2011)In fact, the exclusive localization of MgIB at the lagging pole is crucial for
properly controlling T4P assembly at the leading pole, as any MglA binding to the lagging pole
is promptly converted to its inactive, GEB®und form and consequently releaseahf the
lagging pole. The resultingole-to-pole oscillations of MglA drive the observed cell reversals
(Zhang et al 2010) Simultaneously, MgIA is also @emponent of lateral clusters that have
been termed focal adhesion complexes and that may be generating the powerdiiityA
(Mignot, 2017). These multiple arrangements and highly dynamic behaviours of MglA defy an
easy interpretation of its actual mollar role in these processekeiefore understanding the

cellular localization oMgIA and the conditions under which it occurs is crudiais will help
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understaniohg the molecular processes that occur during and aellereversad, as well as

MglA oscillations

While MgIB is the GAPof MglA, the twoprotein complex RomfRomX (RomRX) acts
as MgGQER @Geonardy et al., 2010Jercier et al., 2020 Together with MglB, RomRX
establishes a polarity axis that determines the localization of MgIA, which, in turn, regulates
T4P assembly, Anotility, and cell reversals. While the localization and activity of these
proteins are stable at any given time ythee highly dynamic to allow cell reversals to occur.
These events araduced by the chemosensory (Frz) systefmch measures and responds to
an unknown internal molecul®nce the chemosensory system is triggered, it starts a cascade
of events that eventually lead to a reversal of locomotion. At the start of each reversal, the
active GTPbound form of MgIA is localized predominantly at the leading pole, while the
majority of MgIB and RomRX is localized at the lagging pole. Importantly, although the
majority of RomRX is at the lagging pole, a small amount is present at the-dtglépied
front of the cell. This arrangemeof RomRX is important, as the protein has been identified
to stimulate the localization of both, MglA and MgIB to their respective cell poles by forming
complexes with these two proteins. Moreover, RomRX also interacts with the output response
regulatorof the Frz chemosensory system, FrzZ, which initiates and regulates cellular reversals
(Fig. 23) (Leonardy et al., 2007)While this description accurately captures our current
understanding of the cell reversalated localization of MglA, MglA is alsfmund, i.e., in the
focal adhesion complexes. Consequently, the investigation of the precise distribution of MglA

in M. xanthugs an important first step to understand all aspects of MglA function.
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Figure 23: Localization patterns of cell polarity determining proteins in M. xanthus.
The diagram illustrates tleellularlocations of MgA, MgIB, and RomRX iM. xanthusMgIA, intheGTP-bound
form, is primarily located at the leading pole, whereas MgIB and RomRX are at the lagging pole. The polarity
reversakesuling from protein e-localization is triggered by a sigtialg cascade that includes the Hsignaling
proteins. Green, magenta, and orange spheres are used to symbolize MglA, MgIB, and RomRX, respectively. The
unegyuallocalization of RomR, with higherconcentration at the lagging pole, is depicted by the asymmetric size
of the orange spheres at the two poles. Fam® FrzZ represent the phosphorylated forms of FrzX and FrzZ,
respedvely. Image from_Leonardy et al., 2007.

Various research groups have studied the cellular localization of MgIA using different
N- or C-terminallyfluorescenly-tagged ersionsof the protein(for an overview, se&able 3;
Patrynet al, 201Q Leonardyet al, 2010 Mauriello et al, 20108. As described above, the
bipolarly arranged RomBlays a key role in cell reversals anehotility, which is mediated
through its asymmetric clusters. Once the larger cluster from the lagging pole starts moving
towards the leading pole, this pole switches and becomes the new lagging pole. Probably
unsuprisingly, RomR mutant strains do not show cellular reversals (Leoraedy2007). To
study the behaviour of MglA during these processes, experiments have been done using YFP
tagged MglA, which partially complementednotility defects in admglA backgound, but
failed to restore sporulation. The movement of the labelled MglA followed a helical pattern
throughout the cel(Patryn et al., 2010)in contrast, incells lacking MgIB, MglA mostly

localized in a bipolapattern, with few cells showing either a unipolar or diffuse distribution

of the protein. In wiletype cells,MglIA-YFP was mostly diffuse distributed with few cells
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showing a bipolar localizatiofBaranwal et al., 20197 major drawback of these studies was
that they did not necessarily investigate whether the tagged MglA was resculinggit

related defects such asmotility at the swarm level.

Therefore, themain objective of thigart of theproject was togenerate new tagged
versiors of MgIA that would noti nt er f er e w ifunctionant rescye maliokhogvm n 6 s
OmglArelated defectsTo achieve thisan eYFPtagged MglA construatvasdevelopedhat is
biologically functional and, therefore, can complementad®lA phenotype including the
rescue of Amotility not only on thesinglecell but swarm levelThis important aspect had not
been investigated in previous studies using tagged versions of (Wighde 3). Furthermore,

a tetracysteine (T tagged version of MglA was generatebhis tagconsists in its smallest
form of only six amino acid€CCPGCC)anddemonstrates a strong affinity for the membrane
permeable biarsenical fluorophores FIAsH and ReAsH, which exhibit low toxicity and can
selectively label T&@agged proteing vivo. Both tagged versions of MglA were investigat

for the localization of the protein and its ability to complemeranl Smotility using hard

and soft agar.

Finally, thegenerated eYFHRIgIA was introduced int&. cerevisiageastcells to study
the proteinds behavi our -bacterdl caldar énurbnanent. The c a |l i z
choice of yeast as host was based on the fact that this eukaryote possesses a small RasGTPase,
Sarl, thashares 24% identity and 47% similarity with Mg{Bartzell, 1997) In yeastSarl
localizes to the ER membrane and plays a crucial role in protein trafficking from the ER to the
Golgi apparatusSarl is able téocalize tothese membrandkrough a conformational change
that occursupon GTPRbinding This changeexpo®s an Nterminal amphipathic helix that
anchors the protein tBR membraneAs Sarlis able to partiallycomplementmotility and
sporulatiorof theaanglAphenotype iM. xanthugHartzell, 1997)it was decided to introduce
eYFR-MgIA into yeast to study the localization of the bacterial protein in a eukaryotic cell.
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Table3: Differently tagged MgIA constructs and their observed motility phenotypes.

MglA -tag construct

Localization

Motility

Study

C-terminalMgIA -

Lateral clusters an

Rescueof A-motility

Mauriello et al., 200¢

rarer occurrences
of unipolar or
diffuse cytoplasmig

eYFPtag bipolar distribution| and partial S

motility
C-terminalMgIA - Lateral clusters an{ Resueof A- and S | Patryn et al., 2010
eYFPtag bipolar distribution | motility
C-terminalMgIA - Mostly bipolar Not reported Baranwal et al., 201
eYFPtag distribution, with

distribution in
some cells and
bipolar distribution
in other cells

distribution
N-terminalMglA - None No rescueof A- and| Patryn et al., 2010
eYFPtag S-motility
N-terminalMglA - Diffuse Rescueof A-motility | Leonardy et al., 201
eYFPtag cytoplasmic

N-terminalMglA -
eYFPtag

Lateral clusters an

bipolar distribution

Not reported

Semeijn, 2019
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3.2 Material sand Methods

3.2.1 Generation of tagged and truncated versionsof MglA

To study the cellular localization and functionality of Mgl#arious N and G
terminally tagged, as well as truncated versions of MgIA were generated and expressed in an
OmglAM. xanthusbackground. The Nerminally tagged versions, based on previous work in
the laboratory, used a 15 amino alodg flexible linker between the protein and the tag. This
linker, previously shown not to interfevath biological function fully restored Amaotility in
M. xanthus(Semeijn 2019) The same linker was employadcombination witheYFP and

tetracysteine teg)

Additionally, two truncated versions of MglA were generated. Using the solvag X
structure of MglA fromT. thermophilugFig. 24, Miertzschke et al., 201 lthe positioss of the
U5 helix {r9é&9i duneass @d8itbts 28)inaviglA from M. xanthuswere
identified. Two MglAconstructs were then generated, each deleting eith&-the r mi n a | us
helix and or @ er mi nal s(Fig. @5 This agpmdch aimed to provide insight into

whether the Nor C-termini are essential for the localization of MglA to the membrane.
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Figure 24: X-ray crystal structure of MglA in complex with GDP.
Schematic representation of the secondémycture oMglA from T. thermophiludound to GDP, showing dlk
helicesandb-shees, including théb-helix and theb 0 EsHeetsimage fromMiertzschkeetal., 2011.
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Figure 25. Schematic representation of the plasmislused for the localizationstudiesof eYFP- and TC-

tagged MglA.

The membrane localization of Mgl#vas studied usingYFPR and TGtagged versions of the RasGTPabke
ribosomal binding sites are shown in blue, while thieihinalgl) Ehelix and Gterminalgh 0 b 1 sardishcsvi
in grey. The linker region is represented in brown, and the eYFP and TC tags are depicted {ApeégrR2
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3.2.2 Cloning of tagged versions of MglA

An N-terminal eYFPand TC tagsontaining MglA were cloned into the pMR3679
plasmid using the restriction enzymddelandEcoRI The gene insert reactions were prepared
in a 23.3ul volume, containing 0.5l of each restriction enzyme and 2u3of 10X CutSmart
buffer. For plasmid reactions, the volume wagull ith 0.5ul of each restriction enzyme and
1000ng of plasmid, and the rest filled with dgfPl Incubation of reactions occurred at°87
for 30 minutesNdelandEcoRlenzymes required a 1@0M concentration of NalGor optimal
activity. Reactions involving these enzymes were first incubated with the other restriction
enzyme, followed by an additional -88inute incubation witiNdel and EcoRl after adding
0.58ul and 1.2ul of 2 M NaCl to the plasmids and gene inserts, respectively. Recircularization
of plasmids was prevented by incubation at@7%or 30 minutes with 0.5 pl of shrimp alkaline

phosphatase.

The GeneJET Plasmid Miniprep Kit (Thermo Scientific) was used to purify the
restrictiondigested plasmids, and the GeneJET Gel Extraction Kit (Thermo Scientific) for the
digested gene inserts. The Plasmid Miniprep Kit was followed by both DNA purifidatgmn
21 pl of elution buffer was used instead of 50 DNA concentrations were measured using a

nanodrop spectrophotometer.

The ligation reactions were prepared to a volume of i) &ntaining 6(ng of plasmid,
30ng of gene insert, il of T4 ligase buffer, and 0,3 of T4 ligase enzyme, with the rest of
the volume filled with ddEO. The ligations were then incubated at room temperature for

10 minutes.

Transformation of chemically competdatcolic e | | s (st r a480rC dboeks U)
involved adding 4ul of ligation reaction to 5@l of culture and incubating it on ice for

30 minutes. Afterward, the mixture was hehipcked in a 43C water bath for one minute and

95

r



then immediately placed back on ice fanthutes. Next, Inl of LB liquid media was added,

and the culture was incubated at°87for one hour in a gently rotating tube spinner. The
cultures were pelleted at 16,00n for one minute using an Eppendorf 5415D benchtop
microcentrifuge. The supernatant was discarded, and the remaining liquid was used to
resuspend the pellet. The resuspended pellet was then spread on kananugimi30B agar

plates to select for transformants.

The inoculated plates were sealed with parafilm, incubated overnight@t and then
stored at room temperature to slow the growth of colonies to ease picking of individual
transformants. For colony PCR reactions, 1#.%f DreamTaqg polymerase master mix
(Thermo Scientific), 11.41l of ddH0O, 0.5 pl of DMSO (final concentration 2%), and 025
of the forward and reverse primers were mixed together. After the insert had been successfully
transformed into DH5U, t he pl @&sspnMinipteplit wa s
(Thermo Fisher, 2020). The concentration of the plasmid DNA was measured with a nanodrop
spectrophotometer. Subsequently, the plasmid was sent for sequencing, to confirm successful
cloning. The plasmid with the insert was transformméd M. xanthususing electroporation at
a setting of 0.65 volts. After electroporationnlof CTT medium was added, and the cells
were allowed to recover for Rburs or overnight. Cells were plated on CTT agar plates

containing kanamycin.
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Table 4: List of M. xanthusstrains usedbor MglA localization studies.

Strains Expression Reference
N-terminal full length amglAM. xanthus This study
eYFRMgIA

N-terminal eYFRtagged amglAM. xanthus This study
DU MglA

N-terminal eYFRtagged aanglAM. xanthus This study
DbOb1Mgl A

N-termiral full-lengthTC- | aanglAM. xanthus This study
MglA

N-termiral TC-taggedDUb | @nglAM. xanthus This study
MglA

N- terminusTC-tagged amglAM. xanthus This study
DbOob1Mgl A

N-terminalfull-length abacMM. xanthus This study
MglA-TC

Table 5: List of primers usedbr the cloning experiments the MgIA localization studies

Plasmid Primers Forward and | Sequences 3

Reverse
PMR3679 MglA forward primer | ATCGCCATATG

Ndd ATGTCCTTCATCAATTACTCATC
PMR3679 MgIA reverse primer | TATAT GAATTC

FCoRl TCACCACCCTTCTTGAGCTC
PMR3679 MglA forward primer | TATAT CATATG

Nadd ATGTCCTTCATCAATTAC
PMR3679 MglA reverse primer | TATAT GAATTC

FcoR TCAACCACCCTTCTTGAG
PMR3679 BacMforward primer | TATATA CATATG

Ndd TCTGGTGAGGTCCAC
PMR3679 BacMreverse primer | TATATA GAATTC

Ecor CTACTTCTTCTCGCCACC
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3.2.3 Cloning of MglA-eYFP into the yeastSaccharomyces cerevisiae

The cloning of MglAeYFPinto yeast was conducted in collaboration with Dr. Ewald
Hettemads | aboratory at the UniversplSD4y of S
plasmid was chosen, which contains ateNninally gfptaggedPex19gene. Thif?ex19gene
is positioned between the ye&#x19endogenous promoter and the PGK1 terminator. The
plasmid also contains a URA3 selection marker, facilitating the identification of positive clones
using standard uraedeficient medium (Gietz and Sugino, 1988). To enhance the suitatbili
the plasmid for the cloning of tiM. xanthuanglA-eyfpgene, the multiple cloning site (MCS)
of the pMR3679 plasmid was introduced. This MCS was chosen because it introduced several
useful new restriction sites to the plasmid, with only one of its restriction sites being unsuitable
for the planed cloning precure. To remove this problematic restriction site of the MCS, an
initial PCR amplification was performed to successfully mutate this restriction site. Following
the modification of the plasmithe mglA-eyfpgene was cloned into theS-04 plasmid using
the two restriction enzymddindlll andEcoRI The modified plasmid was then transformed
i nt o BEDedbbodlls, using the ampicillin resistance marker for selection. To confirm the
successful incorporation of the gene insert, a colony PCR was performed, and colonies with
the gene insert were selected. The plasmid was subsequently isolated and sent foingequen

to validate the correct insertion.

Next, BY4741 yeast cells (MATA hisB leu20 met150 ura30) (Brachmann et al., 1998)

were transformed with the modified plasmid using electroporation. After transformation, the
yeast cells were recovered on supplemented medium and then plated on ghatgsulacil.

This step allowed for the selection of yeast cells that had successfully takemugi Arey/fp
containing plasmid, as the pl asmidésficentRA3 s e

medium.

98



3.2.4 Fluorescentlight microscopy

A Nikon duatcanera inverted widefield microscope located in the microscopy
facility at the University of Sheffieldvas uilized to acquire images dhe yeast cellsThe
equipmentcompriseda Nikon Ti inverted microscope fitted with tunablelight source for
fluorescent microscopy.(minor SpectraX operating at a wavelengti 488 nm, and aDual
Andor Zyla sCMOS camerd he microscope was also equipped witiCGix NA oil PH
objectiveandemission filterdor visualizinggreen, red, and blue fluorestgroteins Before
initiate i mage r ecor di ncgntrollad istagéncubation chearoberp e 6 s
waspreheatedor 1 to 2 hoursat 32 degrees Celsiu®nce the temperature of the chamber had
stabilized, glass slides with the samples were positioned on the X, Y motorized stag, and a drop
of high refractive index (RI 1.518) immersion oil was appliedhe objective lens before
examiningthe sampls. The time-lapse duration was set te1® minutes with interva of
10 seconds, while the exposumme wasapproximatelyl0Oms for thecells expressingYFP
tagged proteing-luorescent data were acquired using either FITC, DAPI, or TXRED filters,

depending otthe specific tag ofach sample.

In addition to eYFP, theix-aminoacidslong Tetra Cysteingag (TC) was also used
to label MglA. This tag, with the amino acid seque@€&PGCC has astrong affinity for the
membranepermeable biarsenical fluorophores FIAsH and ReAahbwing pulsechase
experiments that can be used to track the movement of MgIA protein clusters inside cells
Finally, images wergecorded using th&llS elements softwaref the camera and then
processed usinghe Fiji-imagel.53i software During processingmaximum intensity

projections of the imagesere produced
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3.2.5 Colony expansion assaysn hard and soft agar
Theexpansionsf M. xanthusell coloniesveremeasured on hard (1.5%n0d soft (0.5%)
agar overa period of 1 to 3 daysf growth at a temperature of 32, asdescrited in the

Materials andMethodssection of Gapter Il.
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3.3 Resuls

3.3.1 Investigation of the restoration of A- and Smotility of sanglA cells using N

terminal eYFP-tagged MglA

Previouswork in our laboratorydemonstrated that a-€rminal eYFPtagged MglA
containing a long linker, could fully restorerAotility in a aanglAmutant at both the single
cell and swarm levekSemeijn 2019) However, during Western Blot analysis using an MglA
antibody, a band appeared at the height of MglA, suggesting that in some fusion protein, the
eYFP tag had been cleaved off. This small amount of cleaved MglA could potentially have
restored motility irthese cells, casting uncertainty on whether the elydtihd MglA is indeed
biologically active. Therefore, it was decided darefully reexamine the localization and
biological activity of an Nerminal eYFPtagged MgIA expressed in @&mg ImAtant
background. The pMR3679 plasmid was used to control the expression level of the fusion
protein with vanillate. This tunable expression level allowed the expression of the tagged MglA
to match the native cellular levels of MglA during the experimésing this expression setup,
colony spreading assay were performed at different concentrations of vanillate to test at which
concentratia level the colony expansion resembled that of the WT. The results showed that
the Niterminal eYFPtagged MglA was unable to rescuendotility and colony expansion in
the nonmotile eanglAbackground, independent of the vanillate concentrakan 26 and27).
These data confirmed published results showing that -aerminal eYFPabelled MglA
containing a 1z2amino acidlong linker was unable to restanglAsingle cell motility(Patryn
et al., 201Q. Interestingly, the same study showed th&-&rminal construct was able to

effectively restore single cell-Aotility but only partially swarm expansion and sporulation.
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Figure 26: Investigation of A- and Smotility of aanglA cells expressingifferent amounts of N-terminal
eYFP-tagged MglA in a aanglA background.

The experiment was conducted &) pard agar andB soft agar. The >axis representhie number of days (D1

to D4) andthe Y-axis represestthe colonydiameterin millimetres respectively The stainswere unablgo
restoreA- and Smotility in aanglAcells. The cultures were induced with increasing concentrations of vanillate,
and the coloy diametersvere measured dailfjMeasurementare showrwith the standard deviation based on
replicates on each colony per plate
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Figure 27: Expansionof aanglA cell colonies expressindifferent amounts ofeYFP-tagged MglA in aaanglA
background.

eYFPtagged MglAwas expressed at low and high vanillate concentraimganglAcells onsoftandhardagar
Each picture represents the expansion of the spotted cells after incubation for fatr32e¢s
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3.3.2 Investigation of therestoration of A- and Smotility using N-terminal eYFP-tagged

Mg|Aaeb 0 Bshieets

The observed inability of the-drminal eYFPtagged MgIA construct to complement
theaanglAphenotype could have various reasons. One of these reasons might be the inability
of the tagged protein to localize to the membranemé&Ras proteinsndergo postranslational
modifications that enable them to localize and bind to membranes. Two compwosén
translational modificationof Ras proteins are prenylation goalmitoylation bothleadng to
attachment to membranéss these modifications are often preseliose to the Nerminus of
Raslike GTPases, the commonly modified amino acid resiciggge and cysteineere
identified in this part of the sequence of MglA orderto investigateheir potential role in
prenylation andipidation, and consequently membrane localizatianeYFPRtagged MglA
construct was generated that lackedith@ Eslieetso determine whether theemoval would

impact the localization of MgIA to the membrane

Like the originaleYFRtagged MglAconstruct, the newly generatiigterminal eYFP
tagged MglA&® 0 Bieets deletion mutantwas investigatedon both hard and soft agar
Unfortunately, similar to the fullength construct, the removal of tiheO bsHeetsdid not
impact motility, even when grown in the presence of increasnglateconcentrations. This
result indicates thattheNer mi nal regi on of Mgl A may not
to localize to membranes. As before, the WT anddghglAmutant strainvereusedaspositive

and negative controlrespectively(Fig. 28 and29).
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Figure 28 Investigation of A- and Smotility of aamglA cells expressingdifferent amounts of N-terminal
eYFP-tagged MglAZ® 0 Btieetsin g aanglA background.

The experiment was conducted(@) hard agaand (B) soft agarThe X-axis represents the numbeiirméubation
days(D1-D4), and the Yaxis showghe colonydiameteiin millimetres. The stin did not restore motility ithe
anglAbackground under both conditioffhe cultures were induced with increasing concentrations of vanillate,
and the coloy diametersvere measured dailyveasurementare showrwith the standard deviation based on
replicates on eaatolony per plate
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Figure 29: Expansion of aanglA cell colonies expressinglifferent amounts of eYFP-tagged MglA® 0 bsfieets

on hard and soft agar

An eYFPtagged Mgl&® ° Bieetsonstruct waexpressed at low and high vanillate concentratio@anglAcells

on had and soft agarEach image represents the expansion of the cell colony after incubation for foat days
32°C.
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3.3.3 Investigation of therestoration of A- and Smotility using an N-terminal eYFP-

taggedMglA &5 helixconstruct

Based on th&-ray structureof MglA from T. thermophilusit was suggested th#te
amp hi pat hright pldyba rdieanl binding to the membrgiMiertzschke et al., 2011).
As this helix is also amphipathic in thd. xanthusMglA, an N-terminal eYFPtagged
MglA&Bheixconstructvas generated and expressed aargylAbackgroundTo investigate the
ability of theadbhelixmutantto restore motility irthis background, thstrain expressing the
construct was grown overnight in liquid CTT mediuoilowed byspoting on soft and hard
agarplates in the presence ioicreasing vanillate concentratiori$ie colonydiametersvere
measuredver afour-day period at 32C, and the results were compared with the WT and
aamglAstrains, servin@s positiveandnegative contr@ Unfortunately like for theN-terminal
eYFRtaggedMglA® © Bieelsonstruct no restoration ofotility of the nonrmotile phenotype
of thegmglAmutant strain was observaddependent of the concentration of added vanillate

(Fig. 30 and31).
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Figure 30: Restoration of A- and Smotility of aamglA cells expressingdifferent amounts of N-terminal
eYFP-tagged MglA® %¢ix in a aanglA background.

Themotility assays wereonducted onA) hard agar andB|) softagar. The Xaxis representthe number of days

the cels wereincubated andhe Y-axis shows the diameter of tlewlony. The strain did not restore motility in
theaanglAcellsunder both condition§ he cultures were induced with increasing concentrations of vanillate, and
the cololy diameterswere measured dailMeasurementsre shownwith the standard deviation based on
replicates on eaatolony per plate
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Figure 31. Expansion of amglA cell colonies expressing/arying amounts of N-terminal eYFP-tagged
MglA & &elx on hard and soft agar.

An eYFRtagged Mgl&25helix construct wasexpressed at low and high vanillate concentrationa aanglA
backgroundn had and soft agatEach image represents the expansion of the cell colony after incubation for four
daysat 32°C.

109



3.3.4 Investigation of therestoration of A- and S motility using N-terminal TCitagged

MglA @ &elix gn soft and hard agar

According to the literaturehe usage of fluorescent protein tags like eYBRhough
convenient and powerful, comes with drawba@ksonardy et al., 2010Pue to their sizes,
these tags can interfere with the proper folding of the fusion partner protein or prevent
necessary proteiprotein interactions or pestanslational modifications to occur. Furthermore,
the tag can also be cleaved of in some or midsiedfusion protein upon expression as previous
work in the laboratory had indicated (Semeijn, 2019). Therefore, it was decided to replace the
large eYFP tag with the onlyd@mnino acidlong Tetra Cysteine (TC) tag. This tag is not only
substantially smaller but also shows a high affinity for its fluorescent biarsenical detection
reagents HIAsH and ReAsH. ConsequentlyNaterminal TGtaggedMglA® ®¢lix construct
was generated and overexpressellixanthusn a OmglAbackground on both soft and hard
agar usingncreasing concentrations of vanillat® increase expression. Unfortunately, the
change of the tag did not rescue motility in these cells even aftdag geriodof incubation

at 32°C(Fig. 32 and33).
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The results highlight the fact that tiNeterminal TGtagged MglA ®e* construct is unable to resctiee
motility of aaamglAstrain orboth(A) hard ad (B) soft agar plates irrespective of the concentration of vanil
All assays were performed in triplicates and the averad#éfefent colonies is shown. Error bars repres

standard error.
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Figure 33: Expansionof aaglA cell colonies expressingarying amounts ofN-terminal TC -tagged MglA®
helx on both hard and soft agar. )

Expression othe N-terminal TGtagged Mgl& ®¢* construct m a aanglA backgrounddlid not restorenotility
on either(A) hardor (B) soft agargvenafter 3daysof growth at32 °C.
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3.3.5 Rescue of A and Smotility using an N-terminal TCitagged MglAZ® 0 bsfieets

construct

As discussed above in more detall, the ide@moovet h e dhéets at the ferminus
of MglA was based on the hypothesis that they maaylitate attachment to the cytoplasmic
membraneand therefore, influence the localization of the prot€mtest this hypothesisin
N-terminal TGtagged MgIA construdackingtheb 0 EsHeetsvas clonednto thepMR3679
plasmid,which contains short linker between the tag and théehninus. After transforing
the construcinto the aanglAstrain its ability to compementthe nonamotile phenotype of ik

strain was testedn bothsoft and hard agar.

To induce the expression of the construct, the agar contained varying concentration of
vanillate, namely, 0, 5, 50, 250 and 5, to determine the optimal concentration required
for stimulaing motility. Unfortunately,similar to the experiments with thé-terminal TG
tagged Mgl&¥ ®elx construct, thesexperiments showed that the constiacking thetwo b-

shees was urable to rescuen either soft or hard agar plai{sg. 34 and35).
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Figure 34: Investigation of A- and Smotility of aanglA cells expressing vaying amounts ofN-terminal TC -

tagged MglA®® © Bheetsin g ganglA background.

The results demonstrate that terminal TGtagged MglAP © Bieetsconstruct is unable to resctiemotility of
anamglAstrain onboth (A) hardor (B) soft agar irrespectively of the concentration of the inducer vanilidite.

assays were performed in triplicates and the average of different colonies is shown. Error bars represent standard
error.
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Figure 35: Expansionof aanglA colonies expressingarying amounts of TC-tagged MglIA® 0 Bieetsgn hard
and soft agar. )

Expression of T@agged Mgl&® 0 Beets ike the N-terminal TGtagged Mgl& ¢x construct m a sanglA
backgroundlid not rescuemotility on either(A) hardor (B) soft agarfollowing 3 daysof growth at32 °C in the
presence o or 500uM vanillate.
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3.3.6 Restoration of A- and Smotility using full-length N-terminal TC -taggedMgIA

To test whether the size of the chosen tag had any influence on the ability of constructs
to rescue motility in @mglAbackground, the eYFP tag was replaced by the much shorter TC
tag, which is only 6 amino acids lonbn preliminary experimentdN-terminal TC-tagged
MglADP 0 Blieetsgng TGtagged Mgl&Y ®el failed to rescuemotility. Consequently, a full
length N-terminal TC-tagged MglA construct was generated next. For this purpose, the
construct was cloned intbe pMR367%lasmidwith a short linkebetween the tag and the N
terminus Similar to the previous experiments, the construct was induced with increasing
vanillate concentrations during growth on hard and soft agar plates. Notably, at a vanillate
concentration 0600uM, the fulklength TGtagged MgIA rescued Anotility to a level close
to that of WT nearly matching the recorded motility of the positive control. Moreover, this
construct also somewhat rescuchotility during the 4daygrowthperiod at32 °C, albeit to
a much lower degree thanrAotility (Fig. 36 and37), indicating that the smaller tag did not
interfere with the correct folding of MglA or the potentially necessary-yasslational
modification of the proteifWeiss et al., 2000Jmportantly, the reasarfor the difference in

the rescue of Aand Smotility are currently not understood.
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Figure 36: Restoration of A- and Smotility of aangIA cells expressingvarying amounts of full-length N-
terminal TC-tagged MglA in a aanglA background.

Theexpressiorof full-lengthN-terminal TC-taggedMglA in aanglAbackgroundvasableto restoremotility of
anglAcellson (A) hardand(B) softagar The X-axis representhe number of days the cellereincubated and
the Y-axisshows the diameter of tle®lony. Interestingly, the construct restoredmotility substantially better
than Smotility. The cultures were induced with increasing concentrations of vanillate, and thg disloveters
were measured dailfvleasurementare showrwith the standardieviation based on replicates on eaolony
per plate

117



A haaed&ab6buyMVan handaugMVa n

amglA

B sof tbouyl&¥a 1 soft pudMyan

amglA

Figure 37: Expansion of aanglA cell colonies expressinglifferent amounts of full-length TC-tagged MglA

on hard and soft agar
Theexpressionf full-lengthTC-taggedViglA in aganglAbackgroundescus motility onboth(A) hardand(B)

soft agarat 32 °C, albeitthe degreeof rescueis very different. While A-motility is nearlyrescuedo WT level,
therescueof S-motility is muchweaker.
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3.3.7 Restorationanalysisof A-motility using N-terminal MglA-T C  ibacM &

As previous experiments had shown that thel&rgth N-terminal TC-taggedMgIA
was able to rescue motility of @inglAstrain nearly at wildtype level on hard agar and to a
lesser degree on soft agar, we next investigated the rescue of motility of this construct in a
abacMbackground. This experiment was based on the results of the lucibasesa protein
protein interaction studies that had shown that the bactofilin BacM and the RasGTPase MgIA
bind to each other and, ther ef oringriguinghotod d i nf
expression ofhe full-lengthN-terminal TC-taggedVglA in the abacMstrainhadthe opposite
effect from the expression in tl@anglA strain reducing Amotility on hard agar instead of
increasing it. At low concentration of vanillate such as 0, 5 u\B@anillatethe cell colonies
containing the construct expanded at nearly wild type level, a process that is drastically reduced
at higher vanillate concentrations like 250 or p00. The aanglA and abacM strainswere
usedin these experimentas a negativand positivecontrok, respectivelyOverall, these
results suggest that the oggpression of the tagged MgIA ion the absence of BacM interferes

with motility and possible cell viabilityFig. 38 and39).
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Figure 38: Change of Amaotility of adbacM cells expressingzarying amounts of fulF-length N-terminal TC-
taggedMglA on hard agar.

Vanillateinduced increasedxpresson of full-length N-terminal TC-taggedMglA in adbacM cellsreduces A
motility on hard agarAll assays were performed in triplicates and the average of different coloslesis.
Error bars represent standard error.

hard agvarvah hard @#Mg &/man

anglA

Figure 39 Expansion of abacM cell colonies expressing vating amounts of full -length N-terminal TC-
taggedMglA on hard agar.

Images of colony expansion were taken after growt! fiterys at32 °C at different concentrationsf vanillate
The induced increased concentration of the tagged MglA reducestifty on hard agar.
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3.3.8 Fluorescent microscopylocalization studies of N-terminal TC -taggedMgIA® 00 1

sheets TC-taggedMglA 25helix and full-length TC-tagged MglA

Published research has demonstrated that fluorescently labédd, capable of
complementing thémglAphenotype, exhibitgnipolar localized at the leading pole of the cell
during locomotion. This suggests that this distribution mirrors the localization of native non
tagged MglA. Importantly, this research has also shown that the choice of the MgIA terminus
used for tagging significantly infences the localization and degree of complementation (see
Table 3 for a summary of relevant published resultsyel more importantly, when
considering the degree of complementation, tagged versions of MgIA that restorecslhgle
level A-motility do not necessarily restore-rAotility at the swarm level. This makes it
imperative to investigate the localization arejcbe of complementation for each construct

(Guzzo et al., 2018; Mercier et al., 2020; Zhang et al., 2021).

Therefore, we decided to investigate the cellular localization and ability to bind to
membranes for the following three constructs: Thteihinal TGtagged Mgl&® 0 Bieets the
N-terminal Mgl&®5 " ednd*thefull-length TGtagged MgIA strains. For the-l®urlong
investigations on 1.5% CTT hard agar plates, the first two strains were induced usjig 500
vanillate, while the third strain was induced with varying amounts of vanillate. For the first two
strains, quite different observations were mgg. 40). While most of the cellsf N-terminal
TC-tagged MgI&® 0 Bleetsshowed intracellular fluorescence that was either punctate of
diffusely distributed throughout the cells, theté&tminal MglA®5 "Edriying strain often
showed no fluorescence at all but exhibited signs of cellular stress instead, with many cells
being dead or clearly damaged. In contrast, the cellular localization of tHenfgth TG

tagged MglA strain mirrored more closely the distributieported in the literature, with many
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cells showing punctate staining either in form of lateral or unipolar clusters, the latter possibly

representing MglA clusters at the leading pole wherd@ #ieare locate@Fig. 41).

Figure 40: Fluorescerce microscopic localization of two variously N-terminal TC-taggedMgIA constructs.
While many cells show fluorescence(i), the TC-taggedMglA# © tsheet construct most cells in(B), the TC-
taggedViglA =5 "elixconstruct were nefluorescent and showed signs of cellsi@ess insteaalfter induction with
500uM vanillate at 32C for 4 days The rows show from left to right, the fluorescence image, the overlay view,
and the phase contrast image. Scale bar = 5 ¢gm.

122



500 UM

250 pM

50 uM

10pM

OpM

WT

Figure 41: Fluorescercemicroscopic localization ofthe full-length N-terminal TC-tagged MgIA in a aanglA
background at varying concentrations of vanillate

Each row shows from left to right: the phase contrast inthgeoverlay view, and the fluorescence image with

the concentrations of vanillate shownnilvl. All images were recorded on hard agar after growthfdays at

32°C. The wild type is used as negative control as this strain does not contain any tagged protein that can interact
with the addediarsenical fluorophote
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3.3.9 Fluorescence light microscopicdcalization of M. xanthusMgIA -eYFP in yeast

Although the central role of MglA iM. xanthusmotility has been well established more
than thirty years ago, the precise role or process the protein in motility plays is still unclear.
Interestingly, a landmark paper demonstrated tthatRas GTPase Sarl frof cerevisiae
couldpartially complement the motility and sporulatidafects irtheaanglAM. xanthusstrain
(Hartzell 1997). Inspired by these observations, a rewamsgineered experiment was
conducted in which MglA wasxpressedn yeast toinvestigate its cellulatocalizationto
potentially gain new insights into its biological functiofeast was also chosen because it
possesses additional endomembrane systems such as the ER, mitochondria, Golgi apparatus,

etc. which differ in lipid composition and curvature.

Surprisingly, MglA -eYFPexpressing gast cells displayed a namiform distribution of
fluorescencgFig. 42). According to our collaboratddr. Ewald Hettema, this neaniform
fluorescent distribution is indicative of mitochondr&thining This somewhat unexpected
result could suggest that Mgl&Y FP might bind tenitochondrihmembranesdue to theihigh
contentof cardiolipin a lipid also found in bacterial cytoplasmic membranes, particularly in
areas of membrane curvatwech as theell poles, defanations of the cell envelope, and
during cell division.Excitingly, this observation could indicateat MgIA interacts with
cardiolipin either directly or through postanslational modificatiomand as a consequence,

becomes enriched at thell poles inM. xanthuscells

To record the cellular localization of M@l&YFP in yeast, the transformed yeast cells
weregrown overnight in YPD mediurand needed relatively long exposed due to the weak
fluorescence inside the ce(ss, binning 1x1, gain 8). WT BY4741 yeast cells wengsed as

anegativecontrol (Fig. 43).
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Figure 42 Image ofbackground fluorescence inWT BY4741 yeastcontrol cells on TPM agar Overnight
grown WT BY4741 yeast cells wergpotted onto TPM agar patchdse upper two images show tiphase
contrast picturef a number otells (left) andthe correspondindluorescence image (righfyhetwo imagesn
the lower row show two groups of cells from the upper right fluorescence pictighahagnifcation(1000x).
A relatively long exposure was necessarcépturethe weakdiffusely distributed auftuorescencef the cells

(5s, binning 1x1, gain 3s).
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Figure 43: Fluorescent microscopy of the cellular localisation of MglAeYFP in yeastcells

WT BY4741 yeast cellsontaining the pl94 plasmidexpressing MglAeYFPwere grown overnight in liquid

Y M1 medium.Theupper two images show tiphasecontrast picturef several cellgleft) andthecorresponding
fluorescence image (rightf'hetwo imagesin the lower row show two groups of cells from the upper right
fluorescence picture aigh magnifcation(1000x). Note, the punctate staining at the periphery of the cells, which
is typical for mitochondrial staining. The same long exposure setirgdinning 1x1, gain 3syere applied as

for the control cells to enhance the comparability of the images.

126



3.4 Discussion

Previousdy publishedstudieshadreporedthatN- andC-terminaly eYFRtagged MglA
can complement the motility ofaanglAM. xanthusstrain(Leonardy et al., 2010; Mauriello,
2010; Patryn et al., 2010Moreover, these studies showed that the labelled MgtAed
unipolar and lateral clusters, believed to be the physiologically active arrangement of the
protein in motile cells. Although these results seem encouraging for using fluorescently
labelled fusions of MgIA to study the cellular localization andav&bur of this small Rakke
GTPase, closer inspections in the lab had revealed that the previously used eYFP fusions of
MglA only complemented motility at the single cell level, not at the swarm level. Furthermore,
cells expressing the fusion proteinsiens of MglA showed reduced motility compared to WT
cells. Overall, these results indicate that the fluorescently labelled versions of MglA generated

and used so far are deficient in their ability to truly complemersatigd Amotility phenotype.

Therefore, the constructs and experiments described in this chapter aimed to generate a
fluorescently tagged MglA construct that would behave like native untagged MgIA and
complement motility at the swarm level, enabling colony spreadingachieve this, we
expressed different tagged versions of MglA usingphER3679plasmid, which allows for
tightly controlled expression. Two different tags were tested: the approximatkeDa2large
eYFP tag and the much smaller six amino doidy TGtag. Additionally the length and amino
acid composition of the linker between the tags and the MgIA protein were modified to identify
an optimally suited linker, a feature that is particularly important when using the large eYFP
tag. While previous linkers were 1Pdtryn et al., 200)0or 11 aaong (EFERYASPVGH,;
Semeijn, 202§ here, a 15 abong linker was used that is rich in glycine and serine to provide

a high degree of flexibility.

In a previous study in the laboratory, it had been shown Gdaeamninaly eYFRtagged

MgIA was able to rescue-Aand Smotility (Semeijn, 2019)Upon induction with 25@ M
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vanillate, the moderately expressed M@XFP construct resulted in wild type levels of A

and Smotility in a OmglA background. Unfortunately, closer inspection of these results by
Western Blots indicated that besides the protein band of the fusion protein, the cells also
contained an MglA antibodgrossreacting protein at the size of native MglA, indicating that

a snall percentage of the fusion protein may have been cleaved during expression. A similar
cleavage of the MglA fusion protein had been rembfte other constructs in the literature,
demonstrating that the observed proteolytic processing of the fusion protein may have
interfered with the biological activity and localization of MglANh xanthuscells (Leonardy

et al., 2019 To overcome theeissues, it was decided tary using an Nterminally eYFP

tagged MglAinstead, a strategy that had been used béfe@nardy et al., 2010; Patryn et al.,
2010) Although these previous studies reported issues with the biological activity and
localization of the NlerminaleYFRMgIA, we tried to address these by using an inducible

expression plasmid combined with a 18l@ag flexible linker.

Using this novel construct, various strategiese employed tamprove the previously
obtained resultgLeonardy et al., 2000 These strategies included the use of varying
concentrations of the inducer vanillate to fion@e the amount of MglA, as well as using
different environmental situations during expression such as growth on soft and hard agar.
Unfortunately, for none of these aiions waseYFR-MgIA able to rescue motilitylikely
indicating that the relatively larggYFPtag even when sepaedby along and more flexible
linker, interfered with the biological function of MgIA One possible reason fdhe
inconsistencyf theexperimental results could be the differences in cell preparation methods.
In the Patryn study, cells were grown in 0.5% (v/v) methylcellulose TPM broth or placed on
TPM 1.5% agar pad@atryn et al., 2010whereas in our laboratory, celigere placedn

fresHy prepared.7% orl.5% CTT agawads instead, which provided nutrients, allowing the
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cells to be metabolically active during the experiment. This metabolic boost may have

influenced the expression and localization of the MglA fusion protein.

Other differences resulted from the storage of thenpade agar pads. Although all agar
pads werecovered with polyvinyl filmto prevent drying, they were stored differently. In
particular, the prolonged storage in the fridgd°& could have negatively impacted motility
by increasing the dryness of the agar pad, which may, in turn, have impacted not only motility
but also the intracellular localization of MglA. However, the most important factor influencing
the results is certainlthe size of the the é¥P tag (2/kDa), which is larger than the tagged
protein, MglA (21kDa). It is for this reason that it was hypothesized that the size of eYFP,
even when separated by a | inker, interferes
only sixaminacidlong TC tag was used to tag MgIA. When expressedpnglAbackground,
TC-tagged MgIA was indeed altie rescue motility in theeotherwisenonrmotile cellson both
soft and hard agar. Encouragingly, the degrefe-ofotility observed increased with inagng
concentrations of vanillate, matching at the highest concentration the wild type level of motility.
Moreover,the rescue of motility for th&C-tagged MgIA was alsobserved on soft agar,
indicating that the T@agged construct rescued bothahd Smotility. Based on these results,
therefore, in general terms, the most promising tags would combine a small tag like TC with a
long, highly flexible linker, a result that will be valuable for the design of future tagged versions

of MglA.

We next analysed the intracellular localization of the construct using fluorescence light
microscopy. Similar to published reports, various intracellpkgterns of localizationvere
observed for the T@agged MglA. While some cells showed a uniform diffuse distribution of
the tagged protein, other cells had punctate staining, including lateral and polar clusters.
Interestingly, similar results had been previously describedvfBPg¢agged MglA(Patryn et

al., 2010) indicating that tagged MglA under phgkigical conditions forms clusters and
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associates with membranes, p adistributton simailarftoy 1 n 1
that shown by some eukaryotic Ré® proteins that are involved in signalling and membrane

curvature(Antonny et al., 2005; Booth et al., 200¥anna et al., 2016; Liang et al., 2018)

Intriguingly, MgIA shares other features with eukaryotic fles GTPases, as it is not
only essential for motility but also for establishing cell polarity. To do so, MglA accumulates
at the |l eading pole where the T4P assembl e,
with its GAP MgIB at the lagging pole as well as other motilélated proteins like RomR or
MreB (Kaiser, 1991a; Leonardst al, 2010; Zhanget al, 201Q Mauriello et al., 2010c)
Additionally, MgIA has also been postulated to be a protein component of the focal adhesion
complexes that have been hypothesized to poweoAlity (Mignot et al, 2007b; Naret al,
2010;Sunet al, 2011; Nanet al, 2017). For example, based on protgirotein interaction
data, MglA interacts with AglZ, another important focal adhesion complex protein that is
essential for Amotility (Yang et al., 2004Mauriello et al., 2010a)Notably, MglA has been
suggested to be more than just a protein component of the focal adhesion complexes, but
actively involved in processes that regulate their formation and the generation of propulsive
force. To do so, it has been proposed that Mgtéatly interacts with the AgGlt multiprotein

machinery of the focal adhesion complexes (Nan, 2017).

Given these different roles and the various cellular localigagsociated with the
possible functions of MglA, it is important to understand how MglA might bind to these
different cellular targets. Previous work in the lab (Semeijn, 2019) had examinedréye X
structure of MglA and other homolog bacterial fike GTPases for the presence of structural
el ements possibly accounting for these prote
identified two such structural elements: The amphipdikicx a5 and the NlerminalbOb1l
sheets of MglA, with both elements using different mechanisms for membrane attachment.
While the amphipathia5 helix can interact directly with membranes through its hydrophobic
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side chains, théb-sheet structures could only indirectly interact as the result of post
translational modifications like lipidations or prenylationboth of which are widespread
among eukaryotic Rage GTPases. One of the more common lipidation is palmitoylation,
while common prenylations include farnesyl or geranylgeranyl isoprenoid moieties that are
covalently bound to cysteiner serine esidue. Importantly for both of thesenembrane
attachmentnechanismgsthereexist precedence among eukaryotic fkes GTPases. Sarl of

S. cerevisiaeaRasGTPase involved in membrane remodelling of the ER and Golgi apparatus
uses an amphipathic helix for membrane targdfireg et al., 2005; Schwieger et al., 2017),
while the GTPaseRas, Racl or Rab are all at theutétmin prenylated Campbell & Philips,

2021) Based on these datavo different MglA constructs were genemtene lacking thab

helix and tle other one lacking the-dérminalbObl sheet containing accessible serine and
cysteine residuednfortunately, neither construct was able to rescue motility ofahglA
stranMost | i kely, this failure was due to the
Furthermore, to achieve rescue of motility, even for constructs that complemented the
phenotype, such as the fldingth TGtagged MgIA, high levels of expression wessential
(250-500nMM vanillate combined with the stronglA promotor). Hevever, at these high
concentrations of MglA, the protein may become toxic, which is especially evident in the
absence of BacM (Semeijn, 2019). Controlled expression of the constructs also showed that
even at the lowest level, no complementation was aathieieely due to topological
consequences of the deleted structur al el em
interact with its cognate GAP, MgIB, ultimately preventthgnecessariglB-assisted GTP

hydrolysis of MglA (Baranwal et al., 2019; Gah et al., 2019)

As mentioned above, th®arl homologue of MgIA in yeass able to attach to the
membraneaisingits N-terminalamphiphatic helband, more importantlys capable of partially

complementinga aanglA phenotypgHartzell et al., 1997)This observation was the basis for
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our hypothesis that MglA may also be capatii@ither directlybinding or attachingio the
membrandike Sarlor indirectlyby interacting withanothemembraneboundprotein (Hanna

et al., 2016)One such candidate protein, BacM, had been identified in the lab earlier (Semeijn,
2019). The fullength version of this protein has been reported to bind to membranes using its
N-terminal sequence (Deng et al., 2019), a process that may influence memimzature as
ObacMmutant strains show defects in th@embrane topology (Koch et al., 2011). Membrane
attachment of the MglA mutant constructs may also cause reduction in speed as they may
influence the formation of focal adhesion complexes, which has been suggested to be important

for gliding motility (Pollock et al., 2005; Secko et al., 20&ignot, 2007)

The Sarl experiments also inspired our experiments to eXdgtaseYFPin yeast cells
Surprisingly, yeast cellsexpressing MglAeYFP displayed a nowmniform distribution of
fluorescence stainingdentified by our collaborator, Dr Ewald Hetterras mitochondrial
staining. Importantly, the membrane of this eukaryotic cellular compartment is enriched in
cardiolipin, a type of lipid not commonly found in other eukaryotic membrane systems.
However, most bacterial cytoplasmic membranes contain ¢igidim varying concentrations.
What makes this finding intriguing is the fact that cardiolipin, due to the sloayge of its head
group, specifically enriches in areas of high membrane curvature, most prominently the two
cell poles(Galicia et al., 2019)Thus, one possible explanation for the polar localization of
MglA would be that this protein specifically interacts with cardiolipins either directly or
through postranslational modification. Interestingly, recent research has highlighted the
importanceof the lipidome ofM. xanthusin fruiting body formation and spore germination
(Ahrendt et al., 2015)a fact that could also play a role in possible lipid or isoprebaskd

posttranslational modifications.
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Importantly, the interpretation that the eY:MR)IA distribution is indeed caused by the
proteinbs association with mitochondria neec
mitochondriaspecific stains such as MitoTracker could be used to cotectile eYFRMgIA
signal and the distribution of mitochondria. Another approach would be the use of the yeast
mutant strain DM that producespherical mitochondriaExpression of eYFRIgIA in this
mutant strain should, therefore, result in fluorescentlinsthspherical structures. A more
specific and telling experiment, however, would be, of course, the use of yeast strains that are
defective in the production of cardiolipin, as they would allow for chemically characterizing
the MglA-mitochondria interaatin in more detail and help confirm our initial hypothesis.
Finally, several control experiments have to be done. First and foremost, the empty plasmid
would have to be expressed to exclude the possibility that the observed fluorescence is a form

of stressnduced autdluorescence.

In summary, the data in this chapter have shownttieafull-lengthTC-tagged MgIA is
the best candidate construct to observe the localization and behaviour of MglAamthus
cells as the fusion protein is capable of rescuingrl Smotility at the singlecell and swarm
levels. Moreover, its intracellular localization appears to mirror the behaviour of the untagged
protein, forming lateral and polar clustemally, the expression dflglA-eYFPin yeast cells
resulted inra norruniform, possibly mitehondrialstaining,hinting at the possibility that MgIA
may associate with cardiolipins during membrane attachment. Howedslitional

experiments are needed to confirm this hypothesis
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Chapter IV: Complementation of the M. xanthus OmglA phenotype using

homologousand mutated versions of MglA

4.1 Introduction

Although the role of MgIA as the master regulator of myxobacterdallity is well
established and undisputed, the precise mechanism by which this RasGTPase actually controls
both A- and Smotility is currently not well understood. This perplexing discrepancy between
our principal understanding of its global functiondathe neacomplete lack of any
mechani stical details hampers not only the
cellular functions that are directly or indirectly linked to this RasGTPase, such as cell division,
motility, cell reversals, developmtal differentiation, and spore formation. To begin
unravelling this puzzl e, we decided to focu
function: How does MgIA find its cellular localization, and what structural elements and amino

acid residuesareerc i al f or Mgl A6s function?

Two cellular structures have been described in the literature where MglA is localized
in the cells, the two polar regions and laterally arranged membrane protein complexes termed
focal adhesions. These adhesions are located along the length of the cedlvandeen

suggested to be the molecular motors ahgtility (Mignot et al., 2007; Nan, 2017).

As for its protein interaction partners, at least four proteins have so far been described
and confirmed through proteprotein interaction assays: the GAP MgIB, the RomRX
complex, MreB, and AglZ. The latter, initially proposed as the actual motormbtéity, is
now believed to be involved in the signalling process connecting the Frz chemosensory system

to cell reversals (Nan, 2017). Importantly, work in our lab has cast doubt on one of those four
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proteins, MreB, whose binding to MglA could not be confirmed using a novel lucHbeass
two-hybrid assay iM. xanthusinstead, recent work in the lab has added another cytoskeletal
protein, BacM, to the lisKoen, 2019. Unfortunately, with the exception of MgIB
(Miertzschke et al., 2011), no molecular data exist detailing the interactions of these proteins
with MglA. This makes it virtually impossible to judge which parts of the RasGTPase are

important for each interaoh and, by extension, the fctions of MglA.

No plausible model has been suggested about how MgIA precisely localizes to the cell
pole other than that its interaction with MglB and RomRX results in a dynamic unequal polar
distribution, with the majority of MglA localizing to the leading pole. Howevew MglA
localizes to the cell poles in the first place is a bit of a mystery. Several scenarios exist:
hydrophobic or amphiphilic elements of the protein itself could anchor it to the membrane
preferentially at areas with high curvature. Secondly, tbeem could be podranslationally
lapidated or prenylated, which could localize it to the membrane, although not necessarily to
the poles. Thirdly, MglA could interact with one or more polarly arranged protein(s), or fourth,
it could specifically interet or bind to cardiolipin, a lipid that, due to the geometry of its head

group, is highly enriched at areas of membrane curvature.

The latter idea is supported by the findings of this thesis, indicating that upon expression
in yeast, MglAeYFP results in mitochondrial staining (see Chapter Il1), specifically within
cellular organelles possessing cardiokpimriched membranes. Howeyénese new data do
not exclude the possibility that any of the other three scenarios may be utilized. Possibly, the
most likely scenario among the three would involve {p@stslational modification, as this
method of membrane attachment and celluladiipaton is common among RasGTPagase
such prevalent modification is lipidation, witlalmitoylationand myristoylationparticularly

often found infmammalian Ras proteif€ampbell and Philips, 2021)lotably, lipidations can
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occur more than once in a protein. For example, dyraigitoylation, one or two palmitoyl

acyl chains areovalently bound taysteineresiduesthereby stepwisancreasing membrane
affinity and tracking(Sanders et al., 201&hearn et al., 20185tructurally, lipidations and

other membrananchoring modifications, such as pre&tns often occur at the \Nand G

termini, as these sequence elements are often particularly accessible, thereby facilitating the
modification as well as the binding to the membrane of the RasG{assina etl., 2019)

As our work on the third scenario, the potential use oathphiphilic helixa5 did not show

any noticeable effect, we concentrated in this part of the project on the investigation of the role

of potentially postranslationally modified residues and their effect on MglA function.

The second avenue of investigation in this part of the project involved the potential
identification of seqguence el ements that al
identification of the above mentioned four interaction partners, MgIB, RomRX, Bai/,

Aglz, are informative, they do not shed directly light on the question how MgIA controls
motility as none of them is a part of the @& S motors far as we know. Therefore, we decided

to approach this problem by using highly homologous and mutatswngrof MglA to try
identifying critical structural elements or sequences in the protein that can complement the
OmglA phenotype and restore motility and colony expansion. To do so, a comprehensive
database search was conducted to identify prokaryotic and eukaryoti&erpsoteins that
showed high sequence identity and similarity to MglA. Based on their conservation an
previous use in complementation studies (Fremgen et al., 2010), we selected the following
proteins for our experimentSarl §. ceresiag), MglA c. wrosd C. torosa Ostracodd, MglAbdv

(B. bacteriovoruy MglAstigm (S. aurantiac® andSofG (M. xanthu$, and investigated their
ability to complement thé&mglAphenotype either by themselves or upon mutations. The goal

of this part of the project was to potentially identify critical amino acids or sequence elements
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of Mgl A t hat pl ay a r olmstility, fruiting hhedy fprmatiang i n 6 s

sporulation, and protein interactidihereby trying to deepen our understanding of MglA.
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4.2 Material sand M ethods

4.2.1 Bioinformatic identification and analysis of MglA homologues

Homologues of M. xanthus MgIA were identified in the National Centre for
Biotechnology Information (NCBljlatabase usintdpe Basic Local Alignment Search Tool for
proteins (BLASTp)with the amino acid sequence of MgIA as a refereSBodsequently, the
identified sequences were aligned usingGh& STALW programme and arranged in order of
similarity to MglA, starting with the closest match and proceeding to the least similar amino
acid sequence. Both pamd eukaryotic sequences of Mie RasGTPases wersed for the

alignment.

4.2.2 Generaion of mutant versions of M. xanthusMgIA

Standard gnetictechniqueswvere employed to introduce two single point mutations
within the N-termimal amino acid sequenad MgIA, convertingthe two cysteine residues
Cysis and Cyss into serine residues. €Be replacementwere introducedto investigate
whetherthese cysteines aposttranslationdly modifiedin MglA and mayimpact motility.
Althoughthesecysteine residueis MglA are not conserved across species and their specific
functions are unknown, theppear to be part of structural elemehtginteract with the GAP
MgIB based on Xay data (Kanade et al., 2019)o test if these residues are essential for
MglA-controlled motility, agmglA M. xanthusstrain was complemented with the serine

containing construct, and the motility phenotype was compared to-&yweédoositive control

A secondset of genetic constructs aimed to investigheérole of the N and Gtermini
of MglA in motility. For this purpose, a SofG/MglAybrid protein was generated by removing
all amino acid sequences of SofG that are not aligned with thekRaSTPase core of MgIA.

Then, in the next step, the first and last 13 amino acids,-thadNGtermini, from MgIA were
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added to the truncated SofG to make the hybrid protein even morelMglA'he addition of

the MgIA N- and Gtermini was necessary as they play critical roles in Mglling and the
interaction with other binding partners (Kanade et al., 200i%) genetic construct coding for

the final SofG/MgIA hybrid protein was introduced into cells lacking MglA to assess whether
the hybrid SofG was able to restore motility in this background. For these experiments, the
PCR products were digested and themnet intothe pMR3679plasmid using the protocols

described in Chapter Ill. A list of all the generated constructs is shoWatbie 4.

Table 4: List of the generated constructs used for the experiments of Chapter IV.

Strains Expression Reference
mglAnq, 28nglA M. xanthus This study
MglAsigmad8NgIA M. xanthus This study
sarlamglA M. xanthus This study
MglAc. torosa88NQIA M. xanthus This study
mglA sofGaamglA M. xanthus This study
sarl ba®myxo M. xanthus This study
MgIAc. torosaba@Vlmyxo M. xanthus This study
mglAbay batMimyxo M. xanthus This study
mglAciss M. xanthus This study
mglAczas M. xanthus This study
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Table 5: List of primers usedor the generation of the genetic constructs.

Plasmid Description Sequences 56 to 3

pPMR3679 Sarl F EcoR1 TATATGAATTCATGGCTGGTTGGGATATTTTTGGT

PMR3679 Sarl R Mulu TATATACGCGTTTAAATATATTGAGATAACCATTGG
AACGCCTC

PMR3679 C. torosaF EcoR1 TATATGAATTC TTGAGCTTTATAAATCTCAAGGAAA
AGGTT

PMR3679 C. torosaR Mulu TATATGAATTCATGGAGCTTTATAAATCTCAAGGAA
AAGGTT

PMR3679 MglAbavF Ndel TATATCATATGTCCTTTATTAACTACAATGCCAA

pMR3679 MglApavR Mulu TATATACGCGTTTACAGAGTCGTTCCGCC

pPMR3679 SofG MglA F Ndel TATATCATATGTCCTTCATCAATTACTCATCCCGCG
AAATCAACTGCACCTTGCAACTCA

pPMR3679 SofG MgIA R Mulu | TATATACGCGTTCAACCACCCTCAGCGCCACCGCG(C
CCACCACCGCCTCGC

pPMR3679 MglAsig F Ndel TATATCATATGATGTCCTTCATCAATTACTCATCCCG
CGAA

pPMR3679 MglAsig R Mulu TATATACGCGTTCAACCACCCTTCTTGAGCTCGGT

PMR3679 MglA  (point M) | TATATCATATGAAATTTCATATGTCCTTCATCAATTA

MglA_Ndel F CTCATCCCG

pPMR3679 MgIA pointNhel R | AAATTTGCTAGCTCAGAGCTCGGTGAGGACGAGC

PMR3679 MglA point Ndel F TATATCATATGTCCTTCATCAATTACTCATCCCGCG
AAATCAACTCCAAGATTGTCTATTACGGGCCCGGGC
TCTCCGGG

pMR3679 MglA point Nhel R
AAATTTGCTAGCTCAGAGCTCGGTGAGGACGAGCTT]

pPMR3679 Mglapay lucif F Kpnl | TATATGGTACC

lucif ATGTCCTTTATTAACTACAATGCCAA

pPMR3679 MglApay lucif R Bglll TATAT AGATCT TTACAGAGTCGTTCCGCC

lucif

pPMR3679 Sar lluciferase F Kpn TATAT GGTACC ATGGCTGGTTGGGATATTTTT

lucif

pPMR3679 Sar 1luciferase R Bgll] TATATAAGATCT

lucif TTAAATATATTGAGATAACCATTGGAACGC
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4.2.3 Developmenal assays

Precultures for developmental assays were grown overnight in CTT medium until they
reached midog phaseSubsequently, the cultures were diluted in fresh CTT mediacell
densityof 2x10 celldml before being transferred to-2¢ell plates, vith each strain set up in
triplicates usingl ml of the liquid startculture (Hodgkin and Kaiserl979) The cells were
incubatedor 24 hours at 32C to reach a density of approximatdly1® cellml (~0.8 ODQxoo),
beforethe CTT medium was replaced Bi?M (10 mM Tris-HCI, pH 7.6 1 mM K2PQi, 8 mM

MgSQy) to starve the cells.

To start the developmental assay, the cells were hanets#e®8D0x g using a tabletop
centrifuge, washed once with TPb&forebeingresuspended ifreshTPM at a final density
of 4x10° cellgml. Drops of10 pl of the cell suspension were placed onto TPM agar plates and
left to dry under the biosafety hood for twenty minutgsdlowing this, the plates wesealed
with parafilm and incubatkat 32°C for threedays to allow the cells taggregatendform
fruiting bodies Images of fruiting bodies were recorded using a stereomicroscope equipped

with a digital camera.

To detect and image individual spores, a dissection needle was used to transfer a small
cell aggregate or fruiting body onto a glass slide. After placing a cover slip onto the sample,
gentle pressure was applied to spread the material to release the wpaksvere imaged

using a stereo or light microscope.
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4.2.4 Glycerol sporeformation

To induce glycerol spore formation, actively growing cell cultures in liquid CTT
mediumat the midlog phaseavere exposed to glycerol at a final concentratio®.6M. After
the addition of glycerol, the cells were furtiecubated at 32C with continuous shakinfpr
at least an hour or until the conversion of the vegetiveshagbed cells to egghaped glycerol
spores was completeDyorkin and Gibson1964) Moreover, in experiments aimed at
capturing the conversion process in detail, samples were imaged using a light microscope over
a total period o4 hours at intervals of 0, 30, 40, 60, Binutes concluding with a final

observatiorat the end of the 24 hours.

4.2.5 Growth curves
To record growth curves for individubd. xanthusstrains, precultures were grown in

CTT mediumovernight at 32C on a rotary shaker @00rpm until theODeooreached aalue
of 0.5-0.6. Each overnightulture was freshly inoculated in triplicates2&ml CTT medium
at an initial ODso0 of 0.05 and 50uM vanillate was added to thmulturesto induce protein
expressionSubsequentlythe cultures were grown for a total time of i@urs, and the cell
density was measured@Dsooat various intervals using a spectrophotometer (BioRdd)e
specifically, individualODsoomeasurements were recorded at the following intervaqtime

of induction); TA (hour of expression) athl 2h, 4h, 8 h, 16h, 24h, 30h, 38h, 46h, and
54 h. At eachtime point the average Oddowas calculated for each straising the triplicate
culturesand statistical analysis by tweay ANOVA was conducted using Prism 7 (GraphPad,

Inc.).
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4.2.6 Live cell imaging

The light microscope setp for cell imaging was essentially the same as described in
Chapter Ill.Time-lapse videos and still images were captureshaividual cells or group of
cellstovisualize A and S maotility, while a fluorescence light microscope was useabserve
live cells on 1.5% TPMagarose palon glass slide Cells were grow overnigtt in liquid
CTT medium toan ODsoo of 0.40.8. Subsequently, approximatelp ul of the overnight
cultures wereplaced ortop of a freshly preparduard or sft agar pd on top ofa microscope
glass slideBriefly, the agar padsvere prepared immediately prior to their use in a glass
chamberconsisting of two microscopglassslides that were separated kiyo ethanol
sterilized22 x 22 mm measuringcover slipsfunctioning as spacdfor a detailed description,
see Koch et al., 20)IMolten agarose was then injected with a pipette tip into the narrow space
between the two glass slides and left to cool for five minutes. Next, the upper glass slide was
carefullyremoved, leaving the agarose pad on the lower slide behind. The agarose pads have
an approximate thickness ofim and a smooth surface due to the contact with the upper glass

slide during fabrication.

M. xanthuscells weretransferedonto the agaysepads covered witha cover slip, and
the chamberwas sealedwith a mixture ofmolten candle waxand vaselingo prevent the
samples from drying out. THaishedslides containing thmoculated pad#ere incubate at
32°C for a minimum of 60ninutes befordeingexamined using a fluorescenegecroscope

atanexcitation wavelength of 48&m.
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4.3 Results

4.3.1 Bioinformatic identification and analysis of MglA (MXAN_1925) homologues
The primary amino acid sequence Mi xanthusDK1622 MgIA (MXAN_1925;

retrieved fromUniProt at https://www.uniprot.org/uniprotkb/Q1DB04/enjryvas used to

search the NCBI proteidatabas€or homologue protein sequencesjrieving numerous
prokaryotic and a few eukaryotic sequenc&able 6). The goal of this search and the
subsequent alignment analysis of the sequences GHiGTALW was to identify highly

conserved amino acid residues located outside of thelBihg sites of thesRasGTPases.

The focus on these particular residues was based on the hypothesis that they could
conceivably be important for conserved biological functions of MglA that are not directly
linked to the binding and hydrolysis of guanine nucleotides. Possible functidundertbe
localizationand membrane attachment of Mglkeontrol of motility, fruiting bodyformation

sporulationandproteinprotein interactionwith effector proteingKomano et al., 1982)

Based on the wellnderstood biology of RasGTPases, one particular focus was
conserved amino acid residues that could pgmesttranslationdly modified, such as
phosphorylated, lipidated, and prenylated. Serine, threonine, and tyrosine are commonly used
for phosphorylation, while cysteine is often the site of lipidation and prenylation, with all three

types of postranslational modifications commonigund in eukaryotic RasGTPases.

A total of twelve amino acid positior(g, 13, 17, 18, 23, 46, 85, 88, 105, 116, 140, 180)
were identified in the twenty aligndtbmologuesprotein sequences$ig. 44) that showed
complete omore thar80% conservation fahese four amino acidserine, threonindyrosine,
andcysteineAmong the identified positions, fiv@ (46, 88, 10pand 11§ were serine residues,
one (179) was a conserved threonine, fand positiong17, 18, 85, and 14Mhad a conserved

tyrosine Additionally, two conserved cysie residues at position 13 and 23 were identified.
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To better judge whether these residues were accessible foitrgusational
modifications,their relative locatiorwithin the atomic structureof MglA (Protein Databank
entryPDB ID: 5YMX) was investigatedlheresults indicated that among these 11 conserved
positions, serine 2 and 105, cysteine 23, and tyrosine 85 were located in loop, ehilens
serine 88 and 116, and threonine 180 were fo

All the remainingconserved residuegere foundn b sgHigedé).t

Based on their high degree of conservation of higher than 80%, all of these identified
11 positions are good candidate residues for mutational studies, and it was decided to initially
focus on thehosphorylatable residuésig. 44 and45). The analyses of these twenty selected
sequences aldaghlighteda number otonserved charged residigegh as aspartic acdnd
lysines, which mightplay roles inthe interaction of MglA with other proteins like BacM and
MgIB. For each of the mutated residue, the egugnces fdocalization motility, sporulation,
fruiting body formation and thebinding of MgIB were investigated using standard assays.
Together, these data help to characterize MgIA better and to start dissecting which parts of its

sequences play roles in which cellular process.
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Table 6: MglA homologs are widespread among prokaryote and eukaryote.

Taxonomy organism Motility | Sporulation | Fruiting | MgIB Amino | Identity | Accession
body protein | acid

Myxococcota Myxococcus  xanthuy Y Y Y Y 195aa | 100 | ABF87984.1
DK 1622. MXAN-1925

Myxococcota Corallococcus Y Y Y Y 195aa | 90% WP_01439479
coralloidesDSM 2259 4.1

Myxococcota Stigmatella aurantiacg Y Y Y Y 195aa | 97% >ADO70493.1
DW4/3-1

Myxococcota Corallococcus exiguus| Y Y Y Y 197aa | 97% >TNV53187.1

Myxococcota Pyxicoccus fallax Y Y Y Y 195aa | 96% >WP_015347

803.

Myxococcota Cystobacter ferrugineu| Y Y Y Y 195aa | 94% >0JH33633.1

Myxococcota Archangium Y Y Y Y 195aa | 93% >WP_204493
primigenium 834.
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Myxococcota Hyalangium minutum 195aa | 53% >KFE61909.1
Myxococcota Melittangiu boletus 195aa | 97% >WP_095980
021.
Myxococcota Polyangium fumosum 196aa | 83% >TKDO07389.1
Myxococcota Chondromyces 196aa | 82% >EYF05872.1
apiculatus DSM 436
Myxococcota Chondromyces crocaty 196aa | 82% >WP_050434
859.
Myxococcota Sorangium cellulosum 196aa | 82% >KYG10128.1
Myxococcota Labilithrix sp 197aa | 83% >MBX319234
7.1
Myxococcota Minicystis rosea 196aa | 82% >APR82908.1
Myxococcota Nannocystis exedens 195aa | 78% >PCC70950.1
Myxococcota Labilithrix luteola 198aa | 81% WP_14664829
2.1
Myxococcota Anaeromyxobacter 195aa | 87% ABC83399.1

dehalogenans
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https://www.ncbi.nlm.nih.gov/protein/WP_146648292.1?report=genbank&log$=prottop&blast_rank=1&RID=VSY5PSDZ013
https://www.ncbi.nlm.nih.gov/protein/WP_146648292.1?report=genbank&log$=prottop&blast_rank=1&RID=VSY5PSDZ013

Bdellovibrionia | B. bacteriovorusip1oo 197aa | (64%) | CAE81098.1

Deinococci T. thermophilus 196aa | (62%) |AP008226.1

Proteobacteria | Geobacter sp. AOG2 195aa | 82% NP_951161.1

delta

Deinococci Deinococcus 196aa | 61% NP_294577.1
radiodurans

Chloroflexia Chloroflexus 195aa | 53% YP_00163566
aurantiacus 11

Ostracoda Cyprideis torosa 273aa | 46% CAD7236820.

1

Saccharomycetes Saccharomyces 190aa | 24% NP_015106.1

cerevisiae
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https://www.ncbi.nlm.nih.gov/protein/CAD7236820.1?report=genbank&log$=prottop&blast_rank=1&RID=VSY3RB8S016
https://www.ncbi.nlm.nih.gov/protein/CAD7236820.1?report=genbank&log$=prottop&blast_rank=1&RID=VSY3RB8S016
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https://www.ncbi.nlm.nih.gov/protein/NP_015106.1?report=genbank&log$=prottop&blast_rank=2&RID=VT0WGRYS013
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Figure 44: Alignment of twenty selected MglA homologues.

A setof twenty candidatesequences representing various prokaryotes and eukaryotes shows the high degree of
conservatioramong MgIA homologuesThe amino acid positions correspond kb. xanthusMglA, while the
informationabout the secondary structure of the proteins is provided above the sequence alignment
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Figure 45: Pairwise dignment of MglA and Sarl from S. cerevisiae
Sarl shares 24% identitywith MglA, including itsconserved GT#inding site However, Sarlexhibits no
similarity in aminoacids typically subject tosttranslatioml modifications suchas ®rine,threonine tyrosine
and cysteine
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4.3.2 Complementation ofA- and S-motility in aanglA cellsexpressingS. cerevisia&arl
In a landmark studyt wasreported thathe Ra&TPase Sarl frorihe yeastS.

cerevisiaecould partially rescue the motilitand spore formation defectd an M.
xanthusggnglAmutantstrain(Hartzell, 1997). To furthenvestigatethis, a sarlgmglA
construct vas generated cloned into thepMR3679 plasmid and subsequently
expressed in gmglAbackground usingncreasing concentrations of vanillatépon
induction with vanillate, the morphology of overnight grown cells, their ability to move
on 1.5% hard agar and 0.5% soft agar, as well as the expansion of cell colonies on the
different agar concentrations, was meas\Fag. 46, 47 and48). Our results showed
that there was no discernible morphological changgmiglA cells expressing Sarl.
Moreover, thesarlogmglA constructfailed to restore motily of gmglA cellson both
hard and soft agar even after a foarlong incubation at32°C at the highest
concentration of vanillatdJnder these conditions, the motility and colony expansion
of thesarlgmglAconstructvas identical to thgmglAcells indicating that Sarl in our

experiments did not rescue motility and colony expansion as had been previously

describedHartzell, 1997)

Figure 46: Morphology of Sarl-expressng comglA M. xanthuscells
(A) Cell morphology ofM. xanthussarlaanglA cells after induction wittlbOOuM vanillate showing wildtype
morphology (B) Representthemorphology ofthe gmglAparental strainand C) thatof the WT.
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Figure 47: Investigation of A- and Smotility in aanglA cells expressingarying levels ofSarl.

The X-axisrepresents the time @fcubationin days, and the Yaxisshows the diameter of theolonesin mm.
The measurements show that saelgmglA constructdid not restore motilityf the ggnglA phenotype onA)
hard agar andB( soft agareven in the presence ioicreasing concentrations of vanilla@olonydiametersvere
measuredlaily overafour-day periad. Eachmeasuremertf the colonydiameteravasdonein triplicate,andthe
errorbarsrepresenthe standardieviationof themeasurements
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Figure 48: Expansionof aamnglA cell coloniesexpressingvarying levels ofSarl.

Theimages show that thearlgmglAconstructdid not restoreell colony expansion dhe ggnglA phenotype on
hard and soft agaeven afincreasing concentrations of vanilla@olory expansiorwere measuredfter 3days
of growth at 32C inthe presence of varyingpncentratioa of vanillate.
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4.3.3 Fruiting body formation of M. xanthusaanglA cells expressing Sarl

As described earlieHartzelb s  s(1997¥rgported thathe RasGTPase Sarl
from S. cerevisiaean partially rescue thgpore formation defeaif an M. xanthus
gnglAmutant Therefore, we were interested in investigating the influence of Sarl on
fruiting body and spore formation in the presence of increasing concentrations of
vanillate. Cells containing th&arlgmglAconstructwere grown in CTT plus vanillate
until reachinga density of 4x19cells/ml The cells were then harvested, washed with
TPM, and spottednto 1.5% TPMhard agarplates containing varying amounts of
vanillate. After incubation for three days 32 °C, no aggregation or fruiting body
formation was observed. This lack of aggregation is likely due, in part, to the fact that
thesarlgmglAconstructannot rescue the motility necessary for aggreg@fimn 49).
Given the straindés inability to rescue m
concentration of vanillate had no effect. Consequently, we decided to investigate the
sarlgmglAcellsd abi l ity to form glycerol spores,

reported observation of a rescuespbrulation by SarlHartzell 1997)
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Figure 49: Formation of fruiting bod iesof sarlaanglA cells at varying vanillate concentratiors.

A) The upper row of images displagarlgnglAcell spots in the presence®f5Q and 500uM vanillate Note that only wiletype cells, as shown in the left image are capable
of fruiting bodyformation SincesarlgmglAdoes not complement motilitgo peripheral rod cells swarm around the initial spot of d&)I3he lower row shows 2x magnified
areas of the corresponding images in the upper Tow cells werémaged afted8 hourson TPM agar.
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4.3.4 Glycerol spore formation of M. xanthussarlgmglA cells

To determine whether thearlgmglAcellsform glycerol sporeshe cellsvere grown
at 32°Covernight in CTT medium containing eith&ror 500uM vanillate to induce Sarl
expression. Upon reachingid-log phase glycerol was added to the cultures a final
concentration of 0.M, and thecellswere grown for an additional two hours. Samples were
removed from the cultures and observed under the light microscope. The results of this
experiment showed that vanillateducedsarlgmglA cells appear todrm glycerol spore
rather than fruiting body spore$his interpretation is suppted by the observation that the
resulting spores lacked thiclspore coats, a structural hallmark of fruiting body spores.
Additionally, these spores exhibited an egfmped morphology rather than a spherical one,
resembling the glycerol spores described in the literature (Dworkin and Gibson, 1964). Images
of the spoes were captured at different times using a light microscope equipped with phase

contrast. Thé&mglAand wildtype strains were used as controls, respectfety 50and51).

Sar 1 emgdMA/ans 0 sar 1eaemylVan 5 WT

Figure 50: Formation of glycerol spores by sarlaanglA cells

A) Upon induction wittb or 500 uM vanillate thesarlgmglAcells form glycerol sporéke entities, resembling
those seen igmglAcells,but exhibiting slight differences fromild type (WT)glycerol sporesB) Images of the
respective vegetative cells reveal that induction with vanillate has no discernible impact on cell shape.
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Figure 51: Morphological comparison ofglycerol spore formation of sarlgmglA, WT, and gmgIA cells

Upon glycerol induction all three strainssarlgmglAat 5 and 50QuM vanillate WT (DK1622), and ganglA -

form glycerol spordike entities. While biochemical and structural studies have characterized the glycerol spores
of WT cells, no such investigations have been conducted on the glycerolikpaneatities of thesarlgmglAand
gmmglAcells Consequently, it remains unclear whether the-skiaped entities are identical to the glycerol spores
observed in WT cells
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4.3.5 Complementation of A- and S-motility in aanglA cellsusing the MglA homologue

from the ostracod Cyprideistorosa

The bioinformatic investigation of MgIA homologues revealed that aliRa$&sTPase
from the eukaryotic ostraco@. torosashares 29% identity with MglA oM. xanthus
Consequentlywe decided toinvestigate the ability ofhis ostracod homologue to rescue
motility in the nomamotile gmgIA strain. Therefore, thenglAc.orosa gnglA construct was
expressed, and the morphology of the vegetative cells investigated to determine whether the
expression of the construct woul d HWFgad2e any |
After that, cell motility and swarm expansion were investigated on both 1.5% hard and 0.5%
soft agan(Fig. 53and54). To determine whether the level ofgMc. wresc€Xpressiomattes,
we used three different vanillate concentrations in these experiments: 5, 50 amil.500
Unfortunately, thenglAc. wrosa0IMdA construct did not complement the romotile phenotype
of the gnglA cells under any of these circumstances, even after incubation for four days at

32°C.

mgIAc torosaQnglA 500uM

Van

Figure 52: Morphology of ggmglA M. xanthuscells expressing thenglAc. torosa0dMgIA construct.

VegetativemglAc. wrosa@NgIA M. xanthuscells weregrown in the presence 0500uM vanillate to induce

expression of the ostracod Mglho mo | ogu e . No di s c er marghdlogywas rdgtextedt on th
Images of th&V/T andgmglAvegetative cells are provided for comparison
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Figure 53: Investigation of A- and Smotility of aanglA cells expressingMglA c. wrosaat different vanillate
concentrations

The expression d¥glAc. wrosain gmglAcells did not restoré- or S-motility. The X-axis showshe number of
days, whilethe Y-axis representthe diameter of theoloniesin millimetre. Experimental data from triplicate
measurements ofA) hard and(B) soft agarusingincreasing concentrations of vanilleee shown Colony
diameteraveremeasuredlaily for four days.The errorbarsrepresenthe standardleviationbasedf the colony
diametemeasurements.
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Figure 54: Expansionof aanglA cell colonies expressinIglA c. wrosaat different vanillate concentrationson

hard and soft agar.

The experiment was conducted looth hard and soft agar aneveakd thatMglA c. wresadid not rescueolony

expansionlmageswere capturedafter three days of growth at 32, while the expression wasmduced using
different concentratiosiof vanillate.
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4.3.6 Fruiting body formation of amnglA cellsexpressingM glAc. torosa

The fact thathe ostracodC. torosapossesses an Mglhomologue is surprising, given
the vast evolutionary separation between this aquatic eukaryote and the soil babterium
xanthus(Heip, 1976) After testing the ability of MglA. wrosato complement motility in a
gnglAM. xanthusstrain, we nexassessd t he proteinds ability to
formation in this genetic background. For this purpdde,xanthuscells containing the
mglAc. orosagglAconstruct were grown in the presence of varying concentrations of vanillate
to induce the expression MglAc.wrosa The cells were then spotted on TPM agar containing
the same concentrations of vanillate and incubat@&2 &€ for three daysHowever, similar
to the results observed for motilitgone of the tested vanillat®ncentratioa enabled the
formation of fruiting bodies, indicating that thestracodMglA c. wresa proteinwas unable to

complementhe gmglAfruiting body formatiordefectin M. xanthugFig. 55).
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WT mglAc. torosa@@nglA5e M-VAN mglAc. torosa@@nglAS0 eM-VAN mglAc. torosa@@nglA500£M-VAN

Figure 55: Formation of fruiting bod iesof M. xanthuscells containing themglAc. torosag8nglA construct.

A) The upper row of images depictgylAc. wrosa@@glA cell spots inducedvith increasing concentrations of vanilla@nly the wildtype shown in the left image, is capable
of forming fruiting bodies, whereas the mutant strain isBpThe lower row of images shov#s magnifed areas of the corresponding images in the uppedbwells were
imaged on TPM agar after 48at32°C.
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4.3.7 Growth curve of vanillate-induced sarlanglA M. xanthuscells

To investigate whether the expression of Sarl @eg IbAackgrabbedt s t h
growth ofexpreepsiongi ael | s, grFigw®.FRoaur desf wee
strains wer e500ud mgnilatesdlicedsarhgng |[sAt r aha, uni nduce
PMR3679pnglAstrain, the wildtype, and thepnglA strain. The graph shows that the wild
type and thegmglA strain grow equally well in CTT medium. In contrast, the higlkel
expression of Sarl in the presence50DuM vanillate significantly impacts cell growth.
Surprisingly, thau n i n dpiviR3&74gmglA constructaffectcell growth even more than the
Sarlexpressing one. The reasons for this msgeere restriction of growth are currently

unclear.

Growth curve

- WT
—— AMglA
__ PMR3679
§ AMgIA
S . SAR1AMgIA
-500uM Van
0.0 1 1 1 1
10 20 30 40
Hours

Figure 56: Growth curve of cells containing thes a r 1  aomgirlictA

The expression of Sarl ggglA cells results in areduce growth rate compared tdoth wildtype (WT) and
agnglAcells.Sarl expression was inducatdhigh level $00uM vanillate) during the experimentnterestingly,

thenoni nduced plasmid had the most pronounced i mpact on
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4.3.8 Cell length measurement®f sarlaamglA and mglAc : o r aanglA cells

Next, we measured the length of caltmtaining either thearlaanglAor themglAc.
t o r aglA constructand compare them with the WTcell length to determine whether the
expression of these two MglA homologues had any impact on cell Iefgghresults show
thatthere was no significant difference in the lengthsaof. gmglA(6.3+ 1.0pum), mglAct or os a

gmglA(6.2£ 1.1 um), gmglA(5.9£ 1.2um), and the WT cells (581.0um) (Fig. 57).

8.0
7.0

6.0

Cell length (pm)
b w & o
= [=] [=] =

—
]

2
o

WT SarlAmgld MglAp rocatimegld Amgld

Strain

Figure 57: Cell length measuremensofs ar 1 @ mdlAS. rosagagIA cells

All cells were incubated in CTT liquidediumovernight, and the average lengthcefls was determinedsing

a light microscopeFor each strain, 500 randomly selected ceksemeasuredand the mean and standard
deviation were plottedrhe measurements shegno significant differensén cell lengthbetwee the four strains.

4.3.9 Complementation of A- and S-motility in aamgIA cellsexpressingMglA bav
It has been reported that MglA froBr bacteriovorusin contrast to the homologue
protein fromM. xanthusappears not to control the limited gliding motility that this bacterium

exhibits. InsteadMglAnav critically controk the bacteriu@ ability to invade its prey and
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reduces T4P formatiofMilner et al, 2014) Nonetheless, thhigh sequencaenity (64%)

with MglA of M. xanthusprompted us to investigate whethdglAbsy can complement the

norrmotile phenotype ofpmglA cells. Similar to other such experiments, aglAdw gmglA

construct was generated, cloned intgpnglA cells and expressed using increasing
concentrations of vanillate. Howevdngtresults showed thexpressindvglAbdv had no effect

on the cell &8s mor p matilityog lyard and doft agarglatéeg. 68ande st or e
59). Moreover, the construct also did not restibrespreading of these coloniesen at the

highest concentration of vanillate, a result that can easily be seen when comparitypevild

and gmglA cells with the complemented cellBig. 59 and60). Each colony was spotted in

triplicate, and the diameter of the colonies was measured for four days.

mglAwdvgmglA WT gmglA

Figure 58: Morphology of qamglA cells expressingViglA vav.

The light microscopic images ohA] mglAsawgimglAcells induced byp00uM vanillate, (B) wild type cells, and
(C) gmglAcellsshow no discernible morphological differences indicating that the expression ofdMwa no
influence on t he awemdelcdiliameters apprbxonatelygOydm forTah eell types
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Figure 59: Investigation of A- and Smotility of aangIA cells expressingrarying levels of MglA vav.
The X-axis represents the number of dagstinoculation,and the Yaxisrepresentshe colonydiametelin mm.
The measuremesivereconducted oifA) hard andB) soft agaicontainingncreasing concentrations of vanillate.
Colony diametersveremeasurediaily during a four-day period Eachmeasuremenwasdonein triplicate, and
theerrorbarsrepresenthe standardieviationof the measurements.
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Soft Agar Hard Agar

amglA WT

Figure 60: Expansionof aanglA cell colonies expressing variouamounts ofMgl Apdv.
The mglAvgmglAstrain failed toexpandor rescue motility on hard and soft agdter induction with0, 5, 50,
250 and 50QM vanillatefollowing threedays of growthat 32C.
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4.3.10 Fruiting body formation of MglAwav-expressinggong lcfe | | s
Both B. bacteriovorusandM. xanthusare Grarmnegative bacterithat exhibit A and
T4P-driven Smotility. Additionally, these bacteria share a predatory lifestyle. In a previous
study, it was found thaMiglAbavinteracts withM. xanthuéBacMin a luciferasebased protein
protein interaction assay (Semeijn, 2019). Therefore, we aimed to investigate whether the
expression oMglAbavin gmglAM. xanthuscells could restore fruiting body formation.
TPM-washed cells were spotted in triplicabé TPM agarcontaining increasing
amounts of vanillate and incubated for thdags at 32°COur results indicated that Mgbdv
was unable to complement fruiting body formation in tpaglA mutant (Fig. 61) and,

moreover failed to produce fruiting body spores

0 M Va 5 €M Va 50 €M V 250 M

500 eM

Figure 61: Fruiting body formation of sanglA cellsexpressingMglA bav.

The imagesrbm left to right show spots d¥lglAsa-expressinggnglA cells at increasingoncentratios of
vanillate Even at the highest concentration of the inducer, no aggregation or fruiting body formation occurs. The
WT and thegmglAstrain were used as positive and negative controls, respectively.
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4.3.11 Expression ofa SofG-MglA hybrid protein in aanglA cells

TheRasGTPaseMIglA and SofGof M. xanthusshare 42% primary sequence identity
including highly characteristicdeatures shared by aRaslike proteirs. Additionally, both
proteins play a role iM. xanthusmotility and interact with the same GAP, Mg(Ranade et
al., 2020) Based on the observation that theadd Gtermini of MgIA are important for the
proteinds interaction with GEFs, GAPs, and e
N- and Gterminal amino acids of SofG with the corresponding residues fronA Mgan
attempt to make SofG more Mglike (Fig. 62). This newly created Sof@®IglA hybrid
protein was then expressed in taglAstrainusing varying concentrations of vanillate tattes
whether the modified protein could rescue the motility defect of these(Ergls63 and64).
However, even after growth féour days at 32C, thehybrid SofG-MgIA protein wasunable
to restore motility in thegpmglAphenotype and simultaneously failecatlmw colony expansion

when comparetb WT.

(_MRSRISSNRSCVQ ] AIPRMSIASTPGTLPAFRVGPLPTIKPVVGREGVKLLRSTVSQSPTLQLNHAQRELT
LKWYYGPGLSGKTTNLRHLHAKASPEVRGRLLTVETHDDRTLFFDLLPVFFSTSSGFKVEKVKLFTVPGQ
VIHNATRRIVLQGADAVVFIADSERSATADNNAYWRNLQENMKENNLDPSQVPVVIQFNKKDLPDARTDA

EIEESRRRGGEAVVGAVALRGEGVLETFHAVAQAAYRRLDMRAHLARNLGLTEAEFLGQIFRRMDL
TGTA LASMY([__GRAAGEARSGEGR ISDfG

e

Figure 62 Schematic representation othe SofG-MgIA hybrid protein .
Thehybrid proteinwascreaed bysubstitutingthe firstand last thirteeamino acidsf SofGwith those from
MgIA, resulting in a variant of SofG that is more MgjiRke.

MglA

SofG

MglA
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Figure 63: Investigation of A-motility of aamglA cells expressing vaying amounts of SofG-MglA.
Expression othe SofG-MgIA hybrid proteindid not restoré\-motility in aanglAcells on hard agaevenin the
presence ofncreasing concentrations of vanillate. The atd Y-axis represent thaumber ofdays of the
experimentand thecolony diametersn mm, measured daily for four days, respectivelgchmeasuremenvas
conductedn triplicate, andthe errorbarsrepresenthe standardeviationof the measurements

5 €M Van 50 €M Van 500 €M Va

Figure 64: Expansionof aanglA cells expressinghe SofG-MglA hybrid protein on hard agar.

The sofGmgIA OnglAstrain wasinducedwith low (5nmM), middle (50mM), and high (500vM) concentrations
of vanillate. The cells wergrown on 1.5% hard agar for 3 days at’@2but failed to expand or show signs of
motility. The OmglAandWT strainswere used as negative and positive controls, respectively
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4.3.12 Expression ofvariously mutated MglAs in aanglA cells

As previously described, many, if not most, eukaryotic RasGTPases are post
translationally modified and, therefore, it is likely that prokaryotic RasGTPases may also be
modified. Therefore, we investigated the importance of commonly modified amino acid
resgdues such as cysteine (i.e., prenylated). We mutated two cysteine residues, C13 and C23,
located near the fferminus of MglA, to serine residues, resulting in MgIA3SC23S Next,
we expanded our investigation oft€minal residues and their potentiallerin proteinprotein
interactions with effectors, GAPs, and GEDs or cellular localization. To investigate these
potential roles, we removed the last foutg@minal amino acids, creating Mgidel4. Finally,
a third mutant, MglAdel2, was generated, in wh we removed the last two terminal glycine

residuesfkig. 65).

13 73
MSFINYSSREINCEIVYYGPGLCGEKTTNLOY ITYNKTAAERTEGELISLSTETDRTLFEFDELE

LSLGEIRGFETEFHLY TVPGOVEYDASERKLILEGVDGVVEVADSQIEEMEANMESLENLET
NLAEQGYDLNEKIPYVIQYNKREDLPNAVIVEEMEKALNHENTIPEYOQAVAPTGVGVEDTLEAV

BKLVLTEL[ ] —— 2
3

Figure 65: Schematic representation ofhe three different MglA mutants.
(1) MglA-C13SC23S: the two cysteines at position 13 and 23 were replaced by. $2yikglA-del4: deletion
of the four Gterminal amino acids, KKGG3] MglA-del2: lack of the last twG-terminal glycine residues
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4.3.12.1Investigation of A-motility in MglA mutants, MglA-C13SC23S, MglA-del4, and
MglA -del2

Previousstudies have showthat the N and Gterminal regios of MglA play a role in
motility (Patryn et al., 2010)lo test the newly generated MgtAutants (MglIAC13SC23S,
MglA-del4, and MglAdel2) and investigate whether these changes in MgIA woedtiore
motility in thegmglAbackground, all three constructs were clonedtimpMR367plasmid
transformednto gmmglA cells, and growrovernight invanillatecontainingCTT mediumat
32°C. All threeconstructs were tested on hard agar plated theexpansiorof the colonies
wasmeasurd for four days at 32C. The results showed that tifee MglA mutantsvere able
to rescue motility and colgnexpansioron hard agarindicating that the mutated amino acid
residues did not interfere with the physiological function of MglAhiese process€Big. 66
and67). Moreover,the chang of the twocysteina to serineresidues also had no discernible
impact onmotility and colony expansiom gmglA cells, potentially indicating that these
cysteines are either not pdastnslationally modified or that the modification plays no role in

the two investigated biological functions of MglA
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Figure 66: Investigation of A-motility of aangIA cells expressing various$/glA mutants.

The expression odll threeMgIA mutants - MgIA-C13SC23S, MglAdel4, and MglAdel2 - in gmglA cells
restorel A-motility on hard agaat theconcentration of vanillatesed The X-axis represestdays, and the Yaxis
shows the diameter ofthe cellspots in millimetresColony diameterswere measurediaily, and all the data
representheresultsof triplicate measurementsyith errorbarsindicatingthe standardieviation.
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MgIA -c13sc2asgamglA MglA-del4 gnglA MglA-del2gmglA

Figure 67: Expansionof eanglA cell colonies expressing various MglA mutarston hard agar.
All three MglA mutants successfullyegored motility on hard agar plates afténreedays of growth inthe
presencef vanillate.The WT andhegmglAstrainswere employed as positive and negative controls, respectively
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4.3.13 Complementation of A-motility and colony expansionn aanglA cells expressing

MglA stigm

The myxobacteriumS. aurantiacaserves asa model organism forstudying the
formation of highly complex, branched fruiting bodieBuring these studies, numerous
techniqgues were developed, many of which are modely adopted in themyxobacteria
research communitfGerth & Reichenbach, 1978)espite the distinct shapes of the fruiting
bodies ofS. aurantiacgdbranched tredike) andM. xanthughay stackshaped), the two species
exhibit astonishing similarities. These similarities extend to the sequencesiroMtiAs,
which are 99% identical, differing only at five amino agdsitiors (four conservative
replacements and one roanservative proline to histidine substitution at position 160). This
high degree of conservation of MglA in these two species prompted us to investigate whether
MglAsigm could rescue motilityand colony expansioim a ganglA background To test this
hypothesis, thenglAsigm ZmglA construct was cloneidto pMR3679transformed intapnglA
and inducedwith increasing concentrations of vanillatdnsurprisingly, given their high
sequence identityMiglAsigmwas able to rescue motjliand colony spreading gimglAcells.
However, several interesting observations were made. First, the level of complementation
directly correlated with the amount dfglAsigm as low vanillate concentratiemesuled in
lower motility and expansion. Somewhat surprisingly, even at the highest vanillate
concentration 00uM), complete complementation to WT level for both itgt and
expansion was not achievédig. 68 and69). This could either indicate that the amount of
MglAsigmwas still too low or that th&tigmatellaprotein is not as efficient at interacting with
the cognate partner proteinshh xanthus As usual, the WT angmglA strain were used as

positive and negative controls, respectively.
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Figure 68: Investigation of A-motility of aamglA cells expressingViglA stigm.

Expression oMglAsigmin theganglAstrain restores Anotility on hard agaMoreover, the degree of restoration

is vanillateconcentratiordependent, reaching nearly wilgbe levels at the highest concentration (68). The
X-axisrepresergthe dag, and the Yaxisdisplays the colony diameter, which was measured daily for a total of
four days Experimentsvereperformedn triplicate,andthe errorbarsshowthe standardieviation.
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Figure 69: Expansionof aanglA cell colonies expressing vaing amountsof MglA stigm.
The epresson of MglAsigm in the aanglA backgroundegores motility and colony expansiolt.is noteworthy
that the width of the thin edges of the colonies becomes wider with increasing concentrations of vanillate,

wild-type levels at 50&M vanillate. ThesanglAstrain was used as the negative control.
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4.4 Discussion

Many, if not most, eukaryotic RasGTPasewlergo postranslational modifications,
with phosphorylation, lipidation, and prenylation being the most common forms. While no
reports describe postanslational modifications in known bacterial RasGTPase, their
occurrence is likely given their preegice in eukaryotic counterparts. These modifications play
a crucial role in regulating the activities of these important molecular signalling and control
proteins(Grangeasset al, 2000) Notably, a former lab member observed a slight molecular
weight dfference betweek. coliroverexpressed ad. xanthussolated MglA in SDS PAGE,
suggesting that this important myxobacterial control protein may betnaostationally
modified (Semeijn, unpublished).

Four amino acid residuesserine, threonine, tyrosine for phosphorylations, and serine,
cysteine for lipidations and prenylationsre commonly used for attachment of these-post
translational modifications. Phosphorylations often act as molecular dhswitches, while
lipidations and prenylations are more permanent and usually enable RasGTPases to attach to
membranes, thereby determining their cellular localization. Prenylations and lipidations like
palmitoylation and myristoylation are particularlydespread forms of modifications in Ras
proteing Campbell and Philips, 2021¢onsequently, our investigation focused on determining
whether the Nerminalserineand y st ei ne r e s i dsoféMglA adlipidatedeor b 0 b 1 s
prenylated, allowing the protein to attachn@mbrans. These regions, being variable and
surfaceexposed, are not only ideal for pasinslational modifications but also crucial for
proteinprotein interactions with effector proteins, GAPs or GEFs.

To explore potential podtanslational modifications, we compiled a large dataset of
MgIA homologues from prokaryotic organisms, including two eukaryotic sequences: Sarl
from S. cerevisiaand MglAc. rosdrom the tiny aquatic crustace@ntorosa Sarl was chosen

based on its use in complementation experimen8y@lAM. xanthuscells (Hartzell, 1997),
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and MglAc. wrosashowed the highest identity score among all analysed eukaryotic RasGTPases
with MglA (46% vs only 24% with Sarl). Confirming pestnslational modifications in
MglA would significantly impact our understanding of bacterial RasGTPas&lamdnthus
biology, including cell polarity, regulation of cell reversals, molecular motor activity, etc.

When selecting amino acid residues for mutational studies, two factors were considered:
their degree of conservation and their relative position within the solvexy Xtructure of
MglA. Conservation usually indicates functional or structural importaand, the relative
position within the proteinds archiptoteict ur e
interactions and membrane binding mediated by lipidation and prenylation. In fact, many
RasGTPases, such B&o, Rhh and Rasare posttranshtionally modified, following these
principles, as all three contaigsteinerich regiors at the Gterminusthatcan be modifiedvith
lipids (Paduch et al., 2001Moreover, Arf proteins contaian N-terminalglycine residughat
is modifiedwith the unsaturated fatty aciehyristic acid (Moss and Vaughan, 1998pwever,
posttranslational modification is not universally found in RasGTPases; for exargrdpes
not contain any podtanslationally modifiedmino acidgRenet al, 1995).

Based on our bioinformatic analysis, we focusedmutatimg particular amino acids

that could play a roléen MgIA function and modification, and on identifyingopmologous
protein candidatecapable of substituting fovl. xanthusMiglA. The first such closely related
candidate protein tested was MglA signfrom S.aurantiacg which is 99% identical to MglA,
differing by only five amino acid residues. These differences include four conservative
replacements and one roanservativeroline-histidine substitutionat position 160Notably,
MglAsigmwas able to rescumotility in a gmglA M. xanthusstrain an outcome that was
probably not too surprising, given the close relatedness of these two orgaB&EmS.

aurantiacaandM. xanthusot only belong tahe same phylogenetic grougdyxococcotabut
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havesimilar-sizedgenoms of approximatelyd.4 Mbp displaying a high degree of synteny
(Chen et al., 1990; Neumann et al., 1992)

Next, we tested Mglaw from B. bacteriovoruspossessin@2% sequence similarity
and 64% identityto MglA. Interestingly, despite this relatednggsemgen et al., 20)0
MglAbavwas unable to rescue motility and colony expansiad.ixanthusOmglAcells even
at high concentrations of the inducer vanillate (6®). Possible reasons could be the lack of
the GAP, MgIB, an important partner of MglA, and the fact that MglAirbacteriovorus
appears to be involved in pregvasion rather than gliding motilityMilner et al., 2014)
MglAnavalso failedo complement fruiting bodformation and spore production, which is less
surprising aBBdellovibrio, albeit being a predatory bacterium, does not form fruiting bodies
(Ferguson2014) Intriguingly, MglAmyxo and BacMav from B. bacteriovorusnteraced with
each othein a luciferasebased protenprotein interaction assggee Chaptell). However,
the reverse binding d¥iglAbdv to BacMmyxo could not be confirmed, showing that there are
subtle, not yet understood differences which control the interactions of bactofilins and
RasGTPases.

Based on our improved understanding of MglA, we next reexamined the published report
that Sarl fron®. cerevisiagvas able to partially complement sporulatwithoutfruiting body
formation andmotility after the occurrence of a secondary mutatiggm* (restoration of
partial motility) in thesarlgmglAbackgroundHartzell, 1997) As the identity and location of
the secondarypm mutation were not disclosed in the publication, we focused on the
complementation of spore formation by inducing Sarl expressiapnglA cells usng
increasingconcentrations of vanillat&Vhile unsurprisingly, no rescue of motility or fruiting
body formationper sewas observed, we did find after starvation individual sfi&eecells
among the vegetative reghaped cells that became, over a period di,2he dominant cell

type, confirming the reported observation. However, closer inspection revealed that these
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sporelike cells exhibited subtle differences compared with the spores found inside of mature
fruiting bodies. In particular, the rescued spores weresbgged rather than round and less
refractive in phase contrast, indicating that the characteristicilti-layered spore coat was
missing, strongly suggesting that the splike cells were more akin to glycerol spores than
fruiting body sporegHartzell, 1997. Importantly, additional experiments, including electron
microscopy of thin sections of tiermed spores and biochemical investigations, would need
to be performed to confirm that the rescued spores are irow® fideglycerol spores.
Additional experiments would also need to address the more important discovery in the
Hartzell paper, namely that tinem secondary mutation can compensate for the loss of MgIA
complementing both motility and fruiting body formation. The important open issue is how
rpmrestores these phenotypes and what role, if any, Sarl plays in the process. MglA and Sarl
sharea high degree of identity in theB1-G5 structural motifsalthough they onlghare24%
identity overall(Miertzschke et al., 2001)

Given the fact that our bioinformatic search had discovered a eukaryotic RasGTPase,
MglA c.worosa that has 46% identity with MglA, nearly double the amount of Sarl, we decided
to repeat our motility, colony expansion, and fruiting body formation complementation
experiments with this RasGTPase. Unfortunately, @hetorosa MglA c.torosaalso proved
unsuccessful in complementing any of these three phenotypesahthusgmglAcells, even
at the highest concentration of vanillate. One interesting questitiisirtontext is why an
aguatic ostracod lik€. torosapossesses a prokaryetike MglA homologue(Marco-Barba
et al., 2012) As ostracods feed on detritus and bacteria, the crustacea may have acquired the
gene simply from its food. However, it cannot be completely ruled out that the database
sequence may actually originate from an endosymbiotic or gut bacteri@mabsa

Based on our results, it appeared that even relatively closely related MglAs are unable to

complement thegnglAphenotype and that a previous report about the yeast protein Sarl being
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able to do so may have misinterpreted the finding of sliagecells as proof that Sarl can
complement fruiting body spore formation in the absence of an actual fruiting body. However,
our data show that the observed spores are most likely glycerol simore®t fruiting body
spores questioning the ability of Sarl to complement any aspectaephtijié phenotype.

Because of these results, we then decided to investigate the contribution of molecular
features of Mgl A more directly, by mutating
ability of the mutant MglAs to complement tleanglA phenotype. One focus of these
experiments was to test the possibility that MglA, like most eukaryotic RasGTPases; is post
translationally modified. The rationale for selecting these amino acid residues was threefold,
they needed to be conserved, accessdrid modifiable.

The first two amino acid residues investigated were the two conserved cysteines located
near t he -tgrmimus, eCll3naihd C28 which could undergo either lipidation or
prenylation. Unfortunately, no effect was found when these residues were replaszthb.
Therefore, we next removed the last two or fotte@ninal amino acids and tested the effect
of those changésagain, with no detectable consequence fogiinglAphenotype. Although
these changes did not result in new insights into the fundfidhe investigated sequence
elements, there are many more conserved residues that could be important for the regulation or
function of MglA, particularly highly conserveghosphorylatablemino acids, like the five
serine (2, 46, 88, 105, and 116), four tyrosine (17, 18, 85, and 140), and one threonine (179)
residues.

A second avenue of research that we followed was the idea to usé. tkenthus
RasGTPase, SofG, and transform it into a SBI@A hybrid protein by replacing the-Nand
C-terminal thirteen amino acids of SofG with those of MglA. The choice of SofG was made
because it is one of thréé. xanthusRasGTPases, but in contrast to MXAN_2495, the third

one, SofG has been characterized amécessary for T4 piilriven Smotility, a function that
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partially overlaps with that of MglA, which controls both And Smotility (Bulyhaet al,

2013) Moreover, recent research in the lab has shown that SofG, like MglA, interacts with the
bactofilin BacM (Semeijn, 2019), not BacP as had been previously repBugdd et al.,

2013) again indicating that MglA and SofG have more in common than simply being
myxobacterial RasGTPases. Unfortunately, despite these changes and the functional
relatednesghegenerated &G-MgIA hybrid protein wasinable to restore motilitgnd colony
expansionn gmglAcells, indicating that more alterations of the SofG sequence are necessary
to achieve this goal.

During this project, a number of amino acid residues and sequences, such aarttie N
C-terminus, have been investigated to identify functionally critical amino acids of MgIA.
Identifying such amino acids will start providing the basis for dissectingamalwwith which
proteins MgIA interacts, eventually revealing the molecular function of this important
myxobacterial GTPase. Paradoxically, although we know that MglA contr@isdASmotility,
it is currently completely unclear how the protein accompéighes task.

Another related important aspect is the question, whether MgIA istaostiationally
modified. The experiment mutating the twet&tminally located cysteines did not reveal any
noticeable effect. However, as discussed above, there are many more comseticdarly
phosphorylatableamino acids that could be modified. The reason identifying any post
translation modification is crucial is that it could potentially offer an explanation for a
molecular conundrum: MgIA localizes and interacts at the sameiti the cell with multiple
cellular structures and proteins, yet we know virtually next to nothing about how this complex
spatial distribution is achieved. Among the structures that MglA associates with are the polar
regions of the cells and the focahadion complexes. The protein partners, besides the obvious

candidates, such as MgIB and RomRX, also include BacM, which itself appears to exist in two
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forms, a less abundant féngth cytoplasmic membrasassociated form and a shorter N
terminally cleaved cytoplasmic version.

Posttranslational modifications could be the solution of this molecular puzzle. For
example, a simple phosphorylation of MgIA would double the existing variants of this protein
in the cell, as each GFAnd GDPbound form could be phosphorylated or ungitasylated.

Yet, another unsolved question is where MglA fits in the complex signalling hierarchy that
controls cell reversals. It is known that this process starts with the Frz proteins, but so far, no
direct link between any Frz protein and MglA has beetovered, leaving the question
unanswered how the input and output modules of cell reversals are connected. Although the
thesis has not attempted to address these questions, the described experiments and results
provide a solid foundation for future atidnal work that may reveal the overall molecular

function of MglA.
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Chapter V: Discussion and Conclusion

The goal of this study was to better understand the interaction between aviglA
bactofilins, cytoskeletal proteins, and to investigate the localization, structure, and function of
MglA itself. MglA (MXAN_1925) is one of the three neibosomal Radike GTPases oM.
xanthus with SofG (MXAN_6703) and MXAN2495being the other two. Importantly, MglA
has long been recognized as the only proteM.ofanthughat controls both Aand Smotility.

This means thalnglA cells show neither singleell nor cell group motility. How MgIA
accomplishes this feat is less well understood, in part due to unclear nature entitéitx
motor and the absence of any direct link or binding of MglA to knowmo®r proteins.

Some time ago in our laboratory, pdibwn experiments revealed that MglA binds to the
bactofilin BacM. This interaction was recently confirmed in a PhD thesis using a novel
luciferasebased protenprotein twehybrid system (Seemijn, 2019). This thessoalevealed
that MglA does not bind to MreB, as had been previously published using eaitro
overexpressiofased interaction assay (Mauriello et al., 2010). Intriguingly, SofG, one of the
other twoM. xanthusRasGTPases, had been reported to bindetbadlctofilin BacP, indicating
that interactions between RasGTPases and bactofilins may be an important novel feature of
these two classes of bacterial proteins (Bulyha et al., 2013).

To investigate whether the interaction between Mijk& RasGTPases and bactofilins
is more broadly conserved among prokaryotes, we used bioinformatics to identify bacteria that,
like M. xanthus possessed MglBacM-like pairs of these two classes of proteins. Four
bacteria that represented highly divers phyla were eventually selected, and theiBabdlA
pairs were cloned intdmglAM. xanthugo test any luciferasdetectable interactions. MgiA
BacM pairs from two of the four bacteriagptothrix mobilisandBdellovibrio bacteriovorus

showed interactions of the same magnitude as MBAAM. As for the other two organisms,
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Collimonas fungivoransand Xanthomonas bromiM. xanthusmay have been the wrong
expression host due to the vast phylogenetic difference between tRsewdomonadotand

this MyxococcotgWaite et al., 2020). Consequently, the interaction assays would need to be
repeated using ak. colibased twehybrid system instead. We also-inwestigated the
interaction between SofG and BacP and found that iMid@nthughey appear not to interact.
Instead, SofG binds BacM, which means that there exists an intriguing link between SofG and
MgIA, as they appedp bind to the same bactofilin.

Next, we decided to investigate the cellular localization of MgIA to better understand
how its distribution may correlate with the different cellular processes it controls. However,
before conducting those studies, a suitable fluorescently labelled anefotle, detectable
construct of MglA was needed. In the literature, numerous such constructs have been described,
which differ with respect to the location and the nature of the tag, as well as the linker between
the tag and the protein (s€able 3. Athough a number of studies
eYFRtagged N or C-terminal versions for MglA localization studies, our work indicated that
none of these versions truly complementedimglAphenotype, as motility was only restored
at the singlecell but not colony level. Therefore, we decided to use aabGed MgIA
construct possessing a long highly flexible linker between MglA and thensixc-acid-long
CCPGCC tag. Although, this tag &sk sensitive than the eYFP tags, it allowed us to visualize
the same intracellular distribution of MgIA that has been described in the literature, a large
unipolar cluster at the leading pole and smaller lateral clusters along the length of the cells,
confirming this arrangement in fully complemented cells. Whieunipolar cluster is involved
in regulating cell polarity and T4P assembly and activity (Bulhya et al., 2013), the lateral
clusters have been interpreted to represent focal adhesionsprotgin complexes that may
be A-motility motor complexes (MignoR007). Consequently, MglA is located at cellular sites

that have been suggested to be also the sites of-tladASmotility motors. Despite this
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virtually identical spatial arrangement, no direct interactions between any knewn &
motility motor protein and MglA has been documented, leaving the question unanswered how
the protein controls the activity of these two different motor systems. Alaeorrently well
understood aspect of MglA localization is the observed unipolar cluster at the leading pole.
This cluster is the consequence of the dynamic interplay between RomRX, MgIB, and MglA,
which prevents MglA localization at the lagging pdleeonardy, 2010; Zhang, 2010
Szadkowski et al., 20)9

More than twenty years ago, a study was published that reported that Sarl from the yeast
S. cerevisiagan complement one defect of thglAphenotype, spore formation (Hartzell,
1997). Although we could indeed detect splike cells in thesarlgmglA strain, a critical
evaluation of these fisporeso revealed that
casting doubt on the original interpretation of partial complementation. Nonetheless, based on
these previous experiments, we decided to egpveEgA-eYFPin S. cerevisiago study its
localization in a nofprokaryotic organism possessing complex multiple membrane systems
various compositions and curvatareSurprisingly, yeast cells expressing MgiaYFP
displayed a nomniform distribution of fluorescence staininghich matched mitochondrial
staining. Although more experiments are needed to confirm the mitochondrial straining,
including cestaining with MitoTracker dye or the use of yeast mitochondrial mutant strains,
these results are highlyteresting as mitochondrial membranes are enriched for cardiolipin
(Paradies et al., 2014 ardiolipin is also commonly present in bacteria and accumulates, due
to its coneshaped head group, at areas with high membrane curvatures like the cell poles
(Galicia et al., 2019)This result points to the exciting possibility that MglA may localize to
the cell poles through its interaction with cardiolipin. Interestingly, {gorécted membrane
association is also utilized by Sarl. During this process Sarl insertteitsidMalamphipathic

helix into the outer membrane leaflet to initiate membrane deformation. This process
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