
 
 

Cellular and Molecular Studies of the Ras-like GTPase 

MglA and its interplay with the bactofilin BacM of 

Myxococcus xanthus 

 

 

Submitted to the University of Sheffield for the degree of Doctor of Philosophy 

 

by 

 

Koen Semeijn 

 

 

 

 

 

 

 

 

Thesis Supervisor 

Dr. Egbert Hoiczyk 

Department of Molecular Biology & Biotechnology 

University of Sheffield 

Firth Court 

Western Bank S10 2TN 

September 2019



I 
 

Table of Contents 
List of Abbreviations and Acronyms ...................................................................................................... V 

Acknowledgements ............................................................................................................................... VI 

Abstract .................................................................................................................................................. 1 

Chapter I ................................................................................................................................................. 2 

1. Introduction ........................................................................................................................................ 2 

1.1 Bacterial cytoskeletal proteins .................................................................................................... 3 

1.2 Bacterial tubulin homologs .......................................................................................................... 3 

1.2.1 FtsZ, a tubulin homologue involved in cell division ............................................................. 4 

1.2.2 Mid-cell localisation of the FtsZ ring .................................................................................... 6 

1.3 Bacterial actin homologs .............................................................................................................. 8 

1.3.1 MreB, an actin homologue important for the rod-shape of bacteria ................................. 8 

1.3.2 Does MreB form helical filaments or patches? .................................................................. 10 

1.4 Bacterial intermediate filament homologs ............................................................................... 11 

1.4.1 Crescentin, an intermediate filament-like homologue required for the curved shape of C. 

crescentus ..................................................................................................................................... 11 

1.5 Bactofilins, a new family of cytoskeletal proteins .................................................................... 12 

1.6 Bactofilins in Myxococcus xanthus ............................................................................................ 14 

1.6.1 Myxococcus xanthus ........................................................................................................... 14 

1.6.2 Gliding motility in M. xanthus ............................................................................................ 15 

1.6.3 Social motility ...................................................................................................................... 15 

1.6.4 Adventurous motility .......................................................................................................... 16 

1.6.5 The myxobacterial bactofilins BacM, N, O, and P .............................................................. 17 

1.7 Ras-like GTPases ............................................................................................................................. 19 

1.7.1 Eukaryotic Ras proteins....................................................................................................... 19 

1.7.2 Ras protein families ............................................................................................................. 20 

1.7.3 Ras-like GTPases in M. xanthus .......................................................................................... 25 

1.8 Scope of work ................................................................................................................................. 26 

 

Chapter II .............................................................................................................................................. 28 

2. Identification and validation of cytoplasmic and membrane-associated interaction partners of 

BacM ..................................................................................................................................................... 28 

2.1 Introduction ................................................................................................................................ 28 

2.2 Materials and methods .............................................................................................................. 30 

2.2.1 Bacterial strains and growth conditions ............................................................................. 30 

2.2.2 Cloning ................................................................................................................................. 31 



II 
 

2.2.3 Overexpression of proteins in E. coli and M. xanthus ....................................................... 32 

2.2.4 Isolation BacM, BacMΔC139-151, BacMΔC134-151 ........................................................................ 34 

2.2.5 Additional isolation methods BacM ................................................................................... 35 

2.2.6 Isolation of membrane-associated proteins from M. xanthus .......................................... 36 

2.2.7 Pulldown of BacM mixed with solubilized membrane proteins ....................................... 36 

2.2.8 Isolation of MreB polymers ................................................................................................ 37 

2.2.9 Isolation of native MglA ...................................................................................................... 38 

2.2.10 Isolation of overexpressed M. xanthus MglA .................................................................. 39 

2.2.11 Electron microscopy .......................................................................................................... 39 

2.2.12 Generation of 100 nm unilamellar liposomes .................................................................. 40 

2.2.13 Mass spectrometry sample preparation .......................................................................... 41 

2.2.14 Liquid chromatography tandem mass spectrometry (LC-MS/MS) .................................. 42 

2.2.15 LC-MS/MS Data Analysis ................................................................................................... 42 

2.3 Results ........................................................................................................................................ 44 

2.3.1 Overexpression of BacM leads to E. coli cell chain formation ........................................... 44 

2.3.2 Pulldown assays of His-tagged BacM and His-tagged C-terminally truncated BacM with 

cell lysate ...................................................................................................................................... 46 

2.3.3 Isolation of overexpressed BacM from E. coli BL21 cells ................................................... 49 

2.3.4 C-terminal proline rich region BacM plays a role in fiber formation in vitro .................... 50 

2.3.5 BacM pulldown using BacM, BacM ΔC139-151 and BacM ΔC134-151 fibres mixed and solubilized 

membrane extracts ...................................................................................................................... 52 

2.3.6 Co-expression of bactofilins and Ras-like GTPases using the pET-DUET system .............. 56 

2.3.7 Isolation and overexpression of MglA in M. xanthus ........................................................ 58 

2.3.8 Isolation of overexpressed MreB from E. coli BL21 cells ................................................... 60 

2.4 Discussion ................................................................................................................................... 62 

2.5 Conclusion and Outlook ............................................................................................................. 74 

 

Chapter III ............................................................................................................................................. 76 

3. Development of a novel luciferase system for the identification of protein-protein interactions 

in M. xanthus. ....................................................................................................................................... 76 

3.1 Introduction ................................................................................................................................ 76 

3.2 Materials and Methods .............................................................................................................. 78 

3.2.1 Cloning of genes for the luciferase and bacterial two-hybrid system ............................... 78 

3.2.2 Bacterial two-hybrid system ............................................................................................... 82 

3.2.3 β-galactosidase assay .......................................................................................................... 82 

3.2.4 bitLucopt Assay ..................................................................................................................... 83 



III 
 

3.2.5 Preparation of agar patches for fluorescent microscopy of the bitLucopt Assay ............... 84 

3.2.6 Fluorescent microscopy of bitLucopt Assay ......................................................................... 85 

3.3 Results ............................................................................................................................................ 86 

3.3.1 Validation of potential interactions between MglA and BacM/BacO and SofG and MreB 

using a bacterial two-hybrid system. .............................................................................................. 86 

3.3.2 Development of a luciferase-based two-hybrid system in M. xanthus ................................ 88 

3.3.3 N-terminally tagged Sm and Lg bit luciferase system ............................................................ 91 

3.3.4 Identification of interaction partners of MglA using the luciferase system in E. coli ........... 92 

3.3.5 Identification of interaction partners of SofG using the luciferase system in E. coli ............ 95 

3.3.6 Validation of interaction partners of MglA using the luciferase system in M. xanthus ....... 97 

3.3.7 Use of the luciferase system for the localization of protein-protein interactions in M. 

xanthus ............................................................................................................................................. 98 

3.4 Discussion ..................................................................................................................................... 102 

3.5 Conclusion and outlook................................................................................................................ 108 

 

Chapter IV ........................................................................................................................................... 109 

4. Biochemical characterisation of BacM and MglA ......................................................................... 109 

4.1 Introduction .............................................................................................................................. 109 

4.2 Materials and Methods ............................................................................................................ 110 

4.2.1 Cloning ............................................................................................................................... 110 

4.2.2 Western blotting ............................................................................................................... 111 

4.2.3 Construction of deletion mutants .................................................................................... 112 

4.2.4 Growth assays ................................................................................................................... 113 

4.3 Results ...................................................................................................................................... 114 

4.3.1 MglA appears to be post-translationally modified .......................................................... 114 

4.3.2 The cellular level of MglA depends on the presences of bactofilins ............................... 118 

4.3.3 Generation of a ΔBacM ΔMglA(B) double deletion mutant ............................................ 119 

4.3.4 Overexpression of MglA in growing ΔMglA(B) cells leads to the formation of elongated 

cells on hard agar ....................................................................................................................... 122 

4.3.5 Growth defect caused by the expression of MglA-eYFP in ΔBacM cells ......................... 123 

4.3.6 Expression of a second copy of BacM rescues growth defect caused by the 

overexpression of MglA in ΔBacM cells..................................................................................... 124 

4.3.7 The presence of the pSWU30 plasmid is toxic to M. xanthus cells ................................. 125 

4.3.8 Bioinformatics analysis reveals two hydrophobic regions at the N- and C-terminus of 

MglA ............................................................................................................................................ 126 

4.4 Discussion ................................................................................................................................. 128 

4.5 Conclusion and Outlook ........................................................................................................... 134 



IV 
 

Chapter V ............................................................................................................................................ 136 

5. Cellular localisation of MglA in the presence and absence of BacM ............................................ 136 

5.1 Introduction .............................................................................................................................. 136 

5.2 Materials and Methods ............................................................................................................ 138 

5.2.1 Cloning ............................................................................................................................... 138 

5.2.2 Colony-scale swarming assays .......................................................................................... 138 

5.2.3 Adventurous motility assays ............................................................................................. 139 

5.2.4 Fluorescent microscopy .................................................................................................... 139 

5.2.5 Immunofluorescence ........................................................................................................ 140 

5.3 Results ...................................................................................................................................... 142 

5.3.1 Expression of C-terminally eYFP-tagged MglA in ΔMglA cells partially rescues spreading 

on hard agar. .............................................................................................................................. 142 

5.3.2 MglB plays a role in spreading of M. xanthus on hard agar. ........................................... 144 

5.3.3 Elongated cells show evenly distributed MglA-eYFP with less MglA-eYFP at the division 

site............................................................................................................................................... 145 

5.3.4 MglA-eYFP expression leads to reduced colony spreading on hard agar in ΔBacM cells

 .................................................................................................................................................... 146 

5.3.5 Fluorescent microscopy reveals a difference in localization of MglA-eYFP in liquid grown 

cells in the presence and absence of BacM ............................................................................... 147 

5.3.6 Fluorescent microscopy shows a difference in localization of MglA-eYFP on hard agar 

grown cells in the presence and absence of BacM ................................................................... 149 

5.3.7 Expression of MglA-eYFP on soft agar-grown cells in the presence and absence of BacM

 .................................................................................................................................................... 153 

5.3.8 Fluorescent microscopy of ΔMglA cells expressing MglA-eYFP on 5% agar ................... 153 

5.3.9 Bipolar cluster formation of MglA-eYFP on hard agar correlates with hyper reversing 

cells ............................................................................................................................................. 156 

5.3.10 Immunofluorescence microscopy showed co-localisation of MglA and BacM............. 158 

5.4 Discussion ................................................................................................................................. 162 

5.5 Conclusion ................................................................................................................................ 168 

 

Chapter VI ........................................................................................................................................... 170 

6. Outlook ........................................................................................................................................... 170 

7. References ...................................................................................................................................... 178 

 



V 
 

List of Abbreviations and Acronyms 
 

BLAST   : basic local alignment tool 

BSA   : bovine serum albumin 

COPI   : coat protein complex I 

COPII   : coat protein complex II 

CTPM   : casitone, tris, magnesium sulphate, and potassium phosphate media 

CTT   : casitone, tris media 

EM   : electron microscopy 

eYFP   : enhanced yellow fluorescent protein 

GAP   : GTPase-activating protein 

GEF   : guanine exchange factor 

IPTG   : Isopropyl β- D -1-thiogalactopyranoside 

kDa   : kilo Dalton 

LB   : Luria-Bertani media 

Lg-bit   : Large-bit 

OD   : optical density 

ON   : overnight 

PBS   : phosphate buffer saline 

PBSTB   : phosphate buffer saline + TWEEN-20 + bovine serum albumin 

PCR   : polymerase chain reaction 

SDS-PAGE  : sodium dodecyl sulphate polyacrylamide gel electrophoresis 

Sm-bit   : small-bit 

TPM   : tris, potassium phosphate, magnesium sulphate media 

TWEEN-20  : polysorbate-20 

WT   : wild-type 

 

 

 

 



VI 
 

Acknowledgements 
 

 

Firstly, I would like to thank Dr. Egbert Hoiczyk for offering me the opportunity to carry out this 

interesting PhD project under his supervision. I appreciate all his patience, guidance, and full support 

throughout this journey. 

 

Secondly, I would like to thank Jeffery So, for his unwavering support and being my day-to-day lab 

buddy. Without his friendship, this journey would have been a lot more difficult.   

 

Thirdly, I would like to thank Egbert Hoiczyk, Jeffery So, Eleojo A Nwokeoji, Mohsen MA Almakrami, 

and all the current and past members of the Hoiczyk lab, for making the lab such a lively, vibrant, safe, 

and happy place to work. This lab environment was not only important for my scientific development, 

but also my personal growth. I would like to thank all the students that I have supervised over the 

course of four years, for their efforts and input. These students include: Gregory Gilmour, Max 

Larkinson, Eleanor J. Taylor-Chilton, Maria Demou, Harry Mcdowell, Lydia S. Rawson, Benjamin 

Garforth, Ritika Bhaskar and Soubash Tirougnanam. Special thanks go to the two internship students 

from Singapore: Cherie Hong Yi Xin and Maxino Leanette Torres, for their hard work and friendship. 

Last but not least I thank Felicity Powell, Arthur Sonnemans, Niek de Lange, Chris James Munn and 

Emily Hunt for their friendship and support. In addition, I would like to thank Felicity Powell, Corinna 

Snashall, and Elizabeth Lees for proof reading my English.  

 

Finally, my gratitude goes to my parents (Marjolein Semeijn-Visser and Jaap Semeijn), sister (Merel 

Semeijn), and brother (Rik Semeijn) for their love, encouragement and support. 



1 
 

Abstract 
 

 

The small Ras-like GTPase MglA, the master regulator of myxobacterial A- and S-motility, was 

identified as a novel interaction partner of the bactofilin BacM, a morphologically important 

cytoskeletal protein. Initially, this interaction was confirmed using several independent methods and 

expanded to additionally test any interactions of MglA with the cytoskeleton protein MreB. Among 

others, these experiments identified a number of novel interactions between Ras-like GTPases and 

bactofilins, namely between MglA-BacM, MglA-BacO, and SofG-BacO. In addition, a previously 

published interaction between MglA and MreB could not be confirmed, despite the use of different 

experimental approaches, including a novel two-hybrid system in M. xanthus. Protein expression 

experiments indicated that MglA in M. xanthus is post-translationally modified, although the precise 

nature of this modification was not identified so far. 

Detailed biochemical characterisations of MglA and BacM provided new insights into the nature of the 

interaction between these two proteins and their potential function(s) within the cell. MglA and/or 

BacM-associated cellular responses included: cell elongation, growth, hyper-reversals, adhesion, and 

spreading on hard agar. Importantly, the experimental results shed new light on the link between 

MglA-induced focal adhesion clusters and adventurous motility, indicating that these cell envelope-

associated attachment sites may not be motor complexes, but instead areas of cell attachment that 

actually slow the cells down.   

Finally, using pulldown-assays a number of novel interaction partners were identified for BacM, that 

point to the possibility that this morphogenetic cytoskeleton protein is an important platform for the 

orchestration of various cellular responses besides cell motility which range from the control of the 

cell morphology to the ability of the cells to respond to cold shock. Future research will need to 

elucidate these individual responses and to study whether they are more directly linked or only rely 

on BacM as assembly platform.  
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Chapter I 
 

1. Introduction 
 

Cytoskeletal proteins are structural components responsible for the shape of cells as well as the 

building blocks of cilia and flagella. In eukaryotes, they are filamentous proteins or protein assemblies 

that are composed of three major classes of proteins, namely, tubulin (the protein component of 

microtubules), actin (the component of microfilaments) and intermediate filaments (the components 

of connective tissue). Besides of their function in maintaining cell shape, cytoskeletal proteins also 

play important roles in other cellular processes such as cell cycle progression, intracellular organelle 

transport and motility to name a few (Shih & Rothfield, 2006). The discovery of FtsZ, the first bacterial 

cytoskeletal protein, twenty years ago heralded a new age of cell biology greatly expanding our 

understanding of the role and function of these important proteins (E. F. Bi & Lutkenhaus, 1991). Since 

then a large number of additional new bacterial cytoskeleton proteins have been identified including 

homologues of all three eukaryotic cytoskeletal protein classes. Even more surprisingly, recent 

research has revealed that prokaryotes possess many cytoskeletal proteins that are neither 

structurally nor functionally related to these three classes representing unique prokaryotic 

cytoskeletal elements. Nonetheless, like in eukaryotes bacterial cytoskeletal proteins contribute to 

many different cellular processes including cell morphogenesis, cell motility, cell division, and 

intracellular transport (Löwe & Amos, 1998; Van den Ent et al., 2001; Ausmees, Kuhn, & Jacobs-

Wagner, 2003). They can function as scaffolds positioning specific target proteins to subcellular 

locations and thereby coordinating the recruitment of further proteins and spatially organize the 

cellular content (Coulombe & Wong, 2004; Fletcher & Mullins, 2010) 
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1.1 Bacterial cytoskeletal proteins 
 

Within bacteria several cytoskeletal proteins including FtsZ (tubulin-like homologue), MreB (actin-like 

homologue) and crescentin (intermediate filament-like homologue) were found to have a scaffolding 

function at different positions within the cell. These three cytoskeletal elements are currently the 

best-characterized bacterial cytoskeletal proteins (Ingerson-Mahar & Gitai, 2012).  

 

1.2 Bacterial tubulin homologs 
 

In eukaryotes, microtubules are involved in the segregation of chromosomes, form the backbone of 

cilia and flagella, and act as tracks for intracellular transport. Tubulins form dynamic filaments that are 

instable meaning that they can rapidly switch from addition to subtraction of monomers in the 

filament. In eukaryotic cells, tubulins attach to the centromere during mitosis. Upon binding to the 

kinetochore they pull the chromosomes apart through depolymerisation (Wade, 2009). Biochemically, 

tubulins are GTP-binding proteins that consist of α and β subunits. Structurally, these subunits form 

protofilaments, which in turn form hollow tubular structures (microtubules) through the lateral 

interaction of thirteen protofilamants. Hydrolysis of the bound GTP is not required for normal 

polymerisation but is essential for tubulin de-polymerization (Hyman et al., 1992; Cabeen & Jacobs-

Wagner, 2010). For a long time, tubulins were thought to be exclusively present in eukaryotes until 

the discovery of the distant tubulin homologue FtsZ revealed that homolog proteins also exist in 

bacteria (Harold P. Erickson, 1997). Other, more recently discovered, tubulin-like prokaryotic proteins 

are TubZ, required for plasmid stability in Bacillus thuringiensis (Larsen et al., 2007), and BtubA/B from 

Prosthecobacter species (Jenkins et al., 2002). TubZ is the motor component for the DNA positioning 

system (Larsen et al., 2007).  

http://genesdev.cshlp.org/content/21/11/1340.short
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This system is involved in the maintenance of the virulence plasmids in Bacillus and Clostridium. 

Ensuring the inheritance of the plasmids by daughter cells during cell division (Baxter & Funnell, 2014). 

The exact function of the BtubA/B polymers is currently unknown (Pilhofer et al., 2011). 

 

1.2.1 FtsZ, a tubulin homologue involved in cell division 
 

FtsZ is a distant tubulin-like homologue that is involved in chromosome decatenation, the process that 

separates the two linked chromosomes during replication in bacteria. For that, FtsZ polymerizes in a 

GTP-dependent fashion into a structure called the Z-ring at the future division site located at mid-cell. 

GTP hydrolysis promotes the breakup of long FtsZ polymers in vitro and leads to Z-ring subunit 

turnover in vivo (Stricker, Maddox, Salmon, & Erickson, 2002; Mateos-Gil et al., 2012). The movement 

of FtsZ polymers at bacterial Z-rings is driven by GTP-hydrolysis and is essential for cell division and 

cell wall synthesis (Huecas et al., 2017). Functionally, the Z-ring is a highly dynamic structure that, 

besides of FtsZ, consists of at least 14 other different proteins, which form a complex often referred 

to as the divisome. Divisome formation starts In E. coli with the binding of FtsZ, FtsA, and ZipA, the 

three proteins that assemble into a proto-ring. At a later stage the rest of the divisome proteins are 

incorporated into this multiprotein complex, which controls the modification and synthesis of 

peptidoglycan at mid cell (Jiménez et al., 2011). FtsA is a member of the actin family that has a 

conserved amphipathic helix with which it tethers the Z-ring to the membrane (Pichoff & Lutkenhaus, 

2005, 2007), while ZipA contains an N-terminal helix by which it is associated to the membrane. ZipA 

also binds to the cytoplasmic domain of FtsZ via a flexible linker (Hale & De Boer, 1999; Mosyak et al., 

2000). Both FtsZ and ZipA have been shown to be involved in lipid vesicle deformation and cell 

membrane invagination in in vitro assays that mimic the more complex processes during cell division 

(Cabré et al., 2013). Based on super resolution light and cryo-EM microscopy, two contrasting models 

have been suggested to explain bacterial cell division.  
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The first model, was proposed based on electron cryotomography studies of Caulobacter crescentus 

and E. coli, which support the existence of long, continuous FtsZ filaments. According to this model, 

FtsZ forms a closed ring, which initiates the constriction of the cell. The overlapping filaments of the 

FtsZ ring then slide along each other to further decrease the ring’s diameter to further constrict the 

cell (Szwedziak et al., 2014; Figure 1B/C). The second model is based on newly mounting evidence 

that support a fragmented morphology of the FtsZ ring in many bacterial species (Lyu et al., 2016). 

The evidence for this morphology mainly comes from super resolution fluorescent microscopy studies 

of fluorescently labelled FtsZ, FtsZ- or divisome-associated proteins as well as immune-fluorescence 

imaging of native FtsZ. Three-dimensional super resolution PALM (photoactivated localization 

microscopy) imaging was used to study the formation of the Z-ring upon expression of wildtype FtsZ 

and a FtsZ GTPase mutant D212A. The D212A mutation leads to a reduction of GTPase activity to ~7% 

of WT levels (Lyu et al., 2016). It was found that the in vivo organisation of the Z-ring is largely 

dependent on the intrinsic polymerisation properties of FtsZ and these in turn are influenced by the 

GTPase-activity and concentration of FtsZ (Lyu et al., 2016). Accordingly, the model supports a Z-ring 

organisation in which the ring is composed of loosely associated heterogeneously distributed FtsZ 

clusters (Lyu, Coltharp, Yang, & Xiao, 2016; Figure 1A). Fluorescently tagged FtsZ clusters were 

measured and are 118.3 ± 41.3 nm long and 86.3 ± 22.5 nm wide (Söderström et al., 2018). These FtsZ 

clusters are connected by few lateral contacts and irregularly distributed around the division plane 

(Holden et al., 2014).  
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Figure 1. Two models of the Z ring. (A) FtsZ protofilament formation: The Z ring consists of short overlapping filaments. These 
overlapping filaments have a thickness of 3 to 9 protofilaments. FtsZ is tethered to the membrane by binding to both FtsA 
(yellow) and ZipA (blue). FtsA is attached to the membrane via its C-terminal amphipathic helix (green). ZipA is attached to 
the membrane via its N-terminal transmembrane anchor domain (purple). (B) FtsZ ring structure model: During constriction, 
the ring develops into two helical spirals, leading to forces pushing the membrane inwards. (C) Constriction force generation 
and filament sliding. (Modified from Szwedziak, Wang, Bharat, Tsim, & Lowe, 2014). 

 

1.2.2 Mid-cell localisation of the FtsZ ring  
 
 
In vitro experiments support the idea that FtsZ forms 30-50 subunits-long single-stranded filaments 

(Huecas et al., 2008; H. P. Erickson, Anderson, & Osawa, 2010). The process of filament formation 

starts with the dissociation of GDP from the FtsZ monomers, which initiates FtsZ dimerization. These 

FtsZ dimers then further polymerise into filaments (Chen et al., 2004). Based on these data, FtsZ could, 

at least in theory, form filaments throughout the cell. In reality however, FtsZ forms a single ring-like 

structure at mid-cell, so the stability and formation of the FtsZ filaments is spatially highly regulated 

within the cell. Several processes are involved in preventing erroneous FtsZ ring formation or activity. 

Some bacteria use DNA-binding proteins like SlmA and Noc, which inhibit FtsZ filament formation in a 

process termed nucleoid occlusion to ensure faithful chromosome segregation (Wu & Errington, 

2012).  

cell wall                                   

cell wall 
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Another mechanism is based on the spatial tethering of the FtsZ ring (Martos et al., 2015). One protein 

involved in FtsZ tethering is FtsA. FtsA fulfils this function through two distinct processes, namely 

through the formation of FtsZ/FtsA co-polymers and its ability to destabilise formed FtsZ polymers. 

This destabilisation causes FtsZ monomers to detach from the filament in a process that, based on 

fluorescence microscopy and biochemical perturbations, supports a model of dynamic filament re-

organisation (“movement”) that is most likely based on tread-milling (Loose & Mitchison, 2014). FtsZ 

monomers were found to be immobile, when attached to the membrane, which is most likely the 

consequence of their binding to ZipA (Loose & Mitchison, 2014). ZipA and another protein, ZapA are 

membrane proteins that increase FtsZ polymerization. ZipA functions by promoting FtsZ monomer 

binding to the membrane, while ZapA is proposed to be involved in the alignment of FtsZ clusters 

(Buss et al., 2013). A third mechanism that bacteria use for focussing of the FtsZ ring are spatial 

gradients of proteins involved in de-polymerisation. In E. coli a reaction-diffusion system is in place to 

regulate the FtsZ gradient. This mechanism relies on three components MinC, MinD and MinE. MinC 

binds to MinD and is involved in the depolymerisation of FtsZ. MinD is an adenosine triphosphatase 

(ATPase) that dimerizes in the presence of ATP and binds to the lipid membrane, while MinE binds to 

membrane-bound MinD and induces ATP-hydrolysis by MinD. The ATP hydrolysis leads then to the 

detachment of MinD/MinE from the membrane (LaBreck et al., 2019). Together the function of these 

proteins are causing them to oscillate between the cell poles, thereby creating a gradient with a MinC 

minimum at mid-cell (Raskin & de Boer, 1999; Zieske & Schwille, 2014). A similar system is in place in 

Myxococcus xanthus, where the formation of the FtsZ-ring at mid-cell is driven by the positioning of 

the PomXYZ complex at the future division site on the nucleoid. The mid-cell positioning of the PomXYZ 

complex is itself driven by PomZ fluxes (Schumacher et al., 2017).  
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1.3 Bacterial actin homologs 
 

One of the most important and highly conserved components of the eukaryotic cytoskeleton is actin. 

Monomeric (G-actin) polymerizes into filamentous actin (F-actin) within the cell. Filamentous actin 

consists of two proto-filaments which are twisted around one another forming a right-handed double 

helix (Holmes et al., 1990). In eukaryotic cells, actin transitions between its monomeric and 

filamentous state and these dynamics are controlled through nucleotide hydrolysis, ion 

concentrations and a large number of actin-binding proteins (Carlier, 1992). Polymerised actin has 

many functions in eukaryotic cells including cell shape determination, cell motility, cell polarity and 

regulation of transcription (Dominguez & Holmes, 2011). Alignment studies and X-ray crystal 

structures showed that actin, hexokinase and hsp70 protein share common conserved residues in five 

sequence motifs, which are involved in ATP-binding. Using these conserved amino acid patterns, 

database searches were performed that revealed that the proteins MreB, FtsA and StbA contained 

similar motifs indicating that they may represent bacterial actin homologues (Bork et al., 1992; Van 

den Ent et al., 2001).  

 

1.3.1 MreB, an actin homologue important for the rod-shape of bacteria 
 

In eukaryotes, actin is known to be essential for cellular processes such as sensing environmental 

forces, surface locomotion, cell division, internalization of membrane vesicles, and maintenance of 

cell shape (Ingerson-Mahar & Gitai, 2012; Pollard & Cooper, 2009). Similarly, MreB, a bacterial actin 

homologue is involved in cell shape maintenance through the incorporation of new peptidoglycan. 

MreB polymerizes into dynamic actin-like filaments in the presence of ATP (Garner et al., 2011; Van 

den Ent et al., 2001).  
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Patches of these MreB actin-like filaments have been observed to move circumferentially along the 

cell envelope in super resolution light microscopy studies (Dominguez-Escobar et al., 2011; Garner et 

al., 2011). In many species, MreB is an essential protein that localizes underneath the bacterial cell 

membrane through direct interaction with the membrane (Dempwolff et al., 2011). In E. coli and T. 

maritima it was found that this association to the membrane is facilitated by a membrane-binding N-

terminal amphipathic helix (Salje et al., 2011). Upon binding to the membrane, MreB forms a complex 

with MreC and MreD (Kruse et al., 2005). MreC is a periplasmic protein that is involved in the spatial 

orientation of penicillin-binding proteins (PBPs) and a lytic transglycosylase, while MreD is essential 

for peptidoglycan synthesis through its interaction with the precursor-synthesizing enzymes MurG and 

MraY (White et al., 2010). Moreover, important connections were found between MreB proteins and 

a range of broadly conserved proteins that also contribute to the determination and maintenance of 

cell shape. Examples of these proteins are several PBPs including PBP2, which is involved in lateral cell 

wall elongation and PbP1A, which is a general PG synthase (Typas et al., 2011). Other protein 

interactors of MreB are MurG, RodZ and MraY (P. L. Graumann, 2004; Mohammadi et al., 2007; 

Margolin, 2009). MraY and MurG are lipid II synthesis enzymes, while MurG is also known to play a 

role as a scaffold for peptidoglycan synthesis (Favini-Stabile et al., 2013; Typas et al., 2011). In contrast, 

RodZ is bound to MreB via a cytoplasmic helix-turn-helix motif located at its N-terminus and attaches 

MreB to the cytoplasmic membrane (van den Ent et al., 2010). Studies in E. coli and B. subtilis have 

shown that MreB is essential for determining the characteristic rod-shape of these bacteria. Upon 

deletion of the mreB gene, cells tend to inflate, become round-shaped and eventually burst (L. J. F. 

Jones et al., 2001; Wachi et al., 1987). Finally, in 2013 a yeast-two-hybrid study found that MreB 

interacts with the tubulin-homologue FtsZ (see above). This interaction appears to be essential for 

septum synthesis and cell division in E. coli, thereby coupling bacterial cell division to cell elongation 

(Fenton & Gerdes, 2013).  
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1.3.2 Does MreB form helical filaments or patches? 
 

Early work on MreB localization showed that the protein may form elongated filaments that follow a 

helical path perpendicular to the long axis of the cell. This arrangement was based on several studies 

using immunofluorescence with affinity-purified antibodies; the detection of epitope-tagged MreB by 

a fluorescent monoclonal antibody; and the detection of GFP-tagged Mbl, an MreB-like protein in B. 

subtilis. It was proposed that the MreB helices localize the cell wall synthesis enzymes thereby 

directing cell wall growth in a helical pattern (Daniel & Errington, 2003). Since 2011, a series of papers 

have been published that challenged this cell-spanning arrangement of the MreB filaments (reviewed 

in Errington, 2015). Importantly, it was discovered that MreB polymerizes on membranes as short 

anti-parallel filaments with an average length of ca. 200-300 nm substantially shorter than previously 

thought (Salje et al., 2011; van den Ent et al., 2014). Additional evidence for this new arrangement 

came from the observation that the originally reported MreB helices in E. coli were artifacts caused 

by the N-terminal yellow fluorescent protein tag. Native, untagged MreB expressed at the same level 

did not form extended helices and filaments. When instead an mCherry tag was added to an internal 

loop, MreB did not form helices in the cell (Swulius & Jensen, 2012). Finally, in vivo studies of MreB 

motion in B. subtilis and Salmonella typhimurium showed that MreB forms short filament patches that 

move around the cell circumference (Garner et al., 2011; Dominguez-Escobar et al., 2011). These 

movements of MreB patches were found to be driven by cell wall synthesis. Upon deletion or 

inhibition of cell wall-synthesizing enzymes, the MreB patches did no longer show motion (Garner et 

al., 2011; Dominguez-Escobar et al., 2011; S. van Teeffelen et al., 2011). In summary, this research 

indicates that MreB may tend to form disconnected patches rather than extended helices and 

filaments. Consequently, earlier research on the proposed cellular functions of MreB as extended 

helices and filaments requires careful re-evaluation.  
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1.4 Bacterial intermediate filament homologs 
 

1.4.1 Crescentin, an intermediate filament-like homologue required for the curved shape of C. 

crescentus 
 

Intermediate filaments in eukaryotes are characterized by coiled-coil-rich regions, which are flanked 

by N- and C-terminal sequences (Parry, 2005). Unlike actin and tubulin, intermediate filament proteins 

assemble nucleotide-independently into highly elastic fibers (Herrmann & Aebi, 2004). These fibers 

are involved in many physiological cellular processes including signal transduction, cell polarity, 

distribution of organelles and gene regulation (Iwatsuki & Suda, 2010). In 2003, a genetic screen 

identified in C. crescentus crescentin, the first bacterial intermediate filament-like homologue 

(Ausmees et al., 2003). It was found that in this widely-studied model organism, crescentin is essential 

for the characteristic curved shape of the cells. Interestingly, in exponentially growing cultures the 

protein forms a continuous filamentous structures on the inner side of the curved cells, while in 

stationary cultures the cells become helical and crescentin organizes into a helical structure (Ausmees 

et al., 2003; Briegel et al., 2006). Deletion of crescentin results in a loss of cell curvature leading to 

straight rod-shaped cells (Charbon et al., 2009). Using electron microscopy, quantitative rheology and 

fluorescence recovery after photo-bleaching experiments (FRAP), it was found that crescentin forms 

in vivo filamentous structures that undergo slow remodeling dynamics (Esue et al., 2010). Despite its 

importance in cell wall shape, it is currently not completely known how crescentin causes the observed 

cell curvature. One idea is that its physical presence at the inner curvature of the cells results in 

anisotropic peptidoglycan synthesis thereby preventing cell wall formation on the inner side of the 

crescent-shaped cell. 
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1.5 Bactofilins, a new family of cytoskeletal proteins 
 

As discussed above, one recent surprising finding in the field of bacterial cytoskeleton protein research 

is that bacteria actually possess more rather than less diversity of these proteins than eukaryotes, and 

one of those new classes of bacterial cytoskeletal proteins is bactofilins. Bactofilins like intermediate-

like filaments polymerize in a nucleotide-independent fashion into filaments. They are widely 

conserved within the bacterial kingdom and predominantly found in prokaryotes (Kühn et al., 2010; 

Deng et al., 2019). Bioinformatically, bactofilins can be easily identified by their conserved DUF583 

domain, which is flanked by short variable N- and C-terminal regions. Recently, the atomic structure 

of this domain was determined by solid-state NMR showing that DUF583 is formed by a right-handed 

β helix with six turns surrounding a triangular hydrophobic core (C. Shi et al., 2015). Cryo-EM analysis 

of the bactofilin from Thermus thermophilus revealed that protofilaments are formed through end to 

end association of the beta-helical domains (Deng et al., 2019) (Figure 2). 

 

 

 

 

 

 

 

 

 

 

The first ever identified bactofilin was CcmA (curved cell morphology A) from Proteus mirabilis. Using 

a transposon-based genetic screen CcmA was shown to play a role in morphology as cells expressing 

a truncated version of the protein displayed high cell curvature. This curvature was higher in cells 

expressing a truncated form of CcmA then in those lacking the protein entirely.  

Figure 2. Crystal structure of ΔN-terminus Thermus 
thermophilus bactofilin. Structure was solved using SeMet 
single-wavelength anomalous diffraction (SAD) phasing. The 
results indicating a non-polar head-to-head and tail-to-tail 
arrangement (Taken from Deng et al., 2019). 
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In contrast, overexpression of CcmA resulted in enlarged and ellipsoidal cells in both E. coli and P. 

mirabilis (Hay et al., 1999). Since then homologues of CcmA have been studied in a number of other 

bacteria including C. crescentus, Helicobacter pylori, and M. xanthus. In all three bacteria, CcmA 

homologues were found to be involved in controlling cell morphology (Kühn et al., 2010; Sycuro et al., 

2010; Koch et al., 2011). In H. pylori, CcmA was identified to be essential for the cell’s characteristic 

helical cell shape. Together with three other proteins, Csd1-3 (cell shape determinant) CcmA appears 

to direct peptidoglycan synthesis to generate helical curvature. Upon deletion of any of these genes, 

the cells lose their helical shape and show different levels of curvature. The Csd1-3 proteins are 

peptidoglycan endopeptidase homologues containing conserved LytM domains and are thought to be 

directly involved in the remodeling of peptidoglycan. As CcmA does not contain a LytM domain or any 

other endopeptidase motif it was hypothesized to directly or indirectly interact with Csd1-3 at the 

membrane to influence cell shape morphology (Sycuro et al., 2010). CcmA has been shown to interact 

with Csd5 which is another cell shape promoting protein in H. pylori (Blair et al., 2018). Additionally, 

CcmA plays a role in cell swarming. A transposon mutant and a CcmA null mutant both formed 

elongated cells that were irregular curved and unable to swarm. Using immunogold labelling it was 

shown that CcmA attaches itself to the membrane (Hay et al., 1999).   

In B. subtilis, the bactofilins BacE and BacF appear to be involved in the process of flagellar hook and 

filament assembly (Rajagopala et al., 2007). Their corresponding genes bacE/bacF, previously termed 

yhbE/yhbF, are highly conserved in most Bacillus species and a double deletion mutant displays 

reduced motility. Similarly, in Treponema pallidum yhbE and yhbF paralogues were found to interact 

with FliY and FliS, two proteins that are important for flagella formation. While FliY is located in the 

basal body complex of the flagellum, FliS functions as a chaperone of flagellin. Flagellin is the main 

structural protein forming the hollow cylinder structure of the flagellar filament (Rajagopala et al., 

2007; El Andari et al., 2015). Deletion of both of these genes leads to reduced motility (Rajagopala et 

al., 2007).   
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Another set of bactofilins, called BacA and BacB, where discovered in C. crescentus and shown to be 

involved in cell morphology. BacA and BacB were found to form membrane-associated polymeric 

sheets that recruit PbpC (penicillin binding protein C) to the stalked cell pole to support the formation 

of the stalk, an elongated tube-like outgrowth of the cell body. Both, a bacA deletion and a bacA/bacB 

double deletion led to a reduced length of the stalk probably through the absence of PbpC (Kühn et 

al., 2010).  

 

1.6 Bactofilins in Myxococcus xanthus 
 

1.6.1 Myxococcus xanthus 
 

M. xanthus is a heterotrophic, rod-shaped Gram-negative soil bacterium with an approximate length 

of 4-6 µm and a width of 0.5 µm (Kaiser, Manoil, & Dworkin, 1979; Blackhart & Zusman, 1985). Due to 

its complex life style, M. xanthus has become a model organism to study complex cellular and 

physiological processes such as biofilm formation (Palsdottir et al., 2009), changes in cell morphology 

(Licking et al., 2000), kinship (Dey et al., 2016), predation (Müller et al., 2016), altruism (Pathak et al., 

2013), and cell fate determination (Arias Del Angel et al., 2018). These unusually evolved behaviors 

are most likely the consequence of the complex developmental life cycle of this quasi multicellular 

bacterium. This developmental life cycle consists of a vegetative growth cycle during which the cells 

move cooperatively as swarms and a developmental cycle in which, upon starvation, large numbers 

of cells (~105) coalesce into macroscopically visible fruiting bodies (Kuner & Kaiser, 1982). (Figure 3).  
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Figure 3. Developmental and vegetative growth cycles of M. xanthus (Taken from Kaiser, Manoil, & Dworkin, 1979) 

 

1.6.2 Gliding motility in M. xanthus 
 

Myxococcus xanthus cells move using two different types of motility, adventurous (A-) motility and 

social (S-) motility (Jonathan Hodgkin & Kaiser, 1979). A-motility facilitates single cell movement, while 

S-motility allows groups of cells to move together (W. Shi & Zusman, 1993). On hard agar (1.5%) A-

motility is the dominant form of movement, while on soft agar (0.3-0.5%) the cells use S-motility. Both 

motility systems are coordinated, as the swarm expansion rate of S+A+ wild type cells is greater than 

the sum of the expansion rates of S+A- and S-A+ swarms (Dale Kaiser & Crosby, 1983).  

1.6.3 Social motility  
 

Three components are necessary for S-motility in M. xanthus: type IV pili, extracellular matrix 

exopolysacharides (EPS) and lipopolysaccharide (LPS) (H. Lancero et al., 2002; A. Lu et al., 2005). Type 

IV pili are slender protein projections, typically 5-7 nm in diameter that can extend up to 5 μm or more 

in length (Mattick, 2002). These pili power S-motility through repeated cycles of extension, binding 

and retraction, which pull the cells forward. M. xanthus has between 1-4 type IV pili at the leading cell 

pole (Y. Li et al., 2003), which generate an average retraction force of about 150 pN making them one 

of the strongest biological motors (Clausen et al., 2009). Both the extracellular polysaccharides (also 

referred to as fibrils) as well as LPS are thought to mediate the binding of the type IV pili during force 

generation (Y. Li et al., 2003). 
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Ten core proteins form the type IV pili machinery, pilA, pilB, pilC, pilD, pilM, pilN, pilO, pilP, pilQ, and 

pilT (Nudleman & Kaiser, 2004). Together they form a complex structure that spans the entire cell 

envelope and consists of four sub-complexes: the pilus, the outer membrane complex, the motor and 

the alignment complex. The up to 5 μm long pilus is composed of a single small protein PilA. The 

addition and removal of pilA subunits at the base of the pilus facilitates the extension and retraction 

of the pilus fiber (Jakovljevic et al., 2008). The outer-membrane complex consists of the PilQ oligomer, 

which forms the secretin channel through which the pilus can cross the outer membrane (Wall et al., 

1999). The motor complex is composed of three proteins, PilB, PilC and PilT. PilB and PilT are two 

ATPases, that provide the energy for type IV pili extension and retraction cycles (Jakovljevic et al., 

2008). Both, PilB and PilT bind to PilC, which is an inner membrane platform protein (Takhar et al., 

2013). Finally, the alignment complex connects the outer membrane and motor complexes and is 

composed of PilM, N, O, and P (Leighton et al., 2016). 

1.6.4 Adventurous motility  
 

In contrast to S-motility, the motor of A-motility is less well understood. Nonetheless, several key 

features have been associated with A-motility in M. xanthus. One of these features is the secretion of 

slime. Although the precise function of slime in A-motility is still debated, it appears to play an 

important role in the process (Reichenbach & Dworkin, 1981; Wolgemuth et al., 2002; R. Yu & Kaiser, 

2007). Another feature is the observation that A-motility uses the proton motive force (PMF) as an 

energy source. More specifically, it uses the pH gradient across the inner cytoplasmic membrane, 

which was demonstrated through the treatment of cells with nigericin, a substance that functions as 

an ionophore dissipating the PMF. Three proteins, AglQ, R and S appear to form a proton-conducting 

channel that is essential to harness the PMF for A-motility (B. Nan et al., 2011; Sun et al., 2011). 

Additional features are the synergism between A- and S-motility and the crucial role of MreB in A-

motility (Dale Kaiser & Crosby, 1983; Treuner-Lange et al., 2015b).   
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Two models have been proposed to explain A-motility in M. xanthus. The first model suggests that the 

secretion of slime from arrays of nozzle complexes that are concentrated at both cell poles provides 

the propulsive force (Wolgemuth et al., 2002). Theoretic calculations showed that slime secretion 

would generate sufficient power to move the cells at the observed speeds (Wolgemuth et al., 2002). 

Importantly, during gliding the slime is secreted only at the lagging pole, which could propel the cell 

into the opposite direction ( Hoiczyk, 2000; Hoiczyk & Baumeister, 1998).  

The second model, termed the focal adhesion model is based on the formation of areas of contact 

between the cell surface and the substrate (“focal adhesions”) which are crucial for motility (T. Mignot, 

2007). The formation of these focal adhesions starts at the leading cell pole, where they bind at fixed 

positions to the underlying substrate. As the proteins forming the complexes are envelope-spanning, 

they are able to connect the substrate to the MreB cytoskeleton and upon binding start to move from 

the leading to the lagging cell pole. This movement is thought to drive the cell forward as the focal 

adhesions stay anchored in place thereby pushing against the secreted slime (T. Mignot, 2007). 

1.6.5 The myxobacterial bactofilins BacM, N, O, and P 
 

Four bactofilins are encoded in the genome of M. xanthus. BacM (MXAN_7475), and three 

homologues (BacN-P; MXAN_4637–4635) which are encoded by adjacent genes in a different operon.  

The deletion mutants of the bacNOP genes in M. xanthus resulted in no obvious phenotype. The 

deletion of BacM however lead to cells having a crooked cell morphology and becoming more 

susceptible to cell-wall targeting antibiotics (Koch et al., 2011). Following this initial characterization, 

a follow up study reported more detailed structural and functional data about BacM, one of the four 

initially discovered bactofilins (Zuckerman et al., 2015). In particular, it was shown that BacM forms in 

vivo electron microscopically visible fibers that could be isolated from cells.  
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These fibers were 0.2-8 µm long and 6-8 nm wide and composed of thinner, 3 nm wide filaments. 

BacM (MXAN_7475), the only protein component of the filaments and fibers is a 150 amino acids long 

protein that exist in the cell in two forms, a full-length form (16 kDa) and an N-terminally cleaved form 

(13 kDa) (Koch et al., 2011). Although the precise role of the N-terminal cleavage process is currently 

unknown, one possibility is that the cells may use the process to control the polymerization of the 

protein inside the cell as to prevent unproductive polymer formation.  

BacP was shown to interact with SofG, which is a small Ras-like GTPase. BacP was found to localize at 

the subpolar region at both cell poles. SofG would bind to BacP and appears to use it as a track to 

reach the cell pole where it localizes two ATPases PilB and PilT. MglA, another Ras-like GTPase sorts 

PilB and PilT to the opposite poles (Bulyha et al., 2013). PilB and PilT enable the extension and 

retraction of type IV pili, thereby regulating S-motility (Jakovljevic et al., 2008). In 2017, an article was 

published showing that BacP was found to form a complex with BacO and BacN (Lin et al., 2017). The 

BacNOP complex interacts with a parS-binding protein ParB (MXAN_7476) and a DNA-partitioning 

ATPase ParA (MXAN_7477). The DNA-partitioning ATPases ParA was additionally found to interact 

with PadC (MXAN_4634). The integrity of these complexes was shown to be essential for proper 

nucleoid morphology and chromosome segregation. Important to notice is that PadC is located in the 

same operon as bacNOP and that ParA and ParB are located in the same operon as BacM (Lin et al., 

2017). Previous deletion of BacM or MXAN_7474 did not affect chromosome segregation or cell 

growth (Koch et al., 2011).  
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1.7 Ras-like GTPases 
 

1.7.1 Eukaryotic Ras proteins 
 

Ras proteins heavily influence cellular organization and signalling (Rojas et al., 2012). They achieve 

this, by having a conserved GTP-binding domain, combined with highly divergent sequences and 

functions of the rest of the Ras protein (Jiang & Ramachandran, 2006). The G-domain contains six 

central β-sheets and five α-helices. It has a high affinity for GDP and GTP and almost none for GMP 

(Kjeldgaard et al., 1996). Concentrations of GTP and GDP in tissues and cells typically range between 

0.3-0.5 mM and 0.03-0.06 mM, respectively (Karl, 1978). The G-domain contains five conserved 

fingerprint motifs that are located in five loops labelled G1 to G5. These loops are clustered around 

the nucleotide-binding site. The first loop, G1 is called the P-loop (GxxxxGKS/T), which is the glycine-

rich phosphate-binding loop (Figure 4). The wrapping of the P-loop around the phosphates allows for 

the strong binding of the main-chain nitrogen with the negatively charged phosphate (Shalaeva et al., 

2018). The lysine of the P-loop is crucial for nucleotide-binding and interacts with the β- and γ-

phosphate oxygens (Schweins & Wittinghofer, 1994). G2 contains switch region I, which undergoes 

large conformational changes upon transition from the GDP to GTP-bound state and vice versa (Anand 

et al., 2006). There are two switch regions in the G-domain. Switch region I is involved in the exchange 

of GTP and GDP and is often called the effector region. The effector region binds to the effector protein 

upon exchange of GTP to GDP. This switch region, contains a highly conserved threonine, which is 

essential for binding to the γ-phosphate and contacting the magnesium ion (Spoerner et al., 2001). 

Magnesium plays a role in the geometry and charge of Ras-proteins during hydrolysis of GTP to GDP 

(Rudack et al., 2012). G3 is close to the switch II region and contains the DxxG motif. The aspartate in 

the G3 motif sits close to the magnesium ion in most Ras proteins. The switch II region does not have 

a conserved motif in Ras proteins except for a glycine (G60). This glycine is essential for effector 

interactions both with guanine exchange factors (GEFs) and GTPase-activating proteins (GAPs) (J. Bos 

et al., 2007).  



20 
 

G4 contains the N/TKxD motif in which the aspartate makes contact with the nitrogen atoms and the 

asparagine with the purine, thereby conferring specificity with the guanidiunium base (Papke et al., 

2014). Finally, G5 contains the SAK motif in which the backbone amine interacts with the oxygen of 

the guanine. The serine side-chain stabilizes the G5 loop in a tight turn (Papke et al., 2014).  

 

 

  

 

 

 

 

 

 

 

 

1.7.2 Ras protein families 
 

Based on their sequences and interaction with various other proteins, Ras proteins are divided into 

five subfamilies Rho, Ran, Arf/Sar, Rab, and Ras. They function, as signalling nodes and are triggered 

by both internal and external stimuli (Rojas et al., 2012). Ras proteins regulate intracellular signalling, 

which indirectly influences gene transcription. This in turn influences important cellular processes 

including cell growth, proliferation, differentiation, morphology, and apoptosis (Yamamoto, Taya, & 

Kaibuchi, 1999; Shao et al., 2000; Overmeyer, 2011).  

Figure 4. Structure of MglA from Thermus thermophilus (left) and Myxococcus xanthus (right). T. thermophilus 
MglA has a 62% sequence identity with MglA from M. xanthus resulting in both proteins sharing a lot of structural 
similarity. Thermus thermophilus MglA (red) P-loop (light blue) Switch region I (green) Switch region II (orange) β2 
screw (dark blue) rest of the protein. The β2 screw moves as MglA transitions between its GTP and GDP bound form. 
The β2-screw movement is required to position crucial hydrophobic residues such as Leu55, Phe56, Phe57 and 
Phe59 involved in the MglA–MglB interface. (Taken from Miertzschke et al., 2011 (left) and Galicia et al., 2019 
(right)). 

Thermus thermophilus                                          Myxococcus xanthus 
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1.7.2.1 Rho protein family 

 

The Rho family is involved in cell cycle progression, gene expression and the regulation of actin 

(Marinissen, Chiariello, & Gutkind, 2001; Sit & Manser, 2011; David, Petit, & Bertoglio, 2012). This 

family of small RasGTPases is widely conserved having numerous family members in various species 

like Saccharomyces cerevisiae (7 genes), Caenorhabditis elegans (9 genes), and Homo sapiens (23 

genes). The 23 genes from H. sapiens result in the formation of 26 different proteins due to alternative 

splicing. These 26 proteins are divided into six subfamilies, namely: Rho, Rac, Cdc42, Rnd, RhoBTB and 

RhoT/Miro. The RhoBTB and RhoT proteins are also referred to as atypical, due to their alternative 

function and structure (Bustelo et al., 2007). Rho/Rac proteins are controlled through a number of 

regulatory steps, which include: control of nucleotide-binding by GEFs and GAPs, regulation of 

subcellular localization, modulation of protein expression levels, and other regulatory events (Etienne-

Manneville & Hall, 2002). Most Ras proteins require the docking onto the cell membrane in order to 

exert their function. Rho/Rac proteins achieve this by using a CAAX lipobox. The cysteine residue in 

this lipobox gets geranyl-geranylated or farnesylated (Maurer-Stroh et al., 2003).  

Attachment of the isoprenoid group facilitates the localization of the GTPase to the endoplasmic 

reticulum, where the AAX region is proteolytically cleaved (Boyartchuk et al., 1997). After this step, 

the α-carboxyl group of the C-terminal cysteine gets methylesterified. In some of the Rho/Rac GTPases 

additional cysteines are palmitoylated. The isoprenyl group attached to the CAAX box plays a crucial 

role for the subcellular localization of these proteins (Michaelson et al., 2005). RhoB for example, 

localizes to endomembranes, when geranyl-geranylated and the plasma membrane, when 

farnesylated (Lebowitz et al., 1995). Upstream of the CAAX box is a polybasic region that is responsible 

for subcellular localization of several Rac proteins. Small changes in this region leads to differences in 

localization of these proteins. Rac1, Rac2 and RhoG localize to lipid rafts, endosomes, and caveolar 

vesicles, respectively (Filippi et al., 2004; Prieto-Sánchez & Bustelo, 2003).  
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Interestingly, in the case of Rac1, a proline-rich domain is located near the CAAX box, which is essential 

for the localization of this protein to focal adhesion complexes (Ten Klooster et al., 2006). The proline-

rich domain interacts with an SH3 domain protein β-Pix. β-Pix is the Rac1 GEF protein, that is 

constitutively located at these focal adhesion sites. Important to mention is that some Rho/Rac 

proteins also undergo phosphorylation, which may influence their interaction with RhoGDIs (Rho 

guanine dissociation inhibitor) (Dermardirossian et al., 2004), stability in the membrane (Forget et al., 

2002), and effector functions (Lang et al., 1996).  

  

1.7.2.3 Ran protein family 

 

Ran GTPases are involved in nuclear import and export processes. The regulators of Ran are 

asymmetrically localized, with the GEF (RCC1) in the nucleus and the GAF RanGAP1 in the cytosol (Ki 

& Ying, 2009). The asymmetrical localization of these proteins, creates a gradient of Ran-GTP across 

the nuclear envelope, which dictates the direction of the nuclear transport (Izaurralde et al., 1997; 

Nachury & Weis, 1999). Binding of Ran-GTP to importin β triggers the displacement and release of 

cargo into the nucleus (Lange et al., 2007). The export complex in the nucleus consists of the cargo-

containing exportin1 (export signal) and Ran-GTP. Ran-GTP is hydrolyzed to Ran-GDP upon reaching 

the cytoplasm, due to the activity of RanGAP1, while the exportin1 is recycled (J. Bos et al., 2007).  

 

1.7.2.4 Arf/Sar protein family 

 

The Arf and Sar proteins are regulators of vesicle biogenesis in intracellular trafficking (Chavrier & 

Goud, 1999). The Arf1 and Sar1 proteins bi-directionally manage vesicular trafficking, between the ER 

and the golgi. The pathway from the ER to the golgi depends on Sar1 (Barlowe et al., 1994), while the 

pathway from the golgi to the ER depends on Arf1 (Lu et al., 2001).  
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These vesicles move protein and lipids between the ER and the golgi. Sar1 and Arf1 proteins are 

responsible for the recruitment of COP (coat proteins complex) proteins to the membrane and the 

initiation of the formation of COP-mediated vesicles. COPI coated vesicles are formed at the Golgi and 

traffic to the ER, while COPII coated vesicles are formed at the ER and go to the Golgi. Sar1 and Arf1 

have both an α-helix at their N-terminus that is comprised of 20 hydrophobic and 20 hydrophilic amino 

acids, thereby creating an amphiphatic helix (Carlos et al., 1994). In the inactive GDP-bound form the 

amphiphatic helix is not exposed, however, due to a conformational change upon GTP-binding the 

amphiphatic helix is removed from its hydrophobic pocket (Bruno Antonny et al., 1997). Because of 

the amphiphatic helix, Arf1 and Sar1 stably associate with the membrane vesicle (Pasqualato et al., 

2002). In addition, the N-terminal helix is involved in deformation of the membrane. Liposomes were 

shown to be highly deformed, when mixed with purified Arf1/Sar1 protein (Beck et al., 2008). Arf 

family proteins undergo myristioylation at the N-terminal helix. This modification is essential for the 

function and membrane-association of these proteins (Liu et al., 2009).  

In contrast, Sar1 does not undergo myristoylation. The Sar1 GEF protein Sec12 is essential for the ER 

localization of Sar1 (d’Enfert et al., 1992). In contrast to Sar1, Arf1 has more diverse GEF proteins 

(Donaldson & Jackson, 2011). Sec23 is the GAP protein of Sar1 and forms a complex with Sar1 together 

with Sec24, termed the pre-budding complex. The pre-budding complex recruits Sec13/31 

heterotetramer complexes, which are involved in linking the pre-budding complexes via 

polymerization. Sec13/31 complexes self-assemble into spherical lattice like structures in solution 

(Bhattacharya et al., 2012). Sec31 functions in this complex as the GAP stimulator of Sec23 (X. Bi et 

al., 2007). Importantly, Sec31 has a C-terminal proline-rich domain as the GAP stimulator. Within the 

complex the proline-rich domain binds both the surface of Sec23 and Sar1. It reaches the active site 

of Sar1, which optimizes the orientation of a catalytically important histidine residue of Sar1 (X. Bi et 

al., 2007).  
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For Arf1 the α, β’, ε-COP forms the complex essential for the outer layer coat, that resembles the 

Sec13/31 structures (Hsia & Hoelz, 2010). However, the COPI coat does not possess GAP function, so 

the mechanism of Arf1 GAP activation remains to be elucidated.  

 

1.7.2.5 Rab protein family 

 

Rab GTPases are the largest family of small GTPases and are known as the master regulators of 

intracellular membrane trafficking (Diekmann et al., 2011). Different Rab GTPases localize to different 

subcellular localizations, thereby controlling specificity and directionality of membrane trafficking 

pathways (Hutagalung & Novick, 2011). Rab GTPases exist in both a soluble and membrane bound 

form. Membrane association is caused by the post-translational modification of C-terminal cysteine 

residues with one or two lipophilic geranylgeranyl groups (Pfeffer & Aivazian, 2004). The addition of 

geranyl groups is mediated by RABGGTB (GGTase II; geranylgeranyl transferase II) in cooperation with 

REP (Rab escort protein) (Ka et al., 2007). GDI is the GDP dissociation inhibitor of Rab-GTP and 

mediates the dissociation of membrane-bound Rab-GTP (Pfeffer & Aivazian, 2004). Similar to Rho 

proteins, compartment-specific GEFs seem to play a crucial role in defining the precise localization of 

Rab-GTPases. Rab-GTPases have been found to be essential for both exocytic and endocytic vesicle 

transport (Das & Lambright, 2016; Klinkert et al., 2016). Due to their role in vesicle transport a lot of 

Rab-GTPases control specialized structures including: lipid droplets, cilia, autophagosomes, tight 

junctions, inter-organelle membrane contact sites and focal adhesions (Marzesco et al., 2002; Martin 

& Parton, 2008; Deretic, Saitoh, & Akira, 2013). Membrane traffic has an impact on several cellular 

functions and therefore, Rab-GTPases indirectly control cell signalling, polarity, migration and division 

(Militello et al., 2013; de Franceschi et al., 2015).  
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1.7.3 Ras-like GTPases in M. xanthus 
 

M. xanthus was the first bacterium, in which a Ras-like GTPase, termed MglA, was discovered (P. 

Hartzell & Kaiser, 1991). Using a genetic transposon-based screen, MglA was identified as a protein of 

unknown function, which later turned out to be important for both A- and S-motility (Jonathan 

Hodgkin & Kaiser, 1979; K. Stephens, Hartzell, & Kaiser, 1989; P. Hartzell & Kaiser, 1991). MglA is the 

only protein known to be essential for both types of motility in M. xanthus and is therefore termed 

the master regulator of myxobacterial motility (Jonathan Hodgkin & Kaiser, 1979; P. Hartzell & Kaiser, 

1991). The active form of MglA (MglA-GTP) accumulates at the leading pole, where it spawns the 

formation of focal adhesion clusters involved in A-motility, while MglA-GDP, the inactive form, is found 

diffusely in the cytosol (Leonardy et al., 2010; Y. Zhang, Franco, Ducret, & Mignot, 2010; Miertzschke 

et al., 2011). MglB is the GAP protein of MglA and localizes to the opposite pole of the cell, where it 

functions in inactivating GTP-bound MglA through its conversion into MglA-GDP (Leonardy et al., 

2010b; Y. Zhang et al., 2010). Sequence analyses showed, that MglA contains a variable N- and C-

terminus and a conserved G-domain. This G-domain contains most of the conserved residues required 

for guanine binding and GTP hydrolysis. One minor difference is the replacement of an aspartate 

residue for a threonine in the conserved G4 motif. A more pronounced difference is the extra-long 

switch I region, which indicates MglA to be more closely related to the Arf subfamily (Miertzschke et 

al., 2011). Another Ras-like GTPase in M. xanthus, termed SofG, has been found to be essential for S-

motility. SofG plays a role in the polar localization of two ATPases, PilB and PilT. PilB and PilT are 

essential for the extraction and retraction, respectively, of type IV pili. The type IV pili function as the 

motor complexes for S-motility in M. xanthus (Bulyha et al., 2013; Chang et al., 2016). Finally, the third 

RasGTPase in M. xanthus is the protein MXAN_2694. No clear phenotype has been found, when 

MXAN_2694 was mutated or deleted in M. xanthus and therefore its function is currently unknown 

(Bulyha et al., 2013).  
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1.8 Scope of work 
 

Preceding this work pulldown assays had identified the small RasGTPase MglA (K. Stephens et al., 

1989, Chapter II 2.3.1 Page 46) as a potential interaction partner for the bactofilin BacM (Koch et al., 

2011). Although interesting no direct study had been performed at the time to confirm or validate this 

important potential interaction between the master regulator protein of myxobacterial A- and S-

motility MglA and the morphologically important cytoskeleton protein BacM. Therefore, the initial 

scope of this work was to confirm this interaction and to test whether MglA, as had been previously 

reported, also interacted with the cytoskeleton protein MreB (Mauriello et al., 2010). 

To study the potential MglA-BacM interaction, the two proteins as well as a number of other 

bactofilins and small RasGTPases from M. xanthus were analysed using an E. coli-based bacterial two-

hybrid system. The results of these studies confirmed the initial observation of the MglA-BacM 

interaction, while simultaneously showing that a previously described interaction between MglA and 

MreB could not be confirmed. Moreover, the other tested combinations of various bactofilins such as 

BacN, O, and P and small RasGTPases SofG and MglA showed that the employed assay was able to 

successfully reproduce previously published interactions between these two important groups of 

proteins (Bulyha et al., 2013). Although these two-hybrid results confirmed the initial discovery, it was 

difficult to determine whether the studied proteins were correctly folded inside the E. coli host 

environment. To address this problem, it was next tested whether the interactions could also be 

observed using a M. xanthus-based two-hybrid system. To establish such a novel two-hybrid system 

suitable plasmids were generated and introduced into M. xanthus. Moreover, to increase the 

sensitivity of detection the two-hybrid system was designed in such a way as to use a luciferase-based 

read out that substantially increased its detection limit. Using this novel engineered system, it was 

again confirmed that MglA and BacM interact directly with each other, but that the previously 

published interaction between MglA and MreB could not be confirmed. Therefore, it was concluded 

that MglA in M. xanthus binds to BacM but not to MreB.  
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During the course of these studies, detailed biochemical characterisations of MglA and BacM were 

performed that provided new insights into the nature of the interaction between these two proteins 

and their potential function(s) within the cell. Importantly, the experimental results shed new light on 

the link between MglA-induced focal adhesion clusters and adventurous motility indicating that these 

cell envelope-associated attachment sites may not be motor complexes. Intriguingly, these new 

results directly contradict the current proposed model that claims MglA-induced focal adhesion 

clusters are the molecular motors driving A-motility. Moreover, the investigation of BacM and MglA 

also indicated that these two proteins appear to be part of an output pathway that regulates the 

length of the cells. However, how this is accomplished is not yet clear. Finally, using pulldown-assays 

a number of novel interaction partners were identified for BacM that point to the possibility that this 

morphogenetic cytoskeleton protein is an important hub for the orchestration of various cellular 

responses ranging from the control of the cell morphology to the ability of the cells to respond to cold 

shock. Future research will be needed to elucidate these individual responses and to study whether 

they are more directly linked to BacM or only rely on BacM as assembly platform.  
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Chapter II  
 

2. Identification and validation of cytoplasmic and membrane-

associated interaction partners of BacM 
 

2.1 Introduction 
 

In the last decade, many advances have been made in terms of understanding the different functions 

associated with bactofilins across prokaryotes. Beginning with the finding that the bactofilin CcmA 

from P. mirabilis and BacM from M. xanthus are important for cell shape and multicellular swarming 

(Hay et al., 1999; Koch et al., 2011) to the understanding that binding of BacA and BacB to the stalk of 

the cell in C. crescentus is involved in recruiting the peptidoglycan synthase PbpC, which in turn plays 

a role in the extension of this part of the cell (Kühn et al., 2010). A similar morphological role is played 

by CcmA from H. pylori (Sycuro et al., 2010), which is essential for the helical cell morphology of the 

organisms that allows the cells to colonise the mucosal lining of the stomach. In contrast, the 

bactofilins BacE and BacF of Bacillus subtilis play a role in motility through the control of the assembly 

of the flagellar hook (El Andari et al., 2015) and LbbD, one of five bactofilins of Leptospira biflexa is 

essential for motility, although it also plays a role in establishing the periodicity of the helical cell and 

the integrity of the cell wall (Jackson, Schwartz et al., 2018). While BacM in M. xanthus plays mainly a 

role in morphology, the bactofilins BacN, O and P were shown to form a complex essential for both 

chromosome segregation and type IV pili-driven motility (Bulyha et al., 2013; Lin et al., 2017). Based 

on these observations, bactofilins seem to be involved in a multitude of important cellular functions 

including cell morphology, motility, and cell division.  
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In this chapter, the experiments will be described that were undertaken to identify potential 

interaction partners of BacM, one of four bactofilins in M. xanthus. Using two pulldown assays, one 

with soluble cytoplasmic proteins and the other with membrane-associated proteins, earlier findings 

of a postdoc, Dr David Zuckerman were confirmed as well as several interaction partners of BacM 

were validated. One of those interaction partners is MglA, the master regulator of A- and S-motility in 

M. xanthus (Jonathan Hodgkin & Kaiser, 1979; P. Hartzell & Kaiser, 1991). MglA is a small RasGTPase 

that is known to localise in clusters at the cell pole, which eventually brake up into smaller sub-clusters 

that travel on a helical track along the long axis of the cell (Patryn et al., 2010). During these 

intracellular movements, MglA is suggested to be part of membrane-bound complexes called focal 

adhesions. These focal adhesion complexes move along the cell membrane and are thought to be the 

motors driving A-motility (Mignot et al., 2007). To generate the force for A-motility, the focal adhesion 

complexes have been suggested to move along cytoskeletal proteins, a process that is powered by the 

proton motive force (B. Nan et al., 2011). Subsequent research identified the cytoskeletal protein 

MreB, an actin homologue as the interaction partner of MglA and this interaction was proposed to be 

essential for the formation of focal adhesion complexes as well as their movements (Mauriello et al., 

2010). Based on this research, it was suggested that MglA binds to MreB and uses polymers of this 

protein as tracks. Intriguingly, previous pulldown experiments in our lab had indicated that MglA in 

pull down essays was found to bind to BacM. Therefore, experiments were designed to clarify whether 

MglA binds to BacM, or to MreB or to both proteins using pulldown assays as well as interaction assays 

of these three proteins.  
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2.2 Materials and methods 
 

2.2.1 Bacterial strains and growth conditions 

In all experiments the strains and growth media were prepared and used as described below. The 

wild-type strain was M. xanthus WT (DK1622). M. xanthus cells were grown in CTT medium (1% 

casitone, 1 mM K2PO4, 8 mM MgSO4, 10 mM Tris/HCl, pH7.6) (J. Hodgkin & Kaiser, 1977). For the 

maintenance of cells on solid medium and the preparation of agar plates, 1.5% agar was added to the 

CTT medium. Antibiotics were added to the CTT medium and CTT agar after autoclaving. Antibiotics 

and media used in this research are listed in Table 1. The solutions were either autoclaved at 120˚C 

for 20 minutes or sterile filtered using a Millipore 0.22 µM filter. For E. coli strains, vectors were 

maintained in DH5α cells (Invitrogen) and proteins expressed in BL21 (DE3) or RosettaTM cells 

(Invitrogen). The growth medium for E. coli cells was Lennox lysogeny broth (LB: 10 g/L tryptone, 5 g/L 

yest extract, 5 g/L NaCl) with 1.0% agar added for LB agar plates.  

Table 1: Antibiotics and suplements used in this study 

Suplements and 
antibiotics 

Solvent Stock concentration 

(mg/ml) 

Working concentration 

(µg/ml) 

Ampicilin (Amp) dH2O 100 100 

Kanamycin (Km) 

 

dH2O 100 50 

Tetracycline (Tc)  

 

70%a 
Ethanol 

20 10 

Chloramphenicol ddH2O 25 25 

Isopropyl-β-D- 

galactopyranoside  

(IPTG)  

ddH2O 1 M 1 mM 

Vanillate ddH2O 25 mM 5, 50, 500 μM 

a: percentages are weight per volume  
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2.2.2 Cloning 
 

The pET-DUET plasmid was used for the expression of different combinations of our genes of interest 

under the T7 promoter in E. coli. This vector contains two multiple cloning sites, which are both 

preceded by a T7 promoter, lac operator and a ribosome binding site. The vector carries a pBR322-

derived ColE1 replicon, lacI gene and ampicillin resistance gene. Genes cloned into the multiple 

cloning site one were sequenced using the pET upstream primer in combination with the DuetDOWN1 

primer. Genes cloned into the second multiple cloning site were sequenced using the DuetUP2 primer 

in combination with the T7 terminator primer. The pMR3679 plasmid was used for the expression of 

MglA in M. xanthus. The pMR3679 vector contains a kanamycin resistance gene, a vanillate promoter 

and a 1.38 Kbp region, allowing it to incorporate in the M. xanthus genome at the attB site. Plasmids 

used in this chapter are listed in Table 2. 

Table 2: Strains used in this chapter 

Strains for expression in 
E. coli 

Expression Reference 

pET-DUET BacM28-150  BL21 cells This study 

pET-DUET BacM28-139
 BL21 cells This study 

pET-DUET BacM28-134 BL21 cells This study 

pET-DUET MreB RosettaTM cells This study 

pET-DUET MglA  Bl21 cells This study 

pET-DUET MglA  RosettaTM cells This study 

Strains for expression in 
M. xanthus 

Expression Reference 

pMR3679 MglA  WT (DK1622) This study 
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2.2.3 Overexpression of proteins in E. coli and M. xanthus 
 

The N-terminus of BacM in purified filaments had previously been identified to begin with amino acid 

28 (Koch et al., 2011). Therefore, it was decided to express BacM and the C-terminal truncated 

versions of BacM starting from serine 28. BacM28-150, BacM28-139, BacM28-134, MreB and MglA were 

cloned into the pET-DUET vector (Invitrogen) and DNA fragments were amplified by PCR using purified 

M. xanthus WT (DK1622) genomic DNA as a template. For the amplification of the DNA fragments, the 

primers listed in Table 3 were used. The fragments were isolated using a gel extraction kit (GeneJET 

gel extraction kit; Thermo Scientific) and then subsequently cloned into the pET-DUET or pMR3679 

plasmid. PCR fragments and plasmids were digested with the appropriate restriction enzymes for 1 

hour at 37 °C. To the plasmids 1 μl of phosphatase was added and left incubating for 30 minutes at 

37 °C. Both the plasmids and PCR fragments were PCR purified using a PCR purification kit (Qiaquick 

PCR purification kit; Qiagen). PCR fragments were ligated (Rapid Ligation Kit, Roche) into their 

respective plasmids. Plasmids were used to transform heat shock competent E. coli DH5α cells, by 

incubating the cells with the plasmids for one minute at 42 °C. The identity of the insert in each vector 

construct and the correct nucleotide sequence were confirmed by automated sequencing at the Core 

Genomic Facility of the University of Sheffield.  Plasmids for the expression in E. coli, confirmed by 

sequencing, were transformed into heat shock competent BL21 or RosettaTM cells at 42 °C. Positive 

clones were picked from LB agar plates containing kanamycin or ampicillin. Plasmids for the expression 

in M. xanthus, confirmed by sequencing, were transformed into competent M. xanthus cells using 

electroporation. Around 1000 ng of plasmid was added to 50 μl of competent M. xanthus cells. The 

M. xanthus cells were added to a electroporation cuvette. Cells were electrocuted using an 

electroporator at 0.65 volt. After electroporation 1 ml of CTT medium was added and the cells are 

transferred to a sterile Eppendorf tube. Cell suspension is left shaking for 4 hours or overnight at 30 °C. 

The M. xanthus cells were mixed with CTT soft agar containing the appropriate antibiotic and then 

plated on CTT agar plates containing the appropriate antibiotic. Colonies were picked once they 

reached the surface of the plate and started spreading.  
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Table 3: Primer list 

Primers Description 

Forward primer (F) 

Reversed primer (R) 

Sequence 5’ to 3’ end 

M. xanthus   

Mx_MglA_F_XbaI Fwd primer M. xanthus MglA 
gene; XbaI; Mxan_1925 

ATCGC TCTAGA ATGTCCTTCATCAATTACTCATC 

Mx_MglA_R_EcoRI Rev primer M. xanthus MglA 
gene; EcoRI; Mxan_1925 

ATATA GAATTC CGCTTGCTTCAACCACC 

E. coli   

Ec_MreB_F_NdeI Fwd primer E. coli MreB gene; 
NdeI; NC_000913.3 

CACAT CATATG GGATTATCCCTTAGTATGTTG 

Ec_MreB_R_XhoI Rev primer E. coli MreB gene; 
XhoI; NC_000913.3 

TATAT CTCGAG TTACTCTTCGCTGAACAGGTC 

Ec_MglA_F_XbaI Fwd primer M. xanthus MglA 
gene; NdeI; Mxan_1925 

ATCGC CATATG ATGTCCTTCATCAATTACTCATC 

Ec_MglA_R_XhoI Rev primer M. xanthus MglA 
gene; XhoI; Mxan_1925 

ATATA CTCGAG CGCTTGCTTCAACCACC 

Ec_BacM_F_NdeI 
Fwd primer M. xanthus BacM 
gene; NdeI; Mxan_7475 

ATATA CATATG  TCTGGTGAGGTCCAC 

Ec_ BacM_R_XhoI Rev primer M. xanthus BacM 
gene; XhoI; Mxan_7475 ATATA CTCGAG CTACTTCTTCTCGCCACC 

Plasmid primers   

pET upstream For sequencing multiple 
cloning site 1 

ATGCGTCCGGCGTAGA 

DuetDOWN1 For sequencing multiple 
cloning site 1 

GATTATGCGGCCGTGTACAA 

DuetUP2 For sequencing multiple 
cloning site 2 

TTGTACACGGCCGCATAATC 

T7 Terminator For sequencing multiple 
cloning site 2 

GCTAGTTATTGCTCAGCGG 
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For the overexpression in E. coli, cells were grown ON (overnight) in 10 ml LB with kanamycin added. 

This overnight culture was then added to 1 L LB, which was grown until the cells reached an OD600 = 

0.4-0.6. IPTG was added to a final concentration of 1 mM and E. coli cells were induced overnight at 

37 °C shaking at 200 rpm.  Cells were harvested by centrifugation using a JA-500 rotor at 8000 rpm for 

10 minutes at 4 °C. For the overexpression in M. xanthus, cells were grown ON in 25 ml CTT with 

kanamycin added. This overnight culture was then added to 1 L CTT, which was grown ON to a high 

cell density. The expression using the pMR3679 plasmid was induced using 500 μM vanillate ON at 

30 °C shaking at 200 rpm in a baffled flask. Cells were harvested by centrifugation using a JA-500 rotor 

at 8000 rpm for 10 minutes at 4 °C. 

 

2.2.4 Isolation BacM, BacMΔC139-151, BacMΔC134-151 
 

BacM was overexpressed using the pET-DUET system as described above. The resulting cell mass was 

weighted and resuspended in 20 mM Tris/HCl, pH 7.6, at 1 ml/mg cell dry weight. Next, the cell 

suspension was sonicated on ice using a sonic dismembrator model 505 (Fisher Scientific), using 30 

second pulses 3-9 times. Cell breakage was montitored using an AX10 Zeiss light microscope. To the 

broken cells urea to a final concentration of 1 M was added. 500 μL of this solution was added on top 

of 2 ml of a cesium chloride gradient in a SW55 tube. The cesium chloride gradient solution contained 

1.35 mg/ml cesium chloride, 1 M urea, 0.5% β-dodecyl maltoside in 20 mM Tris HCl, pH 7.6. This 

solution was spun at 55,000 rpm in an SW55-TI rotor for 15 hours at 4 °C. The BacM protein filaments 

formed a cloudy white layer in the middle of the cesium chloride gradient. This layer was carefully 

isolated using a gradient fractionator (Buchler Instruments auto DENSI-FLOW II C). The isolated protein 

was dialyzed against 1 M urea, 20 mM Tris/HCl, pH 7.6 for at least 4 hours at 4 °C. The BacM protein 

solution was then loaded on a sucrose gradient containing 40% sucrose and spun in an SW41-TI rotor 

for 15 hours at 4 °C. BacM protein filaments were isolated and dialyzed as described above. BacM 

filaments were run again on a cesium chloride gradient as described above.  
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The purified proteins were dialyzed against 20 mM Tris/HCl, pH7.6 for at least 4 hours at 4 °C and the 

purity of the proteins were checked using SDS-PAGE (Figure 7) and electron microscopy.  

 

2.2.5 Additional isolation methods BacM 
 

Isolation 1. 

The BacM band from an SDS gel was cut out and put in 20 mM Tris/HCl, pH 7.6 buffer inside a dialysis 

bag. The BacM band was run off the SDS gel, by putting the dialysis bag in a gel tray and running it at 

100 volt. The BacM isolated this way was checked for filament formation using electron microscopy. 

This isolation resulted in the reformation of BacM filaments, indicating how robust this protein is in 

its ability to repeatedly form filaments even after denaturation. 

Isolation 2. 

E.coli cells with overexpressed BacM were re-suspendid in about 50 ml 50 mM Tris pH 7.0. Cells were 

sonicated 3x for 20 seconds using a sonic dismembrator (model 505 Fisher Scientific). The cell 

suspension was centrifuged at 12.000 g for 5 minutes. The cell free extract was separated and 

sonicated 3x for 10 seconds. Ammonium sulphate was added to the cell free extract to a final 

concentration of 1.7 M. The cell free extract was spun at 43,000 g for 10 minutes. The pellet was re-

suspended in 3 ml of 8 M urea, 50 mM HEPES pH 7.0 and was stirred for 1 hour at room temperature. 

This solution was spun at 70.000 g for 20 minutes and the supernatant was applied onto a gel filtration 

column (Superdex 200). The isolated fractions containing BacM were collected and applied onto Q-HP 

and SP-HP columns. The columns were washed with 8 M urea, 50 mM HEPES pH 7.0, then with the 

same buffer containing 1 M NaCl. Fractions containing BacM were isolated and concentrated using 

VivaSpin columns.   
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2.2.6 Isolation of membrane-associated proteins from M. xanthus  
 

For the pulldown experiment membrane-associated proteins were isolated and solubilized. M. 

xanthus cells were spun down at 8000 rpm in a JA-500 rotor for 10 minutes at 4 ⁰C. The cells were re-

suspended in deionized H2O containing 5 mM N-ethylmaleimide, which was first dissolved in ethanol. 

The addition of ethyl maleimide was aimed at preventing the autolysins in M. xanthus from breaking 

down the membrane. Cells were spun at 10.000 rpm for 10 minutes at 1 ⁰C. The cells were broken 

using the cell mill for 5 minutes at 4 ⁰C. Unbroken cells and cell envelopes were harvested at 10.000 

rpm for 10 minutes at 1 ⁰C. These steps were repeated 3 times. After the third round of cell milling 

only membranes were left. This pellet was dissolved in 20 mM Hepes pH 8.3 containing 0.5% dodecyl 

maltoside. This solution was spun initially at 10.000 rpm and after that at 25.000 rpm JA-25 rotor for 

10 minutes each at 1 ⁰C. The dissolved membrane-associated proteins were used for the pulldown.  

 

2.2.7 Pulldown of BacM mixed with solubilized membrane proteins 
 

Isolated BacM filaments were dissolved in 0.1 M NaHCO3, 100 mM NaCl, 20 mM Tris/HCl, pH 8.5. 

Cyanogen-bromide activated resin (GE Healthcare Life Sciences) was washed and swollen using ice-

cold 1 mM HCl for 30 minutes. A total of 200 ml ice-cold HCl was added to 1 gram of dry gel in aliquots. 

The supernatant was removed by gentle filtration between each aliquot addition.  The resin was 

washed with 10x columnn volume of deionized H2O, before being washed with NaHCO3/NaCl coupling 

buffer (5 ml per gram dry gel). The resin was then immediately transferred and mixed with the BacM 

filaments. This solution was left rocking for 2 hours at room temperature. BacM filaments that had 

not bound to the matrix were washed off using NaHCO3/NaCl coupling buffer. The unreacted groups 

where blocked with 0.2 M glycine, pH 8.0 for 2 hours at room temperature. The blocked resin was 

extensively washed using initially coupling buffer and then with 0.1 M acetate buffer, pH 4.0, 

containing 0.5 M NaCl. This step was repeated five times.  
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The resin was then equilibrated with 20 mM HEPES, pH 8.3. Solubilized membrane proteins (3.5 ml) 

were run 3x over the cyanogen beads with the bound BacM filaments. The beads were then washed 

using 10x column volumes of 20 mM Hepes, pH 8.3. Onehundred microliters of beads were removed 

and dissolved in 100 μl SDS solubilization buffer containing 8 M urea and fresh 1mM DTT. These 

samples were boiled for ~ 10 minutes prior to loading 50 μl on a 4-20% tris/glycine SDS gel.  

 

2.2.8 Isolation of MreB polymers 
 

Two start-up cultures of the pETDUET1-MreB RosettaTM strain were grown in 10 ml LB containing 

ampicillin 100 µg/ml and chloramphenicol 25 µg/ml. After ON growth at 37 °C these cultures were 

used to inoculate two 1L LB flasks containing ampicillin and chloramphenicol. These cultures were 

grown to an OD600 = 0.4-0.6 before the addition of 1 mM IPTG. After induction, cultures were grown 

ON at 37 ⁰C while shaking at 200 rpm. The ON cell cultures were spun down at 8000 rpm in a JA-20 

rotor for 10 minutes at 4 ⁰C. Around 15 grams of cells were collected from the 2L cultures and dissolved 

in 15 ml of polymerization buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 2 mM MgCl2). Cells were 

sonicated using a soniprep 150+ on ice 3-9 times for 30 seconds at full power. The cell breakage was 

evaluated using an AX10 Zeiss light microscope. Spun the cell suspension at 75000 g for 10 minutes at 

4 ⁰C in a JA-25 rotor. This centrifugation resulted in the formation of a thick yellow/brownish pellet 

and a purple fluffy layer on top. The fluffy layer was dissolved in polymerization buffer containing 1M 

urea to a final volume of 7 ml. Next, 0.4% lauroyl sarcosinate and 0.4% Triton X-100 were added to 

the suspension of the fluffy later and was left rocking at 4 ⁰C for one hour. An 85% sucrose solution in 

polymerization buffer was prepared and 500 μl added to an SW55-TI rotor tube. On top of this solution 

2.5 ml of a 35% sucrose solution was added. Then 100 µl of a pre-prepared lipid solution (Avanti Polar 

Lipids, total E. coli lipid extract) was added on top of the 35% sucrose.  
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This was then carefully mixed with 1 ml of a 5% sucrose solution forming a slightly yellowish top layer. 

250 µl of the pre-prepared MreB containing solution was next carefully pipeted on top of the 5% 

sucrose solution and sunk until it hit the 35% sucrose layer. Next, 92 µl of a 100 mM ATP solution was 

added to the top layer (5% sucrose layer) of the gradient ensuring the presence of an excess of ATP. 

The centrifuge tubes were kept standing at room temperature for 1 hour before being centrifuged at 

257,000 g for 18 hours at 4 ⁰C in an SW55-TI rotor. This centrifugation resulted in a white fluffy band 

on top of the 35% sucrose layer. Close underneath the white band was a yellowish band, which 

contained very little MreB. All the MreB that associated with the liposomes was found in the upper 

white band. This band was taken up and dialyzed against polymerization buffer containing 2 mM ATP. 

Finally, the samples were analysed using electron microscopy.  

2.2.9 Isolation of native MglA 
 

WT (DK1622) cells were grown overnight in 25 ml CTT at 200 rpm and 32 ⁰C. This culture was used to 

inoculate two 1 L CTT flasks, which were left shaking ON at 30 °C. Cell cultures were centrifuged at 

8000 rpm in a JA-20 rotor for 10 minutes at 4 ⁰C. Around 10 grams of cells were collected from the 2L 

cultures and dissolved in 10 ml of polymerization buffer (20 mM HEPES pH 7.5, 100 mM NaCl). Cells 

were sonicated using a soniprep 150+ on ice 30 seconds at full power. The six times sonicated cells 

were centrifuged at 100,000 g for 1 hour in a SW55TI rotor. The resulting supernatant contained the 

soluble proteins, which were collected, while the pellets were discarded. The lysate was run over 

nickel beads with MglA being in the flowthrough. This solution was dialyzed against 1 M urea, 20 mM 

HEPES pH 7.5, 100 mM NaCl. The flowthrough containing MglA was run again over beads that were 

washed with 1M UREA, 20 mM Hepes pH7.5, 100 mM NaCl before being washed twice with 10 

volumes of polymerization buffer until the solution became clear. Finally, MglA was eluted using 50 

mM imidazole, 20 mM HEPES pH 7.5, 100 mM NaCl.   
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2.2.10 Isolation of overexpressed M. xanthus MglA 
 

WT M. xanthus cells containing the pMR3679 MglA expression plasmid were grown ON in 25 ml CTT 

containing 100 µg/ml kanamycin, at 200 rpm and 32 ⁰C. The ON culture was used to inoculate two 

flasks of 1 L CTT containing kanamycin 100 µg/ml, which were left shaking ON at 30 °C at 200 rpm. The 

next day, when the cultures had reached an OD600 = 0.6-1, the expression of MglA was induced, 

through the addition of vanillate at a final concentration of 500 µM. The cultures were left shaking for 

another 12-16 hours at 30 ⁰C at 200 rpm. The cell cultures were harvested at 8000 rpm in a JA-20 rotor 

for 10 minutes at 4 ⁰C. Around 10 grams of cells were collected from the two cultures and resuspendid 

in 50 mM Tris pH 8.0. The cells were sonicated six times using a soniprep 150+ on ice for 30 seconds 

at full power. The sonicated cells were centrifuged at 100,000 g for 1 hour in a SW55Ti rotor. The cell 

free extract was applied onto a 5 ml His-Trap column at a flow rate of 5 ml/min. A 10 column volume 

gradient of 0.5 M NaCl, 50 mM Tris pH 8.0 containing 0-0.35 M imidazole was applied to the column. 

Most MglA was in the flow-through fraction. To the flow-through 4 M NH4SO4 was added and spun at 

43.000 g for 10 minutes. The supernatant was collected and applied onto a 5 ml Phe-HP column. 

Fractions containing MglA were combined and concentrated using VivaSpin columns. The collected 

solution was separated on a gel filtration column (Superdex 200). Fractions containing MglA were 

collected and applied on a Zeba column to desalt the protein solution. The purity of the protein 

isolated was checked using SDS-PAGE. 

 

2.2.11 Electron microscopy 
 

To visualize purified proteins in the electron microscope commercially available 400 mesh carbon-

coated copper grids were used (Electron Microscopy Sciences, Hatfield, PA). As carbon is hydrophob, 

these grids had to be first glow-discharged before the sample could be evenly applied to the grid 

surface. Therefore, the grids were placed onto a glass slide and positioned into a vacuum chamber of 

a custom-build glow discharge unit (Biozentrum, University of Basel).  
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The discharge unit was evacuated for 5 min using a two-stage turbo pump (Edwards Vacuum, Burgess 

Hill, Sussex), before the high voltage power was slowly increased to about 40% output or until a plasma 

could be seen. After glow discharge the grids were removed and placed carbon-surface down onto 

drops containing the BacM or MreB samples. They were left on the samples for 1 minute, then washed 

twice on deionized H2O, and negatively stained for 1 minute using unbuffered 2% uranylacetate. After 

that excess liquid was removed with a filter paper and the grids kept in a storage box. The grids were 

viewed under a Philips CM100 electron microscope at a high-tension voltage of 100 kV. Images were 

recorded using a CCD camera (Gatan, Milton, Abingdon) at magnifications ranging from 5 to 45,000-

fold. Selected images were converted into TIF images before being further processed using Fiji.  

 

2.2.12 Generation of 100 nm unilamellar liposomes 
 

Total E. coli lipid extract from AVANTI polar lipids was used for the formation of liposomes. Using a 

glass Pasteur pipette, a total of 1 ml of lipid solution was added to a round bottomed flask (or conical 

flask). A stream of nitrogen gas was applied to evaporate the chloroform, which left a film of lipid on 

the glass. The lipids were left for 10 minutes under the stream of nitrogen to ensure that no 

chloroform was left. To the lipid film, 1 ml of polymerization buffer (20 mM HEPES pH 7.5, 100 mM 

NaCl, 2 mM MgCl2) was added and vortexed for ~15-45 minutes until the lipid film was completely re-

suspended. Once the solution had become “cloudy”, the flask was put inside a vacuum desiccator. 

After a vacuum had formed, the air source was closed and the flask was left for at least 1 hour. Two 

filter papers were soaked in polymerization buffer before the extruder was assembled and 

polymerization buffer was passed 2-3 times through the extruder. Then this lipid solution was taken 

up using a Hamilton syringe and passed through the extruder 15 times, before the liposome solution 

was decanted into an Eppendorf tube. For the extrusion 100 nm membranes (Avanti Polar Lipids) were 

used (Hope et al., 1985; Szoka & Papahadjopoulos, 1980).  
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2.2.13 Mass spectrometry sample preparation 
 

The to be identified bands were cut out of the gel using a scalpel. Each of the excised bands were cut 

into 1–2 mm cubes, and these cubes were transferred to a microcentrifuge tube. To remove the stain 

from the gel, 500 μL of 50 mM ammonium bicarbonate/50 % ACN was added and the samples were 

incubated overnight with shaking. The supernatant was extracted and discarded. Gel samples were 

washed and dehydrated by repeating twice each of the following incubations for 10 min with shaking: 

500 uL of 50 mM ammonium bicarbonate, 500 μL of 50 mM ammonium bicarbonate/50 % ACN and 

500 uL of ACN. After each incubation, the supernatant was discarded. Next, 200 μL of 50 mM TCEP 

was added to the samples and they were incubated for 20 min at 70 °C. Samples were spun using a 

tabletop centrifuge and the liquid was discarded. Samples were cooled to room temperature. 200 μL 

of 50 mM IAM was added to the gel pieces and they were left in the dark for 30 min at room 

temperature with shaking. Samples were spun using a tabletop centrifuge and the liquid was 

discarded. Gel pieces were washed and dehydrated again with same steps as describe above. 200 uL 

of trypsin solution at 1ng/uL was added to the gel pieces. The gel pieces were left on ice until 

rehydrated with trypsin solution. Samples were spun briefly and incubated at 37 °C overnight. 

Digestion was stopped by adding 100 μL of ACN and incubating the samples at 37°C. Supernatant 

containing the digested peptides was transferred into a new microcentrifuge tube. Peptides were 

extracted from the gel pieces by the sequential addition of 50 µL of 0.5% formic acid, 100 µL of ACN, 

50 µL of 0.5% formic acid, 100 µL of ACN and 100 µL of ACN and incubating the gel pieces for 15 min 

at RT with shaking. Supernatants were transferred and pooled together into a separate tube after each 

ACN extraction. Peptides were dried using a SpeedVac concentrator, then resuspended in 0.5% formic 

acid and used for injection in the LC-MS/MS system.  
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2.2.14 Liquid chromatography tandem mass spectrometry (LC-MS/MS) 
 

Peptides were separated in a Dionex Ultimate 3000 uHPLC (Thermo Scientific) with an Acclaim™ 

PepMap™ 100 C18 trap column (3 µm particle size, 75 µm X 150 mm) and an EASY-Spray™ C18 column 

(2 µm particle size, 50 µm X 150 mm) using a 35 min gradient at 0.25 µL/min with 0.1% formic acid in 

water (mobile phase A) and 0.1% formic acid in 80% ACN (mobile phase B) as follows: 0-3 min, hold at 

3% B; 3-21 min, from 3% B to 40% B; 21-21.1 min, from 40% B to 90% B; 21.1-26 min, hold at 90% B; 

26-26.1 min, from 90% B to 3% B; 26.1-35 min, re-equilibrate at 3% B.  

MS/MS analysis was performed on a LTQ Orbitrap Elite (Thermo Scientific) hybrid ion trap-orbitrap 

mass spectrometer equipped with an EASY-SprayTM Ion Source. MS survey scans in positive ion mode 

were acquired in the FT-orbitrap analyzer using an m/z window from 375 to 1600, a resolution of 

60,000, and an automatic gain control target setting of 1 × 10E6. The 20 most intense precursor ions 

were selected for the acquisition of MS/MS spectra in the ion trap (Normal Scan Rate) using collision-

induced dissociation (CID) with normalized collision energy of 35%, activation time of 10 ms, activtion 

Q of 0.25, isolation width of 2 Th, and automatic gain control target value of 1 × 10E4. Ions with charge 

state 1+ were excluded from precursor selection. Monoisotopic precursor selection was activated. 

Dynamic exclusion for precursor ions was applied for 45 s after 1 fragmentation count and a repeat 

duration of 30 s. 

2.2.15 LC-MS/MS Data Analysis 
 

For all experiments, MS/MS data files were used for protein identification using MaxQuant software 

(Cox and Mann, 2008) version 1.5.5.1. Default MaxQuant parameters were used except for the 

following: protein database was the Myxococcus xanthus Strain DK1622 Uniprot proteome 

(downloaded on the 15th March, 2017) or the Escherichia coli BL21-DE3 Uniprot proteome 

(downloaded on the 1st September, 2016) calculation of iBAQ values was selected; variable 

modifications, Oxidation(M), Acetyl (Protein N-term); fixed modifications, Carbamydomethylation(C). 

MaxQuant results were imported into Excel and subjected to interpretation. 
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The best hits from the hit-lists obtained, were determined based on IBAQ score (molar quantities of 

protein), sequence coverage, score, molecular weight matching the band in the SDS gel, and the 

number of peptides identified.  
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2.3 Results 
 

2.3.1 Overexpression of BacM leads to E. coli cell chain formation 
  

Intriguingly, overexpression of BacM in E. coli cells led to the formation of characteristic cell chains 

(Figure 5A). As E. coli does not possess any bactofilin-encoding genes in its genome, it appears to lack 

the mechanisms that are necessary to disassemble the cell-spanning bactofilin cytoskeleton during 

cell division. This deficiency allows the cells to perform cell divisions but not to resolve them, resulting 

in the formation of cell chains, which are not observed in un-induced cells (Figure 5B). BacM-

overexpressing E. coli cells were cryo-substituted and thin sectioned (Figure 5C/D) so as to further test 

whether the chaining of the cells was indeed caused by the accumulation of BacM fibres. As can be 

seen in Figure 5D, individual cells within the cell chains were connected through a thin cytoplasmic 

bridge that, at higher magnification, was clearly filled with fibrillar material. Although individual BacM 

fibrils or filaments can not be resolved due to the intrinsic resolution limit of thin sections (ca. 5 nm), 

the fibrillar nature of the material together with the observation that these cell connections were 

missing in the absence of BacM expression strongly suggested that they were the result of the 

accumulation of BacM fibres that cannot be resolved by the cells during cell division.  
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Figure 5 Overexpression BacM in E. coli cells. (A) BacM expression leads to E. coli cell chain formation through un-resolved 
cell divisions. (B) Un-induced E. coli cells (C/D) Cells showing BacM fibres forming a cytoplasmic bridge between cells 
indicated by red arrows. (E) Intracellular bundles of BacM filaments inside an E. coli cell indicated by a red arrow (F/G) E. 
coli cells after sonication. The lysed cells are surrounded by liberated BacM filaments   
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2.3.2 Pulldown assays of His-tagged BacM and His-tagged C-terminally truncated BacM with 

cell lysate 
 

In order to identify cytoplasmic BacM-interacting proteins, a pulldown assay had been previously 

performed in the laboratory by Dr David Zuckerman, a former post-doctoral student (unpublished). 

For this assay, isolated and purified his-tagged BacM fibres were mixed with a cytoplasmic extract of 

vegetative M. xanthus cells. Since the presence of multiple proline residues at the C-terminus 

indicated a possible function of this part of the protein in the interaction with other proteins 

(Zuckerman et al., 2015), two different BacM versions were used for the pulldown. The first version of 

BacM fibres contained the proline-rich C-terminus (“full length”), while the second version lacked this 

part of the protein. Additionally, both versions lacked the first N-terminal 27 amino acids, because it 

had been previously shown that isolated native BacM fibres are composed of an N-terminal cleaved 

version of the full-length protein missing these amino acids (Koch et al., 2011). Based on the 

hypothesis that cytoplasmic proteins may specifically interact with the proline-rich C-terminus of 

BacM, this study focused primarily on bands that were only present in the pulldown with full-length 

BacM (Figure 6, lane 2), but absent in the lane showing interactions with the C-terminal truncated 

BacM (Figure 6, lane 3). All unique bands labelled A to I were identified using mass spectrometry and 

the M. xanthus genome sequence information (Goldman et al., 2006, Table 4).  
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    1        2         3        4        5 

Figure 6. Pulldown of BacM fibres mixed with M. 
xanthus lysate. Lane 1) see blue protein marker, Lane 
2) full-length BacM without lysate, Lane 3) full-length 
BacM with lysate, Lane 4) ΔC-terminus BacM with 
lysate, Lane 5) ΔC-terminus BacM without lysate. 
Samples were run on a 4-20% Tris/glycine gel. Taken 
with kind permission from David Zuckermann. 

Table 4. Proteins found to potentially interact with the C-terminus of BacM. MXAN 
numbers (left) and potential assigned functions/names of the protein(s) (right).  
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A careful inspection of the identified proteins revealed that they were not random but that some of 

them were clearly functional related. In particular, two functional groups of proteins were identified 

that are involved in A-motility (MglA, MXAN_1925 and the MglA-associated focal adhesion complex 

proteins; MXAN_4870 and MXAN_4864) and the cellular cold shock response (MXAN_3345, 

MXAN_0672, MXAN_3582, MXAN_6037 as well as a putative type II DNA topoisomerase, 

MXAN_2485). Besides these functional related protein groups a few individual, not obviously linked 

potential interaction partners were identified: the serine peptidase MXAN_4433, a ParB-like protein 

(PadC, MXAN_4634), a patatin-like phospholipase (MXAN_4295), a CheY-like response regulator 

(MXAN_6735), a TonB-dependent receptor (MXAN_1450), and a hypothetical protein of unknown 

function (MXAN_5530). The significance of the identified proteins will be discussed in the discussion 

section (page 62). 
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2.3.3 Isolation of overexpressed BacM from E. coli BL21 cells  
 

BacM was overexpressed using E. coli BL21 cells and isolated as described in Materials and methods 

Chapter II 2.2.6 page 35 resulting in a very pure isolation of BacM, BacMΔ139-151 and BacMΔ134-151 (Figure 

7).   

 

 

 

 

 

 

 

 

 

 

 

 

 

An experiment performed by a former postdoc David Zuckerman showed that there was no BacM 

concentration at which BacM does not form filaments (unpublished results). The removal of the C-

terminus did not interfere with the two truncated forms of the protein BacM ΔC139-151 and BacM ΔC134-

151 forming filaments/fibres. Thereby confirming previous observations that the C-terminus of BacM 

is dispensable for polymerization but enhances stability of the fibres (Zuckerman et al., 2015).  

 

 

 

Figure 7 Two isolations of BacM, BacM NoPP and BacM STOP Lane 1) See 
blue Pre-stained ladder, Lane 2) BacM, Lane 3) BacMΔC139-151, Lane 4) BacM 

ΔC134-151, Lane 5) BacM, Lane 6) BacMΔC139-151, Lane 7) BacM ΔC134-151. First 
isolation BacM (lane 2) showed potential degradation of BacM (indicated 
by the black arrow) and was not used for the pulldown. Samples were run 
on a 4-20% tris/glycine gel. Numbers next to the marker lane correspond 
to the molecular weight of the marker proteins in kilodalton.   
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2.3.4 C-terminal proline rich region BacM plays a role in fiber formation in vitro 
 

Three different versions of BacM were expressed, natively isolated, and purified for pulldown assays 

and protein-protein interaction assays. The tree different versions of BacM included full-length BacM, 

BacM ΔC139-151 and BacM ΔC134-151. The purified BacM fibres were structuraly characterized using EM and 

a difference was observed in the thickness of the fibres. With BacM ΔC139-151 and BacM ΔC134-151 forming 

thicker fibre bundles then full-length BacM (Figure 8). The isolation of BacM ΔC139-151 and BacM ΔC134-151 

lead to the formation of fibres between 29 nm and 66 nm thickness (Figure 8A/B/C/D). This is 

substantially thicker than the 3 nm thick fibres described for the full length form of BacM (Figure 8E, 

Koch et al., 2011). Indicating that the stiff proline-rich region is involved in controlling the thickness of 

BacM fibre formation. At high concentrations of BacM (4 mg/ml) the protein starts forming sheets. 

The sheets are around 175-200 nm thick in width and 230 to 350 nm in length (Figure 8F).   
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Figure 8 Electron microscopy pictures from the isolations of BacM, BacM ΔC139-151 and BacM 

ΔC134-151. (A/B) BacMΔC139-151 forming thick fibres. (C/D) BacMΔC134-151 forming thick fibres. (E) 
BacM forming around 3 nm filaments and 10 nm fibres. (F) Formation of BacM sheets at 
high concentrations of BacM protein. Sheets are indicated by red arrows and can be 
recognized by their striated appearance.  
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2.3.5 BacM pulldown using BacM, BacM ΔC139-151 and BacM ΔC134-151 fibres mixed and solubilized 

membrane extracts 
 

In order to identify BacM-interacting membrane proteins, a pulldown assay was performed using the 

various natively isolated and purified BacM wild type and mutant fibres. In each assay, the BacM fibres 

were mixed with solubilized membrane extract of vegetative M. xanthus cells. Two C-terminally 

truncated BacM versions were generated to test whether the presence of the proline-rich region, 

located at the C-terminus of BacM, also plays a role in the interaction with membrane or membrane-

associated proteins. The proline-rich region at the C-terminus of BacM consists of 5 prolines in a row, 

thereby adopting a polyproline II helix conformation (Figure 9). Polyproline II helixes have a single 

preferred conformation in solution, forming a stiff sticky arm with φ = -78⁰ and ψ = +146⁰ degrees of 

rotational freedom. The proline-rich region allows for the rapid and non-specific binding to a range of 

proteins (Williamson, 1994).  

 

MALLGGKKDESSSKPLFRREEESVSQRSGEVHTLLGKGSEFEGKLTFEGQVRIDGKFQG 

QIITKDVLVIGDGAKVQAEIQAGTVIINGQVEGNVKATQIIELKTPGRVKGNLETPSLSM 

DRGVIFEGSLKMENLGTAGARPPPPPGGEKK 

Figure 9 Model BacM structure + cleavage sites. (red) the N-terminally cleaved part of BacM, (blue + purple) C-terminal 
cleaved part of BacM134 (STOP), (purple) C-terminal cleaved part of BacM140 (NoPP). (Zuckerman et al., 2015) 

 

BacMΔC139-151, which stops at amino acid 139 lacks the proline-rich region, while BacMΔC134-151 lacks an 

additional 5 amino acids (GTAGA). BacM, BacMΔC139-151, and BacMΔC134-151 were expressed, isolated and 

structurally characterized in order to ensure their proper folding (Chapter II 2.3.2 page 49). After the 

incubation of the fibres with the cytoplasmic membrane extract, the fibres were washed and samples 

were solubilised and run on an SDS PAGE gel.  
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Any differences in the pattern of protein bands observed between the BacM, BacM ΔC139-151 and BacM 

ΔC134-151 samples may be attributed to the absence of the proline-rich region at the C-terminus in these 

BacM variants. As a control sample, empty beads without bound BacM fibres were incubated with 

solubilized membrane extract. Any protein band(s) unique or overly associated with the various BacM 

samples were send for mass spectrometry analysis for identification (Table 5).  

A total of twelve bands were identified on SDS PAGE, one of which was exclusively present in the 

pulldown sample of the full length BacM (Figure 10, band J). Most of the other bands were more 

associated with the BacM ΔC134-151 in comparison to full length BacM. This may be probably caused by 

the thicker fibre bundles formed by BacM ΔC134-151 that may result in enhanced binding of proteins. The 

bands labelled L and M (Figure 10) were both send for mass-spectrometry because of the small 

difference in height between the bands and how predominant the bands were in the pulldown. Most 

bands identified were present in all three versions of BacM.  

This observation together with the BacM pulldown using cytoplasmic protein extracts indicated, that 

the C-terminal region appears to be mostly involved in the interaction with cytoplasmic proteins, while 

the DUF domain of BacM appears to be only important for the polymerisation of the protein, but plays 

no detectable role in the interaction with other proteins. The significance of the identified proteins 

will be discussed in the discussion section (page 62). 
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Table 5 Potential membrane-associated interaction partners of BacM identified by mass spectrometry. 

Band Gene name Function Molecular 

weight 

Sequence 

coverage 

Score Q-value 

A MXAN_3564 Peptidase, M36 
(Fungalysin) family 

185 2.3% 113.6 0 

B MXAN_1450 TonB-dependent 
receptor (Oar) 

122 52.6% 323.31 0 

C MXAN_6079 Putative 
lipoprotein;  

107 28.9% 288.3 0 

C MXAN_7039 Putative 
molybdopterin 
oxidoreductase, 
iron-sulfur binding 
subunit 

116 17.3% 239.5 0 

D MXAN_3539,  Succinate 
dehydrogenase, 
flavoprotein 
subunit sdhA;  

69 26.7% 289.6 0 

D MXAN_3160 Peptidase, M13 
(Neprilysin) family  

78 17.4% 194.3 0 

E MXAN_6487 Outer membrane 
efflux protein 
domain protein;  

50 13.5% 215.7 0 

E MXAN_0659 Putative 
lipoprotein  

64 18.7% 54.5 0 

Figure 10 Pulldown assay with cyanogen beads-bound BacM, BacMΔ139-151 and 
BacMΔ134-151 fibres mixed with solubilised membrane extract from vegetative M. 
xanthus cells. Lane 1: See blue pre-stained marker, lane 2 BacM + membrane extract, 
lane 3 BacM139 + membrane extract, lane 4 BacM134 + membrane extract, lane 5 
cyanogen beads + membrane extract. Samples were run on a 4-20% tris/glycine gel. 
Numbers next to the marker lane correspond to the molecular weight in kilodalton.   
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F MXAN_4747  Putative 
lipoprotein;  

49 30% 108 0 

F MXAN_5030 Efflux transporter, 
HAE1 family, outer 
membrane efflux 
protein  

49 29.4% 100.9 0 

G MXAN_2624  Putative 
lipoprotein;  

44 44.8% 152.4 0 

G MXAN_5025 Peptidase, M36 (Fu 
Uncharacterized 
protein ngalysin) 
family 

47 37.2% 161.9 0 

H MXAN_0976 Putative 
lipoprotein  

33 26.4% 76.8 0 

H MXAN_6925 ATP synthase 
gamma chain atpG;  

33 48.3% 146.2 0 

I MXAN_3698 Putative 
lipoprotein  

29 24.1% 41.3 0 

J MXAN_4860  Uncharacterized 

protein (same 

operon as AgmX) 

associated with C-

terminus of BacM 

33 8.7% 72.5 0 

K MXAN_0512 Uncharacterized 

protein  

27 22.4% 32.1 0 

L/M/N MXAN_7475  BacM 16 50% 222 0 

L/M MXAN_6921 ATP synthase 

epsilon chain atpC 

15 52.9% 160.7 0 

L/M MXAN_7026 ATP synthase 

subunit delta atpH 

20 29.7% 142.8 0 

L/M MXAN_3323 30S ribosomal 

protein S13 

14 38.6% 28.9 0 

L/M MXAN_3306 SOS ribosomal 

protein L16 

16 15.8% 48.2 0 

L/M MXAN_3313 30S ribosomal 

protein S8 

15 13% 32.4 0 

L/M 

 

MXAN_6483 MotA/TolQ/ExbB 

proton channel 

family protein 

25 14.6% 148.5 0 

L/M MXAN_0818 MotA/TolQ/ExbB 
proton channel 
family protein 
 

25 14.6% 50.1 0 
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2.3.6 Co-expression of bactofilins and Ras-like GTPases using the pET-DUET system 
 

To determine whether the observed interaction in the pulldown assay between BacM and MglA was 

not spurious, co-sedimentation assays were performed next. Both proteins were co-expressed in E. 

coli using the pET-DUET system to achieve high overexpression of the proteins (Duet™ Expression 

System from Novagen). After over-expression, the E. coli cells were lysed using sonication and the cell 

debris was removed through centrifugation. As bactofilins form nucleotide-independent, micrometer-

long filaments, they pellet at much lower centrifugal force then the small monomeric Ras-like GTPase 

MglA. If, however, the two proteins interact, a large percentage of MglA should be recovered from 

the low speed centrifugation pellet. Unfortunately, it became clear that E. coli overexpressed MglA 

rapidly started to aggregate and consequently pelleted during centrifugation (Figure 11). This self-

aggregation of MglA prevented the usage of co-sedimentation studies for the evaluation of a potential 

BacM/MglA interaction. Interestingly, these results confirmed an earlier report about the unsuitability 

to use E. coli-overexpressed MglA for X-ray crystallography (Miertzschke et al., 2011), while 

contradicting a paper, which reported that addition of 30 µM GDP keeps MglA in a monomeric soluble 

state (Treuner-Lange et al., 2015).  

 

 

 

 

 

 

 

 

Figure 11 Overexpression of MglA in E. coli BL21 leads to non-soluble MglA 
Lane 1) See blue prestained ladder, Lane 2) uninduced BL21 cells, Lane 3) 
induced MglA BL21 cells, Lane 4) empty lane, Lane 5) MglA pellet 0 hours after 
lyses of cells, Lane 6) 1 hour, Lane 7) 2 hours, Lane 8) 3 hours, Lane 9) pellet 
after standing overnight at 4⁰C, Lane 10) supernatant after standing 
overnight at 4⁰C. Samples were run on a 4-20% tris/glycine gel. Numbers next 
to the marker lane correspond to the molecular weight in kilodalton.   
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Even addition of GDP of up to 1 mM did not suppress the previously observed aggregation of MglA 

after overexpression in E. coli (Figure 12). As it was not clear from these experiments whether the 

aggregation of MglA was due to the misfolding of the protein during expression because of the high 

GC content of the M. xanthus genome (69% vs. 50% in E. coli) or the absence of necessary chaperones, 

MglA was next overexpressed in rare codon-containing E. coli RosettaTM cells instead. However, even 

the usage of these “universal” translation-competent E. coli cells resulted only in the recovery of 

aggregating MglA, indicating the possibility that the absence of certain chaperones is responsible for 

the observed folding deficiency. Importantly, these results may cast doubt on a previous publication 

using E. coli overexpressed MglA and MreB to demonstrate successful “binding” of these two proteins 

(Treuner-Lange et al., 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Overexpression of MglA in an E. coli Rosetta strain 
in the presence of 1 mM GDP Lane 1) See blue prestained 
ladder, Lane 2) uninduced BL21 cells, Lane 3) induced MglA BL21 
cells, Lane 4) MglA pellet 0 hours after lyses of cells, Lane 5) 2 
hours, Lane 6) 4 hours, Lane 7) pellet after standing overnight 
at 4⁰C, Lane 8) supernatant after standing overnight at 4⁰C. 
Samples were run on a 4-20% tris/glycine gel. Numbers next to 
the marker lane correspond to the molecular weight in 
kilodalton.   
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36  

2.3.7 Isolation and overexpression of MglA in M. xanthus 
 

Because it was not possible to isolate MglA expressed in E. coli in a physiological soluble form, MglA 

was next expressed in M. xanthus.  For this purpose, the pMR3679 plasmid was used that utilises a 

vanillate-inducible promoter (Iniesta et al., 2012).  Figure 13 shows a representative SDS PAGE gel of 

the many MglA isolations that were done during the course of this work. The highly prominent band 

corresponds to MglA. This isolation resulted in a highly enriched MglA sample, but was not yet pure 

enough for the follow up experiment and therefore still needed further purification.   

 

 

 

 

 

 

 

 

 

 

 

 

Consequently, an alternative isolation method was developed for the purification of native MglA from 

M. xanthus cells. This isolation was based on the observation that MglA bound to nickel beads in the 

presence of relative low concentrations of urea (1 M), but readily washed off the beads at low 

concentrations of imidazole (50 mM) (Figure 14). In the SDS PAGE gel shown below MglA is the most 

pre-dominant band, but there were still quite some contaminating proteins. The second most pre-

dominant band is running at around 13 kDa (Figure 14; red arrow).  

Figure 13 Isolation of overexpressed MglA from M. xanthus. 
Lane 1) MARK12 ladder, Lane 2) Sample 1 MglA, Lane 3) 
Sample 2 MglA. Numbers next to the marker lane correspond 
to the molecular weight in kilodalton.   
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Mass spectrometry analyis confirmed that the proteins belonging to the 13 kDa band are several 

soluble cytoplasmic proteins and BacM. Interestingly, the presence of BacM indicated that it was co-

purified with MglA. All of the BacM filaments were pelleted in the 100,000 g centrifugation step (1 

hour) prior to running the sample over nickel beads. Maybe, some of the monomeric BacM or shorter 

filaments were able to remain soluble, potentially by binding to MglA. To confirm that the isolated 

band corresponded to MglA a Western blot was run using an anti-MglA antibody on one of the samples 

during the isolation (Chapter IV page 114). The isolation of native MglA had the advantage that it 

retained its native activity and functional state. This would allow for an interaction assay with a 

biologically relevant form of the protein and determine whether MglA preferentially binds to BacM or 

MreB.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 Isolation of native MglA from M. xanthus cells. Lane 1) See blue prestained ladder, 
Lane 2) Flowthrough non-bound M. xanthus lysate, Lane 3) Washing buffer, Lane 4) 100 mM 
immidazole elution, Lane 5) 300 mM imidazole, Lane 6) 500 mM imidazole. MglA band present 
in lane 4 black arrow and a co-isolated protein red arrow. Samples were run on a 4-20% tris-
glycine gel. Numbers next to the marker lane correspond to the molecular weight in kilodalton.   
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2.3.8 Isolation of overexpressed MreB from E. coli BL21 cells  
 

MreB was overexpressed using E. coli Rosetta DE3 cells. To physiologically reconstitute the MreB from 

the lysed Rosetta DE3 cells, liposomes were used. For this purpose, preformed liposomes were added 

to the lysed E. coli cells to initiate the binding and formation of native MreB filaments on the surface 

of the liposomes. The resulting short MreB filaments in these experiments should more closely reflect 

the currently known conformation of native MreB filaments inside bacterial cells (Dominguez-Escobar 

et al., 2011; Garner et al., 2011; van den Ent et al., 2014). As virtually all studied MreBs are known to 

anchor themselves via an N-terminal amphiphatic helix to the membrane (Salje et al., 2011; Fu et al., 

2018), it was investigated whether the M. xanthus MreB contained such a putative N-terminal 

amphiphatic helix that could be used for direct membrane binding. After the identification of the 

amphiphatic helix, the direct incubation of the cell lysate and the liposomes resulted in the 

reconstitution of MreB filaments on the surface of liposomes. These liposomes however were 

structurally deformed (Figure 15, Figure 16), which could be the result of the way the liposomes were 

prepared, the presence of low amounts of Triton X-100 (>0.4%) in the reconstitution assay, or the 

excessive binding of large amounts of M. xanthus MreB. As similar membrane deformations have been 

described for MreB from T. maritima (Salje et al., 2011), it is most likely that the observed deformation 

in our assays are caused by the binding of excess MreB filaments. Nonetheless, the observed parallel 

filament structures on the surface of these liposomes were most likely MreB filaments for the 

following reasons: Firstly, they were parallel arranged dimeric filament structures, which are virtually 

identical to the described structure of MreB filaments from T. maritima (van den Ent et al., 2014). 

Secondly, the distance between the parallel filaments as well as their diameter perfectly matched the 

reported dimensions for T. maritima MreB (van den Ent et al., 2014). Likewise, the formed filaments 

showed the characteristic bead-like appearance of the MreBTm filaments. To improve these 

preparations, future experiments have to aim at generating non-deformed liposomes as well as 

control the concentration of MreB to prevent liposome deformation to occur. Finally, the Triton X-100 

could be replaced by other detergents to improve the reconstitution of the MreB filaments. 
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Figure 15 Electron microscopy picture of MreB filaments covering liposomes. 
MreB double filaments are indicated with red arrows. The image was taken at 
52K magnification.  

Figure 16 Electron microscopic picture of individual MreB filaments. 
Individual MreB filaments are indicated with red arrows. The known bead-like 
structure of the filaments are clearly visible. Picture was taken at 52K 
magnification.  
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2.4 Discussion 
 

When analyzing the SDS PAGE from the pulldown performed by Dr. David Zuckerman MglA, 

MXAN_1925 (Figure 6; band H) was found to be one of the most abundant bands. This protein is a 

small Ras-like GTPase and has been identified as the master regulator of both adventurous and social 

motility (P. Hartzell & Kaiser, 1991; K. Stephens et al., 1989). Interestingly, two other identified 

proteins are functionally clearly linked to MglA. MXAN_4870 (Figure 6; band B) and MXAN_4864 

(Figure 6; band D). MXAN_4870 and MXAN_4864 correspond to the proteins AgmU and AgmV 

respectively and both proteins have been identified as part of the focal adhesion complexes (Tâm 

Mignot, Shaevitz, Hartzell, & Zusman, 2007; Beiyan Nan, Mauriello, Sun, Wong, & Zusman, 2010; 

Luciano et al., 2011). Focal adhesion complexes are regularly spaced trans-envelope complexes that 

are thought to be the motors driving A-motility (Tâm Mignot et al., 2007). However, their role in A-

motility is not undisputed as an alternative model for A-motility exist that attributes the generation of 

propulsive force to the secretion of slime (Wolgemuth et al. 2002). AgmU which has been found both 

in the cytoplasm and periplasm seems to interact with multiple other proteins associated with the 

focal adhesion complex including FrzCD, AglT, AglW, AgmK, AgmX and CglB (Beiyan Nan et al., 2010). 

AgmU is a tetratricopeptide repeat protein, a group of proteins that are typically involved in protein-

protein interactions (Zeytuni & Zarivach, 2012).  

An MglA homologue from Bdellovibrio bacteriovorus, which shares 64% protein identity and 82% 

similarity with MglA from M. xanthus, has been shown to interact with the tetratricopeptide repeat 

containing protein, Bd2492 (Milner et al., 2014) indicating that the interaction of these proteins may 

be shared across different delta-proteobacteria. This reported interaction may point to the possibility 

that AgmU does not bind directly to BacM, but may interact with the bactofilin indirectly by binding 

to MglA.  
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The second large group of identified interactors are the cold shock proteins. These proteins play a 

central role in bacteria in the adaptation to low temperatures that impact the fluidity of membranes 

as well as the transcription of DNA. Cold shock proteins modulate membrane lipid composition to 

maintain membrane fluidity appropriate for necessary processes and appear to change DNA 

supercoiling to allow transcription to occur at low temperatures (Los, 2004). However, what function 

their potential interaction with BacM in the cold shock response may play is unclear as this response 

has been much less studied than the heat shock response. The identified type II DNA topoisomerase  

MXAN_2485 (Figure 6; Band D) was included in this group of potential cold shock response-related 

proteins as it has been shown that a similar protein, a gyrase DNA type II topoisomerase is involved in 

the cold shock response in E. coli (P. G. Jones et al., 1992). It is therefore possible that MXAN_2485 is 

functionally related to the cold shock proteins identified in the pulldown.  

Similarly, other identified proteins have potential links to bactofilins. For example, the serine 

peptidase MXAN_ 4433 (Figure 6; Band E) could potentially function as the protease involved in the 

N-terminal cleavage of BacM (Koch et al., 2011). Although of potential significance this finding was 

not been further pursued in this thesis. The ParB-like protein PadC MXAN_ 4634 (Figure 6; Band E) is 

located in the same operon that contains the other three bactofilins (BacN, O, and P). Moreover, PadC 

has been found to interact via its ParB-like domain with the BacN, O, P scaffolds that stretch along the 

subpolar region of the cell, specifically binding to BacO and BacP (Lin et al., 2017). Accordingly, PadC 

is essential for proper chromosome structure and segregation as it plays a vital role in the recruitment 

of ParA to the BacN, O, P scaffolds (Lin et al., 2017). Interestingly, the operon encoding BacM contains 

a gene encoding for a different other ParB protein, but this protein was surprisingly not identified in 

the pulldown. Based on the structural similarity between the bactofilins, and the fact that PadC has 

been found to interact with both BacP and BacO (Lin et al., 2017), it seems likely that it could also 

interact with BacM.  
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In contrast, the remaining identified proteins have no obvious recognizable link to bactofilins. 

MXAN_4295 is a patatin-like phosphatase (Figure 6; Band F). These phosphatases are storage proteins 

that function in catalysing the cleavage of fatty acids from membrane lipids (Banerji & Flieger, 2004). 

MXAN_6735 contains a CheY-like domain. These domains are often found in signalling proteins like 

FrzE and FrzZ, both of whom interact with AglZ, a protein involved in the regulation of A-motility. In 

M. xanthus, FrzE and FrzZ are involved in the control of reversal frequency, but how the CheY-like 

histidine kinase MXAN_6735 (Figure 6; Band A) is linked to BacM is currently unclear (Bustamante et 

al., 2004; Inclán, Vlamakis, & Zusman, 2007). MXAN_1450 (Figure 6; Band C), the TonB-dependent 

receptor Oar (OmpA-related protein) is another such potential interacting protein that is difficult to 

interpret as its linkage to BacM is unclear. Oar has a β-barrel domain that anchors the protein in the 

outer membrane and its extracellular TonB domain shares similarities with other TonB proteins that 

are involved in transmembrane transport (Martinez-Canamero et al., 1993; Bhat et al., 2011). As Oar 

is one of the most abundant proteins of the outer membrane of M. xanthus its appearance in the 

pulldown assay could be the result of spurious contamination with outer membrane fragments. Even 

less is currently known about MXAN_5530, a hypothetical protein that was identified in the assay and 

for which no data exist that would allow a functional characterisation let alone allow an assessment 

about its potential interaction with BacM. 

When analyzing the SDS PAGE from the pulldown using solubilized membrane-associated proteins, 

the most predominant band uniquely identified in the full length BacM fraction corresponded to 

MXAN_4860 (Figure 10; Band J). MXAN_4860 is an uncharacterised hypothetical protein, which is 

encoded by a gene that is located in close proximity to the A-motility gene cluster MXAN_4862 to 

MXAN_4870 and could potentially be a structural component of the focal adhesion complexes. All 

other identified proteins appeared to bind independent of the presence and absence of the C-

terminus to BacM. MXAN_1450, the TonB-dependent receptor Oar (Figure 10; Band B) was also 

identified in pulldowns using cytoplasmic protein extracts (Chapter II 2.3.1 Page 46).  
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According to sequence analysis, the beta barrel part of Oar is formed by a 22-stranded β-barrel 

(Gómez-Santos et al., 2019). Based on published research it is known that Oar is involved in cellular 

adhesion, required for fruiting body formation and additionally plays a role in the secretion of the 

protease PopC (Bhat et al., 2011; Martinez-Canamero et al., 1993). PopC is a 50.8 kDa protein that is 

secreted by starving Myxococcus cells and cleaves with its C-terminal subtilisin domain the cell-surface 

exposed p25 protein. This cleavage generates the cell-surface exposed p17 protein fragment, the C-

signal, an important initiator of fruiting body-dependent cell aggregation (S. K. Kim & Kaiser, 1990; 

Rolbetzki et al., 2008). As Oar was also found in pulldowns using cytoplasmic protein extracts it is 

questionable whether its appearance in pulldowns using membrane protein extracts is more 

meaningful. As pointed out before, as Oar is one of the most abundant membrane proteins in M. 

xanthus the most likely explanation for its occurrence in these pulldowns may be contaminations of 

the assays by small amounts of the abundant protein. Two membrane efflux pumps, MXAN_6487 and 

MXAN_5030 were identified in the pulldown (Figure 10; Bands E/F). Efflux pumps are located in the 

plasma membrane of the bacterium and are responsible for the recognition and transportation of 

toxic compounds to the external environment (Amaral et al., 2014). Some of the membrane efflux 

pumps belong to the group of ABC transporters and are known to function together with certain TonB-

dependent receptors in the uptake of nutrients including carbohydrates, vitamin B12, iron complexes, 

and nickel chelates (Cascales et al., 2007; Schauer et al., 2007; Schauer, Rodionov, & de Reuse, 2008). 

Whether these efflux pumps really interact with BacM however, is an open question as so far, no 

function has been attributed to any bactofilin in the uptake or export of substances. Therefore, it is 

most likely the case that these hits are wrong positives. Likewise, a MotA/TolQ/ExbB proton channel 

family protein (MXAN_6483) was identified that is intriguingly present in the same operon encoding 

MXAN_6487 and a TonB-1 protein (Figure 10; Bands L/M).  
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In the pulldown six putative lipoproteins were identified (MXAN_3698, MXAN_7039, MXAN_0659, 

MXAN_4747, MXAN_2624 and MXAN_0976), that could potentially facilitate or play a role in the 

uptake of iron or certain other compounds using a TonB-dependent pathway. Whether the 

identification of these proteins, however, indicates that they truly interact with BacM is however very 

difficult to ascertain and they may again be only the result of unspecific hydrophobic interactions. 

Several other identified proteins like MXAN_3539 (succinate dehydrogenase) and MXAN_6079 

(molybdopterin oxidoreductase, iron-sulfur binding subunit) are linked to the electron transport chain 

(Figure 10; Bands C/D). The electron transport chain allows for the formation of a transmembrane 

proton electrochemical gradient between the inner membrane and the periplasmic space (Anraku, 

1988). Another identified protein, MXAN_3539 (Figure 10; Band D; SdhA) is a succinate 

dehydrogenase, which can convert succinate to fumarate. This reaction is part of the citric acid cycle 

and converts flavin adenine dinucleotide (FAD) into FADH2 (Yankovskaya et al., 2003). One of the 

identified proteins MXAN_6079 is a putative molybdopterin oxidoreductase and contains an iron-

sulfur-binding subunit (Figure 10; Band C).  

The identification of these proteins is difficult to reconcile with our current knowledge of BacM. 

Although it cannot be completely ruled out that BacM may serve as a platform for the assembly of 

protein complexes of the electron transport chain it is not clear what the functional significance of 

such an interaction would be (Feniouk, Suzuki, & Yoshida, 2007; Hosking et al., 2006).  

Additionally, three ATP synthase proteins were identified in the pulldown, AtpG (MXAN_6925), AtpC 

(MXAN_6921) and AtpH (MXAN_7026) (Figure 10; Bands H/L/M). As these proteins would normally 

be expected to be part of the ATP synthase complex, their association with BacM is difficult to 

interpret. Although a role of BacM in the assembly of the ATP synthase complex or transport of 

nutrients (Gómez-Santos et al., 2019; Perkins-Balding et al., 2004; Schauer et al., 2008) cannot be ruled 

out a priori, no effect on the energetic state of the cells has been observed in BacM cells.  Therefore, 

it is more likely that these hits are also false positives.  
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Like in the pulldowns using cytoplasmic proteins, peptidases were identified among the membrane-

bound proteins potentially interacting with BacM. In particular, two peptidases, MXAN_3564 (Figure 

10; Band A) belonging to the M36 fungalysin family and MXAN_3160 (Figure 10; Band D) belonging 

to the M13 Neprilysin family were identified. The M36 fungalysin proteases are known to be secreted 

outside of the cell in Aspergillus fumigatus and can hydrolyse laminins, elastin and collagen (Na 

Pombejra et al., 2018). In contrast, the neprilysin (M13) zinc-dependent peptidases are membrane-

bound and capable of cleaving a wide variety of peptides (Bland et al., 2008). Like for the serine 

peptidase MXAN_4433, it is possible that one of these two peptidases may be involved in the 

proteolytic maturation process of BacM. However, due to the focus of the thesis on MglA, this 

direction of research was not further pursued. 

Finally, three ribosomal proteins were identified in this pulldown MXAN_3306, MXAN_3313, and 

MXAN_3323(Figure 10; Bands L/M) as well as three uncharacterized hypothetical proteins 

MXAN_0512, MXAN_5025, and MXAN_4860 (Figure 10; Bands G/J/K). Whether any of those proteins 

interacts with BacM is difficult to tell, but at least two of the proteins MXAN_5025 and MXAN_4860 

have links to other identified proteins in our pulldown experiments.  

MXAN_5025 is present in the same operon as MXAN_5030, which is one of the outer membrane efflux 

proteins identified in this pulldown (Figure 10; Bands F), while MXAN_4860 is encoded by a gene just 

outside of an operon containing a gene cluster involved in A-motility (Luciano et al., 2011). Two 

proteins of this cluster, AgmU and AgmV were identified in the BacM pulldown with cytoplasmic M. 

xanthus lysate (Chapter II 2.3.1 Page 46).  
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Using pull down assays with cytoplasmic and membrane-associated proteins, a wide range of potential 

interaction partners for BacM were identified. Among the identified membrane-associated proteins 

only one, MXAN_4860 was identified to be potentially interacting with the proline-rich region at the 

C-terminus of BacM. This finding supports the idea that the C-terminus of BacM is mainly involved in 

the binding of cytoplasmic proteins, while the DUF583 domain seems to be more responsible for the 

binding to membrane-bound proteins. MXAN_4860 was previously identified as an extracellular 

matrix protein and its disruption resulted in a 24 h delay in cell aggregation and sporulation in a ΔpilA 

background (Curtis et al., 2007). Of note, the disruption of the gene in wt cells had no effect on 

aggregation and sporulation. Biochemically, MXAN_4860 is a lipoprotein, although it misses the typical 

C-terminal lipobox region (LxxC). This lipobox region is essential for lipidation and anchoring of the 

mature protein to the membrane (Denham et al., 2008). As no further characterisation of MXAN_4860 

was done, it is difficult to determine whether the protein is truly lipidated and whether it indeed 

interacts with BacM. One possibility for such an interaction would be that BacM functions as a scaffold 

for the binding of MXAN_4860 before it is translocated across the membrane. Interestingly, 

MXAN_4860 is located in close proximity to an operon containing an A-motility gene cluster (Luciano 

et al., 2011). Therefore, the observed delay in aggregation and sporulation of ΔpilA mutant strains of 

MXAN_4860 could indicate that the protein may be linked to cell motility.  

Among the BacM-binding cytoplasmic proteins, MglA is by far the most prominent one. MglA is the 

master regulator of motility in M. xanthus and mutant strains form E. coli-like colonies that show no 

spreading on agar surfaces (Hodgkin & Kaiser, 1979). MglA binds to and is known to be essential for 

the localisation of FrzS and AglZ, two proteins that are important for the regulation and control of A- 

and S-motility (Mauriello et al., 2010). As such MglA forms a direct link between A- and S-motility. 
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MglA additionally has been described to interact with a wide range of other proteins including: MglB, 

MreB, MasK, RomR, RomX and potentially BacM (Thomasson et al., 2002; Mauriello et al., 2010; 

Miertzschke et al., 2011; Y. Zhang et al., 2012; Szadkowski et al., 2019). MglB is the GAP protein of 

MglA and is located in the same operon as MglA and their interaction in T. thermophilus has been 

shown by co-crystallization of the two proteins (Miertzschke et al., 2011). MreB has been identified as 

a potential interaction partner of MglA through a co-sedimentation assay in M. xanthus and their 

interaction has been suggested to be essential for the assembly of the focal adhesion complexes 

driving A-motility (Treuner-Lange et al., 2015). MasK is a tyrosine kinase receptor and its interaction 

with MglA is essential for motility and development (Thomasson et al., 2002). A mutant of masK at 

the 3’end of the gene, led to a gain-of-function in ΔMglA cells. The ΔMglA cells had an increased 

production of extracellular fibrils. In addition, this mutant resulted in the restoration of type IV pili-

mediated motility and starvation-induced development. The interaction between these two proteins 

was identified through bacterial two hybrid screens in E. coli (Thomasson et al., 2002). RomR is a 

response regulator essential for the regulation of cell polarity by interacting with both MglA and MglB. 

The interaction of RomR with MglA and MglB was identified through affinity chromatography of 

soluble extracts containing RomR-His6  (Keilberg et al., 2012). RomX has been shown to form a complex 

with RomR that functions as the MglA GEF. It catalyses the conversion of the GDP-bound form of MglA 

to the GTP-bound one. Thereby, RomX stimulates the formation of focal adhesion complexes 

composed of the Agl-Glt proteins through the formation of a pool of MglA-GTP at the leading pole 

(Szadkowski et al., 2019). However, the previously measured interaction between RomR and MglA 

was deemed weak and the difference between the RomR-based data (Keilberg et al., 2012) and the 

RomX-based data (Szadkowski et al., 2019) was later attributed to the different used protein 

purification methods. Based on the newly acquired RomX-based data, no interaction between RomR 

and MglA is thought to exist (Szadkowski et al., 2019).  
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Yet another Ras protein, SofG in M. xanthus has been described to interact with the bactofilin BacP 

(Bulyha et al., 2013), the finding of a potential link between MglA and BacM is not as unexpected as 

initially thought. Quite to the contrary, these results may indicate that the binding of small RasGTPases 

is a novel functional feature of bactofilins.  

From the A-motility gene cluster previously identified by Sodergren & Kaiser, 1983 two proteins, AgmU 

and AgmV were identified in the pulldown using his-tagged BacM fibres mixed with cytoplasmic 

extract. AgmU has been shown to interact with multiple other focal adhesion complex-associated 

proteins including: AglZ, FrzCD, AglT, AglW, AgmK, AgmX and CglB (Beiyan Nan et al., 2010). AgmV 

might interact directly or indirectly with AglZ as in a agmV mutant AglZ-GFP was found to localize 

diffusively instead of forming lateral clusters (Beiyan Nan et al., 2010). The identification of three 

proteins essential for A-motility in the pulldowns strongly suggest that BacM plays an important role 

in the assembly of focal adhesions complexes and potentially A-motility.  

The BacM pulldown lead to the identification of many other proteins involved in the protein secretion 

pathway, the electron transport chain, the generation of ATP, and ribosomal proteins such as the 

TonB-dependent receptor Oar (MXAN_1450; Gómez-Santos et al., 2019), the succinate 

dehydrogenase MXAN_3539, the molybdopterin oxidoreductase MXAN_6079 (Bradbeer, 1993; 

Maloney, Kashket, & Wilson, 1974), and the three ATP synthase proteins AtpG, AtpC, and AtpH (Junge, 

2002; Oster & Wang, 2003) and the ribosomal proteins MXAN_3306, MXAN_3313, and MXAN_3323. 

Whether any of these proteins indeed interact with BacM under physiological condition is without 

additional experiments difficult to decide. One possibility for an interaction between (some of) these 

proteins and BacM could be that the bactofilin fibres may be used as scaffolds for the assembly of 

cellular complexes and multiprotein machines and as such individual protein components of these 

machines or complexes may interact with BacM. 
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In total three peptidases were identified in our pulldowns: the serine peptidase S1C, an M36, and an 

M13 peptidase. Whether any of those three peptidases indeed interacts with BacM is without further 

experiments difficult to decide. One potential reason for an interaction could be the fact that BacM is 

posttranslational modified through a proteolytic maturation step (Koch et al., 2011). Therefore, one 

of these three peptidases could be actually involved in the maturation process through the cleavage 

of BacM before serine 28. Although the discovery of the responsible BacM-specific protease would be 

important, this aspect was not further investigated. 

Another interesting identified protein in the pulldown was PadC (MXAN_4634), a protein located in 

the same operon as the other three bactofilins (BacN, O, and P). PadC functions in proper chromosome 

structure and segregation and therefore does not seem to be linked to the other identified proteins.  

However, the identification of PadC as an interaction partner of BacO and BacP (Lin et al., 2017) and 

the structural similarity between the bactofilins makes it likely that PadC may interact with BacM as 

indicated by the observed potential interaction in our assay.  

Several of the identified potential binding partners are involved in the cellular cold shock response 

(CspA, CspC, CspD and CspE). Cold shock proteins (Csp) are nucleic acid-binding proteins ranging in 

size from 65-75 amino acids. They have a highly conserved domain called the cold shock domain (CSD), 

which functions in the binding of nucleic acids (P. Graumann & Marahiel, 1996). Cold shock proteins 

are involved in counteracting harmful effects caused by a decrease in temperature. Some of these 

harmful effects include a decrease in membrane fluidity, reduced mRNA translation and transcription, 

inefficient folding of proteins, and reduced ribosome function (Phadtare, 2004). These effects are 

mostly caused by the stabilization of nucleic acid secondary structures. The cold shock proteins play a 

role in the unwinding of these secondary structures (Phadtare, 2011). Some cold shock proteins are 

non-cold inducible and have been implicated in cellular functions related to normal growth and stress 

adaptation. These Csps contribute to osmotic, oxidative, starvation, pH and ethanol stress tolerance 

(Loepfe et al., 2010; Wang, Wang, & Wu, 2014).   
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Unfortunately, how Csps precisely contribute to these non-cold induced stress adaptation responses 

is not yet clear. If the identified cold shock proteins bind to BacM then they could potentially facilitate 

proper protein folding and ribosomal function at the membrane, by unwinding nuleic acid secondary 

structures. In addition, a cold shock protein UNR (upstream of N-RAS) was identified as a regulator of 

N-Ras expression (Boussadia et al., 1997; Jeffers et al., 1990). Another publication revealed the mutual 

regulation of the cold shock protein YB-1 and the Ras/ERK/RSK signalling pathway in prostate cancer 

progression (Imada et al., 2013). 

We were unable to isolate soluble overexpressed MglA from E. coli cells. Importantly, neither changes 

in expression temperature (from 37 ⁰C to 20 ⁰C) nor switching to E. coli RosettaTM cells prevented MglA 

aggregation. Intriguingly, previous works had reported the purification of soluble MglA-his from E. coli 

C41 DE3 cells by adding 30 µM GDP during the isolation procedure (Treuner-Lange et al., 2015). 

However, in our experiments the addition of GDP (even at concentrations of up to 1 mM) did not 

prevent the protein from aggregating. The reasons for these differences are currently unclear and may 

have to do on the usage of different plasmids for the expression process or slightly different 

procedures of cell breakage and protein handling. Importantly, we were able to immediately isolate 

overexpressed soluble MglA from M. xanthus without addition of GDP. This observation supports the 

idea that our isolation protocol was not the reason for failure but the lack of a suitable expression 

host. 

The isolation of BacM has been optimized to the point where very pure samples are reproducibly 

obtained. Using electron microscopy, the characteristic BacM filament/fibres were observed. The 

formation of very thick fibres upon the deletion of the C-terminal region of BacM indicated the 

importance of the proline-rich region in controlling BacM fibre formation in addition to playing a role 

in cytoplasmic protein interactions. The isolation of MreB seems to be successful, but needs some 

further optimization. By decreasing the amount of MreB protein isolated per liposome we might be 

able to obtain short MreB filaments on the liposomes suitable for the pulldown with MglA and BacM.  
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Together the identification of these proteins supports the idea that BacM may be involved in multiple 

processes including the secretion of certain proteins/peptidases, generation of PMF, ATP synthesis 

and M. xanthus motility. Whether the identified proteins in the BacM pulldown are linked processes 

meaning that the generation of PMF and ATP in turn drives the translocation/secretion of proteins 

across the membrane and/or provides the energy to drive motility remains an open question. Based 

on these results, however, BacM seems to function as a hub for the binding and potential localization 

of multiple proteins involved in a range of different functions.  
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2.5 Conclusion and Outlook 
 

The identification of multiple potential BacM-interacting cytoplasmic and membrane-associated 

proteins opens up numerous new avenues for investigating the molecular output pathways of this 

bactofilin. Although whether all of the identified proteins indeed interact with BacM is questionable, 

certain proteins appear to be prime candidates. For example, the identification of three proteins 

directly involved in motility and one additional protein (MXAN_4860) linked to an A-motility gene 

cluster suggests that BacM may be involved in A- and/or S-motility either through the formation of 

focal adhesion complexes or the coordination of both types of motility. However, based on our current 

knowledge it seems unlikely that BacM is directly involved in motility due to the observation that a 

deletion of the protein shows morphological defects but no obvious disruption of A- or S-motility. Far 

more likely BacM functions like a scaffold for either the regulation, adhesion or specific cellular 

localization of these proteins to the membrane where they in turn can exert their function (Koch et 

al., 2011; Vasa et al., 2015). 

As steady progress has been made in the expression and purification of MglA, BacM and MreB, it will 

soon be able to perform direct interaction assays using the physiologically active versions of these 

proteins. In these assays, the three proteins will be mixed in MreB polymerization buffer (see 

Materials and Methods Chapter II Page 30) with added ATP and GTP.  

ATP to facilitate MreB filament formation and GTP to keep MglA in its active form. This protein mixture 

will then be injected into the sub-phase of a sucrose cushion (see Materials and Methods Chapter II 

Page 30). If MglA binds to liposome-bound MreB, as has been claimed, it should rise to the top of the 

sucrose cushion, while BacM-bound MglA will stay in the sub-phase of the cushion. Upon 

fractionation, the preferred binding partner of MglA should be evident and this identification will be 

essential for our understanding of A-motility.  
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As A-motility has been claimed to be the result of PMF-powered movement of motor complexes along 

cytoskeletal filaments (B. Nan et al., 2011). If MglA binds to MreB, then this would support the current 

focal adhesion model. However, if MglA binds to BacM then this opens up new questions about how 

this protein interaction is related to A-motility. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



76 
 

Chapter III  

3. Development of a novel luciferase system for the identification of 

protein-protein interactions in M. xanthus. 
 
 

3.1 Introduction 
 

A large number of protein-protein interactions in M. xanthus have been identified using either E. coli-

based bacterial two-hybrid systems (Beiyan Nan et al., 2015), yeast two-hybrid systems (Lancero et 

al., 2005; Whitworth et al., 2008) or direct protein-protein interaction assays (Mauriello et al., 2010; 

Beiyan Nan et al., 2010). On closer inspection, however, some of these identified protein-protein 

interactions appear to be somewhat uncertain. For example, the observed auto-aggregation of E. coli-

expressed MglA has been observed by at least three groups independently (including our laboratory 

as discussed in Chapter 2), but has not been taken into account in protein-protein interaction assays 

performed in other labs (Leonardy et al., 2010b; Patryn et al., 2010). Moreover, some proteins like 

SofG were used in these assays after extensive modifications for example, to generate a soluble 

overexpressed version of SofG in E. coli, the authors not only had to remove the N-terminal first 17 

amino acids, but also had to add a MalE tag to the C-terminus (Bulyha et al., 2013). Consequently, 

protein-protein interactions identified with those extensively modified protein versions in pulldown 

assays or bacterial two-hybrid systems must be carefully assessed. Importantly, E coli does not possess 

Ras-like GTPases or bactofilin-encoding genes in its genome. The expression of these proteins 

therefore, might be toxic to the cells or may lead to miss-folded products. The miss-folding thereby 

could be either the result of improper translation of the protein in E. coli due to GC content differences 

or due to the absence of certain chaperones necessary for the proper folding of MglA and SofG (Gasser 

et al., 2008). In order to prevent these issues from interfering with the planned protein-protein 

interaction studies of this thesis, it was decided to develop a two-hybrid system in M. xanthus.  
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Such a system should allow for the more reliable identification of protein-protein interactions through 

the expression of the proteins in their native host in which e.g. correct folding of the proteins should 

be easier achieved than in E. coli or yeast.   

In this chapter, a novel two-hybrid system is described that was developed to re-evaluate previously 

identified protein-protein interactions in M. xanthus as well as identify novel such interactions. This 

two-hybrid system uses a luciferase-based assay in which the interaction of two tagged proteins 

catalyses a reaction leading to a measurable light output (Hall et al., 2012). The intensity of this light 

output is proportional to the strength of the interaction and can be used e.g. to characterise the 

absolute strength of the protein interactions. Furthermore, the potential use of this luciferase system 

to localize the protein interactions inside the cell was investigated. The identification and localization 

of these interactions in their native host has the potential to provide a deeper understanding of the 

involved molecular pathways as well as the spatial and temporal regulation of these interactions in M. 

xanthus.  
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3.2 Materials and Methods 
 

3.2.1 Cloning of genes for the luciferase and bacterial two-hybrid system 
 

The pKT25 and the pUT18C plasmids were used for the expression of different combinations of genes 

of interest using the bacterial two-hybrid system in E. coli. Genes encoding the two proteins of interest 

were amplified by PCR using appropriate primers and sub-cloned into the pKT25 and pUT18C vectors 

in frame with the T25 and T18 fragment open reading frames. For the expression of the luciferase 

system in E. coli and M. xanthus the pMR3679 plasmid was used. Cloning the designed luciferase 

fragment (see Chapter III 3.2 Page 88) into the multiple cloning site of the pMR3679 plasmid. The Ras-

like genes were amplified using PCR and digested using KpnI and BglII (NEB). The pMR3679 luciferase 

plasmid was digested with KpnI and BglII, allowing for the cloning of the genes at the Sm-tag. The 

bactofilin genes in addition to mreB, masK, romR and mglB were PCR amplified and digested using 

EcoRI-HF and MluI-HF (NEB). The pMR3679 luciferase plasmid was digested with the same enzymes, 

allowing for the cloning of these genes at the Lg-tag. As controls, a full length luciferase and a construct 

expressing a non-tagged Sm and Lg were constructed. A for the controls, vectors were constructed 

expressing only the SmBiT and LgBiT domains. The strains and primers used in this chapter are listed 

below (Table 6, Table 7, Table 8)   

 

Table 6: Strains used for expression BTH system in E. coli 

Strains for expression BTH system in 
E. coli 

Expression Reference 

pKT25 MglA pUT18C BacM BTH101 cells This study 

pKT25 MglA pUT18C BacN BTH101 cells This study 

pKT25 MglA pUT18C BacO BTH101 cells This study 

pKT25 MglA pUT18C BacP BTH101 cells This study 

pKT25 MglA pUT18C MreB BTH101 cells This study 

pKT25 SofG pUT18C BacM BTH101 cells This study 

pKT25 SofG pUT18C BacN BTH101 cells This study 
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pKT25 SofG pUT18C BacO BTH101 cells This study 

pKT25 SofG pUT18C BacP BTH101 cells This study 

pKT25 SofG pUT18C MreB BTH101 cells This study 

pKNT25 pUT18  BTH101 cells BACTH System Kit 
EUROMEDEX 

pKNT25-zip pUT18-zip BTH101 cells BACTH System Kit 
EUROMEDEX 

 

Table 7 Strains used for expression luciferase system in E. coli and M. xanthus 

Strains for expression luciferase 
system in E. coli and M. xanthus 

Expression Reference 

MglASm BacMLg E. coli Dh5α cells and M. xanthus This study 

MglASm  BacNLg E. coli Dh5α cells and M. xanthus This study 

MglASm  BacOLg E. coli Dh5α cells and M. xanthus This study 

MglASm  BacPLg E. coli Dh5α cells and M. xanthus This study 

MglASm  MreBLg E. coli Dh5α cells and M. xanthus This study 

MglASm  MasKLg E. coli Dh5α cells and M. xanthus This study 

MglASm  RomRLg E. coli Dh5α cells and M. xanthus This study 

MglASm  MglBLg E. coli Dh5α cells and M. xanthus This study 

SofGSm  BacMLg E. coli Dh5α cells and M. xanthus This study 

SofGSm  BacNLg E. coli Dh5α cells and M. xanthus This study 

SofGSm  BacOLg E. coli Dh5α cells and M. xanthus This study 

SofGSm  BacPLg E. coli Dh5α cells and M. xanthus This study 

SofGSm  MreBLg E. coli Dh5α cells and M. xanthus This study 

SofGSm  MasKLg E. coli Dh5α cells and M. xanthus This study 

SofGSm  RomRLg E. coli Dh5α cells and M. xanthus This study 

SofGSm  MglBLg E. coli Dh5α cells and M. xanthus This study 

BitLucopt  E. coli Dh5α cells and M. xanthus This study 

SmLg E. coli Dh5α cells and M. xanthus This study 
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Table 8 Primer list 

Plasmid + gene 

 

Description  

Forward primer (F)  

Reverse primer (R) 

Sequence 5’ to 3’ end 

pKT25 AglZ 
Mx_MglA_F_NdeI 

ATCGC CATATG 
ATGTCCTTCATCAATTACTCATC 

pKT25 AglZ 
Mx_MglA_R_EcoRI 

ATATA GAA TTC 
TCACCACCCTTCTTGAGCTC 

pKT25 MglA 
ΔMXAN_7475 Primer A EcoR-I 

TATAT GAATTC 
AAGCAAGTCGCGGACAAG 

pKT25 MglA 

ΔMXAN_7475 Primer B  

AACGCACGT- GTCCTACTC 
CTTCCTGAG 

pKT25 SofG 

ΔMXAN_7475 Primer C 

GAGTAGGAC- ACGTGCGTT 
CCTGGAAGC 

pKT25 SofG 
ΔMXAN_7475 Primer D Xba-I 

TATAT TCTAGA 
TCTCTTCTTCCTGGTCCA 

pUT18c MreB 
Mx6789_MreB_F_XbaI 

ATATA TCTAGA 
TATGTTTGACTGGCTTCACAC 

pUT18c MreB 
Mx6789_MreB_R_KpnI 

ATATA GGTACC 
CCCGGCTGGCAGACC 

pUT18c AglZ 
Mx2991_AglZ_F_XbaI 

ATATA TCTAGA 
CGCGTTCCTCGACCGCAC 

pUT18c AglZ 
Mx2991_AglZ_R_KpnI 

ATATA GGTACC 
AGGACGGTGTCCTGGAGCT 

pUT18c BacM 
Mx6789_BacM_F_XbaI 

ATATA TCTAGA 
TCTGGTGAGGTCCAC 

pUT18c BacM 
Mx6789_BacM_R_KpnI 

ATATA GGT ACC 
CTACTTCTTCTCGCCACC 

pUT18c BacN 
Mx4637_BacN_F_XbaI 

ATATA TCTAGA 
CATGGCAACGGGTGAAAC 

pUT18c BacN 
Mx4637_BacN_R_KpnI 

ATATA GGTACC 
ATGTCGTCAGGAAGCCGT 

pUT18c BacO 
Mx4636_BacO_F_XbaI 

ATATA TCTAGA 
TTTGAGCTTCACGCCGCG 

pUT18c BacO 
Mx4636_BacO_R_KpnI 

ATATA GGTACC 
CGCTCCTTCATGTCCATG 
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pUT18c BacP 
Mx4635_BacP_F_XbaI 

ATATA TCTAGA 
CGTGGCCACCGCGAAGGA 

pUT18c BacP 
Mx4635_BacP_R_KpnI 

ATATA GGTACC 
CGGGTCTTCTTCTTCACCACGACC 

pMR3679-lucif 
LgBit without protein F  

TATAT GAATTC 
TAGGGATCCTATAAGTTT 

pMR3679-lucif LgBit without protein R  TATAT ACGCGT TTTAAAGTTTTA 

pMR3679-lucif 
SmBit without protein F  

TATAT GGTACC 
TAGGGATCCTATAAGTTT 

pMR3679-lucif 
SmBit without protein R  

TATAT CTAGATCT 
ACGCGTTTTAAAGTTTTA 

pMR3679-lucif 
Bitlucopt F primer NdeI 

TATAT CATATG 
GTGTTTACACTTGAAGAT 

pMR3679-lucif 
Bitlucopt R primer MluI 

TATAT ACGCGT 
CTATAGAATTTCTTCAAA 

pMR3679-lucif 
SofG F Sm primer KpnI 

TATAT GGTACC 
GTGAGGAGCCGGATTTCG 

pMR3679-lucif 
SofG R Sm primer BglII 

TATAT CTAGATCT 
TCATCGCCCTTCTCCGCT 

pMR3679-lucif 
MglA F Sm KpnI 

TATAT GGTACC 
ATGTCCTTCATCAATTAC 

pMR3679-lucif 
MglA R Sm BglII 

TATAT CTAGATCT 
TCAACCACCCTTCTTGAG 

pMR3679-lucif 
MreB F Lg EcoRI 

TATAT GAATTC 
ATGTTTGACTGGCTTCAC 

pMR3679-lucif 
MreB R Lg MluI 

TATAT ACGCGT 
TCAGCCCGGCTGGCAGAC 

pMR3679-lucif 
MasK F Lg EcoRI 

TATAT GAATTC 
ATGTCCCCCCCCCAGACG 

pMR3679-lucif 
MasK R Lg MluI 

TATAT ACGCGT 
CTACTGCGTCACCCGCCA 

pMR3679-lucif 
MglB F Lg EcoRI 

TATAT GAATTC 
ATGGGCACGCAACTGGTG 

pMR3679-lucif 
MglB R Lg MluI 

TATAT ACGCGT 
TTACTCGCTGAAGAGGTT 

pMR3679-lucif 
RomR F Lg EcoRI 

TATAT GAATTC 
ATGCCCAAGAATCTGCTG 

pMR3679-lucif 
RomR R Lg MluI 

TATAT ACGCGT 
TCAGTGCTGGGTCTCTCG 
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pMR3679-lucif 
BacM F Lg primer EcoRI 

ATATA GAATTC 
TCTGGTGAGGTCCAC 

pMR3679-lucif 
BacM R Lg primer MluI 

ATATA ACGCGT 
CTACTTCTTCTCGCCACC 

pMR3679-lucif 
BacN F Lg primer EcoRI 

TATAT GAATTC 
ATGGCAACGGGTGAAACG 

pMR3679-lucif 
BacN R Lg primer MluI 

TATAT ACGCGT 
TCAAATGTCGTCAGGAAG 

pMR3679-lucif 
BacO F Lg primer EcoRI 

TATAT GAATTC 
TTGAGCTTCACGCCGCGC 

pMR3679-lucif 
BacO R Lg primer MluI 

TATAT ACGCGT 
TCAGCGCTCCTTCATGTC 

pMR3679-lucif 
BacP F Lg primer EcoRI 

TATAT GAATTC 
GTGGCCACCGCGAAGGAG 

pMR3679-lucif 
BacP R Lg primer MluI 

TATAT ACGCGT 
CTAGCGGGTCTTCTTCTT 

 

 

3.2.2 Bacterial two-hybrid system  
 

The two recombinant plasmids encoding the X-T25 and Y-T18 hybrid proteins were transformed into 

competent BTH101 cells. Twenty µl of fresh or thawed electrocompetent BTH101 reporter cells were 

mixed with 5 ng of each plasmid. As a positive control, competent reporter cells were co-transformed 

with the control plasmids pKT25-zip and PUT18C-zip. The transformed BTH101 cells were plated on X-

gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside, 40 µg/ml) plates containing 0.5 mM IPTG and 

appropriate antibiotics. The plates were incubated at 30 ⁰C and after 1-3 days screened for blue 

colonies.  

 

3.2.3 β-galactosidase assay 
 

Bacterial cells assayed for β-galactosidase activity were grown overnight in 10 ml LB broth in the 

presence of 0.5 mM IPTG and appropriate antibiotics at 30 ⁰C at 200 rpm. Aliquots (80 µL) were made 

of permeabilization solution in 1.5 mL eppendorf tubes.  
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The OD600 was measured of each culture and 20 µL was added to the permeabilization solution (100 

mM Na2HPO4, 20 mM KCl, 2 mM MgSO4, 0.8 mg/mL hexadecyltrimethylammonium bromide, 0.4 

mg/mL sodium deoxycholate and 5.4 µL/mL β-mercaptoethanol). Next, the samples were moved with 

the substrate solution to 30 ⁰C for 20-30 minutes. 600 µl Of the substrate solution (60 mM Na2HPO4, 

40 mM NaH2PO4, 1 mg/mL o-nitrophenyl-β-D-Galactoside (ONPG), 2.7 µL/mL β-mercaptoethanol) was 

added to each sample and the time of addition was noted. After sufficient colour had developed, 700 

µL of stop solution (1 M Na2CO3) was added and mixed, to halt the reaction.  The time of the addition 

of stop solution was noted. The samples were centrifuged in a microfuge at top speed for 10 minutes. 

The top of the solution was transferred to cuvettes and the Abs420 was recorded. The miller units were 

calculated using the following equation (X. Zhang & Bremer, 1995):   

 

 

 

3.2.4 bitLucopt Assay 
 

For the M. xanthus luciferase assay, cells from three different colonies were grown ON at 30 °C at 200 

rpm until an OD600 of 0.4-0.6. These cells were induced using 50 μM vanillate ON. To measure 

luciferase activity 50 μl NanoGlo Luciferase (Promega, N112A) was added to 50 μl of culture sample. 

Next, 1 μl furimazine substrate (Promega, N113A) was added, which started the oxidation of 

furimazine. Measurements were performed in triplicate using glass tubes. Luciferase activity was 

determined using a Berthold LuMat-3 luminometer for 0.1 seconds. Data was normalized to culture 

optical density measured at 600 nm (OD600). For the E. coli luciferase assay, cells from three different 

colonies were grown at 37 °C and 200 rpm until an OD600 of 0.4-0.6. These cells were induced using 50 

μM vanillate ON. Measurement of luciferase activity was performed as described above.  
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3.2.5 Preparation of agar patches for fluorescent microscopy of the bitLucopt Assay 
 

The sample preparation for fluorescence microscopy was done using TPM agar. CTT agar has 

fluorescent background and for this reason TPM agar was used for the fluorescent microscopy. TPM 

agar (1.5%) was molten using a microwave and three microscope slides were aligned in a row with 

four additional microscope slides aligned at a 90 ° angle on top of the three microscope slides, two at 

each end (Figure 17). This created a small open square on each of the aligned microscope slides. The 

molten TPM agar was pipetted into these squares and before it solidified a microscope slide was 

placed on top of it creating an agar patch with a smooth surface. Next, 10 μl of a culture sample was 

mixed with 1 μl furimazine substrate in an Eppendorf tube prior to being pipetted onto the TPM agar 

patch. Finally, the agar patch was covered with a cover slip and candle wax was molten and used to 

seal the sides of the cover slip, thereby preventing the sample from drying out. The prepared samples 

were incubated at 32 °C for at least one hour prior to examining them under a Nikon widefield 

microscope.  

 

 

 

 

 

 

 

 

 

 

Figure 17 Preparation of agar patches. Molten agar (brown) was pipetted 
into the small open square. A microscope slide was placed on top of it, to 
smoothen the agar.  
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3.2.6 Fluorescent microscopy of bitLucopt Assay 
 

An inverted widefield microscope (Nikon) was used for the acquisition of fluorescent microscopy data. 

The microscope included a 100X/1.30 NA oil PH3 objective, an X, Y motorized stage, a sCMOS camera, 

a light source, filters for green, red, blue-fluorescent proteins, and a temperature-controlled 

incubation chamber. Prior to using the microscope, the incubation chamber and the microscope were 

heated to 32 ⁰C for ~1-2 hours. A drop of high quality immersion oil was added onto the lens of the 

objective. The objective lens was put into the stage holder and the cells were brought into focus by 

moving the stage in the Z-direction closer to the objective. For time-lapse experiments the duration 

was set to 5-10 minutes and images were recorded at time intervals of 10 seconds. Depending on the 

sample either FITC, DAPI or TxRED was used for the acquisition of fluorescent data. For the bitLucopt 

system FITC was used with an exposure time of 800 ms.  
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3.3 Results 
 

3.3.1 Validation of potential interactions between MglA and BacM/BacO and SofG 

and MreB using a bacterial two-hybrid system.  
 

To further investigate the pull down-identified interactions between BacM and MglA a bacterial two-

hybrid assay was used next. To do so, all potential interactions between the various combinations of 

the two Ras-like GTPases, MglA and SofG and the cytoskeletal proteins BacM, N, O, P and MreB were 

tested. As demonstrated in Figure 18, the strongest interaction was recorded between SofG and BacP 

resulting in a β-galactosidase activity of 8787 miller units confirming a previous publication reporting 

a strong interaction between these two proteins (Treuner-Lange et al., 2015). High values were also 

found for the combination of MglA and BacM (5944 miller units), MglA and BacO (5331 miller units), 

and SofG and MreB (5652 miller units), whilst nearly all other tested combinations resulted in values 

around and below 2000 miller units. Values between 700-7000 units/mg are normally considered as 

an indication that proteins interact with each other with the higher values indicating more certainty 

(BACTH system kit, Euromedex). However, lower values as recorded for most of the protein 

combinations can be the result of prolonged expression, as it is more likely that this observed lower 

activity is simply the result of the accumulation of too much expressed protein inside the cell. As 

prolonged expression increases the chances of the pKT25 and pUT18c protein parts to arbitrarily find 

each other and induce the expression of the lacZ gene. Consequently, interactions that resulted in 

5000 miller units or higher are overall encouraging results and indicative of a potential interaction. 

Nevertheless, these observed interactions would still have to be confirmed or evaluated further using 

a different two-hybrid system or other independent approach. One of the reasons for this precaution 

is based on the observation that overexpressed MglA and SofG in E. coli leads to the formation of non-

soluble aggregates (Section 2.3.6 Page 56 Bulyha et al., 2013).  
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The formation of these aggregates could indicate that the observed interactions in the bacterial two-

hybrid system are not due to true physiologically relevant interactions between correctly folded 

proteins, but due to spurious interaction/aggregation of incompletely folded proteins. Consequently, 

the observed interactions might not be physiologically relevant or indicative of an actual interaction 

of these proteins inside M. xanthus cells.  
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Figure 18. Bacterial two-hybrid studies in which the blue colour indicates β-galactosidase activity. (A) β-Galactosidase 
activity measured in miller units. The means of the results of three independent experiments and the standard deviations of 
the means (error bars) are shown. (B) Colonies grown on LB plates containing Amp50 Kan25 IPTG500 and Xgal40. (1) Empty 
plasmids (-C), (2) +C, (3) MglA and MreB, (4) MglA and AglZ, (5) MglA and BacM, (6) MglA and BacN, (7) MglA and BacO, (8) 
MglA and BacP, (9) SofG and MreB, (10) SofG and AglZ, (11) SofG and BacM, (12) SofG and BacN, (13) SofG and BacO, (14) 
SofG and BacP.  The data indicates a potential interaction between MglA and BacM, MglA and BacO, SofG and MreB, SofG 
and BacP.  
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Because of the identified problems associated with the correct folding of E. coli-expressed MglA and 

the broader implications of potential misfolded heterologous proteins for the meaningful 

interpretation of two-hybrid assay results, it was decided to develop a luciferase-based expression 

system that would allow to perform these types of interaction assays directly in M. xanthus using a 

different independent two-hybrid assay.  

 

3.3.2 Development of a luciferase-based two-hybrid system in M. xanthus 
 

The luciferase system uses a structurally optimized luciferase subunit from the deep sea shrimp 

Oplophorus gracilirostris (Hall et al., 2012). This luciferase is referred to as N-luc (new luciferase), 

which was used to engineer a new complementation reporter (NanoBit).  The NanoBit subunit consists 

of a 1.3 kDa protein, the Sm (small) bit and an 18 kDa polypeptide called the Lg (large) bit (Figure 19). 

The intrinsic binding affinity of the Sm and Lg bit is low (dissociation constant KD = 190 µM) in 

comparison to the average physiological protein-protein binding, thus allowing for the screening of 

protein-protein interactions (Dixon et al., 2016). The Nanobit was later optimised into Bitlucopt (Bit 

luciferase optimized), which contains several point mutations and increased luminescence to allow 

the detection of even weak protein-protein interactions (Dixon et al., 2016).  

 

 

 

 

 

 

Figure 19. Bitlucopt and subunits catalysing the oxidation of furimazine to furimamide. (Left) Luciferase system subunits of 
Bitlucopt (green), proteins of interest (red), Lg bit (blue), Sm bit (yellow), Bitlucopt (active luciferase enzyme, green). (Right) 
Bioluminescent reaction catalysed by Bitlucopt that converts furimazine to furimamide. 
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The bitlucopt enzyme catalyses the oxidation reaction of furimazine to furimamide, which results in 

the release of carbon dioxide and the emission of light. This emission of light can be quantified using 

a spectrophotometer. Initially, a number of tests were performed to ensure that this system was 

functional in M. xanthus. Several luciferase constructs were transformed into M. xanthus and tested 

for bioluminescence. The full length bitLucopt was used as a positive control (PAP259 plasmid) and 

compared with plasmids that contained HupA with a C-terminally-tagged Sm-bit (PAP256), HupA with 

a C-terminally tagged Lg-bit (PAP257), and a construct, which contained a HupA protein attached to 

both Sm and Lg (PAP118). Pap256 and Pap257 served as negative controls. HupA is a 10 kDa bacterial 

chromatin-associated protein from Clostridium difficile that self-interacts in vivo (Oliveira Paiva et al., 

2019). To ensure that the plasmids were taken up by M. xanthus, a 1.38 Kbp region was added to each 

of the luciferase plasmids in order for them to be incorporated at the attB site. Both MglA and BacM 

were cloned into the PAP118, PAP256 and PAP257 plasmids. MglA was C-terminally attached to the 

Sm bit via a small linker region, and BacM was cloned and C-terminally attached to the Lg bit via the 

same small linker region. Previous observations showed that M. xanthus grew slower in the presence 

of the antibiotic tetracycline as it is toxic to the cells (Chapter IV 4.3.7 Page 125). Unsurprisingly, when 

MglA and BacM were cloned and overexpressed using the tetracycline-controlled PAP118 plasmid, 

the cells grew poorly. More specifically, it took over a week to grow M. xanthus cells on hard agar 

plates containing 5 and 2 µg/ml tetracycline. This concentration was much lower than the 10-15 µg/ml 

used in several publications for growth on hard agar (Bullock et al., 2018; Yang et al., 2018). The poor 

growth observed during the expression of the two proteins in the presence of tetracycline made it 

impossible to meaningfully interpret any potential protein-protein interactions in these cells. In order 

to solve this problem, the bitlucopt parts, parts essential for the Sm and Lg tagging of proteins, of the 

PAP256, PAP257, PAP259 and PAP118 constructs were cloned into the PMR3679 plasmid (Iniesta et 

al., 2012).  
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This plasmid has a kanamycin resistance gene and a vanillate-inducible promoter and has a track 

record of being successfully used in M. xanthus (Cotter et al., 2017; Kaimer & Zusman, 2016; Vassallo 

et al., 2015). After successful cloning, the constructs were transformed into M. xanthus and checked 

for their ability to express luciferase (Figure 20). No obvious toxicity was observed during the 

expression of the luciferase system using the PMR3679 plasmid. The Bitlucopt construct (PAP259) 

showed an overload message when measured using the LUMAT3 luminometer. This result indicated 

that the luciferase enzyme was not only functional in M. xanthus, but due to its high efficiency after 

prolonged expression of bitlucopt in the cell would result in a light output outside of the measurement 

range of the luminometer (overload message). The other tested plasmids showed values between 

3,000 and 13,000 relative light units (RLU). PAP118 contained both a HupA protein attached to the Sm 

and Lg subunit and showed a positive interaction (Figure 20). This was an indication that the dimeric 

HupA from C. difficile when expressed in M. xanthus successfully dimerizes and could function as a 

positive control.  

 

 

 

 

 

 

 

 

Figure 20. Expression of Bitlucopt subunits using the PMR3679 plasmid in M. xanthus. Sm bit (Yellow), Lg bit 
(Blue), HupA (Red), Bitlucopt (Green). *overload message on the LUMAT3 indicating too much light. The means of 
the results of three independent experiments and the standard deviations of the means (error bars) are shown. 
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3.3.3 N-terminally tagged Sm and Lg bit luciferase system  
 

Based on the measured data, MglA seemed to interact with the C-terminus of BacM. This was based 

on MglA being present in the pulldown fraction of full length BacM, but missing from the C-terminally 

truncated BacM fraction (Chapter II 2.3.1 Page 46). Based on this result, the C-terminal tagging with 

the Sm and Lg bit using the PAP constructs might interfere with the identification of protein-protein 

interactions including BacM and MglA. In order to prevent this, a new luciferase construct was 

designed that would allow for the expression of proteins with an N-terminally tagged Sm or Lg bit 

(Figure 21). For the design of this construct, the restriction enzymes (NdeI, KpnI, BglII, EcoRI, MluI, and 

NheI, yellow) that are present in the multiple cloning site (MCS) of the PMR3679 plasmid were used. 

Two ribosomal binding sites (orange) were added in front of the Sm and Lg bit to ensure efficient and 

accurate translation of mRNA. The Sm (dark blue) and Lg (green) bit were both followed by a short 

flexible linker region (light blue). The amino acid sequence of this linker region is GSSGGGGSGGGGSSG 

in which the glycine residues provide flexibility and serine conformational and energetic stability 

(Argos, 1990). The linker was followed by a restriction site KpnI, a HupA sequence (purple), and a BglII 

site for the cloning of genes attached to the Sm bit. The second linker region was followed by an EcoRI 

restriction site, a HupA sequence (purple) and another restriction site MluI for the cloning of genes 

attached to the Lg bit. At the end of the construct a SlpA terminator region (red) was added to 

efficiently stop transcription. 

 

 

 

 

 Figure 21. Luciferase system sequence for N-terminally tagged Sm and Lg bit. restriction sites (yellow), ribosomal binding sites 
(orange), Sm bit (dark blue), flexible linker region (light blue), HupA (purple), Lg bit (green), SlpA terminator region (red).  
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3.3.4 Identification of interaction partners of MglA using the luciferase system in 

E. coli 
 

Two Ras-like GTPases MglA (MXAN_1925) and SofG (MXAN_6703) were cloned at the Sm position 

adding the 1.3 kDa Sm-tag to their N-termini. Then BacM, N, O, P, MreB, MasK, MglB and RomR were 

cloned at the Lg position adding the 18 kDa Lg-tag to their N-termini. The smaller Sm-tag was added 

to the Ras-like GTPases because MglA and SofG are prone to aggregation when overexpressed (Bulyha 

et al., 2013; Patryn et al., 2010). The Lg-tag was added to the bactofilins because they are known to 

form stable filaments; in fact, BacM even forms filaments when expressed as a red fluorescent protein 

fusion protein (Koch et al., 2011). By adding the Sm-tag to the Ras-like GTPases, the chances for miss-

folding and hindrance of the protein-protein interactions were reduced. The constructs were then 

transformed into Dh5α cells and checked for luciferase expression by the addition of vanillate. At first 

it was checked whether there was a difference between un-induced and induced expression, and 

whether MglA and BacM interacted in E. coli using the luciferase system. There was a significant 

increase in RLU between MglASm BacMLg and the controls that contained the proteins individually. 

The SmLg (negative control) which expressed Sm and Lg separately without any attached proteins 

showed no significant increase in luciferase, thus indicating that the intrinsic affinity for these subunits 

was low when expressed in E. coli. The Bitlucopt (positive control) showed some light even when un-

induced; this was most likely due to leaky expression. Interestingly, a significant reduction in luciferase 

was observed when the C-terminus of BacM was removed, confirming the previous finding that the C-

terminus of BacM seemed to be crucial for the binding to MglA (Figure 22).  
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Figure 22. Un-induced (red) and induced (blue) expression of MglASm and BacMLg in E. coli. Cultures were induced with 
500 µM vanillate for 6 hours at 30 ⁰C. Culture density was measured and diluted to an OD600 = 1. Y-axis are the relative light 
units per OD600 = 1.  Data shown are means ± standard deviation of three biological replicates. 

 

Next, the remaining bactofilins plus MreB, RomR and MasK were tested for their ability to interact 

with MglA in E. coli. This resulted in the identification of a potential interaction between BacO and 

MglA (Figure 23), thus verifying the previous interaction observed between BacO and MglA using the 

converted bacterial two-hybrid system in E. coli (Figure 18). In these experiments MglA Sm MglB Lg 

was included as a positive control. MglB is the GTPase-activating protein (GAP) of MglA and therefore 

was expected to be able to interact with MglA as GAP proteins are responsible for the stimulation of 

GTPase activity of Ras-like GTPases (J. L. Bos et al., 2007). No interaction was detected between MglA 

and MreB, RomR or MasK. Interestingly, a recent publication had demonstrated that RomR forms a 

complex with RomX and that this complex then binds to MglA (Szadkowski et al., 2019). The RomR-

RomX complex was suggested to function as the guanine exchange factor (GEF) of MglA.  
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This newly identified interaction of MglA with RomX and a previously found potential interaction of 

MglA with RomR was deemed weak and could explain why no interaction between these proteins 

were detected using the luciferase assay (Szadkowski et al., 2019). Therefore, the validity of these 

recently described interactions remain to be confirmed. Moreover, MasK had previously been 

identified using a yeast two-hybrid system to interact with MglA, an interaction that we could not 

confirm in our experiments  (Thomasson et al., 2002). One explanation for this failure could be that 

the change of expression host (E. coli instead of yeast cells) impacted our ability to identify this 

interaction (Gasser et al., 2008). Alternatively, if the N-terminal region of one of these two proteins is 

crucial for the interaction, then the interaction could potentially be disrupted by the addition of the 

Sm or Lg tag. MasK is predicted to have an N-terminal cytoplasmic domain containing 6 prolines within 

22 amino acids potential forming a proline-binding domain (Thomasson et al., 2002; Williamson, 

1994). As a similar proline-rich C-terminal region in BacM was responsible for binding to MglA (Chapter 

II 2.3.1 Page 46), the presence of the prolines in the cytoplasmic N-terminal domain of MasK made it 

likely that this part of the protein was involved in the binding to MglA. If this reasoning was correct, it 

could offer an explanation why no interaction between these two proteins was observed with the 

luciferase system.  
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Figure 23. MglA interacts with BacM, BacO and MglB but not with BacN, BacP, MreB, RomR or MasK using the luciferase 
system in E. coli. Cultures were induced with 500 µM vanillate for 12 hours at 30 ⁰C. Culture density was measured and diluted 
to an OD600 = 1. Y-axis are the relative light units per OD600 = 1.  Data shown are means ± standard deviation of three biological 
replicates.  

 

3.3.5 Identification of interaction partners of SofG using the luciferase system in 

E. coli 
 

Next, all M. xanthus bactofilins plus MreB, RomR, MglB and MasK were tested for their abilities to 

interact with SofG in E. coli. These experiments resulted in the identification of BacO and MglB as 

novel potential interaction partners of SofG. In this interaction assay, the proteins were two hours 

longer expressed than usual, which resulted in a higher average amount of relative light units (RLU) 

(~1000-4400 RLU) of the non-interacting proteins in comparison to the interaction assay performed 

with MglA (~200 RLU Figure 23). The most likely explanation for the observed data is that the increased 

amount of Sm and Lg inside the cell lead to the coincidental binding of the two protein subunits and 

therefore to a higher background of light. The increased expression of the proteins was chosen as to 

be able to identify weaker protein-protein interaction and resulted in the discovery of a potential 

interaction between SofG and BacP.  
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The interaction between these two proteins seemed to inhibit the formation of the SmLg complex, 

thereby leading to a significantly reduced amount of light (RLU). Importantly this interaction had also 

been observed in the previous bacterial two-hybrid assay (Figure 18) and was also reported in a 

previous publication that used both a pulldown assay and co-expression in E. coli (Bulyha et al., 2013). 

An interesting finding was that SofG like MglA also seemed to interact with BacO and MglB (Figure 

24). BacO is the smallest bactofilin (127 amino acids) and does not contain a proline rich region like 

BacM and BacP. Therefore, it is currently unclear how these two Ras-like GTPases and BacO interact.   

 

 

Figure 24. The RasGTPase SofG interacts with BacO, BacP and MglB, but not with BacM, BacN, MreB, RomR and MasK. 
Cultures were induced with 500 µM vanillate for 14 hours at 30 ⁰C. Culture density was measured and diluted to an OD600 = 
1. Y-axis are the relative light units per OD600 = 1. Data shown are means ± standard deviation of three biological replicates. 
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3.3.6 Validation of interaction partners of MglA using the luciferase system in M. 

xanthus 
 

 

The M. xanthus bactofilins BacM, BacN, and BacO plus MreB, RomR, and MasK were tested for their 

ability to interact with MglA in M. xanthus. These experiments validated the identification of BacM, 

BacO, and MasK as potential interaction partners of MglA (Figure 25). MglASm BacPLg and MglASm 

MglBLg have not yet been included in this assay due to cloning issues. Using these experiments, we 

were able to confirm that MasK interacted with MglA when probed in the luciferase system in M. 

xanthus, a result that was not detected in E. coli pointing to the important possibility that some 

protein-protein interactions are only detectable in certain bacterial backgrounds.  

 

 

 

Figure 25. MglA interacts with BacM, BacO and MasK but not with BacN, BacP, MreB, or RomR using the luciferase system 
in M. xanthus. Cultures were induced with 50 µM vanillate for 20 hours at 30 ⁰C. Culture density was measured and diluted 
to an OD600 = 1. Y-axis are the relative light units per OD600 = 1.  Data shown are means ± standard deviation of three biological 
replicates.  
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3.3.7 Use of the luciferase system for the localization of protein-protein 

interactions in M. xanthus 
 

 

The high sensitivity of the light emitting reactions of the luciferase system prompted an investigation 

whether one could use the system for the localization of protein-protein interactions in M. xanthus. 

Although the luciferase-emitted light is quite weak in comparison to fluorescently tagged proteins, a 

long enough exposure time indeed enabled the localisation of different protein-protein interactions 

in M. xanthus. Thus, allowing the system to be used not only for the identification of interactions but 

also for the visualisation of their cellular localisation. To adequately judge these results, it was 

important to keep in mind that the proteins were overexpressed and therefore may be localised in a 

non-physiological way. When viewed in the light microscope, most of the cells expressing MglASm 

BacMLg had bipolar clusters with some cells having a cluster at mid-cell (Figure 26). An earlier 

publication had shown that an N-terminally mCherry tagged BacM, which replaced the native BacM, 

showed irregular cytoplasmic fluorescence present in many parts of the cell, but was absent from 

regions stained by the DNA stain DAPI (Koch, Mchugh, & Hoiczyk, 2011). These observations are in line 

with the observed patterns in Figure 26 and the observed fluorescent clusters described in Chapter V 

5.3.10 page 157.  
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When MglA was co-expressed with BacM missing the C-terminus, unipolar clusters were observed in 

the cells (Figure 27A), while co-expression of MglA and MasK lead to the formation of lateral clusters 

(Figure 27C/D). Previously, a C-terminal mCherry-tagged MasK was found to form unipolar clusters at 

the leading pole in some of the observed cells (S. Fremgen et al., 2013). However, all the cells 

contained fluorescent clusters throughout the cell, which was in line with the observations in Figure 

27C/D (S. Fremgen et al., 2013). Co-expression of MglA and BacO resulted in cells with diffuse 

fluorescence as well as cells with bipolar or a mid-cell cluster (Figure 27E). This observation was similar 

to the bipolar and mid-cell clusters of the BacNOP complex, observed by immunofluorescence 

microscopy (Lin et al., 2017). No clusters were observed when cells were viewed that expressed 

bitlucopt or SmLg (Figure 27B/F). 

 

Figure 26. Localisation of MglASm BacMLg in cells grown on TPM agar. Pictures were taken 
using brightfield (A/C) and FITC (B/D). Mid-cell clusters are indicated with red arrows (D). Scale 
bars: 5 µm.  

A B 

C D D 



100 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Localisation of MglASm and BacM(codons 28–128)Lg, MglASm and MasKLg, MglASm 
and BacOLg and bitlucopt in TPM agar-grown cells. (A) unipolar cluster formation in cells 
expressing BacM(codons 28–128)Lg (B) Sm and Lg diffuse fluorescence (C/D) MasKLg forms clusters 
along the cell (E) clusters and diffuse fluorescence BacOLg (F) Diffuse fluorescence of bitlucopt. 
Mid-cell clusters are indicated with red arrows in (E). 
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M. xanthus cells are known to possess background fluorescence (Parish, 1985), which made it 

necessary to investigate whether the observed background fluorescence interfered with the 

identification of bioluminescence from the luciferase assay or whether WT cells could oxidize 

furimazine without the presence of the luciferase enzyme. WT cells and WT cells plus furimazine 

showed weak diffuse fluorescence, indicating that if they could oxidize furimazine it seemed to be 

minimal and that the background fluorescence was low when compared to cells expressing bitlucopt 

(Figure 28). Consequently, the background fluorescence did not interfere with the localisation of the 

protein-protein interactions.  
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Figure 28. Background fluorescence of WT cells with and without furimazine on TPM agar-grown cells. 
(A) WT cells + furimazine (B) WT cells. Both cells show very low background fluorescence.  
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3.4 Discussion 
 

 

In this chapter, data were presented that documented that a novel luciferase-based bacterial two-

hybrid system allowed for the first time to identify and validate protein-protein interactions directly 

in M. xanthus. Moreover, it was shown that this system was also functional in E. coli thereby allowing 

to directly compare interactions that were identified in both bacterial backgrounds. The new bacterial 

two-hybrid system relies on the enzyme luciferase that is split in two subunits (Sm and Lg) that are 

each attached to a protein of interest. When the two proteins interact, a functional complementation 

of the luciferase enzyme subunits takes place, which allows the conversion of furimazine to 

furimamide resulting in the emission of light (Dixon et al., 2016; Hall et al., 2012; Taylor et al., 2018).  

As working in the physiological relevant bacterial background generally promised to identify potential 

protein-protein interactions more faithfully, the identified interactions most likely represented real 

interactions. Despite this advantage, several problems were identified during the course of the 

investigation that have to be considered when judging the results. These problems included the 

observed miss-folding and aggregation of proteins like MglA and SofG in E. coli and the expression of 

heterologous proteins that have no homologous counterparts in the bacterial host of choice such as 

Ras-like GTPases or bactofilins in E. coli. The latter case may be problematic as necessary chaperones 

are not present that will help to correctly fold these proteins.  

Another important factor that can influence the outcome of the two two-hybrid assays may be the 

difference of the used tags. The size of the tags T25 (720 bp), T18 (606 bp) in the classical two-hybrid 

assay are much larger than the tags, Sm (36 bp) and Lg (477 bp) used for the luciferase system. 

Importantly, the use of larger tags might interfere more likely with the studied protein-protein 

interaction. Furthermore, in the classical two-hybrid assay no linker was included between the tag and 

the protein.  
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As the linker functioned to prevent the tag from interfering with proper protein folding and protein 

interaction, the omission in the classical system may interfere with some protein-protein interactions 

(Reddy Chichili et al., 2013). 

A shift in emission spectra was observed, when looking at the fluorescence of M. xanthus cells 

expressing the bitlucopt luciferase (FITC), in comparison to the 460 nm emission peak (DAPI) for Nluc 

(Nanoluc; Hall et al., 2012). The difference in emission spectra could be a consequence of the M. 

xanthus cells being on TPM agar, as hard versus moist samples can result in a shift in excitation and 

emission spectra (Pellach et al., 2012). In addition, the changes made to the Nluc luciferase, to create 

the bitlucopt luciferase, could play a role in the observed shift in emission spectra (Dixon et al., 2016).  

Importantly, the luciferase two-hybrid system mostly confirmed the results obtained with the classical 

two-hybrid assay (Figure 18). Using both systems the following interactions could be validated and 

appeared to represent real protein-protein interactions: MglA and BacM, MglA and BacO, and SofG 

and BacP were reproducible observed in the luciferase system in E. coli. In contrast, the interaction 

between SofG and MreB could not be confirmed using the luciferase system, which may be explained 

by the use of differently tagged proteins in these experiments. Moreover, in contradiction with 

published results (Treuner-Lange et al., 2015) no interaction between MreB and MglA was found using 

any two-hybrid system. In contrast to MreB, BacM however showed a clear interaction with MglA in 

all performed assays making this interaction the most robust detected interaction (Table 9). In 

addition, upon removing the C-terminus of BacM (including the proline rich region; BacMΔ139-151), a 

reduction in light was observed.  
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Table 9 Identification protein-protein interactions using two different two-hybrid assays. * Protein interactions that still 
have to be checked.  

Protein-protein 

interactions 

Bacterial two-hybrid 

system in E. coli 

Luciferase system 

in E. coli 

Luciferase system 

in M. xanthus 

MglA-BacM YES YES YES 

MglA-BacN NO NO NO 

MglA-BacO YES YES YES 

MglA-BacP NO NO * 

MglA-RomR NO NO NO 

MglA-MasK * NO YES 

MglA-MglB * YES * 

MglA-MreB NO NO NO 

SofG-BacP YES YES * 

 

This confirmed the previously identified pulldown result in which MglA was shown to interact with 

BacM only when the C-terminus was present (Chapter II Page 46). Finally, the localization of MglA and 

BacM in the fluorescence light microscope using the luciferase system showed a clear co-localization 

of both proteins to subpolar regions of the cell and in the case of BacM(28–128) to a unipolar cluster. 

Additional clusters were observed for BacM and MglA at mid-cell, while no mid-cell localization was 

observed when MglA was expressed with BacM(28–128). These mid-cell clusters seemed to occur only 

when the cell was elongated (Chapter III 3.3.7 Page 98).  

Besides of BacM, MasK was identified as an interaction partner of MglA using the luciferase system in 

M. xanthus (Thomasson et al., 2002). MasK together with MglA formed light microscopically visible 

clusters when expressed in M. xanthus. These clusters seemed to be located at the cell membrane, 

indicating that MasK was embedded in the cytoplasmic membrane when it interacted with MglA.  



105 
 

This interaction was similar to the binding behaviour between RasGTPases and protein kinases 

observed in eukaryotes. For example, Abelson tyrosine-protein kinase (ABL) is known to 

phosphorylate tyrosine 137 in H-, K-, and NRas (Ting et al., 2015).  

In addition, BacO was identified as an interaction partner of both MglA and SofG. Apart from having 

the DUF583 bactofilin domain, BacO does not share a lot of homology with BacM. Likewise, BacP does 

not share much homology with BacO outside the bactofilin domain (Figure 29). Interestingly, BacO 

does not contain a proline-rich region in contrast to both BacM and BacP. These results indicated that 

both MglA and SofG potentially use a similar type of interaction with BacO that differs from the 

interactions with BacM and BacP.  

As all bactofilins contain the conserved DUF583 domain, and in the case of BacO, this domain entails 

the C-terminus of the protein (Figure 29), one option could have been that the DUF583 domain was 

involved in this interaction. If this would have been the case, we would have expected, based on the 

conservation of this domain that SofG and MglA would interact with all bactofilins. However, this was 

not what was observed. Therefore, SofG and MglA are probably both interacting with the N-terminus 

of BacO. MglA and BacO co-localized diffusively in the cytoplasm in the luciferase-based two-hybrid 

assay forming poorly visible clusters at both cell poles and the mid cell. Interestingly, this cluster 

distribution is in line with previous observations using immunofluorescence with an BacO antibody in 

WT cells (Lin et al., 2017). The observed more diffuse localization in some cells in the luciferase-based 

assay may be the consequence of the necessary overexpression of BacO in the assay.  
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Figure 29. Clustal Omega alignment of T. thermophilus Bactofilin (TTHA1769 or TtBac), P. infestans 
bactofilin (PITG_07992 or PiBac), M. xanthus bactofilins BacM, BacN, BacO, and BacP. The DUF583 domain 
of BacO ends on a guanine leaving a nine-amino acid-long C-terminus (black arrow). An * (asterisk) indicates 
positions which have a single, fully conserved residue. A : (colon) indicates conservation between groups of 
strongly similar properties. A . (period) indicates conservation between groups of weakly similar properties. 
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Surprisingly, the interaction of SofG with BacP lead to a reduction in light output. This could have been 

caused by the two proteins interacting in such a way that they inhibited the formation of the SmLg 

complex. This inhibition of light, like the increase of light, indicates a potential interaction between 

the two proteins. To clarify this issue, luciferase plasmids would need to be designed in such a way to 

allow for the C-terminal protein tagging with Sm and Lg. If these constructs would prevent the 

inhibition of light, the inhibition would have been the result of a non-active luciferase formation during 

the assay. In extension, systematic tagging of different parts of the two proteins could in theory be 

used to identify the parts of the protein that are essential for the interaction.  
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3.5 Conclusion and outlook 
 

The luciferase system allowed for the verification of previously discovered or described protein-

protein interactions and the identification of novel such interactions for MglA and SofG. These newly 

discovered protein interactions included MglA interacting with BacM and BacO and SofG interacting 

with MglB and BacO. Although the interactions identified with SofG still have to be tested in M. 

xanthus. The identification of BacO as an interaction partner of both MglA and SofG provided another 

link between the bactofilin cytoskeleton and the Ras-like GTPases indicating that one fundamental 

role of bactofilins is to act as scaffolds for these important proteins. In this context, it would be 

interesting to establish whether the link between bactofilins and Ras-like GTPases is conserved in 

different bacterial species.  

The further development of the luciferase system promises considerable advances in our 

understanding of protein-protein interactions in M. xanthus. The development of three additional 

luciferase plasmids which would allow C-terminal tagging of proteins or combinations of N and C-

terminal tagged Sm and Lg bits, would permit screening and identification of additional protein-

protein interactions further increasing the versatility of the system. In addition, the optimisation of 

the system for improved localisation of protein interactions inside the cell would allow to spatially 

resolve these functional processes.  

An article published in 2018 reported the use of a similar luciferase-based system for in vivo 

bioluminescence imaging in mice (Taylor et al., 2018). The authors used the Nanoluc reporter and 

combined it with eGFP and LSSmOrange creating Lumifluors. These Lumifluors are the brightest 

bioluminescent signals known to date. Other advantages of the Lumifluors are increased intensity, 

sensitivity and reduced image acquisition times (Schaub et al., 2015). Combining the bitlucopt subunits 

with fluorophores might enable the more accurate localisation of these proteins and their interactions 

in M. xanthus.  
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Chapter IV  

4. Biochemical characterisation of BacM and MglA 
 

4.1 Introduction 
 

In this chapter, serendipitously made discoveries will be discussed that were made during experiments 

that lead to a better understanding of the interplay between MglA and BacM. These discoveries 

include indications of post-translational modification of MglA, changes in MglA expression levels in 

bactofilin deletion mutants, attempts to create a ΔBacMΔMglA double mutant, consequences of the 

overexpression of MglA in M. xanthus, and how the overexpression of MglA impacts ΔBacM cells. A 

lot of these observations were correlated with our current knowledge of Ras and Ras-like proteins 

from eukaryotic, yeast and bacteria have a lot in common. The experimental results in this chapter 

combined with the current literature provide new insight into the potential functions of these two 

proteins and how they impact important processes in M. xanthus.  
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4.2 Materials and Methods 
 

4.2.1 Cloning  
 

MglA was cloned under the pMAT3 plasmid for the controlled expression of MglA in M. xanthus. In 

addition, MglA was cloned into pMR3679 and pMR3651, which added a C-terminal eYFP tag. BacM 

was cloned into the pSWU30 plasmid. mglA and bacM genes were amplified using PCR and digested 

using different restriction enzymes compatible with the target plasmid. The mglA gene inserted into 

pMR3561 was missing a stop codon and was checked using EXPASY translate tool for being in-frame 

with the eYFP tag. The strains generated and primers used for cloning are listed below (Table 10, Table 

11). 

Table 10: Strains used in this chapter 

Strains  Expression Reference 

pMAT3 MglA ΔMglA M. xanthus This study 

pMR3679 MglA ΔBacM M. xanthus This study 

pMR3651 MglA ΔBacM M. xanthus This study 

pSWU30 BacM ΔBacM M. xanthus This study 

ΔBacM ΔBacM (Koch et al., 2011) 

WT (DK1622) WT (D. Kaiser, 1979) 

pET-DUET MglA  Bl21 cells This study 

pET-DUET MglA  RosettaTM cells This study 

 

Table 11 Primer list 

Plasmid + gene 

 

Description  

Forward primer (F)  

Reverse primer (R) 

Sequence 5’ to 3’ end 

pMR3651/3679 MglA Mx_MglA_F_NdeI ATCGC CATATG ATGTCCTTCATCAATTACTCATC 

pMR3651/3679 MglA  Mx_MglA_R_EcoRI ATATA GAA TTC TCACCACCCTTCTTGAGCTC 
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pBJ114 ΔBacM ΔMXAN_7475 Primer A 
EcoR-I TATAT GAA TTC AAGCAAGTCGCGGACAAG 

pBJ114 ΔBacM ΔMXAN_7475 Primer B  AACGCACGT- GTCCTACTC CTTCCTGAG 

pBJ114 ΔBacM ΔMXAN_7475 Primer C GAGTAGGAC- ACGTGCGTT CCTGGAAGC 

pBJ114 ΔBacM ΔMXAN_7475 Primer D Xba-I TATAT TCT AGA TCTCTTCTTCCTGGTCCA 

pSWU30 BacM Mx_BacM_F_XbaI TATAT TCT AGA AAGCAAGTCGCGGACAAG  

pSWU30 BacM  Mx_BacM_R_EcoRI TATAT GAA TTC TCTCTTCTTCCTGGTCCA 

pMAT3 MglA Mx_MglA_F_XbaI TATAT TCT AGA ATGTCCTTCATCAATTACTCATC 

pMAT3 MglA Mx_MglA_R_BamHI TATAT GGA TCC TCACCACCCTTCTTGAGCTC 

 

4.2.2 Western blotting 
 

Constituent proteins from cell lysates or subfractions of lysates were separated by SDS-PAGE on a 10-

well 4-20% Tris-Glycine gel (Invitrogen). Protein samples were mixed 1:4 with a 4x SDS buffer. These 

samples were supplemented with 20 mM dithiothreitol (DTT, Sigma). Samples were boiled for 10-15 

minutes to denature proteins, loaded onto the SDS gel and run at a 100 volt for 2,5 to 3 hours. Proteins 

on the SDS gel were transferred to a pre-soaked nitrocellulose membrane (Bio-Rad). This membrane 

was blocked overnight in 5% powdered fat-free milk dissolved in phosphate buffered saline (PBS). This 

was done to prevent non-specific adhesion of antibodies to the membrane during blotting. The next 

day the membrane was washed three times, for 10 minutes each, using 25 ml of PBS-T (phosphate 

buffer saline with 0.05% TWEEN-20). The primary antibody was applied, which was a rabbit polyclonal 

MglA antibody (BioServUK) at a dilution of 1:20,000 for 2 hours at room temperature or ON at 4 °C. 

The membrane was washed three times as described above prior to the addition of Immunopure goat 

anti-rabbit horseradish peroxidase-conjugated secondary antibody (ThermoScientific). The secondary 

antibody was added 1:50,000 in PBS-T for 2 hours at room temperature or ON at 4 °C. Visualization of 

bands was achieved using SuperSignal West Pico chemiluminescent substrate (Thermo Scientific™).  
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4.2.3 Construction of deletion mutants 
 

In-frame deletion of MXAN_7475 was generated by allelic exchange using the pBJ114 plasmid. The 

pBJ114 plasmid contains a kanamycin resistance gene and a galactose sensitivity gene.  Using PCR a 

~500 bp region upstream (AB region) and a ~500 bp region downstream (CD region) of the to be 

deleted gene were amplified. The PCR products were run on a 1% agarose gel and the bands 

corresponding to the amplified fragments were gel extracted. The fragments upstream and 

downstream of the gene were designed to contain a 24 bp region of overlapping sequence.  

The overlapping sequence allowed for the linking of the two regions using a second PCR reaction (AD 

region). This fragment was digested using restriction enzymes compatible with the pBJ114 plasmid 

and ligated into the pBJ114 plasmid. The AD fragment was checked using sequencing. The AD fragment 

allowed for the insertion of the plasmid upstream or downstream of the gene. After sequence 

conformation, 1 μg of the plasmid was introduced into electrocompetent M. xanthus ΔMglA cells. 

Transformants were plated in top agar (0.5%) on CTT and 1.5% agar plates supplemented with 100 

μg/mL kanamycin. Removing the kanamycin selection pressure lead to a looping out of the pBJ114 

plasmid. When the plasmid was looped out, either the original gene was established, or the gene was 

replaced with the AD fragment. Colonies were screened for the correct deletion, by plating the cells 

on both a kanamycin and galactose plate. In theory, the cells should not be able to grow on kanamycin 

and should grow on galactose, when they have lost the pBJ114 plasmid. However, because galactose 

is not the most sensitive method, PCR was used in addition to confirm correct deletions.  
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4.2.4 Growth assays 
 

Cells from three different colonies were grown ON at 32 °C and 200 rpm until OD600 = 0.4-0.6. These 

cells were added to 25 mL of fresh CTT to a starting OD600 of 0.05. To these cultures, 50 μM vanillate 

was added. The OD600 was measured at time points T0 (time of induction), T1 (1 hour of expression), 

T2, T4, T8, T16, T24, T30, T38, T46, T54, and T62. The average OD600 was calculated for each strain at each 

time point. Statistical analysis was performed with Prism 7 (GraphPad, Inc.) by two-way ANOVA.  
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4.3 Results 
 

4.3.1 MglA appears to be post-translationally modified 
 

While isolating MglA from M. xanthus, a difference in molecular weight between the M. xanthus-

expressed MglA versus the E. coli-expressed MglA band was observed on SDS PAGE (Figure 30). MglA 

expressed in M. xanthus ran at a molecular weight that was about 1-2 kDa larger than MglA expressed 

in E. coli. Two different samples of E. coli MglA expression strains (Figure 30, Lanes 3/4) were run next 

to a non-induced E. coli sample (Figure 30, Lane 5) to identify the band corresponding to MglA. The 

difference in molecular weight between MglA expressed in M. xanthus WT (DK1622) cells and E. coli-

overexpressed MglA indicated that the protein was post-translational modified in M. xanthus. To 

confirm the post-translational modification, and to verify that the band observed in WT cells was 

MglA, we raised an antibody against MglA. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 30. MglA is post-translationally modified in M. xanthus. Lane 1) See blue 
prestained protein ladder, Lane 2) WT cells (DK1622), Lane 3) MglA expressed in BL21 
cells, Lane 4) MglA expressed in E. coli Rosetta cells, Lane 5) non-induced BL21 E. coli 
cells. Difference in MglA bands indicated by red arrows. Samples were run on a 4-20% 
tris/glycine gel.  Numbers left from the marker lane correspond to the molecular weight 
in kilodalton. 
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In addition to the MglA antibody, a polyclonal antibody against BacM was raised. Both antibodies were 

purified and tested for their specificity using Western blots. The ΔMglAB (DK6195) strain, which lacks 

both MglA and its GAP protein MglB, was used to affinity purify the MglA antibody. The ΔMglA strain 

was not used because it was unavailable in the lab at the time. Additionally, it turned out that part of 

the MglA protein was still expressed in the ΔMglA mutant that is used in most M. xanthus laboratories 

(Chapter V page 157). The resulting MglA antibody was highly specific, labelling a single band at a 

molecular weight of about 23 kDa, which was about 2 kDa higher than its calculated molecular weight 

(Figure 31 Lane 2). This MglA band on Western blots ran at a similar height as the MglA band seen in 

SDS PAGE gels (Figure 30 Lane 2). Importantly, the ΔMglAB cell sample which was used as a negative 

control did not show an MglA-associated band (Figure 31 Lane 3). The second used antibody, the anti 

BacM antibody was developed and purified by Jeffery So (Fallis, 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. Western blot of MglA using the newly 
raised anti MglA antibody. Lane 1: See Blue pre-
stained marker; Lane 2: WT cells (DK1622); Lane 3: 
ΔMglAB (DK6195). Samples were run on a 4-20% 
tris/glycine gel. Numbers left from the marker lane 
correspond to the molecular weight in kilodalton. 

64  

36  

24  

6  

4  

16  

250  

98  

50  

1         2          3 



116 
 

A Western blot was done to examine the difference between M. xanthus and E. coli-expressed MglA. 

Interestingly, MglA expressed in E. coli was lacking the post-translational modification, thereby 

potentially explaining the aggregation of the protein, when expressed in E. coli (Figure 32).  

 

 

 

 

 

 

 

 

 

 

 

 

 

As mentioned in Chapter II page 58, an attempt was made next to natively isolate MglA from M. 

xanthus. After the first run over nickel beads, an SDS PAGE gel showed two bands: one around 21 kDa, 

and one around 23 kDa, the calculated size of MglA (Figure 33).  
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Figure 32. Western blot of E. coli overexpressed MglA and M. xanthus MglA expressed at 
physiological level. Lane 1) See blue pre-stained marker, Lane 2) M. xanthus WT cells, Lane 3) pET-
DUET1 MglA Rosetta cells. Samples were run on a 4-20% tris/glycine gel prior to Western blotting. 
Numbers left from the marker lane correspond to the molecular weight in kilodalton. 

36  



117 
 

 

 

 

 

 

 

 

 

 

 

To verify that both proteins, the 21 and 23 kDa large bands represented different versions of MglA, a 

Western blot of elution sample 3 was done (Figure 33). Using the anti-MglA antibody two different 

bands in the native MglA isolation were detected, showing that MglA appeared to be post-

translationally modified in M. xanthus (Figure 34). The difference between the MglA bands is similar 

to the difference that was observed between M. xanthus- and E. coli-expressed MglA (Figure 32). The 

two observed MglA bands showed about the same intensity on both the SDS PAGE and the Western 

blot, indicating that the post-translationally modified and non-modified versions of MglA seemed to 

occur in about equal amounts. The occurrence of these two MglA bands was most likely the result of 

the isolation procedure during which some of the MglA lost its post-translational modification. In 

contrast, in WT M. xanthus cells only one band was observed indicating that in the cells MglA only 

occurred in the post-translationally modified state. This interpretation was supported by the 

observation that only one 23 kDa MglA band was observed when WT cells were probed in a Western 

blot (Figure 31).  

Figure 33. Native isolation of MglA after first round of purification. Lane 1) See blue pre-stained protein ladder, 
Lane 2) M. xanthus WT cytoplasmic extract, Lane 3) Elution 1, Lane 4) Elution 2, Lane 5) Elution 3, Lane 6) Elution 4. 
Two potential MglA bands indicated by red arrows. Samples were run on a 4-20% tris/glycine gel. Numbers left from 
the marker lane correspond to the molecular weight in kilodalton. 
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Although the precise nature of the modification is currently unknown, the observed shift of ca. 1 to 

2 kDa between the two MglA bands could be due to a glycosylation, palmitoylation, or 

phosphorylation. Of these types of modifications, glycosylation, however, seems unlikely, given that 

most of the observed glycosylation in bacteria has been reported to occur in extracellular and 

periplasmic proteins, but rarely in cytoplasmic proteins (Nothaft & Szymanski, 2013). Palmitoylation 

seems more likely, given that the observed MgIA clusters in cells appear to be associated with the cell 

membrane (Guan & Fierke, 2011). MglA could potentially use these palmityl groups to reversibly 

attach itself to the membrane in a fashion that mirrors the behaviour of some eukaryotic RasGTPases 

(Bartels et al., 1999).  

4.3.2 The cellular level of MglA depends on the presences of bactofilins   
 

The identified potential interaction between BacM and MglA prompted us to investigate how these 

two proteins influence each other in various mutant strain backgrounds. These investigations became 

possible in part due to the newly developed MglA antibody and allowed among others the study 

whether the presence of BacM in the cell was required for the post-translational modification of MglA.  

Figure 34. Western blot of a native MglA isolation. 
Lane 1) See blue pre-stained ladder, Lane 2) Elution 
sample 3. MglA sample showing both post-
translational modified (upper band) and non-modified 
(lower band). Numbers left from the marker lane 
correspond to the molecular weight in kilodalton. 
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Another question was whether BacM could play a role in the localisation of MglA potentially targeting 

the protein to the cell membrane. For this purpose, both ΔBacM and ΔBacNOP cells were studied. No 

change in post-translational modification of MglA was observed when the bactofilins were missing, 

but in the absence of BacM or BacNOP the amount of MglA inside the cell was (Figure 35). Upon 

quantification of the MglA bands, a 40-fold reduction in MglA concentration was found between the 

ΔBacNOP and WT cells, while in ΔBacM cells, the concentration of MglA was even lower showing a 

280-fold reduction when compared to WT cells (Figure 35).  

 

 

 

 

 

 

 

 

 

 

 

Figure 35. Reduced cellular level of MglA in various bactofilin deletion strains. (A)Western blot Lane 1 ΔMglAB (DK6195), 
Lane 2 WT (DK1622), Lane 3 ΔBacM, Lane 4 ΔBacNOP. For each sample 20µl was run from an overnight culture at OD600 ≈ 
0.6. (B) Western blot bands were quantified using FIJI (Schindelin et al., 2012). From left to right ΔBacNOP, ΔBacM, WT 
(DK1622), ΔMglAB (DK6195).  

 

4.3.3 Generation of a ΔBacM ΔMglA(B) double deletion mutant 
 

All previous reported experiments were performed using either ΔMglA, ΔBacM or ΔMglAB mutant 

strains. However, using these strains for the experiments posed a problem as the expression of MglA 

in a ΔBacM strain resulted in an excess of MglA due to the fact that the cells possessed a native copy 

of the protein.  
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This excess of MglA had the potential to compromise the observed responses in the cell. To address 

this problem, an attempt was made to generate a double deletion mutant. Therefore, two approaches 

were taken: to either delete MglA in a ΔBacM background or to delete BacM in an ΔMglA and ΔMglAB 

background. Based on the known phenotypes of both the ΔBacM (crooked cell morphology) and 

ΔMglA (non-motile strain) strains, it was hypothesized that the double deletion would result in non-

motile crooked cells. Unfortunately, the generation of the double deletion mutant proved extremely 

difficult. Numerous attempts were made at deleting either MglA in a ΔBacM background or BacM in 

a ΔMglA background. However, none of these attempts were successful indicating that a deletion of 

both genes was lethal to M. xanthus. Only when a second copy of MglA was introduced and expressed 

under a copper-inducible promoter was it possible to delete both MglA and BacM at their original loci. 

The expression of MglA using the pMAT3 plasmid allowed to precisely control the expression levels of 

MglA. At relatively high expression levels (250 µM copper) of MglA, the cells died and no double 

deletion mutants could be obtained (Figure 36C/D). On the opposite end, the complete absence of 

copper lead to all surviving clones retaining BacM (Figure 36B). To successfully generate the double 

mutant, a low to intermediate concentration of copper was used (20 µM), which resulted in the 

successful recovery of the ΔBacM ΔMglA mutant strain (Figure 36A). Despite this success, it turned 

out that the double deletion mutant showed a much more severe morphological defect than the 

ΔBacM strain (Figure 36G/H). Upon induction with 20 µM copper, the ΔBacM ΔMglA cells were only 

able to survive for two to three days and were impossible to freeze or to propagate. Once MglA 

expression was stopped, the cells started showing cluster formation and what appeared like 

membrane blebbing or secretion along the long axis of the cell (Figure 36E/F). The same morphological 

and physiological results were obtained for the deletion of BacM in the ΔMglAB (DK6195) strain.  
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Figure 36. Generation of a ΔBacM ΔMglA double deletion mutant strain. Deletion of BacM in ΔMglA cells (A) ΔBacMΔMglA double deletion 
strain grown in the presence of 20 µM copper (B) In the absence of copper no ΔMglA ΔBacM double deletion mutants were obtained (C/D) 
In the presence of 250 µM copper all the double deletion mutants died due to overexpression of MglA being toxic to ΔBacM cells.(E) 
ΔBacMΔMglA cells start dying without a second copy of MglA being expressed. (F) ΔBacMΔMglA cells. Membrane blebbing or secretion 
indicated by red arrows. (G) ΔBacM cells (H) ΔBacMΔMglA cells zoomed in picture from (B). Pictures were taken using a ZEISS AX-10 light 
microscope with a 100x and 20x lens. (A/B/C/D) see scale bar A.  
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4.3.4 Overexpression of MglA in growing ΔMglA(B) cells leads to the formation of elongated 

cells on hard agar 
 

A serendipitous observation was made while trying to obtain the ΔMglA ΔBacM double deletion 

mutant. Prolonged overexpression of MglA in ΔMglA(B) M. xanthus cells leads to cell elongation. These 

cells consisted generally of two to three cells attached to one another by a thin cytoplasmic bridge 

(Figure 37). Each extra cell attached to the first often decreased in length, while clear indentations 

were observed where cell divisions were disrupted. The elongated cells ranged from 10 to 30 µM in 

length, which was about 2-10 times longer than the average cell length of M. xanthus ranging from   

3-5 µM (D. Kaiser, 1979).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1 Expression MglA in ΔBacM cells leads to a reduction in growth 

 

Figure 37. Elongation of ΔMglA(B) M. xanthus cells ater two days of MglA expression on hard agar. Cells were grown for 2 days on 
1.5% agar in the presence of 20 µM copper or 50 µM vanillate. (A) Elongated cells observed in ΔMglAB (DK6195) cells expressing 
MglA using pMAT3 (20 µM copper). (B) ΔMglA cells expressing MglA using pMAT3 (20 µM copper). (C) ΔMglA cells expressing MglA 
using pMR3679 (50 µM vanillate). (D) ΔBacM cells expressing MglA using pMR3679 (50 µM vanillate). Double cells observed in ΔBacM 
cells are indicated by the red arrows. Pictures were taken using a ZEISS AX-10 light microscope with a 100x and 20x lens.  
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Several different MglA expression plasmids were used as a control to check that the elongation of the 

cells was not caused as a result of a random background mutation. The ΔBacM cells overexpressing 

MglA were mostly singular cells with the occasional double cells (two cells attached to one another, 

Figure 37D). None of the ΔBacM cells showed clear signs of elongation (Figure 37). In addition, no 

discrimination could be made between “double” cells and cells undergoing “normal” cell division. 

These observations therefore indicated that the absence of BacM prevented cell elongation at 

increased levels of MglA.  

 

4.3.5 Growth defect caused by the expression of MglA-eYFP in ΔBacM cells 
 

A reduction in growth was observed when overexpressing C-terminally eYFP-tagged MglA in liquid 

grown ΔBacM cells. To determine whether this growth defect was caused by the expression of MglA 

or by the presence of the eYFP tag, constructs were made for the overexpression of non-tagged MglA 

(Figure 38). No significant reduction in growth was measured between WT and ΔBacM cells. When 

expressing MglA in WT cells, a small but statistically insignificant reduction in growth was measured 

in comparison to WT cells. This small reduction in growth could be attributed to the use of the 

pMR3679 plasmid and subsequently the presence of kanamycin in the medium and/or the 

overexpression of MglA. The non-induced MglA ΔBacM cells showed a significant difference in growth 

in comparison to the induced MglA expression in ΔBacM cells (Figure 38), showing that the expression 

of MglA in ΔBacM cells lead to a growth defect. 
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Figure 38. Expression of MglA (eYFP) in ΔBacM cells leads to a reduction in growth when compared to WT or non-induced 
ΔBacM cells. Cultures were grown from a starting OD600 = 0.05. MglA expression was induced using 50 µM vanillate. Data 
shown are means ± standard deviation of three biological replicates. 

 

4.3.6 Expression of a second copy of BacM rescues growth defect caused by the 

overexpression of MglA in ΔBacM cells 
 

In order to check whether the reduced growth caused by the expression of MglA in ΔBacM cells could 

be complemented, a second copy of BacM was introduced and expressed using the pSWU30 plasmid. 

This plasmid contained a tetracycline resistance gene and an oar promoter, which was used to 

moderately overexpress BacM. About twice the amount of BacM was expressed in comparison to WT 

levels of BacM when using the oar promoter in the pSWU30 plasmid (Koch, McHugh, & Hoiczyk, 2011). 

The expression of a second copy of BacM under the oar promoter partly rescued growth in M. xanthus 

(Figure 39 black line), showing that the expression of BacM complements the reduced growth defect 

caused by the overexpression of MglA. That the expression of BacM was not able to fully complement 

the MglA overexpression could be due to the presence of the pSWU30 plasmid. The cells containing 

the empty pSWU30 plasmid showed a reduction in growth in comparison to WT cells, indicating that 

the tetracycline antibiotic is slightly toxic to M. xanthus.  
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Figure 39. Expression of a second copy of BacM complements the MglA-induced growth defect in the ΔBacM background. 
Cultures were grown from a starting OD600 = 0.05. MglA expression was induced using 50 µM vanillate. Data shown are means 
± standard deviation of three biological replicates. 

 

4.3.7 The presence of the pSWU30 plasmid is toxic to M. xanthus cells 
 

Next, it was checked whether the presence of the pSWU30 plasmid has a toxic effect on M. xanthus 

cell growth. Such an effect would explain why overexpression of BacM and MgIA in ΔBacM cells 

partially complemented the growth defect (Figure 39). To investigate this, ΔBacM cells were grown 

and compared to ΔBacM cells containing an empty pSWU30 plasmid. A strong reduction in cell growth 

was observed in ΔBacM cells carrying the pSWU30 plasmid, indicating that the presence of the plasmid 

was toxic to M. xanthus. The pSWU30 plasmid contains a tetracycline resistance gene. Tetracycline 

has previously been shown to be toxic to M. xanthus (Chapter III 3.3.2 page 88), thereby explaining 

the observed reduction in growth. Next, an additional second copy of BacM in the pSWU30 plasmid 

was expressed in the ΔBacM cells. This strain also contained MglA in the pMR3679 plasmid. No 

significant difference was found between non-induced and induced expression of MglA, indicating 

that the reduced growth observed in Figure 39 was not caused by the overexpression of BacM and 

MglA (Figure 40).  
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Figure 40. Reduction in growth is a result of the presence of the pSWU30 plasmid. Cultures were grown from a starting 
OD600 = 0.05. MglA expression was induced using 50 µM vanillate. Data shown are means ± standard deviation of three 
biological replicates. 

 

4.3.8 Bioinformatics analysis reveals two hydrophobic regions at the N- and C-terminus of MglA 
 

Upon analysis of the amino acid sequence of MglA two regions were discovered, which appear to be 

hydrophobic in nature. At the N-terminus of MglA, 10 of the first 18 amino acids are hydrophobic. 

There are three serines in this region, which could potentially be targeted for prenylation. The 

prenylation of one or all serines would result in a strongly hydrophobic amino acid cluster (Figure 41).  

 

 

 

The C-terminus of MglA contains an α-helix (α5-helix) (Figure 42). Using the programme HeliQuest, 

the amino acid sequence of this helix was analysed. Interestingly, this analysis indicated that the helix 

may have a hydrophobic face on one side of the α helix making it an amphipathic helix (Figure 42, see 

arrow).  

Figure 41 First 18 amino acids MglA potentially containing hydrophobic region. 
(yellow) non-polar residues, (purple) serine residues (green) asparagine (blue) 
positively charged residues (red) negatively charged residues  
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In addition, when looking at the amino acid sequence, it was found to contain an amphipathic lipid 

packing sensor motif (ALPS) (Drin & Antonny, 2010). Together this could indicate, that this 

hydrophobic face could be important for the binding to the cytoplasmic membrane (Keskin et al., 

2008; Vanni et al., 2013).  

 

 

 

 

 

 

Figure 42 Helical projection of the MglA C-terminal α5-helix. The projection was generated using the Heliquest software 
(http://heliquest.ipmc.cnrs.fr), resulting in the identification of a hydrophobic face (see arrow and orange bar). (yellow) non-
polar residues, (purple) threonine residues (blue) lysine residues (red) negatively charged residues (grey) alanine and glycine 
residues. 

  

http://heliquest.ipmc.cnrs.fr/
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4.4 Discussion 
 

The discovery that MgIA is most likely post-translationally modified is highly interesting and important 

as the identification of the nature of this modification will greatly improve our understanding of the 

biochemistry of this important protein. In general, post-translational modifications often play roles in 

cell adaptability, cell cycle control, and metabolism (Grangeasse et al., 2015). More specifically, they 

often lead to the inhibition or initiation of signalling pathways (Gao & Xu, 2011; Pejaver et al., 2014) 

or protein translocation processes (Ota et al., 2016; Reuter, Morgan, & Bergmann, 2000) that 

influence these aforementioned cellular processes. Importantly, eukaryotic Ras GTPases have been 

reported to often carry post-translational modifications including prenylation, carboxymethylation, 

palmitoylation, or proteolytic cleavage (Glomset & Farnsworth, 2003). For example, most of the Ras 

proteins are C-terminally modified and undergo prenylation. This prenylation often takes place at a 

recognition site called the CAAX motif, in which the X stands for any amino acid. The CAAX motif is 

recognized by farnesyltransferase that catalyses the transfer of a farnesyl group to the sulfhydryl 

group of the cysteine, adding a 15- or 20-carbon-long polyisoprene lipid. The protein is then cleaved 

at the farnesylated cysteine and subsequently carboxymethylated at the exposed carboxyl group (Wui 

Tan & Rando, 1992). Additionally, several eukaryotic Ras proteins contain upstream cysteines that 

undergo palmitoylation (Hancock et al., 1989). The palmitoylation of RAS increases the affinity of the 

protein for membranes by about 100-fold in comparison to the prenylated-only protein (Shahinian & 

Silvius, 1995). Additionally, palmitoylation is a dynamic and reversible reaction (Bijlmakers & Marsh, 

2003). Another example of an eukaryotic Ras protein modification is found in Arf, a Ras protein 

subfamily that undergoes an N-terminal myristoylation of a glycine residue, which is located next to 

the starting methionine (Kahn et al., 1988). 
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Many other eukaryotic signalling proteins are palmitoylated at their N-terminus often in association 

with myristoylation (Resh, 1999). The prenylation, palmitoylation and myristoylation of these proteins 

enables them to anchor to the cytoplasmic membrane. At the membrane, they exert their function by 

interacting with effector kinases like Raf-kinase and PI3-kinase. These interactions in turn then lead to 

subsequent downstream signalling events (Brunsveld et al., 2009).  

Importantly, none of those eukaryotic modifications of Ras proteins has so far been described for any 

bacterial RasGTPase. Nonetheless, MglA is known to localize to certain protein complexes attached to 

the membrane (Treuner-Lange et al., 2015). This may indicate that MglA might potentially bind to the 

membrane and that this could happen in a similar fashion to other eukaryotic Ras proteins with the 

help of a posttranslational modification. When looking for a CAAX motif in MglA, no such motif was 

found in the protein sequence. It is therefore unlikely that MglA is prenylated at the C-terminus. 

Additionally, no N-terminal glycine residue is present, indicating that myristoylation is unlikely to 

occur. There are only two cysteines and one serine present at the N-terminal region of MglA. The 

serine is located at the amino acid position 2, while the cysteines are located at positions 13 and 23. 

A potential palmitoylation of these two cysteines and/or the serine could explain the 1-2 kDa 

difference observed between PTM MglA and non-PTM-modified MglA. Such a palmitoylation, 

however, would indicate that the PTM MglA is binding to the cytoplasmic membrane, a process that 

would contradict the current model that MglA forms a cytosolic complex by binding to MreB and AglZ 

as part of the focal adhesion complex. These cytosolic complexes in turn are thought to recruit and 

assemble the Agl-Glt machinery of the focal adhesion complex (Faure et al., 2016).  

Following their assembly, the Agl-Glt machineries are proposed to move from the leading cell pole to 

the lagging cell pole, a movement that is supposed to create the force for A-motility (Faure et al., 2016; 

Mauriello et al., 2010). If MglA is palmitoylated, then it is likely to bind to the membrane in a fashion 

similar to eukaryotic Ras proteins, which would make its participation in the focal adhesion complexes 

and its movement along cytoskeletal proteins more difficult to explain (Brunsveld et al., 2009).  
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An alternative post-translational modification that could explain the observed shift in in SDS PAGE is 

glycosylation. However, the N-terminus of MglA does not contain the characteristic bacterial N-

glycosylation sequence D/E-Y-N-X-S/T with X and Y being not proline (Kowarik et al., 2006) 

Additionally, glycosylation has only rarely been described for cytoplasmic bacterial proteins. It 

therefore seems unlikely that MglA is glycosylated.  

Phosphorylation is the most common post-translational modification in signal transduction pathways 

in all organisms. A primary role of phosphorylation is to act as a switch, turning protein activity or a 

cellular pathway on or off. This switching between an on or off state often happens in an acute and 

reversible manner (Hunter, 1995). A phosphorylation-dependent mobility shift of proteins on SDS-

PAGE was found to be caused due to decreased binding of SDS (C. R. Lee et al., 2013). This mobility 

shift is mentioned for both eukaryotic and bacterial proteins (Nam et al., 2005; Wegener & Jones, 

1984). The reason for the mobility shift is the negative charge of the phosphate group and the 

surrounding negatively charged amino acids, leading to a decreased binding of SDS (C. R. Lee et al., 

2013). Interestingly, eukaryotic Abelson tyrosine-protein kinase (ABL) has been found to 

phosphorylate Y137 of H-, K-, and NRas, an activation that modulates endocytosis and cytoskeletal 

remodelling. Crystal structures of un-phosphorylated HRAS (Y137F) in comparison to the 

phosphorylated HRAS (Y137E) revealed important conformational changes.  

Phosphorylation of HRas is therefore essential for protein conformation and function (Ting et al., 

2015). In addition, as part of the protein-protein interaction studies of this work it was found that 

MasK is a tyrosine kinase that interacted with MglA using the luciferase system in M. xanthus (Chapter 

III 3.3.6 Page 97). The MglA amino acid sequence has two tyrosine residues Y136 and Y140. It is therefore 

possible that MasK could phosphorylate one or both of these tyrosine residues, leading to a 

conformational change of MglA. Protein phosphorylation is regarded as an effective way to improve 

protein solubility, it could therefore explain why MglA without its PTM in E. coli aggregates (Hayashi 

et al., 2008; Li et al., 2003).  
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In contrast to palmitoylation, phosphorylation of MglA would indicate that the protein most likely is 

not associated with the membrane, but instead would bind to membrane associated 

proteins/complexes as suggested by the focal adhesion model.  

No 1-2 kDa band-shift was observed in the ΔBacM or ΔBacNOP deletion strains in comparison to the 

WT (DK1622) MglA band on a Western blot, indicating that the presence of bactofilins is not required 

for the post-translational modification of MglA. Moreover, the strong reduction in expression of MglA 

in ΔBacM cells (280-fold) and ΔBacNOP cells (40-fold) indicates that the presence of the bactofilins 

seems, however, to be essential for the cellular level of MglA.  

The expression of two human Ras proteins, KRas and NRas, decreased when their upstream or 

downstream genes, epidermal growth factor receptor (EGFR) and BRAF respectively, were mutated. 

Additionally, both KRas plus its upstream EGFR and NRas plus its downstream BRAF were both shown 

to be mutually exclusive. These findings show that the presence of certain proteins in the Ras signalling 

pathway is essential for the expression of the RAS proteins itself.  

In this paper it was described that the mutation of certain Ras proteins leads to an increase in 

expression of the same Ras protein and/or others (R. M. Stephens et al., 2017; Unni et al., 2015). In 

particular, these activation mutations often target amino acids essential for GAP-induced GTP 

hydrolysis, leading to a constitutively active RAS molecule (Prior et al., 2012). The reduced expression 

of MglA observed in the ΔBacM and ΔBacNOP strains may suggests a similar Kras/Nras-like link 

between the bactofilins and MglA. Yet another observation supports such a link. Namely, the failure 

to generate a double mutant strain ΔBacM ΔMglA. Only when a second copy of MglA was introduced 

was it possible to delete the first copy of MglA and BacM. These results indicate that BacM and MglA 

are mutually exclusive, an observation that is in line with the mutual exclusivity found between Kras 

and EGFR and Nras and BRAF (R. M. Stephens et al., 2017). Together these data support a complex 

model in which BacM plays a complex role in MglA-induced downstream signalling and MglA gene 

expression.  
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An interesting observation was the formation of elongated M. xanthus cells upon the overexpression 

of MglA. As Ras from S. cerevisiae is involved in coordinating growth upon improved nutrient 

conditions, the activation of the Ras/cAMP pathway leads to increased cell sizes (Thevelein & De 

Winde, 1999). Conversely, inhibition of the Ras pathway leads to G1 cell cycle arrest in S. cerevisiae 

(Kataoka et al., 1985). Under nitrogen starvation, Ras2 in S. cerevisiae is activated. Ras2 activates two 

pathways, the cAMP-dependent PKA pathway and the MAPK pathway. PKA activates the 

transcriptional activator Flo8 and inactivates the transcriptional repressor Sf11. Both of these 

contribute to increased expression of Flo11. MAPK inactivates the repressors Dig1 and Dig2. The 

repression of Dig1 and Dig2 allows Ste12 and Tec1 to activate the expression of Flo11, as well as other 

proteins involved in cell elongation. Importantly, Flo11 expressional activation also increases cell 

adhesion and agar invasion (Park & Bi, 2007).   

Additionally, cells from Drosophila that were lacking Ras were smaller in size, had reduced growth 

rates, and underwent apoptosis (Prober & Edgar, 2000). Another example is prostate cells expressing 

active H-ras and adopting an elongated morphology, while the expression of a dominant negative 

mutant of H-ras causes the cells to become smaller, rounded, and flat (Ghosh et al., 1999).  

A reduction in growth was observed when expressing MglA in ΔBacM cells. This observation was 

expected, given the previously observed reduced expression of MglA in ΔBacM cells making it seem 

likely that the reduced expression of MglA is a way for M. xanthus to compensate for the loss of BacM. 

Using light microscopy, it was observed that the reduction in growth when expressing MglA in ΔBacM 

cells was caused by cell lysis through the extensive formation of tubular membrane protrusions.  

The expression of Ras proteins in eukaryotes has been correlated with cell survival, including enhanced 

growth and differentiation. Contrary to this, the expression of some Ras proteins has been linked to 

certain cell death pathways. These cell death pathways are either apoptotic pathways or novel non-

apoptotic death mechanisms (Overmeyer, 2011).  



133 
 

The MglA expression in ΔBacM cells could result in the induction of a non-apoptotic cell death 

mechanism, a process that may play a role during fruiting body formation.  

The GTPase CgtA (member of the Obg-GTP1 subfamily of GTP-binding proteins) from Vibrio cholera 

causes cell elongation when overexpressed in E. coli (Shah et al., 2008). A mutant form of the ObgE 

(CgtA) protein from E. coli, containing a one amino acid change (K268I) at the surface of the protein in 

the G-domain, when expressed in E. coli, blocks the cell cycle. The blocking of the cell cycle eventually 

leads to membrane blebbing and cell death (Dewachter et al., 2017). MglA could potentially have a 

similar function as ObgE. If MglA is involved in cell cycle progression in M. xanthus then this could also 

explain the impaired motility of the ΔMglA mutant.  

Maybe the absence of MglA mimics the cell division state in which M. xanthus cells are known to stop 

moving (Harvey et al., 2014). Contrary to this hypothesis, an M. xanthus MglAB mutant strain showed 

hyper reversal frequencies in comparison to WT (DK1622) cells, thereby indicating that the ΔMglAB 

strain is still motile and that MglA potentially plays a role in cell reversal (Alfred M. Spormann & Kaiser, 

1999).  

The elongation of the cells can also be explained by MglA being involved in cell wall synthesis instead 

of blocking cell cycle progression. Previous work in Aspergillus fumigatus suggested the involvement 

of the Ras pathway in cell wall synthesis (Fortwendel et al., 2009). Likewise, RhoA from Aspergillus 

nidulans was shown to be involved in cell wall synthesis (Guest et al., 2004).  
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4.5 Conclusion and Outlook 
 

The results discussed in this chapter open up a wide range of questions as to what the precise 

functions of MglA are. As well as being involved in cellular reversals, cell adhesion, A-motility and S-

motility in M. xanthus, MglA could additionally play a role in protein expression, cell elongation, cell 

death, cell cycle progression, or cell wall extension.  

Interestingly, a lot of Ras proteins found in eukaryotes and Ras-like GTPases in bacteria show very 

similar phenotypes to the ones observed in the experiments of this chapter, indicating that MglA might 

target similar cellular functions as some of these Ras and Ras-like GTPases. Based on the identification 

of MglA being post-translational modified, the observed localization of MglA to membrane-associated 

complexes (Treuner-Lange et al., 2015) and the cytoplasmic membrane-binding of both Ras and Ras-

like proteins in eukaryotic, yeast and bacterial cells suggests that MglA binds to the cytoplasmic 

membrane. This binding most likely occurs via the palmitoylation of the cysteines/serine residues at 

the N-terminus of the protein. The palmitoylation allows for the reversible binding of MglA to the 

membrane (Guan & Fierke, 2011). Additionally, MglA could be phosphorylated at its tyrosine residues. 

The phosphorylation of MglA seems likely given that H-, K- and NRas are known to be phosphorylated 

at a tyrosine residue and that phosphorylation increases protein solubility (Ting et al., 2015). It 

therefore will be interesting to investigate, whether MasK could potentially increase the activity of 

MglA via phosphorylation, which in response could lead to the remodelling of BacM and/or other 

cytoskeletal proteins. 

The identification of MglA being PTM poses a problem in terms of our current understanding of the 

biochemistry of MglA. All currently known interaction partners of MglA have been identified using 

yeast two-hybrid assays, E. coli two-hybrid assays or have relied on E. coli over-expressed MglA. As it 

now becomes clear that MglA expressed in E. coli is lacking the PTM, and all M. xanthus MglA is PTM, 

the currently identified interaction partners for this protein have to be carefully re-evaluated. 
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Moreover, the observed aggregation of MglA when expressed in E. coli may be due to the absence of 

this PTM. Importantly, the M. xanthus luciferase system developed in this work would keep MglA in 

its physiologically relevant state and thereby circumvent this problem, thereby making a strong case 

that the identified MglA interaction partners described in this thesis are true biologically relevant 

partner proteins (Chapter III, page 76).  
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Chapter V  

5. Cellular localisation of MglA in the presence and absence of BacM 
 

5.1 Introduction 
 

Two models have been proposed to explain A-motility in M. xanthus. One of those two models is based 

on the secretion of slime using an array of nozzle complexes that are concentrated at both cell poles 

(Wolgemuth et al., 2002). Theoretic calculations showed that the secretions of slime would be able to 

account for most of the observed features of A-motility (Wolgemuth et al., 2002). Importantly, during 

gliding M. xanthus was shown to secrete slime at the lagging pole, which could provide the force 

propelling the cell into the opposite direction ( E. Hoiczyk, 2000; Egbert Hoiczyk & Baumeister, 1998). 

The second model, termed the focal adhesion model is based on the formation of focal areas of 

contact between the cell surface and the substrate on which the cells move (T. Mignot, 2007). The 

formation of these focal adhesion complexes starts at the leading cell pole, where they bind at fixed 

positions to the underlying substrate. As the proteins forming the complexes are envelope-spanning, 

they are able to connect to the cytoskeleton and upon binding start to move from the leading to the 

lagging cell pole. This movement is thought to drive the cell forward as the focal adhesion stays 

anchored in place pushing against the secreted slime (T. Mignot, 2007). 

MglA localizes to and plays a crucial role in the formation of these focal adhesion complexes (Mauriello 

et al., 2010; Treuner-Lange et al., 2015). In 2010, it was shown that a C-terminal YFP-tagged version 

of MglA formed bipolar and lateral MglA-YFP clusters in M. xanthus that co-localised with other 

components of the focal adhesion complexes.  
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Likewise, other publications described similar observations, although slightly different experimental 

conditions were used (Miertzschke et al., 2011; Patryn et al., 2010; Treuner-Lange et al., 2015; Zhang 

et al., 2012). Based on the previously described interaction between MglA and BacM, different 

experimental techniques were employed to investigate the cellular localisation of MglA, in the 

presence and absence of BacM. The employed experimental techniques included fluorescent 

microscopy, the use of N and C-terminal eYFP-tagged MglA, and immunofluorescence using antibodies 

against MglA and BacM. The obtained experimental results of these approaches resulted in a re-

evaluation of the current two models for gliding motility. In the following, it was investigated whether 

BacM play a role in MglA cluster formation and arrangement using various M. xanthus strains.  
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5.2 Materials and Methods 
 

5.2.1 Cloning  
 

MglA was cloned into the pMR3651 plasmid, which added a C-terminal eYFP tag, as mentioned in 

Materials and Methods Chapter IV. This plasmid was transformed into ΔMglA, ΔMglAB and ΔBacM 

cells. The necessary primers for the cloning are listed in Table 12.  

Table 12 Primer list 

Plasmid + gene 

 

Description  

Forward primer (F)  

Reverse primer (R) 

Sequence 5’ to 3’ end 

pMR3651 MglA 

Mx_MglA_F_NdeI 

ATCGC CATATG 

ATGTCCTTCATCAATTACTCATC 

pMR3651 MglA  

Mx_MglA_R_EcoRI 

ATATA GAA TTC 

TCACCACCCTTCTTGAGCTC 

- Upstream F ΔMglA(B)  TGAAGCCCTCATAGGTGA 

- Mx_MglA_R TCAACCACCCTTCTTGAGCTC 

- Mx_MglA_F  ATGTCCTTCATCAATTAC 

- Downstream R ΔMglA(B)  TCGAAGAGCTCGCGCTTG 

 

5.2.2 Colony-scale swarming assays 
 

Motility of M. xanthus  on hard agar (1.5%) was determined by measuring the size of swarms after 1-

5 days of growth at 32 °C. First, cells were grown ON to mid-log phase in CTT medium. Cells were 

diluted with CTT medium to 5 x 109 cells/mL and 10 μL spots were pipetted onto hard agar. The spots 

were left under the flowhood for 10 minutes to dry. Afterwards, the plates were covered and wrapped 

with parafilm, to prevent the agar from drying. The plates were incubated at 32 °C for five days. Each 

day the diameters of the colonies were measured in millimetres. An average of three independent 

colonies was measured for each strain.  
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5.2.3 Adventurous motility assays 
 

For adventurous and social motility assays, time-lapse movies and images were captured of motile 

cells. Live cells were observed on agar pads using a fluorescent light microscope. Cells were grown in 

liquid CTT overnight to an OD600 of 0.4-0.8. Around 10 μl of this overnight culture was spotted onto a 

freshly prepared hard or soft agar patch on a glass microscope slide (Fisher Scientific). Agar pads were 

prepared just before use in a glass assembly. The assembly was prepared by sandwiching two 22 x 22 

millimeter ethanol-sterilized #1 thickness cover slips between two standard microscope slides. The 

cover slips were gently moved to the edges of the slide sandwich to create a square space. Molten 

agar was carefully injected with a pipette tip into this space and allowed to cool for 5 minutes. The 

top slide was carefully removed, leaving the agar pad on the bottom slide. This method created an 

approximately 1 mm thick agar pad with a smooth surface. M. xanthus cells were spotted onto the 

agar pads and covered using a cover slip. Candle wax was molten and used to seal the sides of the 

cover slip, thereby preventing the sample from drying out. The slides with cells were incubated for at 

least 60 minutes at 32 °C prior to viewing in the fluorescent microscope. 

 

5.2.4 Fluorescent microscopy 
 

An inverted widefield microscope (Nikon) was used for the acquisition of fluorescent microscopy data. 

The microscope was equipped with a 100X/1.30 NA oil PH3 objective, an X, Y motorized stage, a 

sCMOS camera, a light source, filters for green, red, and blue-fluorescent proteins, as well as a 

temperature-controlled incubation chamber. Prior to using the microscope, the incubation chamber 

and the microscope were heated to 32 ⁰C for ~1-2 hours. A drop of high quality immersion oil was 

added onto the lens of the objective.  
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The objective lens was swung into the light path and the cells were brought into focus by moving the 

stage in the Z-direction closer to the objective. For time-lapse experiments the duration was set to 5-

10 minutes and a time interval of 10 seconds. Depending on the sample either FITC, DAPI or TxRED 

was used for the acquisition of fluorescent data. Exposure times were around 100 ms for eYFP-tagged 

proteins.  

5.2.5 Immunofluorescence  
 

Cells were grown in liquid CTT overnight to an OD600 of 0.4-0.8. Of this cell culture, 1 ml was centrifuged 

at 8,000 g for 1 minute. The cell pellet was resuspended in 500 μl of 4% formaldehyde in MKH (8 mM 

MgSO4, 1 mM KHPO4, 20 mM HEPES pH 8.0). The cells were fixed in this solution for 40 minutes at 

room temperature. After fixation, the cells were washed twice with 500 µl MKH. The cells were then 

incubated for 30 minutes with 20 μg/ml lysozyme in MKH (500 μl). The pellet was washed twice with 

500 μl MKH. Of the cell suspension, 200 μl was pipetted onto a clean PLL-coated coverslip and spread 

around. The cells were left on the coverslip for 10 minutes. The liquid was removed and the sample 

allowed to dry completely. The coverslips were placed in a 6-well plate and the cells were 

permeabilized by adding 2 ml of 0.2% TritonX-100 in PBS for 30 minutes. The cells were blocked for 

20 minutes with PBS containing 0.05% Tween20 and 2% BSA (bovine serum albumin). MglA primary 

antibody (0.1 μl) was added to 100 μl PBS on clean parafilm. The coverslip was placed facedown onto 

the drop and left for 1 hour at room temperature. The primary antibody was washed three times with 

PBSTB (PBS containing 0.05% Tween20 and 2% BSA). The cover slips were labelled with Immunopure 

goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (ThermoScientific) for 1 hour 

at room temperature in the dark. All the following steps were performed in the dark. The cover slips 

were washed three times with PBS. BacM primary antibody (0.1 μl) was added to 100 μl PBS on clean 

parafilm. The coverslip was placed facedown onto the drop and left for 1 hour at room temperature.  
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BacM antibody-labelled cells were washed with PBSTB for three times. The cells were labelled with 

secondary antibody as described above. Cells were washed three times with PBS. The nucleoid was 

labelled with BisBenzimide at 1 μg/ml in PBS for 20 minutes. The cells were quickly washed with PBS 

and mounted onto a glass lide with ddH2O. The corners of the cover slip were covered with nail-polish 

and allowed to set. Cells were immediately visualized using a fluorescent microscope.  
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5.3 Results 
 

 

5.3.1 Expression of C-terminally eYFP-tagged MglA in ΔMglA cells partially rescues spreading on 

hard agar. 
 

Based on the accumulated evidence supporting an interaction between MglA and BacM (Chapters II, 

III and IV), it was next investigated whether the presence or absence of BacM influences the 

localisation of MglA. Initially, an eYFP tag was added to the N-terminus of MglA to allow visualisation 

of the protein in vivo. This procedure, however, did not result in a strain in which A-motility was 

rescued. Even after the addition of different linker regions between the protein and the tag, A-motility 

was not restored. A similar observation had previously been reported, which suggested that the N-

terminus is essential for the function of MglA (Patryn et al., 2010). Next MglA was cloned into the 

pMR3561 plasmid, which added a small linker region followed by an eYFP-tag to the C-terminus 

(Iniesta et al., 2012). Whether the MglA-eYFP construct was biological functional was checked by 

expressing the protein in a ΔMglA and ΔMglAB background and looking whether the cells were able 

spread on CTT hard agar (Figure 43/Figure 45). This test was based on the observation that cells on 

hard agar primarily move by A-motility, while S-motility is primarily functional on soft agar (W. Shi & 

Zusman, 1993). Importantly, the MglA-eYFP was able to partially rescue A-motility. Three different 

concentrations of vanillate (5, 50, and 500 μM) where used for expression purposes, which will be 

referred to as low, medium and high induction in the following. These concentrations were based on 

previously published studies, in which protein expression levels had been studied at different vanillate 

concentrations (Iniesta et al., 2012). At low induction (5 µM vanillate) motility was restored to 88% of 

the WT cell level (DK1622), while induction with 500 µM vanillate restored motility only to about 78% 

indicating that high MglA expression levels resulted in reduced spreading. Two pictures were taken 

each of a non-induced ΔMglA colony, versus a 500 µM vanillate-induced ΔMglA colony after 3 days of 

spreading on hard agar at 32⁰C (Figure 44).  
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Figure 43. Rescue of spreading on hard agar through expression of MglA-eYFP. The X-axis shows the days of incubation. 
The Y-axis the diameter of the colony in mm. ΔMglA cells were induced using 5 µM, 50 µM and 500 µM vanillate. Colonies 
were grown using a start OD600 of 0.1. Data shown are means ± standard deviation of three biological replicates. 
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Figure 44. Expression of MglA-eYFP rescues A-motility (left) ΔMglA colony after 3 days of growth at 32 ⁰C (right) 
ΔMglA colony after 3 days of growth at 32 ⁰C expressing MglA-eYFP after induction with 500 µM vanillate. Pictures 
were taken using an Olympus PEN E-PL1 with M.Zuiko Digital 14-42mm Lens camera, at the same magnification. 
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5.3.2 MglB plays a role in spreading of M. xanthus on hard agar.   
 

Low expression of MglA-eYFP in ΔMglAB (DK6195) cells restored spreading to 60% WT level (Figure 

45). This was substantially less than the reported rescue at 88% WT level in ΔMglA cells at low MglA-

eYFP expression. The difference in spreading (28%) indicated that MglB potentially plays an important 

role in spreading on hard agar.  

 

 

 

 

 

 

 

 

 

Figure 45. Expression of MglA-eYFP rescues A-motility in the absence of both MglA and MglB. The X-axis shows the days of 
incubation. The Y-axis the diameter of the colony in mm. ΔMglAB cells were induced using 5 µM, 50 µM and 500 µM vanillate. 
Colonies were grown from a starting OD600 = 0.1. Data shown are means ± standard deviation of three biological replicates. 

 

MglB is the GTPase activating protein (GAP) of MglA catalysing the hydrolysis of GTP to GDP 

(Miertzschke et al., 2011). The GDP-locked form of MglA is known to be the soluble cytoplasmic form, 

while the GTP-locked form is the active form of the protein that localises to the membrane-associated 

focal adhesion complexes (Leonardy et al., 2010; Patryn et al., 2010).  
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As the intrinsic hydrolysis rate of MglA is very low (Patryn et al., 2010), most of the MglA will be in its 

GTP-bound state in the absence of MglB. At higher concentrations of vanillate (50-500 µM) spreading 

was restored to 80% WT level and the high expression levels of MglA-eYFP resulted in cells starting to 

elongate. This elongation was observed in both ΔMglA and ΔMglAB cells (Figure 46) and mirrors the 

observation of cell elongation after overexpressing of non-tagged MglA (Chapter IV page 122). 

 

 

 

 

 

 

 

 

 

 

5.3.3 Elongated cells show evenly distributed MglA-eYFP with less MglA-eYFP at the division 

site   
 

After 4 days of growth on hard agar, only elongated M. xanthus cells were left. The cells that did not 

show elongation appeared to be not able to survive the overexpression of MglA-eYFP at 500 µM 

vanillate. Three interesting observations were made, while examining the localization of MglA using 

fluorescent microscopy. First, MglA-eYFP appeared to localise diffusively throughout the cell with a 

higher localisation towards both cell poles (Figure 47). This confirmed the previously observed 

localization of MglA and BacM using the luciferase system (Chapter III 3.3.7 Page 98).  Secondly, the 

cells lysed via membrane blebbing and MglA-eYFP accumulated in the membrane blebs (Figure 47 A/B 

red arrow). Lastly, the localisation of MglA-eYFP at high levels of expression did not seem to be 

affected by the presence or absence of MglB (Figure 47). 

 

Figure 46. Elongating ΔMglA and ΔMglAB cells after overexpression of MglA-eYFP. (A) ΔMglA cells expressing MglA-eYFP. (B) 
WT cells (C) ΔMglAB cells expressing MglA-eYFP. Cells were induced with 500 µM vanillate for 4 days at 32 ⁰C.  

B C A 
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5.3.4 MglA-eYFP expression leads to reduced colony spreading on hard agar in ΔBacM cells 
 

Low levels of MglA-eYFP expression in ΔBacM cells on hard agar lead to reduced spreading at 58% of 

WT level and at 80% of ΔBacM cell level (Figure 48). This result confirmed the previously observed 

reduced growth in ΔBacM cells overexpressing MglA and the observed reduced natural expression of 

MglA in ΔBacM cells (Chapter IV pages 118 and 123). Increasing the expression levels using 50 µM 

vanillate further reduced the spreading on hard agar. At 500 µM vanillate the colonies showed the 

same amount of spreading as ΔMglA colonies. Looking at these cells using light microscopy revealed 

that almost all the cells had died due to membrane blebbing.  

 

Figure 47. Fluorescent microscopy of elongated M. xanthus cells overexpressing MglA-eYFP 
in ΔMglA and ΔMglAB cells. (A/B) ΔMglA cells (red arrow indicates membrane bleb with 
MglA-eYFP clustering). (C/D) ΔMglAB cells 

A B 

C D 
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Figure 48. Expression of MglA-eYFP leads to reduced spreading of ΔBacM cells on hard agar The X-axis shows the days of 
incubation. The Y-axis the diameter of the colony in mm. ΔBacM cells were induced using 5 µM, 50 µM and 500 µM vanillate. 
Colonies were grown from a starting OD600 = 0.1. Data shown are means ± standard deviation of three biological replicates. 

 

5.3.5 Fluorescent microscopy reveals a difference in localization of MglA-eYFP in liquid grown 

cells in the presence and absence of BacM 
 

The expression of MglA-eYFP in ΔBacM cells lead to a reduction in growth (ChapterIV page 123) and 

a reduction in spreading on hard agar. Moreover, the overexpression of MglA-eYFP in ΔBacM cells 

lead to the formation of membrane blebs and eventually to cell death. This data indicated that BacM 

might play a role in the proper localization of MglA and that mislocalization of MglA in the absence of 

BacM leads to toxicity and eventually cell death. To test this hypothesis, the localisation of MglA-eYFP 

in liquid grown cells was studied. The main difference found between MglA-eYFP expressed in liquid 

vs. agar-grown cells, was that most ΔMglA cells showed fluorescence homogenously dispersed 

throughout the cell, while ΔBacM cells showed clusters at either one or both cell poles and/or a lateral 

cluster(s) (Figure 49E). At 500 µM vanillate induction some cells showed unipolar clusters in ΔMglA 

cells. These clusters disappeared when the cells were induced using 50 or 5 µM vanillate (Figure 

49C/D).  
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Indicating, that the clusters observed in the ΔMglA cells were a result of the level of overexpression 

of MglA-eYFP. Thereby, it is important to keep in mind that the 5-50 µM vanillate induction did not 

lead to cell elongation and that under these expression conditions spreading was almost completely 

restored in the ΔMglA(B) strain. Large unipolar clusters were observed when overexpressing MglA-

eYFP using 500 µM vanillate in ΔBacM cells (Figure 49F).   
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Figure 49. Difference in MglA-eYFP localisation in liquid grown M. xanthus cells. (A/B) ΔMglA cells induced with 500 µM 
vanillate, (C/D) ΔMglA cells induced with 5 µM vanillate, (E) ΔBacM cells induced with 5 µM vanillate, (F) ΔBacM cells induced 
with 500 µM vanillate. Cells were grown until a starting OD600 = 0.4-0.6 and induced for 12 hours.  
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5.3.6 Fluorescent microscopy shows a difference in localization of MglA-eYFP on hard agar 

grown cells in the presence and absence of BacM 
 

Medium expression of MglA-eYFP on hard agar resulted in diffuse and unipolar cluster formation in 

ΔMglA cells. Most cells in groups showed unipolar clusters at the leading cell pole (Figure 50B). Cells 

obstructed in their movement by other cells also formed an MglA cluster at their leading pole (Figure 

51). These polar clusters disappeared the moment the cell was no longer physically obstructed. Some 

individual moving cells also showed a cluster forming at the front pole (Figure 50A). One possible 

explanation for the formation of these frontal polar clusters in these cells is, that they are the 

consequence of force-induced deformation of the membrane, that foster MglA accumulation at the 

front pole of the cell. The necessary forces may be created by minor elastic deformations of the cell 

pole when cells were gliding over hard agar. Alternatively, the absence of a slime trail, which could 

potentially facilitate movement and therefore reduce MglA-eYFP polar cluster formation may foster 

polar cluster formation (Burchard, 1982; Fontes & Kaiser, 1999). This would explain why some 

individually moving cells showed a cluster at the front and others did not.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50. Force-dependent MglA-eYFP unipolar cluster formation. (A) Front polar cluster in moving cells 
indicated by red arrows. (B) Cells showing unipolar clusters at the front pole when moving in a group indicated by 
blue circle. Images were taken every 10 seconds. Cells were induced with 50 µM vanillate and incubated on hard 
agar. 
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After 12 hours of induction with 500 µM vanillate on hard agar, ΔMglA cells showed mostly bipolar 

MglA-eYFP clusters and some unipolar clusters (Figure 52), showing that the formation of the bipolar 

clusters is a result of the overexpression of MglA.  
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Figure 51. MglA-eYFP expression in a ΔMglA strain. Cells were induced with 50 µM vanillate and incubated on 1.5% hard 
agar. MglA cluster formation in cells obstructed in their movement. MglA-eYFP cluster formation, disappearance and 
reformation are indicated by the red arrows. Images were taken every 10 seconds. Cells were induced with 50 µM vanillate 
and incubated on hard agar. 

 

Figure 52. Overexpression of MglA-eYFP using 500 µM vanillate leads to bipolar and 
unipolar clusters. (A) ΔMglA cells (B) ΔMglA cells zoomed in showing bipolar and unipolar 
clusters. 
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Low levels of MglA-eYFP expression in ΔBacM cells grown on hard agar resulted in the formation of 

bipolar clusters (Figure 53A/B). The bipolar localisation of MglA-eYFP was the result of the absence of 

BacM. Indicating that BacM seems to play a role in the prevention of bipolar MglA cluster formation. 

Certain membrane receptor-induced signalling or membrane curvature could potentially function as 

a trigger initiating the clustering of MglA. A lot of ΔBacM cells showed membrane blebbing even at as 

little as 5 µM vanillate induction (Figure 53C). Interestingly, these membrane blebs were localised at 

the poles of the cells.  

 

 

 

  

  

 

  

   

 

 

 

 

 

 

 

 

 

 

Figure 53. Bipolar cluster formation of MglA-eYFP in ΔBacM cells induced 
with 5 µM vanillate on hard agar (A) ΔBacM cells (B) ΔBacM cells zoomed in 
showing bipolar clusters (C) ΔBacM cells showing mostly polar membrane 
blebs. Indicated by red arrows.  
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Overexpression of MglA-eYFP in ΔBacM cells grown on hard agar resulted in the formation of bipolar 

and lateral MglA-eYFP clusters (Figure 54). Most of these cells died due to membrane blebbing at the 

cell pole.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 54. Bipolar and lateral cluster formation of MglA-eYFP in ΔBacM cells induced with 
500 µM vanillate on hard agar (A) ΔBacM cells showing bipolar and lateral clusters (B) ΔBacM 
cells showing membrane blebs.  
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5.3.7 Expression of MglA-eYFP on soft agar-grown cells in the presence and absence of BacM   
 

Medium MglA-eYFP expression in ΔMglA cells grown on soft agar resulted in the formation of unipolar 

clusters (Figure 55A). Most cells, however, showed dispersed fluorescence and no polar clusters. In 

these cells the clustering of MglA, seemed to correlate with collisions of cells. In the ΔBacM cells 

bipolar clusters were observed at low MglA-eYFP induction, similarly to when the ΔBacM cells 

expressed MglA on hard agar (Figure 55B). One difference, however, is that these cells had less 

membrane blebbing, indicating that the hardness of the underlying substratum, in addition to the 

expression levels, plays a role in membrane blebbing in ΔBacM cells.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.8 Fluorescent microscopy of ΔMglA cells expressing MglA-eYFP on 5% agar  
 

Figure 55. MglA-eYFP expression on soft agar. (A) MglA-eYFP expression at 50 µM vanillate in ΔMglA cells leads to unipolar cluster 
formation in some of the cells. (B) MglA-eYFP expression (5 µM vanillate) in ΔBacM cells leading to the formation of bipolar clusters, 
unipolar clusters and no clusters (C) ΔBacM cells showing less membrane blebbing on soft agar with 5 µM vanillate induced cells.  
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To check whether MglA cluster formation was correlated to the hardness of the underlying 

substratum, MglA-eYFP was expressed (50 µM vanillate) in ΔMglA cells grown on 5% CTT agar. On 5% 

CTT agar a lot of cells showed bipolar cluster formation of MglA-eYFP, which was identical to the 

bipolar clusters observed on 1.5% CTT agar (Figure 56A). However, half of the ΔMglA cells died within 

an hour of incubation at 32 ⁰C on 5% agar. Two types of fluorescent clusters were observed in these 

cells. Cells that moved a bit slower then physiological WT cell velocity showed bipolar cluster 

formation. In contrast, damaged or dying cells showed highly reduced velocity and possessed lateral 

clusters (Figure 56B). When measured WT cells were moving with a gliding speed of 6.5 µm/min. and 

had an average reversal frequency of 1 reversal every 11 min. on 5% agar.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56. MglA-eYFP cluster formation in ΔMglA cells on 5% agar. (A) M. xanthus cells showing 
bipolar clusters (B) Dead M. xanthus cells showing lateral MglA clusters (C) dying cell with bipolar 
and lateral clusters and reduced gliding motility. Time lapse samples were taken every 10 seconds  
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An interesting observation was that dead cells no long showed bipolar clusters, while the dying cells 

did (Figure 56B/C). The average gliding speed of the cells containing bipolar clusters was 3.35 µm/min 

and the average gliding speed for cells containing lateral clusters was 1.22 µm/min. These speeds are 

the average of the measurements taken from ten individually gliding cells with bipolar clusters and 

ten cells with lateral clusters. The cells containing lateral clusters eventually stopped moving and lysed. 

Thereby, the formation of lateral MglA clusters seemed to be linked to the hardness of the underlying 

substratum. Additionally, these lateral clusters were correlated with a reduced gliding speed.  

Some of the lateral clusters moved while the cell moved forward, while others appeared, disappeared, 

or remained at fixed positions in the cell (Figure 57). The cluster indicated by the green arrow in Figure 

57 stayed at a fixed position near the bend in the cell, as the cell moved forward. A lot of the other 

clusters, including the one indicated by the blue arrow, seemed to appear and disappear as the cell 

glided forward. Whether this was the same cluster, or a newly formed cluster due to localised force-

induced membrane signals or deformation of the membrane was unclear. These observations cast 

doubt on previous publications, claiming that MglA localised to focal adhesion clusters which drive 

motility by moving from the front to back pole (T. Mignot et al., 2007).   

 

 

 

 

 

 

 

 

 

 

 

B Figure 57. ΔMglA cell with lateral MglA-eYFP clusters. One of the lateral clusters appears and disappears over time near the front 
pole (blue arrow) and another cluster travels along the membrane towards the back pole as the cell moves forward (orange arrow)  
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After 12 hours of incubation on 5% agar all the cells had died. Leaving behind a pattern of lateral MglA-

eYFP clusters (Figure 58). These cells did not show any membrane blebbing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.9 Bipolar cluster formation of MglA-eYFP on hard agar correlates with hyper reversing cells  
 

An interesting observation made during the previously discussed experiments, was the difference in 

cell reversal frequency observed between different MglA-eYFP expression strains. The most striking 

difference in reversal frequencies and gliding speed was observed between 50 µM and 500 µM 

vanillate induction of MglA-eYFP in ΔMglA cells. At high expression levels the cells formed bipolar 

clusters, while at medium expression levels the cells had either no clusters or a unipolar cluster at the 

leading pole (Figure 51; Figure 52).  

Figure 58. MglA-eYFP lateral cluster formation in dead ΔMglA cells after 12 hours of incubation on 5% CTT 
agar.  
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High induction resulted in cells hyper-reversing with an average frequency of 1 reversal every 40 

seconds, while medium induction lead to a cell reversal frequency of 1 reversal every 5 minutes, which 

was close to the WT reversal frequency of 1 reversal every 7 minutes (A. M. Spormann & Kaiser, 1995). 

MglA-eYFP expression in a ΔBacM strain lead to the formation of bipolar clusters even at low 

expression levels (Figure 53) and accordingly the cells were hyper-reversing (1 reversal per minute) 

suggesting that the formation of bipolar clusters appeared to stimulate movement at both cell poles. 

ΔBacM cells with no MglA-eYFP expression did not hyper-reverse indicating that it is the expression of 

MglA-eYFP and the formation of bipolar clusters leading to hyper-reversing ΔBacM cells (Table 13).  

 

Table 13. Reversal frequencies and speed of ΔMglA and ΔBacM cells expressing MglA-eYFP. Ten motile cells from each 
strain were picked and measured using Fiji.  

 

 

 

 

 

 

 

 

 

 

A reduced gliding speed was observed between ΔMglA cells expressing high levels of MglA-eYFP 

(500 µM vanillate) or medium levels (50 µM vanillate). The average gliding speed of WT (DK1622) cells 

is ca. 4.4 µm/min (Alfred M. Spormann & Kaiser, 1999), which is similar to the gliding speed measured 

in ΔMglA cells complemented by the expression of MglA-eYFP. A reduction in gliding speed was found 

at low expression levels of MglA-eYFP in ΔBacM cells. This data indicated that the formation of bipolar 

clusters lead to hyper-reversing cells and a reduction of the gliding speed of individually moving cells.  
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5.3.10 Immunofluorescence microscopy showed co-localisation of MglA and BacM   
 

To look at whether MglA and BacM interacted in vivo immunofluorescent co-localisation experiments 

were performed. The control strains in this experiment were: ΔMglA, ΔMglAB, ΔBacM and ΔBacNOP 

cells. BacM and MglA were stained using BacM- and MglA-specific polyclonal antibodies, which were 

visualised by a 488 anti-rat and 594 anti-rabbit secondary antibody staining, respectively. Allowing, 

for the visualisation of BacM using FITC (green fluorescence) and MglA using TxRED (red fluorescence). 

The nucleoid was stained using bisbenzimide and visualized using DAPI (blue fluorescence). 

Background fluorescence was checked using WT (DK1622) cells as control, without the use of 2nd 

antibodies (Figure 59B). These cells showed no fluorescent background except for the nucleoid 

staining with bisbenzimide. An interesting observation was the inability to visualise fluorescently 

labelled MglA in both the ΔBacM and ΔBacNOP cells. This inability indicated that the absence of 

bactofilins was linked to a reduced expression of MglA inside the cell (Figure 59C/D), thereby 

confirming the previously identified reduced expression of MglA in a ΔBacM and ΔBacNOP background 

(Chapter IV page 118). 
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Figure 59. Immunofluorescence microscopy localisation of MglA and BacM. (A) WT cells (DK1622) (B) WT 
cells without 2nd antibodies (C) ΔBacNOP cells (D) ΔBacM cells (E) ΔMglA cells (F) ΔMglAB cells (DK6195). 
(B/C/D/E/F) have an additional brightfield image highlighting the difference in merged pictures when 
compared to WT cells (A).  

TxRED           FITC                          DAPI                 MERGED 
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C 

Figure 60. Co-localisation immunofluorescence microscopy of WT cells using a BacM and MglA antibody. (A) 
merged picture, (B) DAPI bisbenzimide staining of the nucleoid (C) FITC BacM antibody staining, (D) TxRED MglA 
antibody staining.  

 

 

Closer observation of the WT (DK1622) cells showed the two proteins to co-localized in M. xanthus. 

Both proteins were not present in the nucleoid and BacM seemed to additionally form both a cluster 

at the front and back pole of the cell (Figure 60). The absence of an MglA cluster at the pole of the cell 

was potentially caused by the cells being liquid grown. This confirmed the previous obtained results 

in which medium level expression of MglA-eYPF (50 µM vanillate) in liquid grown ΔMglA cells, showed 

no MglA polar cluster formation (Figure 49). Interestingly, this result indicated that BacM, except for 

localising throughout the cell, also clustered at both cell poles. The absence of MglA at both cell poles 

indicated that a control mechanism seemed to be in place preventing the binding of MglA to the 

membrane at the cell pole or alternatively to BacM at the cell pole. Alternatively, the high 

concentration of BacM could potentially lead to thick filament formation physically hindering MglA 

from binding at the cell pole.  
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When looking at the ΔMglA cells, red fluorescence was observed, indicating that the MglA antibody 

bound, while in the ΔMglAB (DK6195) cells no fluorescence was observed. Therefore, the ΔMglA strain 

(SA4420) was tested for the presence of MglA. For this purpose, PCRs were set up using two different 

primer combinations (Figure 61; Upstream F ΔMglA(B) with Mx_MglA_R primer downstream (Lanes 

2/3) Mx_MglA_F and downstream R ΔMglA(B) primers (Lanes 4/5)). One primer that bound upstream 

of the mglA gene and a primer binding at the end of the gene. The second combination was a primer 

binding downstream of the mglA gene and a primer that bound at the start of the gene (Figure 61). 

Both primer combinations resulted in a band indicating the presence of the DNA sequence encoding 

the N- and C-terminal part of MglA. The DNA was extracted from the gel and sequenced revealing that 

the first and last 20 amino acids of MglA separated by a restriction site were still present in these cells. 

This may explain why in these cells fluorescence could be detected, as there may still be a truncated 

form of the protein being expressed. Importantly, the truncated form of the protein did not seem to 

be biologically functional, as it was not able to complement motility. Nonetheless, it is important to 

be aware that this truncated form of MglA could influence cellular processes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 61. Part of the mglA geneis  present in the ΔMglA strain. Lane 1) 
1Kb ladder 2) A-primer with MglA reversed on WT DNA, Lane 3) A-primer 
with MglA reversed on ΔMglA DNA, Lane 4) D-primer with MglA forward 
on WT DNA, Lane 5) D-primer with MglA forward on ΔMglA DNA.  

    1      2       3      4       5 
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5.4 Discussion 
 

Over the past decade many publications have been published on the localisation and potential 

function of MglA in M. xanthus. One of those papers showed that a cell on hard agar formed bipolar 

and lateral MglA-YFP clusters (Patryn, Allen, Dziewanowska, Otto, & Hartzell, 2010). Faint polar 

fluorescence was observed in cells that were claimed to lack MglA-YFP and about 30% of the bends in 

cells showed an increase in fluorescent intensity. These observations provided evidence for MglA-YFP 

localising at bends in the cell where it got “stuck” (Patryn et al., 2010). These results differed from our 

experimental observations. At medium expression level, the ΔMglA cells showed unipolar MglA-eYFP 

clusters as well as dispersed fluorescence. Higher expression using 500 µM vanillate lead to the 

formation of bipolar clusters and, when prolonged expressed, cell elongation. Based on the high 

expression levels, the elongation of cells, and the reduced spreading compared to the 50 µM-induced 

cells, it was concluded that the high expression (500 µM vanillate) most likely lead to non-biologically 

relevant concentrations of MglA.  

The differences in experimental results for the localisation of MglA-eYFP could be possibly the 

consequence of the way the cells were prepared. In Patryn et al., 2010 the cells were placed on CTPM 

1.5% agar pads or grown in 0.5% (v/v) methylcellulose CTPM broth. These agar patches were covered 

in polyvinyl film and stored at 4⁰C. Cells were mixed in TPM medium and placed on the CTPM pads. 

The slides were then incubated at 33 ⁰C in the dark for at least 30 minutes (Patryn et al., 2010). In our 

laboratory, the cells were placed on fresh 1.5% or 0.7% CTT agar. Cells were mixed in CTT medium, 

placed on these agar patches and incubated at 32 ⁰C in the dark for at least an hour. The use of CTPM 

or alternatively storing the agar patches at 4 ⁰C could potential have an influence on the dryness of 

the agar patches and therefore localization of MglA.  
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In the publication were also cells mentioned that contained a faint polar fluorescence, which could 

indicate that these were actually the more “healthy cells”, with diffusely localised MglA-YFP. The 

supplemental figures in the paper showed the movement and localisation of six cells possessing lateral 

MglA-YFP clusters. Upon closer inspection, the average gliding speed of these cells when calculated 

was found to be around 1 µm/minute. This speed was a lot slower than the published average gliding 

speed of 4.4 µm/minute (Alfred M. Spormann & Kaiser, 1999). In addition, the gliding speed of these 

cells was quite similar to the gliding speed of cells showing lateral clusters on 5% agar 

(1.22 μm/minute). Patryn et al., 2010 also mentioned that MglA localised to bends in the cell, which 

was also observed in our experiments (Figure 57). Minimal induction (5 µM vanillate) of MglA-eYFP in 

liquid-grown ΔBacM cells lead to the formation of bipolar, unipolar and, in some cells, lateral clusters. 

Interestingly, ΔBacM cells have a crooked cell morphology and MglA-eYFP seemed to specifically 

localise to the bends in the cell.  

In ΔMglA cells, MglA-eYFP was either dispersed over the cell or localised unipolarly at the front pole 

of the cell. On hard and soft agar, the localisation of MglA at the front pole of the cell seemed to 

correlate with the obstruction of the cell, as the front polar cluster was observed in cell groups or 

when a cell collided head-on with another cell. These results indicated that MglA localised to areas of 

the cell length where the membrane was deformed or showed curvature. In much the way, some 

small G-proteins including Ras proteins and their regulators are known to be able to bind to curved 

membranes (B. Antonny et al., 2005; Hanna et al., 2016; Liang et al., 2018). It could therefore very well 

be that membrane curvature plays a key role in the membrane localisation of MglA. Alternatively, the 

localisation of MglA to these sites could also be a result of membrane signalling, a possibility being 

that it is mechanoreceptor-induced signalling that attracts MglA to these sites (Booth et al., 2007).  
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The ΔBacM strain was shown to greatly reduce expression levels of MglA (Chapter IV page 118) and 

low amounts of MglA expression in this strain had a negative impact on the spreading of ΔBacM cells. 

Comparing these results to the fluorescent microscopy data, indicated that the observed bipolar and 

lateral MglA clusters were responsible for the reduced spreading of M. xanthus cells. One possible 

explanation is that the formation of bipolar MglA clusters reduced motility at the front and back pole 

of the cell. The difference in the amount of MglA-GTP at the poles and the change in MglA-GTP 

concentration at the poles over time, could explain the observed hyper-reversing of the cells. Based 

on these results, BacM seems to play a key role in the localisation of MglA and therefore indirectly a 

role in motility and cellular reversals.  

Importantly, BacM might additionally play a role in the expression or correct localisation of MglB. If 

MglB does not localise to the lagging pole in the absence of BacM, then this could explain the bipolar 

cluster formation of MglA. MglB being the GAP protein of MglA is essential for catalysing the hydrolysis 

of GTP-bound MglA (Miertzschke et al., 2011), thereby preventing the formation of focal adhesion 

complexes at the rear end of the cell (Y. Zhang et al., 2010). The ΔMglB cells showed a severe defect 

in swarming on both hard and soft agar, additionally, they were also shown to move at WT velocities 

and had an increase in cellular reversals (Y. Zhang et al., 2010).  

No hyper-reversals were observed for ΔBacM cells, which, however, can be explained by the greatly 

reduced levels of MglA in these cells. Interestingly, the overexpression of MglA rescued spreading of 

ΔMglAB cells on hard agar more, than low expression levels. In addition, spreading on hard agar was 

restored to 88% of WT level when MglA was expressed using 5 µM vanillate, while in the absence of 

MglB spreading was restored to only 60%. This indicated that the defect in spreading was caused by 

the absence of MglB and that this defect could be compensated for by overexpressing MglA.  
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If the only essential form of MglA for A-motility is the GTP-bound form, then one would expect no 

change or reduced spreading, when overexpressing MglA in ΔMglAB cells in comparison to normal or 

low expression levels of MglA. This was expected, because the intrinsic hydrolysis of MglA-GTP to 

MglA-GDP is very low (Patryn et al., 2010). However, the current results indicated that the GDP-bound 

form of MglA, might also potentially play a role in spreading on hard agar and therefore A-motility. 

Alternatively, GTP hydrolysis has been shown to be important for the proper functioning of MglA, so 

it could be that the GTP hydrolysis catalysed by MglB is important for A-motility (S. A. Fremgen et al., 

2010).  

The observed reduced spreading of ΔBacM cells expressing MglA-eYFP could also be the result of 

increased binding of focal adhesion complexes to the underlying substratum (Tâm Mignot et al., 2007). 

The formation of larger or more numerous focal adhesions, could potentially lead to such an increase 

in cell adherence and, consequentially, a reduction in cell motility. In eukaryotes several Ras proteins 

have been associated with increased cell surface adhesion (Pollock et al., 2005; Sandri et al., 2012; 

Secko et al., 2006). In addition, some publications have suggested an inverse relationship between the 

number of focal adhesion complexes and cell motility in eukaryotic cells (Ilić et al., 1995; Nagasaki et 

al., 2009; Thompson et al., 2009). Besides the inverse relationship, a biphasic gaussian relationship 

has been reported for the link between focal adhesion sizes and cell speed (Kim & Wirtz, 2013). If focal 

adhesion sites in bacteria function similarly to their eukaryotic counterparts, then the formation of 

large or numerous focal adhesion sites could slow the cell down.  

In the paper from Mauriello and co-workers M. xanthus cells contained bipolar and lateral MglA-YFP 

clusters (Mauriello et al., 2010). Genetically, in this strain the original mglA gene was replaced by a 

version that encoded for a C-terminally YFP-tagged protein. The velocity with which these cells moved 

when measured was around 0.6 µm/min, which is significantly slower than the known average gliding 

speed of WT (DK1622) cells of 4.4 µm/min (Mauriello et al., 2010; Alfred M. Spormann & Kaiser, 1999).  
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In addition, another paper looked at the localisation of an N-terminally YFP-tagged version of MglA 

with an amino acid change at the 82nd position, changing a glutamine to an alanine (Treuner-Lange 

et al. 2015). This amino acid change locked MglA in its GTP-bound state. Interestingly, the cells shown 

in this publication have bipolar and lateral MglA clusters and when measured moved with a speed of 

around 0.8 µm/minute (Treuner-Lange et al., 2015). 

These publications together with the here discussed experimental results indicate, that the formation 

of bipolar and lateral clusters appear to reduce the speed at which these cells glide. This is in 

contradiction to the focal adhesion model in which one would expect a positive correlation between 

the number of focal adhesion clusters and the gliding speed of the cell. However, if the main function 

of these complexes is to attach the cell to the underlying substratum, then the multiple MglA clusters 

could explain the observed reduced cell speeds.  

Cells expressing MglA-eYFP were grown on 5% agar patches to investigate the influence of the 

hardness of the substratum on MglA cluster formation. After 1 hour of growth at 32⁰C, two MglA 

cluster phenotypes were observed. Most of the cells were hyper-reversing and contained bipolar 

clusters, with an average velocity close to that of WT cells. The other cells showed both bipolar clusters 

and lateral clusters and moved slower when compared with the cells containing bipolar clusters.  

This experiment showed, that the hardness of the underlying substratum played a role in the 

localisation of MglA. The resulting external physical forces could lead to the activation of certain 

signals or result in membrane deformations that trigger the formation of MglA clusters at these 

specific locations. This hypothesis could explain, why as the cell moves forward some of the MglA 

clusters stay at a fixed position with respect to the underlying substratum. When the membrane is 

permanently damaged, the MglA cluster should remain fixed at this position, thereby moving forward 

with the cell.  This could explain why some of the lateral clusters observed in ΔMglA cells on 5% agar 

and in ΔBacM cells on hard agar are not moving from the front to back pole.  
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Growing the ΔMglA cells overnight on 5% agar caused all the cells to die leaving behind dead cells 

containing MglA-eYFP clusters. This observation may indicate that the formation of lateral MglA 

clusters has eventually a toxic effect resulting in cell death.   

To verify the observed experimental results, immunofluorescence microscopy was used as an 

alternative technique to look at the co-localisation of MglA and BacM inside the cell. In both the 

ΔBacM and ΔBacNOP cells no MglA-related fluorescence was observed. This was in line with the 

previous findings that MglA was showing very little expression in the bactofilin deletion mutants. In 

the ΔMglA strain, fluorescence corresponding to the binding of the MglA antibody was observed, but 

may be explained by the presence of the expressed 40 amino acid-long truncated form of MglA. This 

truncated version has been deemed biologically non-functional, as it was not able to rescue motility. 

However, it is possible that the truncated form of the protein may still interact with other cellular 

protein targets or may disrupt other functions in the cell.  

The co-localization of MglA with BacM strengthened the experimental data that had already been 

collected, proving that these two proteins indeed interact. An interesting observation was the bipolar 

cluster formation of the immuno-fluorescently labelled BacM. These polar clusters, in addition to the 

nucleoid, were the only regions were MglA was not co-localising with BacM. This was in contradiction 

to the observed polar localisation of over-expressed MglA-eYFP in ΔMglA cells. The difference in 

localisation could be explained, due to the cells being liquid grown and not experiencing physical 

forces at their cell poles while possessing WT levels of MglA that is, like in WT cells, mostly diffuse in 

the cytoplasm.  
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5.5 Conclusion 
 

In this chapter, it was shown that in both, the ΔMglA strain and the ΔBacM strain overexpression of 

MglA-eYFP lead to bipolar and lateral cluster formation. The formation of these clusters in ΔBacM cells 

correlated with a reduction in gliding speed, occurrence of hyper-reversing, and reduced spreading on 

hard agar as well as membrane blebbing and cell death. The same results were obtained for ΔMglA 

cells when the expression rate was higher and the substratum harder inducing the formation of lateral 

MglA-eYFP clusters. A correlation was found between the agar concentration and the formation of 

lateral MglA-eYFP clusters. The higher the agar concentration, the more lateral clusters were formed. 

This indicated, that a harder substratum causes more membrane deformation that lead to the 

formation of lateral MglA-eYFP clusters.   

Our results in addition to previously published data of cells with lateral MglA clusters, indicate an 

inverse relationship between these lateral clusters and the gliding speed of the cell. Consequently, 

these clusters or focal adhesion complexes seem to be important for the attachment of the cell to the 

underlying substratum (Balagam et al., 2014).  

Cells showing the highest spreading rate on hard agar, a normal gliding speed and no hyper-reversing 

phenotype all had MglA-eYFP diffuse in their cytoplasm. These cells only developed a unipolar cluster 

when the cell collided with an object at its front pole. Membrane cluster formation is associated with 

the GTP-bound form of MglA and therefore most of the MglA seems to be in its GDP-bound state.  

Taken together these results point towards a membrane curvature or deformation-induced MglA 

localisation at the front pole of the cell, where it is involved in cell adhesion and regulation of cell 

reversals. The proper localisation of MglA at the pole seems to depend on the presence of BacM. 

Without BacM, MglA localises at both poles. The immunofluorescence microscopy data showed two 

bright polar clusters corresponding to BacM in WT cells. One potential function of these BacM clusters 

is to prevent MglA from binding to the curved membrane at the poles of the cell.  
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As over-expression of MglA seemed to correlate with membrane blebbing at the poles of ΔBacM cells. 

Maybe MglA detects when the cells encounter an object or surface unevenness preventing or reducing 

forward motion thereby triggering cell reversal.  

The results in this chapter question the hypothesis that focal adhesion complexes drive A-motility. Of 

note, these results do not challenge the slime model, an alternative explanation for the generation of 

the force driving A-motility. However, if the secretion of slime drives A-motility then the question 

remains how MglA regulates secretion and cell reversals.  

A previously published report showed that an MglA disruption mutant secreted slime at both poles 

(Yu & Kaiser, 2007) indicating, that MglA is involved in the regulation of polar slime secretion. In 

addition, disruption of several A-motility genes gltI, gltC, gltJ, agnB, agnC, aglU and cglB also lead to 

bipolar slime secretion. Three of these genes gltI, gltC, and gltJ are part of the focal adhesion complex 

(Faure et al., 2016). Based on the described literature, it would be important to investigate whether 

bipolar and lateral localization of MglA, in the absence and presence of BacM, affects the amount and 

localization of the secreted slime. Future research will be needed to elucidate the function of MglA on 

slime secretion.  
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Chapter VI  
 

6. Outlook 
 

In this thesis, the hypothesis of a possible interaction between MglA and BacM was studied using 

multiple complimentary experimental approaches. The results of these approaches strongly support 

that the two proteins interact directly with each other through the binding of MglA to the proline-rich 

C-terminus of BacM, which results in a co-localization of the two proteins. Importantly, the binding 

and interaction of the two proteins influences a number of cellular responses. In particular, it was 

observed that MglA more readily forms bipolar and lateral clusters in the absence of BacM, that the 

cellular reversal frequency increased upon bipolar MglA cluster formation, that the cellular level of 

MglA was reduced in ΔBacM cells, that the presence of one of the two proteins is essential to M. 

xanthus resulting in double deletions being lethal, and that no elongated cells were observed when 

MglA is overexpressed in ΔBacM cells.  Intriguingly, these experimental results show a remarkable 

similarity to experimental observations made for Ras or Ras-like proteins in eukaryotic, plant and other 

bacterial cells (Prober & Edgar, 2000; Guest, Lin, & Momany, 2004; Park & Bi, 2007 Overmeyer, 2011; 

Dewachter et al., 2017). Along those lines, it was earlier observed that the integration of the SAR1 

gene from Sacharomyces cerevisiae into the M. xanthus genome, complements the motility-

dependent aggregation and fruiting body formation of cells in a ΔMglA strain (P. L. Hartzell, 1997). 

In Sacharomyces cerevisiae, Sar1 functions in the transport of secretory proteins from the 

endoplasmatic reticulum, via a coat protein complex II (COP-II). (Miller & Schekman, 2013). The 

formation of the COP-II vesicle is initiated through the activation of Sar1, by its GEF (sec12) (Nakano 

& Muramatsu, 1989).  
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Central to the process of COP-II vesicle formation is the fact that Sar1 contains an amphiphatic N-

terminal helix, by which it penetrates the ER membranes and induces membrane-curvature (M. C. S. 

Lee et al., 2005; Long et al., 2010; Settles et al., 2010). Sar1 then interacts with Sec23 and Sec24 to 

form the pre-budding complex, in which Sec24 interacts with the cargo receptors (X. Bi et al., 2002; 

Sato & Nakano, 2005). This interaction is followed by the binding of the pre-budding complex to the 

outer coat complex (Sec31/Sec13), which stimulates the GAP activity of Sec23. The subsequent Sar1 

GTP hydrolysis then finalises the process of vesicle formation (Bruno Antonny et al., 2001; X. Bi et al., 

2007). 

Inspection of the amino acid sequence of MglA reveals no amphiphatic helix at the N-terminus, as the 

protein starts with a β-sheet (Miertzschke et al., 2011). However, the C-terminal end does contain an 

α-helix and in addition, contains the necessary amino acids to form an amphipathic lipid packing 

sensor motif (ALPS) (Chapter IV 4.8 Page 126). In other proteins, this motif is involved in the binding 

to lipids (Drin & Antonny, 2010). Based on the observation that MglA in M. xanthus cells forms 

membrane-located clusters, one likely scenario is that MglA might bind to the membrane via its 

amphipathic α5-helix. Intriguingly, once the pre-budding complex is formed Sar1 interacts with sec31, 

by binding to its proline rich C-terminal region (Hutchings et al., 2018). Sec31 functions by binding to 

Sec23 and Sar1, a process that stimulates Sec23-dependent GTP-hydrolysis of Sar1, which leads to the 

disassembly of the coat complex (Hutchings et al., 2018). Importantly, BacM also interacts via its C-

terminal proline rich region with MglA and might also conceivingly be involved in the GTP-hydrolysis 

of MglA. Sar1 is known to be able to sense membrane curvature and binds more avidly to highly curved 

membranes (Hanna et al., 2016). Similarly, the formation of MglA clusters at the cell poles and bends 

in the cell, indicates that MglA might also sense membrane curvature and, like Sar1, has a propensity 

to bind to membranes of high curvature (Patryn et al., 2010).   
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In addition, insertion of the N-terminal amphipathic α-helix of Sar1 into the membranes of liposomes 

causes them to form tubules by generating membrane curvature (Bielli et al., 2005; M. C. S. Lee et al., 

2005). If MglA functions in the generation of membrane curvature, then this could explain why the 

ΔBacM cells are vunerable to the expression of MglA, as there is less stimulation of MglA GTP 

hydrolysis and therefore increased membrane curvature at the MglA clusters. In addition, Sar1 is 

involved in the secretion of collagen and one of the identified focal adhesion complex proteins (PglI, 

MXAN_4867) contains a collagen-binding domain (Beiyan Nan et al., 2010). In eukaryotes, collagens 

are known to be important for cell adhesion and collagen-like proteins are known to be expressed in 

bacteria (Heino, 2007; Z. Yu et al., 2014). If the MglA clusters are important for the secretion of 

collagen-like proteins, then this could explain the reduced cell speed observed in M. xanthus cells 

containing lateral MglA clusters (Chapter V 5.3.9 and Chapter V 5.4 Pages 156 & 162). In the absence 

of BacM, MglA expression resulted in bipolar localization, lateral cluster formation, and membrane 

blebbing, which lead to cell death. Taking into consideration the observed similarities between MglA 

and Sar1, this indicates that the accumulation of active membrane-bound MglA-GTP could lead to 

severe lowering of the lipid membrane rigidity (Settles et al., 2010). Based on the Sar1 literature, BacM 

might potentially be involved in the GTP-hydrolysis of MglA, which would be important for the 

functioning of MglA (Patryn et al., 2010). In Chapter V MglB was found to play a role in colony 

spreading on hard agar. This experiment together with the Sar1 literature indicates that MglA, MglB 

and BacM might form a complex similar to the Sec23, Sar1, and Sec31 complex, catalysing the 

hydrolysis of MglA-GTP to MglA-GDP.   

As mentioned in Chapter IV, the expression of some Ras proteins is influenced by downstream or 

upstream proteins in the Ras signalling pathway (R. M. Stephens et al., 2017; Unni et al., 2015). MglA 

also plays a role in several other important cellular functions including A- and S- motility, cell polarity 

and cellular reversals. MglA is known to sort the polar localization of PilB/PilT (two ATPases), essential 

for the extension and retraction of Type-IV pili (Bulyha et al., 2013).  
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Except for this paper, little is known about how MglA establishes cell polarity and cellular reversals. 

However, the regulation of dynamic polarity switching of MglA and MglB in M. xanthus is important 

for motility and cellular reversals (Leonardy et al., 2010b).  

In the light of the newly discovered results, several aspects of M. xanthus biology have to be re-

evaluated. For example, the formation and role of the co-called focal adhesion complexes in A-motility 

model has to be re-assessed. Currently, it is thought that these complexes form a trans-envelope 

supra-structure and that on the cytoplasmic side these complexes bind to MreB, a process in which 

MglA serves as the critical connecting link between the complexes and MreB. As the supra-complexes 

bind to the substrate on the extracellular side of the cells, the front-back movements of these 

complexes on MreB polymers has been suggested to generate the propulsive force for A-motility. In 

the light of the here reported results two aspects of this model have to be reversed. First, no evidence 

was discovered supporting the proposed direct binding of MglA to MreB. In fact, ample support was 

found suggesting that MglA binds to BacM instead, an observation that is in line with the established 

interaction of other myxobacterial bactofilins (BacO and P) and small Ras-GTPases (SofG; Bulyha et al., 

2013). As a BacM deletion has no influence on A-motility the binding of MglA to BacM appears to not 

play a direct role in the generation of propulsive force. In contrast, it appears that this binding may 

provide a platform for MglA attachment and that this in turn may initiate the assembly of the 

components of the supra-structure trans-envelope complex. Secondly, as described, the suggested 

primary function of the trans-envelope complexes has been proposed as molecular motors of A-

motility. However, some of the newly discovered data call this interpretation in question. Importantly, 

the lateral MglA clusters described in various publications and in the experiments described in the 

thesis all appear to result in a significant reduction in gliding, which clearly contradicts their role as 

motors. So, if not motors, what could the role of the focal adhesion complexes and their interaction 

with MglA actually be?  
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Based on the described known role of Sar1, a plausible alternate scenario would be that the outer 

membrane during its interaction with the substrate sometimes physically attaches to the substrate 

resulting in the formation of focal adhesions. These structures then function not as motors but rather 

as brakes. Their occurrence disturbs the cell envelope, which results in the recruitment of MglA to the 

deformed foci of the membrane at these disturbances. At that location, MglA initiates the assembly 

of the multi-protein Glt protein machinery (Luciano et al., 2011) that functions to resolve the 

disturbance and de-tach the outer membrane from the substrate. Importantly, this new assessment 

makes predictions that can easily be experimentally measured. For example, the number of focal 

adhesions should correlate with the speed of the cells. Fast moving cells should have less focal 

adhesions than slower ones. The occurrence of focal adhesion should also correlate with membrane 

deformation as has been described in Chapter V 5.3.6 page 149 and 5.3.8 page 153 as large MglA 

clusters are consistently observed at bends of the cells and at the point of collisions between cells. 

Importantly, this assessment leaves room that MglA plays other important roles besides of being the 

organisation centre for the resolution of focal adhesions and the results of this thesis and the literature 

point to a number of such roles. Polarity determination, cell elongation, and peptidoglycan sculpting 

are all phenomena that appear to be influenced by MglA. Future research has to show what the 

molecular mechanism underlying these phenomena are and how MglA orchestrates and regulates 

them. Most importantly, the presented data show that small Ras GTPases target highly conserved 

mechanisms such as membrane deformation and that these targets and most likely their underlying 

mechanisms are conserved from prokaryotes to eukaryotes. 

Previous publications showed that the localization of MglA-GTP at the leading cell pole is promoted 

by the localization of its GAP, MglB at the lagging cell pole (Leonardy et al., 2010; Zhang et al., 2010). 

Interestingly, MglA and its GEF, the RomR-RomX complex was found to localize in a unipolar or bipolar 

pattern, with a larger cluster at the lagging pole (Szadkowski et al., 2019). MglB is responsible for the 

disassembly of the A-motility complex, which occurs after the hydrolysis of MglA-bound GTP (Treuner-

Lange et al., 2015a).  
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Similar to MglB, BacM could theoretically also be involved in the GTP-hydrolysis of MglA based on its 

similarity with Sar1. GTP-hydrolysis of Sar1 is catalyzed by the binding to the proline-rich domain of 

Sec31, a domain that shares similarity to the proline-rich C-terminus of BacM (X. Bi et al., 2007) (Figure 

62). In addition, the MglA-associated phenotypes in a ΔBacM mutant are similar to the phenotypes 

mentioned in the literature for the ΔMglB mutant (Hartzell, 1997; Keilberg et al., 2012). Based on these 

observations, a model is proposed, in which BacM’s function is to properly localize MglB and/or 

catalyze GTP-hydrolysis, through the formation of a MglA – MglB – BacM complex (Figure 63A).   

 

 

 

 

 

 

 

The loss of BacM in M. xanthus cells leads to a crooked cell shape, thereby showing that BacM is 

essential for the maintenance of the normal cell morphology (Koch et al., 2011). The experiments of 

this thesis show, that in the absence of BacM, over-expressed MglA localized to both cell poles or 

formed additional lateral clusters. These clusters seemed to be associated with cell envelope 

deformations such as bends, indicating that MglA, like Sar1, localizes and binds specifically to areas of 

membranes that are curved (Patryn et al., 2010; Hanna et al., 2016). Importantly, the clustering of 

MglA along the cell wall in these cells was found to correlate with a reduced gliding speed, suggesting 

that the clusters instead of driving A-motility may function as attachment sites that slow the cells 

down.  

Figure 62. The hydrolysis of MglA-bound GTP is stimulated by the binding of BacM to 
the MglA – MglB complex. 
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MglA is known to be essential for the formation of the Agl-Glt (focal adhesion) complexes (Y. Zhang et 

al., 2010). The Agl proteins, which are part of the focal adhesion complexes, are known to be involved 

in the transport of glycan strands across the cell envelope of sporulating cells (Wartel et al., 2013). It 

is therefore possible, that one of the functions of the focal adhesion complexes is to transport certain 

proteins or polysaccharides across the cell envelope that are involved in cell attachment explaining 

why MglA cluster formation leads to a reduced gliding speed (Figure 63B).  

 

 

 

 

 

 

 

 

 

Whether and how MglA binds to curved membranes remains to be determined. One possibility is that 

MglA like Sar1 tethers itself to the membrane via its amphiphatic α-helix (α5-helix). Another possibility 

is that the N-terminal serine of MglA is posttranslational modified i.e. prenylated and that this lipid 

anchors the protein to the membrane (Figure 64). Future research will elucidate the nature of the 

post-translational modification of MglA and how this modification relates to the proteins ability to 

attach to membranes.  

 

Figure 63. Hypothetical model for the localization of MglA, MglB, BacM and focal adhesion complexes in WT and ΔBacM M. xanthus cells. 
(A) BacM together with MglB are involved in preventing localization of MglA at the backpole of the cell, thereby, leading to reduced cell 
adhesion at the lagging pole. (B) ΔBacM cells expressing MglA have bipolar and lateral MglA clusters leading to a reduced gliding speed; 
MglA also forms clusters at bends in the cell. (blue) BacM filaments, (red) MglA, (purple) MglB, (brown) slime, (green) focal adhesion complex 
(yellow) underlying substrate. 
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Figure 64. MglA tethering itself to a curved membrane either via its amphiphatic α5-
helix or by a palmitoylated N-terminal serine residue.  
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