
 

 

 

 

 

 



 

 

Signal Transduction Systems  

in the Myxococcus xanthus Developmental Program 

 

 

 

Dissertation 

zur Erlangung des akademischen Grades 

des Doktors der Naturwissenschaften 

(Dr. rer. nat.) 

 

 

 

 

dem Fachbereich Biologie 

der Philipps-Universität Marburg 

vorgelegt 

 

 

 

von 

Maike M. Glaser 

aus Kassel 

 

 

 

Marburg, November 2017 

 

  



Die Untersuchungen zur vorliegenden Arbeit wurden von Oktober 2011 bis 

September 2013 am Max-Planck-Institut für terrestrische Mikrobiologie in Marburg 

sowie von Oktober 2013 bis September 2015 an der Wayne State University in 

Detroit, Michigan, USA unter der Leitung von Prof. Dr. Penelope I. Higgs durchgeführt. 

 

 

 

 

 

 

 

 

 

Vom Fachbereich Biologie der Philipps Universität Marburg 

als Dissertation angenommen am ___.___.___ 

 

Erstgutachter:  Prof. Dr. Penelope I. Higgs 

Zweitgutachter: Prof. Dr. Martin Thanbichler 

 

Weitere Mitglieder der Prüfungskommission: 

Prof. Dr. Lars-Oliver Essen 

Prof. Dr. Victor Sourjik 

 

 

Tag der mündlichen Prüfung: ___.___.___ 

 

  



Zum Zeitpunkt der Einreichung dieser Dissertation werden die folgenden 

Originalpublikationen vorbereitet, um die erzielten Ergebnisse zu veröffentlichen: 

 

Glaser, M.M., Lee, B., McLaughlin, P.T., Mei, X. and Higgs, P.I., Coordination of the 

 Myxococcus xanthus developmental program: multiple TCS and SPTK 

 signaling systems converge on the transcriptional regulator MrpC. In 

 preparation. 

Glaser, M.M., Lee, B. and Higgs, P.I., Repression of the Myxococcus xanthus 

 developmental program requires both kinase and phosphatase activities in 

 TodK. In preparation. 

Glaser, M.M. and Higgs, P.I., Characterization of the phosphoryl flow in the 

 Myxococcus xanthus hybrid histidine kinase, Hpk30. In preparation. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my Family 
 

 



i 

 

Table of Contents 

1. ZUSAMMENFASSUNG .......................................................................... 1 

2. ABSTRACT ............................................................................................. 3 

3. INTRODUCTION ..................................................................................... 4 

3.1. Microbial signal transduction ï how bacteria make decisions ............................. 4 

3.1.1. Histidine-Aspartate phosphorelay signal transduction systems in bacteria ............ 5 

3.1.1.1 Histidine kinases .............................................................................................. 7 

3.1.1.2 Input domains ................................................................................................... 8 

3.1.1.3 Response regulators ........................................................................................ 9 

3.1.1.4 Output domains .............................................................................................. 10 

3.1.2. Serine/Threonine kinases and phosphatases in bacteria .................................. 11 

3.2. Multicellularity and cell differentiation ï the social life of bacteria .................... 12 

3.3. Myxococcus xanthus as a model organism for cooperative behavior in bacteria . 15 

3.3.1. Benefits of cooperative behaviors in Myxococcus xanthus ................................ 15 

3.3.2. The developmental program of Myxococcus xanthus is controlled by complex 

 gene regulation networks ................................................................................... 16 

3.3.3. Population heterogeneity ï cell differentiation in vegetative and  developing 

 Myxococcus xanthus swarms............................................................................. 20 

3.4. Signaling in Myxococcus xanthus ......................................................................... 22 

3.4.1. Eukaryotic-like Serine/Threonine protein kinases and phosphatases in  

 Myxococcus xanthus .......................................................................................... 23 

3.4.2. Myxococcus xanthus His-Asp phosphorelay systems ....................................... 24 

3.4.3. Signal transduction systems constrain developmental progression in  

 Myxococcus xanthus .......................................................................................... 24 

3.4.3.1 The Esp system .............................................................................................. 26 

3.4.3.2 The four-component Red system ................................................................... 27 

3.4.3.3 The orphan histidine protein kinase TodK ...................................................... 28 

3.4.3.4 The orphan histidine protein kinase Hpk30 .................................................... 29 

4. SCOPE OF STUDY ............................................................................... 30 

5. RESULTS .............................................................................................. 31 

5.1. Myxococcus xanthus fruiting body morphology: environmental adaptation .... 31 

5.1.1. Fruiting body morphology is drastically perturbed in the absence of constraining 

 signaling systems ............................................................................................... 31 

5.1.2. The ȹNR mutant produces more spores than the wild type but the percentage of 

 viable spores is equal ......................................................................................... 33 

5.1.3. Design of a novel dispersal assay for Myxococcus xanthus fruiting bodies ...... 35 

5.1.1. Redistribution of cell fates enhances dispersal by small animals ...................... 36 

5.1.2. Well-organized fruiting bodies provide enhanced resistance to UV damage .... 38 

5.2. MrpC accumulation is crucial for development of ȹNR mutant .......................... 40 



TABLE OF CONTENTS 

 

ii 

 

5.3. The Red signaling system connects to an eukaryotic-like kinase cascade which 

 leads to MrpC phosphorylation .............................................................................. 44 

5.4. TodK is a bifunctional histidine protein kinase that negatively regulates 

 developmental progression in Myxococcus xanthus .......................................... 46 

5.4.1. Investigation of todK in vivo at the native locus ................................................. 46 

5.4.1.1 Deletion of todK leads to accelerated development ....................................... 46 

5.4.1.2 TodK accumulates in vegetative and developing cell populations ................. 49 

5.4.1.3 TodK might be a bifunctional histidine protein kinase and phosphatase ....... 50 

5.4.2. todK expression forced from the pilA promoter .................................................. 53 

5.4.2.1 Developmental progression is severely altered when todK is expressed from  

 the pilA promoter ............................................................................................ 54 

5.4.2.2 TodK signaling mutants are produced as stable proteins .............................. 57 

5.4.2.3 TodK over-accumulation affects MrpC levels ................................................. 58 

5.4.3. Investigation of TodK phosphorylation status in vitro and in vivo ...................... 60 

5.4.3.1 Overexpression and purification of recombinant Trx-His6-TodK .................... 60 

5.4.3.2 TodK is not an active kinase in vitro ............................................................... 61 

5.4.3.3 TodK might become phosphorylated in vivo .................................................. 63 

5.4.4. Signals and outputs of the TodK signaling module ............................................ 66 

5.4.4.1 The PAS domains of TodK likely sense input stimuli and activate kinase  

 function ........................................................................................................... 66 

5.4.4.2 What is the output of TodK? ........................................................................... 69 

5.5. Hpk30 serves as a signal integration module that regulates 

  Myxococcus xanthus developmental progression ............................................... 72 

5.5.1. Investigation of Hpk30 in vivo............................................................................. 72 

5.5.1.1 Deletion of hpk30 leads to early development and miss-accumulation of MrpC. 72 

5.5.1.2 hpk30 is expressed and accumulated constantly during all life cycle stages 74 

5.5.1.3 Constitutive hpk30 expression leads to delayed development ...................... 76 

5.5.2. Characterization of the Hpk30 signaling domains in vivo .................................. 78 

5.5.2.1 Substitution of the invariant histidine in Hpk30 kinase domain leads to early  

 development ................................................................................................... 78 

5.5.2.2 Substitution of the conserved aspartate of the first receiver domain of Hpk30  

 causes delayed development ......................................................................... 79 

5.5.2.3 Substitution of the conserved aspartate in the second receiver domain of  

 Hpk30 causes non-robust delayed development ........................................... 80 

5.5.3. Investigation of Hpk30 in vitro ............................................................................ 82 

5.5.3.1 Recombinant overexpression and purification of Hpk30 ................................ 82 

5.5.3.2 Hpk30 is an active histidine protein kinase in vitro ........................................ 84 

5.5.3.3 Phosphorylation likely solely occurs on the histidine and is not transferred to  

 the receiver domains ...................................................................................... 84 

5.5.4. MXAN_4466 influences Hpk30 activity in vivo ................................................... 86 

5.5.4.1 Comparative genomic analysis of hpk30 and MXAN_4466 ........................... 86 

5.5.4.2 hpk30 and MXAN_4466 are co-transcribed ................................................... 87 

5.5.4.3 MXAN_4466 encodes a protein that positively regulates development ......... 88 

5.5.4.4 MXAN_4466 acts upstream of Hpk30 ............................................................ 89 

 

 

 



TABLE OF CONTENTS 

 

iii 

 

6. DISCUSSION ........................................................................................ 91 

6.1. Myxococcus xanthus signaling modules interlock to enable adaptation to 

 different environmental insults ............................................................................... 91 

6.2. How TodK influences Myxococcus xanthus development: Proposed model of a 

 bifunctional protein kinase / phosphatase ............................................................ 93 

6.3. Hpk30: An unusual signaling module integrating different  stimuli to fine-tune 

 development in Myxococcus xanthus ................................................................... 98 

6.4. The Red four component system is connected to MrpC~P via the KapC 

 Serine/Threonine protein kinase scaffold protein .............................................. 104 

6.5. Which signals might the NRs respond to? .......................................................... 106 

6.6. MrpC functions as a hub protein .......................................................................... 108 

6.7. Cell fate segregation and the generation of fruiting bodies .............................. 110 

6.8. Why form fruiting bodies after all? ....................................................................... 112 

7. CONCLUSION AND FUTURE PERSPECTIVES ................................ 117 

8. MATERIAL AND METHODS .............................................................. 118 

8.1. Materials .................................................................................................................. 118 

8.1.1. Chemicals and Reagents ................................................................................. 118 

8.1.2. Equipment and Software .................................................................................. 119 

8.2. Microbiological methods ....................................................................................... 121 

8.2.1. Myxococcus xanthus ........................................................................................ 121 

8.2.1.1 Growth conditions ......................................................................................... 121 

8.2.1.2 Storage of M. xanthus strains....................................................................... 121 

8.2.1.3 Preparation and transformation of electro competent M. xanthus ............... 121 

8.2.1.4 Generation of insertion, in-frame deletion and substitution strains .............. 122 

8.2.1.5 Developmental assays ................................................................................. 126 

8.2.1.6 Dispersal assay ............................................................................................ 127 

8.2.1.7 UV resistance assay ..................................................................................... 127 

8.2.2. Escherichia coli ................................................................................................ 128 

8.2.2.1 Growth conditions ......................................................................................... 128 

8.2.2.2 Storage of E. coli strains .............................................................................. 128 

8.2.2.3 Preparation and transformation of electro competent E. coli ....................... 129 

8.2.2.4 Preparation and transformation of CaCl2 chemical competent E. coli ......... 129 

8.2.2.5 Preparation and transformation of TSS chemical competent E. coli............ 130 

8.2.3. Microscopy ....................................................................................................... 130 

8.2.3.1 Confocal laserscanning Microscopy ............................................................. 130 

8.2.3.2 Fluorescence microscopy of D. melanogaster legs ..................................... 131 

 

 



TABLE OF CONTENTS 

 

iv 

 

8.3. Molecular biology methods ................................................................................... 132 

8.3.1. Isolation of genomic DNA from M. xanthus ...................................................... 132 

8.3.2. Isolation of crude DNA from M. xanthus .......................................................... 132 

8.3.3. Isolation of plasmid DNA from E. coli ............................................................... 132 

8.3.4. Amplification of DNA fragments by PCR .......................................................... 133 

8.3.5. Restriction digestion, de-phosphorylation and ligation of DNA ........................ 133 

8.3.6. DNA gel electrophoresis ................................................................................... 134 

8.3.7. Sequencing of DNA .......................................................................................... 134 

8.3.8. Construction of Plasmids .................................................................................. 134 

8.3.9. RNA isolation, cDNA synthesis and quantitative real time PCR ...................... 141 

8.4. Biochemical methods ............................................................................................ 143 

8.4.1. Recombinant protein overexpression in E. coli ................................................ 143 

8.4.1.1 RedF ............................................................................................................. 143 

8.4.1.2 TodK ............................................................................................................. 143 

8.4.1.3 Hpk30 ........................................................................................................... 143 

8.4.2. Affinity protein purification ................................................................................ 144 

8.4.3. SDS-PAGE ....................................................................................................... 144 

8.4.4. Phostag ............................................................................................................ 145 

8.4.5. Antibody generation and affinity purification of Ŭ-TodK and Ŭ-Hpk30 polyclonal 

 antibodies ......................................................................................................... 146 

8.4.6. Immunoblot analysis ......................................................................................... 147 

8.4.6.1 Semi-dry blot ................................................................................................ 147 

8.4.6.2 Wet blot ........................................................................................................ 148 

8.4.7. Pull-down assay ............................................................................................... 148 

8.4.8. Radiolabeled in vitro autophosphorylation and chemical stability assays ....... 150 

9. ABBREVIATIONS ............................................................................... 151 

10. REFERENCES ................................................................................. 153 

11. ACKNOWLEDGMENT / DANKSAGUNG ........................................ 169 

12. CV .................................................................................................... 170 

13. VERSICHERUNG ............................................................................ 171 

14. EINVERSTÄNDNISERKLÄRUNG ................................................... 172 

 

 



1 

 

1. Zusammenfassung 

Anhand des prokaryotischen Modellorganismus Myxococcus xanthus kann die 

Regulation von komplexen, sozialen Verhaltensweisen untersucht werden. In allen 

Lebenszyklus-Stadien zeigt M. xanthus multizelluläres Verhalten, einschließlich eines 

Entwicklungsstadiums, bei dem sich die Zellpopulation in mindestens drei unter-

schiedliche Zelltypen aufspaltet: Sporulation in vielzellige Fruchtkörper, āperipheral 

rodsó und lysierende Zellen. Dabei sind bisher weder der evolutionäre Vorteil dieser 

Differenzierung noch der Mechanismus, durch den die Separation einer Population in 

verschiedene Zelltypen induziert wird, vollständig verstanden. Ein potentieller 

Kandidat für die Regulation der Aufteilung in differenzierte Zelltypen ist allerdings 

MrpC, ein wichtiger Transkriptionsregulator im Entwicklungszyklus. Die MrpC-

Akkumulation wird durch mehrere unterschiedliche Signaltransduktionssysteme 

gesteuert, einschließlich der (verwaisten) Histidin-Proteinkinasen (HPK) Esp, TodK, 

Red und Hpk30. In einem M. xanthus Stamm, dem drei der Systeme fehlen (ȹesp 

ȹred ȹtodK) wird MrpC massiv überakkumuliert. Weiterhin zeigt dieser Stamm einen 

auffälligen Phänotyp, bei dem alle Zellen unangemessen schnell sporulieren und so 

einen Sporen-Teppich erzeugen.  

In dieser Arbeit wird zunächst gezeigt, wie M. xanthus von der Sporenproduktion 

innerhalb von gut strukturierten Fruchtkörpern profitiert. Weiterhin wird thematisiert, 

wie Signaltransduktionsmechanismen die Fruchtkörperbildung und die Segregation 

in Zelltypen steuern können. Hierbei ist ausschlaggebend wie Red, TodK und Hpk30 

die MrpC-Akkumulation kontrollieren könnten. 

Ein Stamm, dem die Esp-, Red- und TodK-Signalsysteme fehlen, bildet keine 

organisierten Fruchtkörper. Dieser Phänotyp wurde sich in dieser Arbeit zu Nutzen 

gemacht, um die Rolle verschiedener Zelltypen bei der Verbreitung und der Aus-

bildung von Resistenz gegenüber Umwelteinflüssen von M. xanthus Fruchtkörpern 

zu studieren. Es konnte gezeigt werden, dass der Verlust der Fruchtkörper-

morphologie zu einer verbesserten Verbreitung durch den Vektor 

Drosophila melanogaster führt. Dies geht jedoch auf Kosten der Umweltresistenz, wie 

durch den Einfluss von UV-Exposition auf Mutanten- und Wildtyp-Fruchtkörper sowie 

vereinzelte Wildtyp-Sporen gezeigt werden konnte. 

Hinsichtlich der Frage, wie Signaltransduktionsmechanismen konvergieren können, 

um die MrpC-Akkumulation zu regulieren, wurde eine postulierte Verbindung 

zwischen dem Red-Signalsystem und einer Ser/Thr-Kinasen-Kaskade bestätigt. Von 

dieser Verbindung wird angenommen, dass sie die MrpC-Aktivität durch dessen 

Phosphorylierungsstatus kontrolliert. Um Mechanismen zu identifizieren, durch die 

TodK und Hpk30 die MrpC-Akkumulation beeinflussen könnten, wurde eine 

detaillierte Charakterisierung ihrer jeweiligen Signaltransduktionswege durchgeführt. 

TodK fungiert als eine bifunktionale Histidin-Proteinkinase/Phosphatase, deren 

Aktivität vermutlich durch die zwei N-terminalen PAS-Domänen moduliert wird. Die 

Charakterisierung von Hpk30 zeigte, dass Kinaseaktivität die zelluläre Antwort 

moduliert und dass diese Aktivitªt durch ihre zwei āreceiveró Domänen sowie ein 

hypothetisches Protein, MXAN_4466, moduliert wird. 
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Zusammenfassend deuten die hier vorgestellten Daten darauf hin, dass 

unterschiedliche Signalsysteme konvergieren müssen, um die MrpC-Akkumulation in 

verschiedenen Zelltypen zu regulieren. Dies führt wiederum zur Segregation von 

Zellen in āperipheral rodsó außerhalb oder Sporen innerhalb von Fruchtkörpern. Es 

wird postuliert, dass die Veränderung der räumlichen und/oder zeitlichen 

Akkumulation von MrpC in Zellen in der hungernden, sich entwickelnden Population 

dazu dient, die Morphologie des Fruchtkörpers an spezifische Umweltbedingungen 

anzupassen, in denen entweder die Verbreitung oder die Langzeitresistenz das 

Überleben von M. xanthus sichern kann. 
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2. Abstract 

Myxococcus xanthus serves as a prokaryotic model organism for the regulation of 

complex social behaviors. During all aspects of its life cycle M. xanthus favors 

multicellular behavior, including a developmental program in which the population is 

segregated into at least three distinct cell fates (sporulation inside multicellular fruiting 

bodies, peripheral rods and cell lysis). Neither the evolutionary advantage of 

producing these distinct cell fates, nor the mechanism by which cell fate segregating 

is induced are fully understood. However, MrpC, a major developmental trans-

criptional regulator, is a good candidate for the regulation of cell fate segregation. 

MrpC accumulation is controlled by multiple distinct signaling systems including the 

(orphan) histidine protein kinases (HPKs) Esp, TodK, Red and Hpk30. A strain lacking 

three of the pathways (ȹesp ȹred ȹtodK) massively over-accumulates MrpC and 

displays a striking phenotype in which all cells appear to sporulate inappropriately 

rapidly, producing lawns of spores. In this thesis research, I first report how 

M. xanthus benefits from production of spores inside of fruiting bodies. I next address 

how fruiting body formation and cell fate segregation can be controlled. To do so, I 

characterized the mechanisms by which Red, TodK and Hpk30 could control MrpC 

accumulation. 

We have previously observed that a strain lacking Esp, Red and TodK signaling 

systems is deficient in the formation of organized fruiting bodies and essentially 

produces lawns of spores. By taking advantage of this mutant strain, I addressed the 

role of cell fate segregation in dispersal and environmental resistance of M. xanthus 

fruiting bodies. I showed that loss of fruiting body morphology leads to enhanced 

dispersal by the vector Drosophila melanogaster. However, this comes at the expense 

of environmental resistance as could be demonstrated by the impact of UV exposure 

on mutant and wild type fruiting bodies as well as wild type single spores.  

To clarify how signaling systems may converge to regulate MrpC accumulation, I 

confirmed a putative connection between the Red signaling system and the Ser/Thr 

kinase cascade thought to control MrpC activity by phosphorylation. To start to identify 

possible mechanisms by which TodK and Hpk30 could affect MrpC accumulation, I 

carried out a detailed characterization of their respective signal flows. TodK functions 

as a bifunctional histidine protein kinase/phosphatase, whose activity is likely 

modulated by the two N-terminal PAS-domains. Hpk30 characterization revealed 

kinase activity as the signal output and that this activity is modulated by its two 

receiver domains as well as a hypothetical protein, MXAN_4466.  

Together, these data suggest a model in which separate signaling systems converge 

to regulate MrpC accumulation in distinct cell types leading to segregation of cells into 

either peripheral rods outside or spores inside fruiting bodies. Altering the spatial 

and/or temporal accumulation of MrpC within cells in the developing population is 

used to adapt fruiting body morphology to specific environmental conditions in which 

either dispersal or long-term resistance might enhance M. xanthus survival.  
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3. Introduction 

The transition from a unicellular to a multicellular lifestyle has been classified as a 

major evolutionary event and has been observed in all kingdoms of life (Claessen et 

al., 2014, Cao et al., 2015). Multicellularity can be observed in various prokaryotes 

and in versatile forms. Despite their simple morphology and relatively low number of 

differentiated cell types, these prokaryotic lifestyles in general resemble multicellular 

organisms (Munoz-Dorado et al., 2016). One group which has made a very 

sophisticated leap into multicellularity, despite retaining a unicellular lifeform, is the 

myxobacteria. They exhibit multifarious social behaviors including coordinated group 

movement, cooperative predation, and a multicellular developmental program which 

involves segregation into distinct cell fates (recently reviewed in (Munoz-Dorado et 

al., 2016)).  

The complex behavior exhibited by the myxobacteria is directed and coordinated by 

signaling systems (Stock et al., 2000, Kirby & Zusman, 2003, Galperin, 2005, Munoz-

Dorado et al., 2016). The myxobacteria have one of the largest number of histidine-

aspartate signaling genes of all organisms (Whitworth & Cock, 2008). High 

abundance of signaling systems has been described as óbacterial IQô and their 

number as well as complexity can be linked to the lifestyle of an organism (Galperin, 

2005). Over 40 of these histidine-aspartate signaling proteins have been identified to 

modulate social behaviors such as motility and/or development in the best 

characterized species of the myxobacteria, Myxococcus xanthus (Whitworth & Cock, 

2008). The abundance, genetic organization, and atypical domain architectures of the 

M. xanthus signaling proteins, indicate that these signaling proteins are organized into 

complex networks of highly integrated signaling proteins (Shi et al., 2008, Munoz-

Dorado et al., 2014) Thus, M. xanthus is an attractive model organism in which to 

study how signaling systems have evolved to coordinate multicellular behaviors.  

 

 

3.1. Microbial signal transduction ï how bacteria make decisions 

All living cells are able to sense extracellular stimuli, enabling them to adjust to 

environmental conditions appropriately. A variety of signal transduction systems are 

used to rapidly respond to environmental stimuli including second messenger signals 

(e.g. cyclic-AMP or cyclic-di-GMP), methyl-accepting chemotaxis proteins, one com-

ponent systems, histidine-aspartate (His-Asp) phosphorelay systems (also known as 

two-component systems) and serine/threonine kinases (also known as eukaryote like 

kinases) (Galperin et al., 2010). In general, all kingdoms of life use signal transduction 

for environmental adaptation, yet, different preferences have become apparent. In 

eukaryotes, serine/threonine phosphorylation cascades play the most important role, 

whereas in bacteria and Archaea signaling primarily takes place via His-Asp 

phosphorelay systems (reviewed in (Stock et al., 2000, West & Stock, 2001).  
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His-Asp phosphorelay systems are present in both Gram negative and Gram positive 

bacteria, in Archaea and eukaryotes, but seem so far to be absent from mammals 

(West & Stock, 2001, Wolanin et al., 2002, Wuichet et al., 2010). His-Asp 

phosphorelay systems often regulate bacterial virulence, and their absence from 

mammals make them a promising target novel antimicrobial drugs (Gooderham & 

Hancock, 2009, Moon & Gottesman, 2009, Schreiber et al., 2009). In addition to 

virulence, His-Asp phosphorelay systems modulate many bacterial behaviors in 

response to environmental changes including locomotion, aerobic/anaerobic 

transitions, cell differentiation, to name only a few (Stock et al., 2000). While His-Asp 

phosphorelay systems are broadly distributed in different bacteria, it has been 

proposed that the abundance of the systems correlates with the ecological niche(s) 

in which the organism resides (Galperin, 2005, Alm et al., 2006). In other words, 

organisms living in a non-changing, static environment tend to encode fewer signaling 

systems than organisms living in environments that rapidly flux; also, these signaling 

systems are often isolated and linear. However, organisms displaying complex 

lifestyles tend to have more genes encoding His-Asp phosphorelay systems, which 

often involve multistep phosphorelay, branched or integrated systems (see section 

3.1.1; (Appleby et al., 1996)). In summary, the complexity of signaling systems 

correlates with the complexity of the organisms lifestyle and environmental challenges 

it encounters and is often referred to as óbacterial IQô (Galperin, 2005). 

 

3.1.1. Histidine-Aspartate phosphorelay signal transduction systems in bacteria 

óTwo-component systemsô - the paradigm of His-Asp phosphorelay signaling 

The prototypical His-Asp phosphorelay system consists of a histidine protein kinase 

(HPK) and a cognate response regulator (RR) (Figure 1, A; (Stock et al., 2000)). Upon 

sensing a stimulus with a variable sensing domain (= input), the HPK hydrolyzes ATP 

and autophosphorylates on a conserved histidine (His) residue in the kinase domain. 

The cognate RR subsequently catalyzes the phosphotransfer from HPK~P to a 

conserved aspartate (Asp) residue in its receiver domain. Phosphorylation of this 

residue leads to a global conformational change in the receiver which activates the 

associated effector domain and thereby mediates an appropriate output of the ñtwo-

component-systemò (West & Stock, 2001). Intrinsic dephosphorylation activity of the 

receiver domain can lead to rapid loss of the active state thus terminate the signal. In 

summary, this pathway includes three steps of phosphotransfer: autophosphorylation 

of HPK, phosphotransfer to RR and dephosphorylation of RR to terminate the signal 

(Stock et al., 2000). 

óMultistep phosphorelay systemsô - including additional proteins 

A more complex version of this form of signal transduction is the multistep His-Asp 

phosphorelay system (Figure 1, B). These systems include more than one phosphor-

transfer step and may involve additional proteins, including hybrid histidine kinases 

(in which the HPK is fused to a receiver domain) and a histidine phosphortransferase 
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(HPt) (Appleby et al., 1996, West & Stock, 2001). These systems often function with 

a terminal RR which mediates the output of the system (Wolanin et al., 2002). 

óMulticomponent His-Asp phosphorelay systemsô - adding more complexity 

Multicomponent His-Asp phosphorelay systems can be highly modular and build very 

complex regulatory machineries. In these systems (Hy)HPKs and RRs can be 

organized in branched and sophisticated systems (Figure 1, C). By integrating several 

proteins into one system they can function in one-to-many mechanisms (one HPK is 

able to deliver a phosphoryl group to many RRs) as well as in many-to-one 

mechanisms (one RR receives a phosphoryl group from more than one HPK) (Stock 

et al., 2000, Laub & Goulian, 2007).  

 

Figure 1: Schematic of His-Asp phosphorelay systems. (A) The paradigm of His-Asp phos-
phorelay signaling system. This system is composed of a histidine protein kinase (HPK) which, 

upon sensing a stimulus with its N-terminal sensing domain, autophosphorylates on a conserved 
histidine residue (H). The phosphoryl group (P) is subsequently transferred to the invariant 
aspartate (D) in the receiver (REC) domain of a cognate response regulator (RR). Phosphorylation 
of the receiver domain leads to activation of the downstream effector domain and generates the 
output of the system (generally regulating gene transcription). (B) Multistep His-Asp-
phosphorelay system. These more complex signaling systems include more than one 

phosphotransfer step and often involve hybrid histidine protein kinases (HyHPK) as well as His-
containing phosphotransfer proteins (HPt). (C) Multicomponent His-Asp phosphorelay 
systems. The integration of a multitude of proteins allows branching of signaling pathways in both 

óone-to-manyô and ómany-to-oneô mechanisms. 
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Multistep and multicomponent His-Asp phosphorelay systems provide a greater 

number of regulation sites and are therefore thought to enable cells to integrate a 

multitude of signals and fine tune the cellular response in a sophisticated way 

(Appleby et al., 1996, Hoch, 2000, Stock et al., 2000, West & Stock, 2001, Goulian, 

2010). Hence, it is not surprising that several complex cell adaptations are described 

to be regulated by multistep phosphorelays. These include sporulation of 

Bacillus subtilis (Burbulys et al., 1991), regulation of virulence factors of 

Bordetella pertussis (Uhl & Miller, 1996), control of cell cycle progression in 

Caulobacter crescentus (Chen et al., 2009) and developmental progression in 

M. xanthus (Rasmussen et al., 2005, Jagadeesan et al., 2009, Schramm et al., 2012). 

 

3.1.1.1 Histidine kinases 

The prototypical HPK is membrane bound by its N-terminal integral membrane 

sensing domain with a C-terminal cytoplasmatic signal transmission domain (West & 

Stock, 2001). All HPKs share a highly conserved kinase core domain, which is 

comprised of a dimerization and histidine phosphotransfer domain (DHp domain 

a.k.a. His-KA) as well as a catalytic and ATP binding domain (CA domain a.k.a. 

HATPase_c) (West & Stock, 2001, Wolanin et al., 2002). HPKs are homodimers 

mediated by their DHp domains (Hidaka et al., 1997, Marina et al., 2005). 

Interestingly, heterodimers have also been reported in Pseudomonas aeruginosa 

(RetS and GacS, (Goodman et al., 2009)) and for Arabidopsis thaliana (Etr1 and Etr2, 

(Gao et al., 2008, Grefen et al., 2008)).  

HPKs are defined by their ability to catalyze autophosphorylation by transferring the 

g-phosphate of ATP to the conserved histidine residue in the DHp domain (Wolanin 

et al., 2002). The autophosphorylation reaction is catalyzed by the CA-domain can 

occur in cis or in trans, depending on the HPK (Casino et al., 2010). While trans-

phosphorylation is more universal, cis phosphorylation has also been reported for 

HK853 in Thermotoga maritima and PhoR in Staphylococcus aureus (Casino et al., 

2009). The CA-domain includes conserved sequence regions, termed the N, G1, F 

and G2 boxes (Gao & Stock, 2009). Crystal structures of several HPKs (Casino et al., 

2009, Gao & Stock, 2009, Casino et al., 2010) revealed the highly conserved ATP-

binding pocket is defined by several residues of the N, G1, F and G2 boxes (Gao & 

Stock, 2009). A flexible region between F and G2 box comprises the ATP-lid which 

closes the cavity (Gao & Stock, 2009, Stewart, 2010). The phosphotransfer reaction 

is mostly Mg2+-dependent, however, other ions have been reported to be essential for 

kinase activity in some specific cases (Gamble et al., 1998, Psakis et al., 2011). The 

co-factor is necessary for stabilization of the HPK-ATP complex. The hydrolysis of 

ATP is coupled to the release of Mg2+ and conformational changes in the HPK 

(Wolanin et al., 2002).  

Since chemical bonds of both phosphor-histidine (His~P) and phosphor-aspartate 

(Asp~P) residues are chemically labile, the need for dedicated phosphatases for 

signal termination was not obvious (Pereira et al., 2011). However, several 

bifunctional HPKs have been reported which also display phosphatase activity 
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(Kenney, 2010). It is now assumed that most HPKs are bifunctional (Gao & Stock, 

2009). RR dephosphorylation is important to limit the concentration of phosphorylated 

(activated) RR in order to control or reset the system output (Kenney, 2010). The first 

described bifunctional HPK was Escherichia coli NtrB (Ninfa & Magasanik, 1986). 

Over 30 years of research later, many advancements have been made to understand 

regulation and activity of histidine phosphatases and to identify them based on protein 

sequence motifs. The mechanisms found to regulate phosphatase activity in 

bifunctional HPKs are extremely versatile. Based on a comparative sequence 

analysis of the H-box sequence motif, conserved phosphatase motifs could be 

proposed for both the HisKA_3 as well as the HisKA subfamilies of HPKs (Figure 2), 

(Huynh et al., 2010)). Both motifs are directly adjacent to the conserved histidine. 

 

Figure 2: Sequence conservation of the H-box motif of histidine protein kinase classes 
HisKA_3 and HisKA. The motif analysis was modified from (Huynh et al., 2010). Motifs are further 

described in the text. 

Interestingly, the conserved histidine itself seems to have variable effects on 

phosphatase activity in different proteins, because was shown that amino acid 

substitutions of the invariant histidine can increase, decrease or not alter phosphatase 

activity (Dutta & Inouye, 1996, Haldimann et al., 1997, Hsing & Silhavy, 1997, Zhu et 

al., 2000, Chen et al., 2009, Huynh et al., 2010, Willett & Kirby, 2012). C. crescentus 

CckA phosphatase activity is not altered by a histidine to alanine substitution (Chen 

et al., 2009), while M. xanthus CrdS and E. coli EnvZ phosphatase actively are 

reduced (Dutta & Inouye, 1996, Hsing & Silhavy, 1997, Zhu et al., 2000, Willett & 

Kirby, 2012). Surprisingly, E. coli NarX (Huynh et al., 2010) and Enterococcus 

faecium VanS (Haldimann et al., 1997) phosphatase activities were even elevated by 

substituting the histidine with a glutamine. While phosphatase activity clearly 

originates in the DHp (HisKA) domain of HPKs, the CA (HATPase_c) domain seems 

also to be involved (Jiang et al., 2000, Zhu et al., 2000). However, the detailed 

mechanism remains to be experimentally elucidated.  

 

3.1.1.2 Input domains  

Most HPK proteins additionally include a sensing domain which regulates HPK 

activity. In contrast to the highly conserved signal transmission domains, sensing 

domains are very diverse and can sense variety of specific environmental stimuli. 

Sensing domains can either be located external to the cytoplasmic membrane, 

membrane embedded, or cytoplasmic (Cheung & Hendrickson, 2010) presumably 

corresponding to the location of the signal sensed.  

Many HPKs contain a transmembrane segment(s), or are somehow membrane 

associated (Galperin, 2005). The signal transmission domains must be located in the 
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cytoplasm (the sole compartment containing ATP), but sensing domains can be 

entirely extracytoplamsmic, contained as a loop between two transmembrane 

domains, or may even be comprised of the transmembrane segment(s) itself. 

However, in some cases the transmembrane domain only serves to anchor the kinase 

at the membrane, with an additional cytoplasmic sensing domain to sense internal 

signals (Hoch, 2000, Mascher et al., 2006). Nevertheless, HPKs can also be entirely 

cytoplasmic, including their sensing domains (Cheung & Hendrickson, 2010). 

Sensing domains are as versatile as the environmental signals they detect. Stimuli 

include pH, light, O2, small molecules, or even protein-protein interactions 

(summarized in (Mascher et al., 2006)). I will address only Per-ARNT-Sim (PAS) 

domains here as they are directly relevant to this study. PAS domains were first 

identified in the fruit fly D. melanogaster, but are also highly abundant in bacteria 

(Henry & Crosson, 2011). PAS domains are associated with a wide variety of signaling 

proteins including histidine kinases, serine/threonine kinases, transcription factors, 

guanylate cyclases, phosphodiesterases and even ion channels (Moglich et al., 

2009b). These domains are highly divergent at the amino acid sequence level, but 

share a conserved three dimensional fold of about 100 amino acids which compose 

a single anti-parallel, five-stranded ɓ-sheet with intervening Ŭ-helices (Moglich et al., 

2009b). The helices together with the ɓ-sheet create a pocket within which ligand 

binding often occurs. The signals detected by PAS domains show immense diversity. 

They range from dissolved gases, redox potential and visible light to ions, small 

molecules and proteins (Taylor & Zhulin, 1999, Henry & Crosson, 2011). Due to the 

low sequence homology amongst PAS domains, the prediction of ligands is very 

challenging. It was established that PAS domains form dimers or even higher order 

oligomers, which are in prokaryotes favorably homo-oligomers (Moglich et al., 2009b). 

It is currently proposed that upon signal perception, conformational changes are 

induced in the oligomers and thus the output of the module is modulated (for greater 

detail on structure and ligand binding of PAS domains see (Moglich et al., 2009b, 

Henry & Crosson, 2011)).  

 

3.1.1.3 Response regulators 

Response regulators (RR) usually function as phosphorylation-activated switches that 

mediate the adaptive response of the system (Stock et al., 2000). The prototypical RR 

consists of a conserved amino-terminal receiver (REC) domain, which includes the 

invariant aspartate, and a variable carboxy-terminal effector domain (Gao & Stock, 

2009). The REC domain of an RR has three distinct functions: it interacts with its 

cognate HPK and catalyzes the phosphotransfer to its aspartate residue; it regulates 

the activity of the effector domain in a phosphorylation-dependent manner, and it 

catalyzes its own dephosphorylation (West & Stock, 2001). Using small molecule 

phosphodonors (such as acetyl phosphate, carbamoyl phosphate, imidazole 

phosphate or phosphoamidate), it could be demonstrated that the transfer of the 

phosphoryl group from a HPK to a receiver domain is catalyzed by the RR itself (Stock 

et al., 2000). 
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A REC domain can be found as part of a multi domain RR, in hybrid HPKs, or as a 

stand-alone domain (West & Stock, 2001). The receiver domain contains about 120 

amino acids and has a globular structure of a doubly wound Ŭ/ɓ-fold (Gao & Stock, 

2009). One representative model of the receiver domain of RRs is the E. coli protein, 

CheY (Stock et al., 2000, West & Stock, 2001). The conserved residues 

corresponding to Asp12, Asp13 and Asp57 in CheY are responsible for coordinating 

an Mg2+ ion which is required for stabilization of the transition state and therefore for 

phosphoryl transfer to Asp57 (West & Stock, 2001). The cluster of conserved residues 

that surround the active site of the regulatory domain is completed by two further 

highly conserved residues: Thr87 and Lys109 (Stock et al., 2000). These two are not 

directly required for the phosphorylation/dephosphorylation reaction, but seem to be 

involved in the phosphorylation-dependent conformational changes (Stock et al., 

2000). The aspartyl-phosphate is the highest-energy phosphorylation which can exist 

in any protein (Stock & Da Re, 2000). Its high standard free energy of hydrolysis 

enables the RR to undergo large, energetically convenient conformational changes 

(Lewis et al., 1999). The interactions between the REC domain and the effector 

domain are rather weak and are destroyed by introducing this much energy into the 

protein such that the REC domain modulates activity the effector domain (Stock & Da 

Re, 2000). The effects mediated by REC~P include dimerization, higher-order 

polymerization, interactions with other proteins or a combination of these effects 

(Stock et al., 2000). 

The stability (defined by the half-life) of phosphorylated RR is regulated by the intrinsic 

phosphatase activity of REC domains and can span of six orders of magnitude (West 

& Stock, 2001, Bourret et al., 2010). It has been shown that the autodephos-

phorylation rate is greatly influenced by two variable amino acid residues 

corresponding to CheY amino acids at position 59 and 89 (Thomas et al., 2008a). 

This work showed that 20 different pairs of residues at these positions resulted in 100-

fold rages of autodephosphorylation in CheY (Thomas et al., 2008a). Additionally, in 

many cases, the dephosphorylation of the receiver can be catalyzed by the HPK, 

where the conserved His is not necessarily required (see section 3.1.1.1 and (Casino 

et al., 2010)). 

 

3.1.1.4 Output domains 

Effector domains associated with REC domains are very diverse both in structure and 

in function (West & Stock, 2001). Most often (63% of RRs) the effector domains 

comprise DNA-binding element which functions to regulate gene transcription (Gao & 

Stock, 2009). 13 % of RRs contain enzymatic effector domains, which are mostly 

involved in c-di-GMP regulation. 3 % of diverse effector domains mediate system 

output via interaction with other proteins or ligands (Gao & Stock, 2009). Finally, 17 % 

of receiver domains can function as stand-alone-module (Galperin, 2006, Gao & 

Stock, 2009). In Archaea as much as ~ 50 % of all RRs are single domain RRs 

(Bourret, 2010). The distribution of the output domains over bacterial phyla and 

Archaea shows that in Ŭ-proteobacteria, winged-helix DNA-binding domains as well 

as stand-alone RR are dominant, while in ŭ-proteobacteria stand-alone-RR and Fis-
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DNA binding domains are the most abundant (Galperin, 2010). How exactly single 

domain response regulators mediate signal outputs is not currently understood. They 

have been shown to participate in multistep phosphorelay system (e.g. 

Bacillus subtilis Spo0F (Burbulys et al., 1991)), be an allosteric effector of kinases 

(like DivK affects PleC in C. crescentus (Paul et al., 2008)) or modulate an effector 

protein by direct interaction. The best characterized output modulated by protein-

protein interaction of a stand-alone RR is the regulation of direction of flagella rotation. 

The phosphorylation-dependent interaction of CheY~P with the flagellar switch 

protein FliM has been first demonstrated in E. coli and later in other organisms such 

as B. subtilis and Salmonella typhimorium (Barak et al., 1992, Roman et al., 1992, 

Welch et al., 1993, Welch et al., 1994, Bren & Eisenbach, 1998, Szurmant et al., 2003, 

Dyer & Dahlquist, 2006).  

 

3.1.2. Serine/Threonine kinases and phosphatases in bacteria 

While His-Asp phosphorelay systems are most commonly used in bacteria for signal 

transmission, serine/threonine protein kinases (STPK) and their counterpart 

phosphatases also function in bacteria. Bacterial STPK share sequence homology 

and structure with eukaryotic serine/threonine protein kinases, but cluster in bacterial 

specific clades and are therefore termed óeukaryotic-like serine/threonine kinasesô 

(eSTK) (Pereira et al., 2011). Briefly, STPKs fold into a characteristic two-lobed 

catalytic lobe structure where the catalytic core lies in between the two lobes (Hanks 

& Hunter, 1995, Kornev & Taylor, 2010). The N-terminal lobe is usually involved in 

binding and positioning an ATP molecule as phosphodonor, while the C-terminal lobe 

facilitates binding of protein substrates and initiates the transfer of a phosphate group. 

STPKs are present in the cell either in their inactive (óoffô) or active (óonô) state and act 

as ñbiological switchesò (Huse & Kuriyan, 2002). They can be activated by diverse 

mechanisms such as subcellular localization or the binding of allosteric effectors 

(Pereira et al., 2011). Probably the most important regulatory part of a STPKs is its 

activation segment including the activation loop. Either by autophosphorylation or by 

phosphorylation by another kinase on at least one residue (serine or threonine) the 

activation loop is stabilized in a conformation that allows substrate binding and 

catalysis of phosphotransfer (Huse & Kuriyan, 2002, Nolen et al., 2004).  

The very first STPK characterized in bacteria was Pkn1 of M. xanthus (Munoz-Dorado 

et al., 1991). Pkn1 is required for proper M. xanthus development, as are several other 

STPKs which were subsequently described (Nariya & Inouye, 2002, Nariya & Inouye, 

2005c, Nariya & Inouye, 2005b, Nariya & Inouye, 2006). The first crystal structure of 

bacterial STPK was obtained from PknB of Mycobacterium tuberculosis (Ortiz-

Lombardia et al., 2003, Young et al., 2003). PknB was found to be very similar to the 

eukaryotic kinase PKA, a long studied model kinase, regarded as a prototype of 

STPKs (Madhusudan et al., 2002, Taylor et al., 2004). The number of STPKs 

identified in bacteria rapidly increases based on sequence and structural homologies. 

To date, a variety of physiological roles of STPKs have been described for cell division 

and cell wall synthesis (in Corynebacterium glutamicum, Staphylococcus aureus, 
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Enterococcus faecalis, Streptococcus mutans and M. tuberculosis); secondary 

metabolism (in Streptomyces coelicolor), virulence and central metabolism (in 

M. tuberculosis, B. subtilis, S. coelicolor, Yersinia pseudotuberculosis, S. aureus and 

E. faecalis) as well as developmental processes (in B. subtilis, Streptomyces collinus 

and M. xanthus) (summarized and reviewed in detail in (Pereira et al., 2011)).  

Since Ser/Thr phosphor-esters are in general rather stable, dedicated phosphatases 

are required to terminate signaling cascades. Eukaryote-like serine/threonine 

phosphatases (eSTPs) have been identified in both Gram-positive and Gram-

negative bacteria (Pereira et al., 2011). eSTPs compose a subfamily among the 

metal-dependent phosphatases and share a conserved catalytic domain with 

eukaryotic PP2C including 11 ï 13 signature motifs and eight conserved residues 

(Pereira et al., 2011). While in eukaryotes typically each STPK has a dedicated, 

cognate phosphatase, this seems not to be the case in bacteria (Pereira et al., 2011). 

For example, M. tuberculosis encodes 11 STPKs and only one phosphatase (Av-Gay 

& Everett, 2000). In total less abundant and less well studied than STPKs so far, 

phosphatases seem to play similar physiological roles. They are described to be 

involved in cell division and peptidoglycan synthesis (in B. subtilis and S. mutans), 

virulence (in Listeria monocytogenes, Bacillus antracis and S. aureus) and 

developmental processes (in B. subtilis and M. xanthus) (summarized and reviewed 

in detail in (Pereira et al., 2011)). 

 

 

3.2. Multicellularity and cell differentiation ï the social life of 
 bacteria 

For decades, bacteria have been viewed as unicellular organisms colonizing many 

diverse habitats. The highly coordinated and complex multicellular developmental 

cycles of for instance Myxococcus xanthus and Streptomyces spp. had been 

regarded as exotic exceptions to this. It is now apparent that most bacteria at live in 

(multispecies) biofilms, often composed of differentiated cells or even multiple species 

(van Gestel et al., 2015, Tan et al., 2017). The paradigm shift to viewing bacteria as 

multicellular organisms rather than free-living unicellular individuals was initiated by 

James Shapiro, who reviewed the variety multicellular lifestyles known at that time: 

cyst formation under nitrogen limitation in Anabaena, root infection and colonization 

of Rhizobium, cell differentiation of Pseudomonas putida as well as Proteus mirabilis 

(Shapiro, 1988). Also, three interesting features were already described for 

M. xanthus: directed group movement towards prey, formation of predatory spheres 

in water as well as the formation of fruiting bodies upon starvation.  

Today it is widely accepted that bacteria predominantly exist as multicellular 

communities and differentiate into distinct cell types. Bacterial populations can benefit 

from multicellularity with respect to defense (persistence against antagonists by 

collective secretion of substances), offense (increase in virulence, colonization of new 

niches) and facilitation of viability (better accessibility of food resources and efficient 
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proliferation) (Shapiro, 1998, West et al., 2007). Appearances of multicellularity are 

highly diverse (recently reviewed in (West et al., 2007, Claessen et al., 2014)); 

prominent and well-studied forms include:  

i) Production of ópublic goodsô e.g. extracellular DNA, antibiotics, membrane 

vesicles, quorum sensing molecules and siderophores,  

ii) Transient biofilm formation of Bacillus subtilis, S. aureus, 

Pseudomonas aeruiginosa and E. coli;  

iii) Developmental programs culminating in resistant cell forms in 

Streptomyces spp., Anabaena spp., M. xanthus and B. subtilis.  

Multicellularity is almost always accompanied by cell differentiation and population 

heterogeneity. Population heterogeneity is thought to benefit the entire population by 

creating specialized cells able to survive sudden changes in the environment (Lopez 

et al., 2009b). Phenotypic heterogeneity is often created in pathogen species as an 

attempt to escape the immune response of the host (Lewis, 2007). This strategy is 

often termed as óbet-hedgingô and ensures the survival of the species.  

An interesting cell fate is ólysisô, which was observed in starving populations of both 

B. subtilis and M. xanthus (Wireman & Dworkin, 1977, Lopez et al., 2009b). Lysing 

cells are thought to provide the starving population with nutrients (Wireman & 

Dworkin, 1977, Gonzalez-Pastor, 2011). However, if this is an altruistic event or if cell 

lysis is forced by other cells remains an open discussion. For B. subtilis, it was found 

that some cells release a toxin to which they themselves are immune but which kills 

cells nearby (Lopez et al., 2009a). On the other hand, cell death in M. xanthus has 

been frequently described as ósuicideô and would thus be regarded as altruism. 

However, experimental evidence for this hypothesis is lacking so far.  

Variance in phenotypes has also been speculated to be utilized in order to explore 

and colonize new terrain and niches. Some species, such as Caulobacter crescentus, 

produces both motile and sessile cells (Skerker & Laub, 2004). While the sessile cells 

ensure population survival in the existing niche, motile swarmer cells can reach out to 

explore new feeding grounds (Dubnau & Losick, 2006). By differentiation into the 

sessile form, new niches can be colonized and acquired. Combining all the benefits 

from phenotypic heterogeneity in terms of motility, ópublic goodsô production, DNA 

uptake and environmentally resistant spore formation, B. subtilis is currently one of 

the best studied model organisms of multicellularity and cell differentiation among 

prokaryotes (Lopez et al., 2009b, Lopez et al., 2009a, Shank & Kolter, 2011, Vlamakis 

et al., 2013, Tan & Ramamurthi, 2014). B. subtilis can differentiate into at least eight 

distinct cell fates. All these differentiation events are controlled by the three master 

regulators Spo0A, DegU and ComA, which regulate gene expression (Lopez et al., 

2009b). Briefly, activation of DegU by phosphorylation (DegU~P) leads to the 

production and secretion of proteases (subpopulation óminorsô, Figure 3). 

Phosphorylation of ComA (ComA~P) leads to a surfactin producing subpopulation 

which can undergo a second differentiation event generating competent cells 

(subpopulations ósurfactin producersô and ócompetentô, Figure 3). Activated Spo0A 

(Spo0A~P) leads to the generation cells capable of biofilm matrix production, 
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cannibalism (toxin production and secretion) and endospore formation 

(subpopulations ómatrix producersô, ócannibalô and ósporeô, Figure 3). Hereby, the 

concentration of Spo0A~P in the cell is crucial, as low concentrations lead to the 

formation of matric producers and cannibals, while high Spo0A concentrations induce 

sporulation genes.  

 

Figure 3: Three master regulators define cell fate segregation of a genetically identical 
population in B. subtilis. Master regulators are written in blue. Figure was adopted from (Lopez 

& Kolter, 2010) 

Similarly, cell differentiation has been observed in M. xanthus both during vegetative 

growth and within the starvation induced developmental program. In a vegetative 

swarm, ócell clustersô can be isolated which are distinctively different from the other 

vegetative cells (Lee et al., 2012). During the complex developmental cycle three cell 

fates have been identified: formation of environmentally resistant spores (Dworkin, 

1966, Zusman et al., 2007), persister-like cells termed óperipheral rodsô (O'Connor & 

Zusman, 1991a) as well as programmed cell death (Wireman & Dworkin, 1977, Nariya 

& Inouye, 2008, Lee et al., 2012). M. xanthus was used as the model organism in this 

study and will be described in more detail in the next sections.  
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3.3. Myxococcus xanthus as a model organism for cooperative 
 behavior in bacteria 

Originally isolated from rabbit dung (Beebe, 1941), Myxobacteria are ubiquitous in soil 

and rotten wood, as well as aquatic habitats preferentially in warm areas (Shimkets 

et al., 2006). The best studied member of this group of ŭ-proteobacteria is 

Myxococcus xanthus, which has become a prokaryotic model organism for 

multicellular development and cell differentiation (Lee et al., 2010). With the fully 

annotated genome, which became available in 2006 (Goldman et al., 2006), it is 

possible to generate specific mutants to study the role of genes and their protein 

products, or even the phenotypic effect of single amino acid substitutions in vivo (Lee 

et al., 2010).  

Both stages of the complex life cycle of M. xanthus, vegetative predation and 

multicellular development, are mediated by coordinated movement (Shimkets, 1999, 

Munoz-Dorado et al., 2016). During vegetative growth, M. xanthus forms multicellular 

swarms which move in a coordinated fashion using two independent gliding motility 

systems termed adventurous (A-) and social (S-) motility (recently reviewed in (Nan 

& Zusman, 2011, Schumacher & Sogaard-Andersen, 2017)). When encountering 

prey microorganisms, the M. xanthus swarm secretes antibiotics and enzymes which 

paralyze and eventually digest their prey (recently reviewed in (Keane & Berleman, 

2016)). Upon starvation, a developmental program is triggered in which cells move 

into aggregation centers, eventually forming mature fruiting bodies filled with 

environmentally resistant spores (recently reviewed in (Bretl & Kirby, 2016, Kroos, 

2017)). During all these processes M. xanthus cells communicate via cell-cell 

communication, self-secreted extracellular matrix as well as exchange of outer 

membrane vesicles (Velicer & Vos, 2009, Pathak et al., 2012, Cao et al., 2015, 

Munoz-Dorado et al., 2016).  

 

3.3.1. Benefits of cooperative behaviors in Myxococcus xanthus 

For half a century, M. xanthus has been a model organism to study social behaviors 

in bacteria (Cao et al., 2015). Living in groups is an obligate situation for many bacteria 

as a consequence of the requirements of various traits. Interestingly, this is not the 

case for M. xanthus as it is capable of a solitary lifestyle (Velicer & Vos, 2009). Cells 

can move in isolation by A-motility and thus migrate away from groups. Nonetheless, 

it has been observed in most natural isolates that most cells do return to the group or 

are even hindered from wandering off by slime trails or adhesive surface components 

(Velicer & Vos, 2009). Individual M. xanthus cells are proposed to struggle to survive 

(Reichenbach, 1999), yet, as a collective are very successful predators (Cao et al., 

2015). Their great abundance in a wide range of water and soil habitats suggests they 

might even be a dominant species as a collective (Singh, 1947, Reichenbach, 1999, 

Li et al., 2012, Cao et al., 2015). While little is understood about the precise benefits 

resulting from cooperate behavior of M. xanthus, it is clear that there is a fitness 

advantage associated with social traits (Velicer et al., 1998). In a physiologically 
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structured environment, cooperative behaviors seem to be favored, while in 

physiologically unstructured environments, the benefits and rewards of such are 

mute. In the past, social evolution was studied in a laboratory experimental setup of 

asocial conditions (Velicer & Stredwick, 2002). By conducting an evolution experiment 

in an asocial, nutrient rich environment, changes in the social interactions of 

M. xanthus could be quantified (Velicer et al., 1998). Of 12 derived lines, only three 

were able to form fruiting bodies at all, but they were irregularly shaped and small 

(Velicer et al., 1998). The majority of strains showed reduced potential to sporulate or 

even lost this ability completely. The study could also show that more than half of the 

derived lines lost S-motility while maintaining A-motility (Velicer et al., 1998). The 

authors suggest that natural populations which frequently encounter physiologically 

unstructured environments may exhibit lower levels of social cooperative behaviors. 

Indeed, a large natural variation of both gliding motility and development could be 

experimentally confirmed (Vos & Velicer, 2008, Kraemer et al., 2010).  

Another study found that the predatory behavior of M. xanthus can evolve in less than 

300 generations based on the availability of prey bacteria (Hillesland et al., 2009). It 

was determined that populations that evolved on low prey density exhibited faster 

search rates than those evolved on high prey density plates. Whereas the populations 

allowed to evolve on high prey density showed more improvement in handling prey 

than the ones evolved on low prey densities. Interestingly, all evolved populations 

suffer losses in their ability to produce fruiting bodies upon starvation (Hillesland et 

al., 2009). The authors concluded that social microorganisms can evolve their 

predatory and other social behaviors depending on the requirements thereof (Velicer 

et al., 1998, Velicer et al., 2002, Hillesland et al., 2009). 

The benefit of the formation of spore filled fruiting bodies for M. xanthus remains 

unclear to date. The vegetative lifestyle of M. xanthus swarms (prey on other 

microorganisms) raised the idea that multicellular fruiting bodies could be dispersed 

by animals to new feeding grounds. There, a multitude of cells could germinate in a 

group and immediately form a new swarm benefiting from cooperative feeding 

(Kaiser, 2001). Not necessarily a contradictory hypothesis was claiming spores inside 

of fruiting bodies might be better protected from environmental insults (Velicer & 

Hillesland, 2008, Dahl et al., 2011). However, experimental evidence for either 

hypothesis is so far lacking.  

 

3.3.2. The developmental program of Myxococcus xanthus is controlled by 

 complex gene regulation networks 

Upon nutrient limitation, M. xanthus enters a complex, highly organized 

developmental program (Figure 4), which culminates in the production of heat and 

sonication resistant spores (Sudo & Dworkin, 1969) inside multicellular fruiting bodies. 

During this program, the swarm divides into at least three distinct developmental cell 

fates (Wireman & Dworkin, 1977, O'Connor & Zusman, 1991a, Lee et al., 2012). 

Approximately 80 % of the starting population lyse likely due to programmed cell 

death, while only 15 % aggregate to build up mounds of approximately 105 cells. 
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Within these, cells eventually differentiate into environmentally resistant spores 

generating mature fruiting bodies. The remaining 5 % of the starting population stay 

outside the fruiting bodies in a persister-like state termed peripheral rods. Once 

nutrient-rich conditions are sensed again, spores are able to germinate and to reenter 

the vegetative growth state. 

 

Figure 4: The multicellular life cycle of M. xanthus. When a vegetatively growing swarm 

encounters nutrient limitation, it induces a complex developmental program. During this program 
the isogenetic swarm differentiates into at least three distinct cell fates. Starving cells form mounds 
(aggregation centers), which will mature to fruiting bodies. Exclusively inside fruiting bodies, cells 
differentiate into environmentally-resistant spores. The majority of the starting population lyses, 
while a minority remains outside of fruiting bodies and are termed peripheral rods. 

Of the three developmental cell fates, fruiting body formation and sporulation are the 

best understood to date. Fruiting body formation is tightly regulated by production and 

response to extracellular cues as well as a large gene regulatory network (Bretl & 

Kirby, 2016, Kroos, 2017). The gene regulatory network is composed of His-Asp 

phosphorelay systems and transcription factors which themselves comprise 

sequential and combinatorial cascades (Kroos, 2017). Consequently, more than 10 % 

of all genes of M. xanthus were found to be subject to developmental gene regulation 

(Huntley et al., 2011). The complex developmental gene regulatory network has been 

is composed of four key modules: the Mrp-, FruA-, Nla24- and enhancer-binding-

protein (EBP) cascade modules (see Figure 5; (Kroos, 2017)). The high abundance 

of transcription regulating proteins as well as the complex regulation and connectivity 

of signaling systems suggests that M. xanthus displays an unusually highly evolved 

signaling mechanism to orchestrate the temporal and spatial formation of fruiting 

bodies (Bretl & Kirby, 2016, Kroos, 2017). 



INTRODUCTION 

 

18 

 

 

Figure 5: The complex gene regulatory network orchestrating fruiting body formation during 
M. xanthus starvation. Starvation causes the second messengers (p)ppGpp and c-di-GMP to 

accumulate in the cells and induces the Mrp (orange) and enhancer-binding-protein (EBP, blue) 
cascade modules. Further, the FruA (green) and Nla24 (red) modules are activated. The four 
modules, together with extracellular signals (A- and C-signal), build a complex network of feedback 
loops to eventually regulate gene expression appropriately for formation of fruiting bodies. Here, 
only the Mrp-module will be considered in detail (see text). The entire network was recently 
reviewed in (Kroos, 2017). Figure was obtained from (Kroos, 2017) 

Depletion of nutrients is sensed at the single cell level via the stringent response (Bretl 

& Kirby, 2016). Deficiency of energy, phosphate, carbon sources and (as a result of 

these) amino acids is sensed by a RelA-dependent accumulation of (p)ppGpp (Diodati 

et al., 2008). The accumulation of (p)ppGpp is both necessary and sufficient to trigger 

initiation of the developmental program (Harris et al., 1998). The stringent response 

is proposed to initiate the developmental program by inducing the A-signal as a 

response to accumulation of uncharged tRNAs (Singer & Kaiser, 1995). The A-signal 

consists of a set of six amino acids (Trp, Pro, Phe, Tyr, Leu, Ile), peptides consisting 

of those and proteases that are capable of releasing these from M. xanthus cells by 

extracellular proteolysis (Kaiser, 2004). The concentration of A-signal molecules is 

directly proportional to the M. xanthus cell density (Kaiser, 2004). The intracellular 

response to A-signal results in up-regulation of a set of genes which are A-signal and 

starvation dependent (Kaiser, 2004). 

Among the genes up-regulated in response to starvation and A-signal is the mrp 

locus, which consists of the mrpAB operon and the following gene mrpC and is 

essential for both aggregation and sporulation during the development of M. xanthus 

(Sun & Shi, 2001b, Sun & Shi, 2001a). The locus encodes the proteins MrpA, a 

proposed cytoplasmic histidine protein kinase; MrpB, an NtrC-like response regulator 

with a putative sigma54-activator domain as well as MrpC, a transcription factor which 

belongs to the cyclic-AMP receptor protein family. Genetic evidence suggests 

MrpB~P induces aggregation (Sun & Shi, 2001b). However, MrpA is unlikely MrpBôs 

cognate kinase because both ȹmrpB as well as MrpBD58A mutants are defective in 

aggregation and sporulation, a ȹmrpA mutant merely shows defects in sporulation 

(Sun & Shi, 2001b). Expression of mrpC is dependent on MrpB but interestingly not 

on MrpA (Sun & Shi, 2001b). MrpC in turn is a key transcription factor of 

developmental gene regulation. A ChiP-Seq study of a developing M. xanthus 

population revealed MrpC binding sites in the promotor regions of almost 300 genes 

(Robinson et al., 2014). Hence, it is not surprising that MrpC itself is subject to very 
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tight regulation at transcriptional and post-translational levels. An auto-amplification 

loop was proposed for mrpC, which would lead to a sudden increase in MrpC 

accumulation upon first induction of expression of the gene (Sun & Shi, 2001b, Nariya 

& Inouye, 2006). However, recent data suggests MrpC instead negatively regulates 

its own expression by interfering with the MrpB dependent regulation of mrpC 

expression ((Bhardwaj, 2013) and P.T. McLaughlin and P.I. Higgs, unpublished data). 

On the post-translational level, MrpC was proposed to be activated by proteolytic 

processing in which the N-terminal ~25 amino acids removed to form MrpC2 (Nariya 

& Inouye, 2006). MrpC2 was found to bind target promotors with a higher affinity than 

full length MrpC and was thus suggested to compose another signal amplification 

stimulus towards aggregation and sporulation (Nariya & Inouye, 2006). However, 

recent data of both two independent laboratories suggest MrpC2 to be an artefact of 

sample preparation and thus will not be considered further in this work (individually 

found by the teams of P.I. Higgs and L. Kroos, unpublished data). MrpC was further 

proposed to be phosphorylated on a threonine residue by the Pkn8-Pkn14 

serine/threonine kinase cascade (Nariya & Inouye, 2005c). Phosphorylation of MrpC 

was proposed to decrease the proteins activity and negatively regulate mrpC 

expression (Nariya & Inouye, 2005c). However, recent data suggests MrpC~P is 

necessary to induce both aggregation and sporulation (B.E. Feeley and P.I. Higgs, 

unpublished data).  

MrpC is also subject to proteolytic turnover. First, MrpC turnover is regulated by the 

Esp His-Asp phosphorelay system (further described below, see section 3.4.3.1; 

(Schramm et al., 2012)). Esp~P stimulate an unknown protease to control MrpC 

accumulation during the aggregation stage of development. In the esp mutants, MrpC 

accumulates rapidly, causing uncoordinated fruiting body formation and inappropriate 

cell fate segregation (Higgs et al., 2008, Lee, 2009, Schramm et al., 2012). Second, 

MrpC could be shown to be highly sensitive to nutrient-regulated proteolysis 

(Rajagopalan & Kroos, 2014). The commitment to development was studied by 

adding nutrients back to a starving population and it was determined if development 

continued or was abolished. Both before and during the critical period of commitment 

to sporulation, addition of nutrients resulted in a rapid turnover of MrpC (Rajagopalan 

& Kroos, 2014). Since completion of the developmental program comes at the 

expense of losing the majority of the swarm, the authors speculate that regulation of 

MrpC turnover is a strategy to escape commitment to this process (Rajagopalan & 

Kroos, 2014).  

One of MrpCs target genes is the orphan response regulator fruA (Ueki & Inouye, 

2003). Whether FruA is phosphorylated and how this potential phosphorylation affects 

its activity is still under debate (Mittal & Kroos, 2009b). It was proposed that FruA 

becomes activated in response to C-signal (Ellehauge et al., 1998). The C-signal is a 

proteolytic product (17 kDa) of the cell-surface protein CsgA (25 kDa) and proposed 

to amplify signaling cascades inside of aggregates due to enhanced cell-cell-contacts 

(Kim & Kaiser, 1990c, Kim & Kaiser, 1990b, Kim & Kaiser, 1990a, Lobedanz & 

Sogaard-Andersen, 2003). The receptor which senses C-signal molecules is not yet 

known, but upon sensing C-signal, CsgA protein expression up-regulated, which in 

turn leads to an amplification of the signal itself (Sogaard-Andersen, 2004). Active 
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FruA is thought to stimulate the methylation of the Frz chemotaxis pathway, which is 

then proposed to direct cells to aggregate into mounds (Zusman et al., 2007). The 

increase of cell-cell-contact in these mounds is proposed to further stimulate C-signal 

and thereby create a positive feedback-loop increasing FruA activation (Kaiser, 2004).  

FruA has been shown to accumulate in a cell fate specific manner. Cells in aggregates 

accumulate both MrpC and FruA, while cells outside do not (Lee et al., 2012). The 

completion of development is dominated by positive feedback loops, MrpC regulates 

fruA, FruA regulates frzCD, the Frz system directs cells into aggregation centers and 

therefore C-signal is enhanced by an increase of cell-cell-contacts and thus all of the 

above are further stimulated (Bretl & Kirby, 2016). Together, MrpC and FruA are 

thought to regulate genes which are important for completion of the developmental 

program and sporulation (Mittal & Kroos, 2009b, Mittal & Kroos, 2009a). They bind 

cooperatively to the fmg genes (FruA and MrpC regulated genes) as well as the dev 

promoter (Mittal & Kroos, 2009b, Mittal & Kroos, 2009a, Lee et al., 2011b, Son et al., 

2011, Campbell et al., 2015). Induction of the dev operon is required for sporulation 

(Thony-Meyer & Kaiser, 1993), as is expression of the exo and nfs loci (Muller et al., 

2010, Muller et al., 2012). Taking advantage of chemically induced sporulation, which 

uncouples the developmental processes of aggregation and sporulation, the trans-

criptional regulation of genes required merely for pure sporulation was investigated 

(Muller et al., 2010). Interestingly, it was found that while 60 of 67 genes previously 

reported to be important for developmental progression were unregulated under these 

conditions, both mrpC and fruA were up-regulated. These data together with the 

observation that a ȹmrpC mutant is unable to produce glycerol induced spores, 

suggests MrpC to be the key transcriptional regulator inducing essential genes for 

developmental progression as well as core sporulation genes (Muller et al., 2010).  

 

3.3.3. Population heterogeneity ï cell differentiation in vegetative and 

 developing Myxococcus xanthus swarms 

In organisms living cooperatively, like M. xanthus, population heterogeneity is a 

widespread phenomenon and thought to contribute to environmental fitness and 

therefore ensuring survival of the population. Phenotypic heterogeneity refers to the 

division of a genetically identical population into subpopulations with distinctive 

specialization. During vegetative growth, two types of heterogeneity have been 

described (phase variation and cell clusters), while the developing population divides 

into at least three distinct cell fates (fruiting body formation and sporulation, cell lysis 

and peripheral rods) (Higgs et al., 2014).  

Phase variation in M. xanthus arises through the production of the pigment 

DKxanthine and thus allows the distinction of óyellowô and ótanô cells (Meiser et al., 

2006). It is important to note that cells can switch from state to state and that all 

populations contain a mixture of the two and the persistence of both variants suggests 

them both to be essential for population survival (Burchard & Dworkin, 1966, Laue & 

Gill, 1995, Higgs et al., 2014).  
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Differential centrifugation was established as a tool to separate M. xanthus cells 

inside of aggregates from solitary cells (Lee et al., 2011a, Lee et al., 2012). During 

vegetative growth, 25 % of cells can be isolated as an óaggregatedô cell fraction which 

was termed cell clusters (Lee et al., 2012). Cell clusters appear to be encased in 

extracellular polymeric substances (EPS) (Berleman et al., 2011). Some proteins 

have been shown to be exclusively present in cell clusters, (e.g. FibA) (Lee et al., 

2011a), or are differentially modified (i.e. methylation status of FrzCD, (Higgs et al., 

2014)). Moreover, the analysis of several developmental markers suggested that cell 

clusters likely follow a different developmental program (Lee et al., 2012, Higgs et al., 

2014). The biological relevance of cell clusters is not well understood. Several roles 

have been proposed, which include clusters might be the M. xanthus equivalent to 

more sophisticated óstalksô of fruiting bodies in related species (Reichenbach, 1993), 

a platform to for fruiting body formation (Curtis et al., 2007) or mediate appropriate 

spacing between fruiting bodies (Xie et al., 2011). 

During the starvation induces developmental program, three distinct cell fates can be 

observed. Approximately 15 % of a population entering the developmental program 

will differentiate into myxospores (O'Connor & Zusman, 1991a). Myxospores are 

produced in order to survive long term nutrient limitation and environmental insults. 

They have been shown to be resistant to heat, sonication, UV-irradiation, detergents 

and enzymatic digestion (Dworkin & Sadler, 1966, Sudo & Dworkin, 1969). Spores 

are generally formed within multicellular fruiting bodies; the proposed benefits of 

fruiting body formation were discussed above (section 3.3.1), as was genetic 

regulatory network controlling fruiting body formation (section 3.3.2). Myxospore 

differentiation involves a major reorganization from a rod shape into sphere, as well 

and the synthesis and maturation of a rigid spore coat on the surface of the outer 

membrane (Muller et al., 2012, Higgs et al., 2014, Holkenbrink et al., 2014). Moreover, 

a massive reorganization of gene transcription accompanies sporulation (Muller et al., 

2010), and replication is altered (Tzeng & Singer, 2005, Tzeng et al., 2006). Once 

nutrients are available again, spores can germinate into vegetative cells and thus 

create a new predatory swarm.  

The majority of the starting population (80 %) lyses during the course of development. 

Cell lysis was proposed to provide nutrients to the remaining starving population in 

order to offer them enough energy to complete the sporulation program (Wireman & 

Dworkin, 1977). It is still under debate as to whether cell lysis is achieved though 

autolysis (suicide) and therefore could be considered an altruistic event, or whether 

other cells secrete toxins and thus induce cells to lyse. It was proposed that cell lysis 

is achieved through a programmed cell death event (Nariya & Inouye, 2008) mediated 

by a novel toxin-antitoxin mechanism comprised of MazF as toxin and MrpC as anti-

toxin (Nariya & Inouye, 2008). However, more recent data suggested this phenotype 

is only observed in the strain DK101 and could not be reproduced in the two wild type 

strains DZ2 and DK1622 (Lee et al., 2012). Furthermore, the phenotypic differences 

of mazF deletion observed in DK101 are due to the known pilQ1 mutant allele present 

in DK101 (Boynton et al., 2013). Subsequent studies demonstrated that rather than 

the original proposal of MrpC as an anti-toxin for MazF endoribonuclease activity 
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(Nariya & Inouye, 2008), MrpC actually stimulates MazF activity as an RNA 

interferase (Boynton et al., 2013). 

The remaining 5 % of the starting population of cells remain outside of fruiting bodies 

in a persister-like state, termed peripheral rods (O'Connor & Zusman, 1991a). 

Peripheral rods are different from vegetative rods and fruiting body cells as they do 

not accumulate lipid bodies (Hoiczyk et al., 2009), do not significantly accumulate 

EPS (Lee et al., 2012), and contain a unique proteome (O'Connor & Zusman, 1991b) 

including differential accumulation of key developmental regulators (O'Connor & 

Zusman, 1991b, Lee et al., 2011a, Lee et al., 2012). It has been proposed that early 

in the developmental program, cells destined to sporulate replicate their genome to 

become 2N, while peripheral rods could be shown to only contain a 1N genome 

(Tzeng et al., 2006). However, using an alternate approach, peripheral rods where 

also shown to be 2N (Bhardwaj, 2013). Peripheral rods are non-motile and do not 

divide, yet, both these features can be regained by addition of nutrients (O'Connor & 

Zusman, 1991c). The ability of peripheral rods to form fruiting bodies when plated on 

starvation media at a sufficiently high cell density was investigated in two studies, 

leading to contradictory results. While one study found peripheral rods retained the 

ability to form fruiting bodies (O'Connor & Zusman, 1991c), the other one did not 

observe fruiting body formation (Hoiczyk et al., 2009). The divergent results might be 

explained by the use of different wild type strains as well as experimental conditions 

of the studies (Higgs et al., 2014). Since cell density of peripheral rods is rather low, 

it has been suggested that C-signal is not induced in those cells and thus sporulation 

specific genes are not expressed (Julien et al., 2000). The proportion of peripheral 

rods produced increases with the level of nutrients in the starvation media (O'Connor 

& Zusman, 1991c). The authors therefore proposed that peripheral rods serve to take 

advantage of low level of nutrients which sufficient to support growth of the entire 

population (O'Connor & Zusman, 1991c, Higgs et al., 2014). 

 

 

3.4. Signaling in Myxococcus xanthus 

The abundance of signaling systems used by a microorganism is often referred to as 

óbacterial IQô (Galperin, 2005). Genome studies suggest that the ŭ-proteobacteria, to 

which M. xanthus belongs, have the greatest average proportion of their genomes 

dedicated to signaling genes and therefore generate a remarkable óbacterial IQô for 

sensing their environmental stimuli (Galperin, 2005, Galperin et al., 2010). M. xanthus 

is subject to a variety of stresses and stimuli, both biotic and abiotic, in its complex 

native environment. These external signals must be sensed and integrated efficiently 

to appropriately adjust the communal behavior. Additionally, the coordinated behavior 

of a multitude of cells is essential for the sophisticated multicellular lifestyle of 

M. xanthus (Whitworth & Cock, 2008). Hence, it is not surprising that genes encoding 

signal transmission proteins are abundant in the M. xanthus genome (Table 1). 

Interestingly though, the number of DNA binding proteins (i.e. transcriptional 

regulators) is underrepresented ((Goldman et al., 2006, Schneiker et al., 2007) and 
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MiST database (Ulrich & Zhulin, 2010)). The high abundance of more complex 

signaling systems highlights the great signaling potential of this organism and makes 

it an ideal model organism to study diverse and novel signal transduction 

mechanisms. 

Table 1: Signaling proteins encoded in several bacteria. Table was adapted from P.I. Higgs. 

organism 
genome 

size 
(Mbp) 

# proteins* 

His-Asp 
phosphorelay 

STPK 
DNA-

binding 

C. crescentus  
NA1000 

4.0 
105 

(2.7%) 
0 195 

(5.0%) 

B. subtilis 
subsp. subtilis str. 168 

4.2 
71 

(1.7%) 
3 

(0.07%) 
271 

(5.8%) 

E. coli  
MG1655 

4.6 
60 

(1.3%) 
0 266 

(5.6%) 

P. aeruginosa 
PAO1 

6.3 
127 

(2.3%) 
5 

(0.08%) 
422 

(7.6%) 

S. coelicolor  
A3(2) 

9.1 
227 

(2.8%) 
36 

(0.4%) 
728 

(8.9%) 

M. xanthus  
DK1622 

9.1 
263 

(3.6%) 
98 

(1.3%) 
258 

(3.5%) 

* Proteins were identified utilizing the Microbial Signal Transduction Database 2.2 (MIST2.2; 
mistdb.com) (Ulrich & Zhulin, 2010). 

 

 

3.4.1. Eukaryotic-like Serine/Threonine protein kinases and phosphatases in 

 Myxococcus xanthus  

The M. xanthus genome encodes 99 putative serine/threonine protein kinases 

(STPK), and 88 of these are predicted to contain all the conserved amino acids 

required for kinase function (Perez et al., 2008). The remaining eleven of these 

proposed to be inactive for kinase activity, and may be either pseudogenes or have 

an alternate function. The majority of M. xanthus STPKs have not been thoroughly 

studied (reviewed in (Inouye et al., 2008)), but some have shown to have important 

roles in developmental regulation and motility (Munoz-Dorado et al., 1991, Inouye et 

al., 2000, Udo et al., 2000, Nariya & Inouye, 2002, Thomasson et al., 2002, Nariya & 

Inouye, 2003, Nariya & Inouye, 2005b, Nariya & Inouye, 2005c, Nariya & Inouye, 

2005a, Nariya & Inouye, 2006, Stein et al., 2006, Inouye & Nariya, 2008). Arguably 

the best studied to date are Pkn8 and Pkn14 (Nariya & Inouye, 2005b, Nariya & 

Inouye, 2005c, Nariya & Inouye, 2005a, Nariya & Inouye, 2006, Inouye & Nariya, 

2008). It is proposed for this pathway that Pkn8 phosphorylates Pkn14 under 

vegetative growth conditions. Activated Pkn14 is thought to phosphorylate the 

transcription factor MrpC, hindering its activation. Under starvation conditions, this 

cascade is proposed to be switched off, thus, allowing activation of MrpC. The 

Pkn8/Pkn14 cascade is supposed to be anchored and coordinated by (multi)kinase-
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associated proteins KapA, KapB and KapC (Nariya & Inouye, 2005b, Nariya & Inouye, 

2005a). It should be noted however, that this pathway was studied in the DZF1 back-

ground and many of the mutant phenotypes are not reproduced in the DZ2 or DK1622 

backgrounds (B.E. Feeley, V. Bhardwaj, X. Mei and P.I. Higgs, unpublished data). 

Due to the chemical stability of phosphoester bonds, signal termination for 

serine/threonine phosphorylation-dependent activation requires dedicated 

phosphatases. Only 14 protein phosphatases have been identified in the M. xanthus 

genome (Treuner-Lange, 2010) and most of them not coupled in operons with kinases 

(Treuner-Lange, 2010). Of these 14 predicted phosphatases, only three have been 

investigated so far (Treuner-Lange et al., 2001, Garcia-Hernandez et al., 2009, 

Kimura et al., 2011). All three have been reported to be necessary for proper 

aggregation and sporulation, however, not in the same regulatory pathway. To date, 

no relationship between kinase (cascades) and phosphatases have been 

demonstrated in M. xanthus signal transduction (Munoz-Dorado et al., 2014).  

 

3.4.2. Myxococcus xanthus His-Asp phosphorelay systems  

An analysis of the M. xanthus genome revealed 251 His-Asp phosphorelay signaling 

protein encoding genes (non-chemosensory), including 118 HPKs, 119 RRs and 14 

HPK-like proteins (Shi et al., 2008). Surprisingly, only 29 % of these genes (37 pairs) 

are encoded in the usual paired gene organization. Interestingly, 16 % (14 identified 

clusters) are encoded as complex gene arrangements which are defined as a gene 

locus encoding more than two His-Asp phosphorelay signaling genes). 55 % (154 

genes) are orphans defined as a gene encoding a His-Asp phosphorelay signaling 

protein not flanked by another His-Asp phosphorelay signaling coding gene) (Shi et 

al., 2008). In these orphan or complex gene clusters, atypical HPKs (either hybrid 

kinases or cytoplasmatically localized) as well as atypical RRs (lacking a DNA binding 

domain or single domain RR) are overrepresented (Shi et al., 2008). These 

observations are consistent with the hypothesis that signal transmission in M. xanthus 

involves highly integrated branched signaling pathways rather than the simpler 1:1 

signal transduction systems employed by many bacteria (Shi et al., 2008, Whitworth 

& Cock, 2008).  

 

3.4.3. Signal transduction systems constrain developmental progression in 

 Myxococcus xanthus 

Several mutants of M. xanthus have been described which show accelerated 

development and perturbed cell fate segregation upon starvation; these genes have 

collectively been termed negative regulators (NR) of developmental progression. 

Most of these genes were identified in a transposon mutagenesis screen (K. Cho, P.I. 

Higgs and D.R. Zusman, unpublished data; (Lee et al., 2005)) and were subsequently 

mapped to orphan histidine protein kinase genes: espA (1 mutant), espC (1 mutant), 

red locus (5 mutants) (see section 3.4.3.2), and MXAN_4465 (2 mutants) (see section 
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3.4.3.4) (Lee et al., 2005, Lee, 2009). An additional orphan kinase was placed in this 

NR group based on a previously described phenotype (Rasmussen & Sogaard-

Andersen, 2003, Lee, 2009).  

Each individual mutant produced fruiting bodies with perturbed in fruiting body orga-

nization and defects in cell fate segregation (spores could be identified amongst 

peripheral rods, outside of fruiting bodies) (Lee, 2009). Genetic epistasis experiments 

suggest these proteins function in three parallel signaling pathways comprised of 

EspAC, Red, and TodK (MXAN_4465 was not analyzed for epistasis). Double 

mutants of esp, red or todK display additive phenotypes in which fruiting body 

morphology is progressively more disorganized. In a mutant missing all three systems 

(DZ2 ȹespA ȹespC ȹred(CDEF) todK::tet, designated ȹNR) spores are produced so 

early that fruiting body morphology is completely destroyed (Lee, 2009). Interestingly, 

analysis of developmental subpopulations indicated the proportion of cells inside 

aggregates (fruiting bodies), remained relatively constant in all mutants observed 

(Figure 6, (Lee, 2009)). However, the number of inappropriately sporulating peripheral 

rods increased proportionally.  

Consistent with a shared phenotype but three distinct signaling pathways, mutants in 

esp, red or todK each display distinct patterns of early MrpC accumulation (Lee, 

2009). In addition, the ȹNR mutant accumulates MrpC extremely early and at very 

high levels correlating with the complete reprogramming of peripheral rods into 

spores. Together these data support the hypothesis that MrpC is a major factor 

regulating cell fate segregation in the M. xanthus developmental program. While Esp 

is known to affect MrpC turnover (see section 3.4.3.1), it is essential to determine how 

the remaining NR systems affect MrpC accumulation.  

 

 

Figure 6: Peripheral rods are reprogrammed to sporulate inappropriately in mutants lacking 
negative regulator(s) of development. After 5 days of starvation, cell populations were separated 

by differential centrifugation, spores and cells were counted in the fractions and reported as per-
centage of the remaining population. ȹred = ȹred(CDEF). Figure was obtained from (Lee, 2009). 



INTRODUCTION 

 

26 

 

3.4.3.1 The Esp system 

The Esp (early sporulation) system consists of two hybrid histidine protein kinases 

EspA (Cho & Zusman, 1999) and EspC (Lee et al., 2005), two Ser/Thr kinases PktA5 

and PktB8 (Stein et al., 2006) as well as the putative transport protein EspB (Cho & 

Zusman, 1999) (current model see Figure 7). It could be shown that espA and espB 

are co-transcribed, yet have opposing effects on development (Cho & Zusman, 1999): 

the æespA mutant leads to early development, while the æespB mutant leads to 

delayed development (Cho & Zusman, 1999). EspB is thought to function in a module 

with PktA5 and PktB8 because mutants in any single gene as well as the triple mutant 

display the same phenotype (Cho & Zusman, 1999, Stein et al., 2006). This 

EspB/PktB8/PktA5 module is thought to act upstream of EspA (Cho & Zusman, 1999, 

Stein et al., 2006). Interaction between EspA and the two STPKs is likely mediated 

by a forkhead-associated (FHA) domain in EspA, consistent with the role FHA 

domains as a phosphor-threonine interaction module and the observation that PktA5 

autophosphorylates on a threonine residue (Durocher et al., 2000, Stein et al., 2006).  

Consistent with genetic epistasis analyses, EspA and EspC, both hybrid histidine 

kinases, function in a novel signaling module (Higgs et al., 2008, Schramm et al., 

2012). While EspC can autophosphorylate in vitro, it cannot donate a phosphate 

group to its own receiver domain (Schramm et al., 2012). EspC kinase is not important 

in regulation of development under laboratory conditions in vivo, because substitution 

of its conserved phosphoaccepting His residue, or deletion of its entire HPK catalytic 

domain, yields a wild type phenotype (Schramm et al., 2012). Instead, both in vitro 

 

Figure 7: Current model of the Esp-signaling system. The complex system consists of the two 

hybrid histidine protein kinases EspC (dark gray) and EspA (light gray), which are likely modulated 
by two serine/threonine kinases, PktA5 (A5) and PktB8 (B8) as well as a putative transport protein 
(EspB). The histidine kinase domain (HK) of EspA autophosphorylates and donates a phosphoryl 
group to both its own and EspCs receiver domains. The system regulates the accumulation of the 
important developmental regulator, MrpC. The phosphorylation of both receiver domains (REC) at 
the same time activates a so far unknown protease (x) to stimulate MrpC proteolytic turnover. 
Figure was obtained from (Schramm et al., 2012). CM cytoplasmic membrane, MASE1 membrane 
associated sensor domain, FHA fork head associated domain, PAS per-arnt-sim domain. 
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and in vivo approaches indicate that EspA serves as the phosphodonor for both its 

own and EspCs receiver domains (Schramm et al., 2012). Simultaneous phosphory-

lation of both EspA and EspC receiver domains is required for the system output, as 

alanine substitutions of either or both conserved aspartates leads to the same early 

developmental phenotype (Schramm et al., 2012). 

MrpC protein over-accumulates in a ȹespA strain, while levels of mrpC mRNA 

remained unaltered (Higgs et al., 2008). Analysis of protein half-lives in both wild type 

cell lysates and lysates from a ȹespA ȹespC double mutant revealed that in wild type 

lysates MrpC has a half-life of 30min, but turnover could not be detected in the espAC 

mutant (Schramm et al., 2012). Therefore, the Esp signaling system appears to 

stimulate an unidentified protease to degrade MrpC and delay developmental 

progression. The stimulus/stimuli the Esp signaling complex responds to and identity 

of the putative protease are currently unknown. 

 

3.4.3.2 The four-component Red system 

The Red system (regulation of early development) functions as a four-component His-

Asp phosphorelay system consisting of a membrane bound HPK (RedC), a 

cytoplasmic kinase-like protein (RedE), a dual receiver domain protein (RedD) and a 

single domain response regulator (RedF) (Higgs et al., 2005). The Red proteins are 

expressed under vegetative growth conditions and down-regulated after induction of 

development; the proteins, however, remain stable in the population until at least 24 h 

of starvation (Jagadeesan et al., 2009, Lee, 2009). Interestingly, the æred(CDEF), 

æredC and æredF mutants each develop early, while the æredD and æredE mutants 

are each delayed (Higgs et al., 2005, Jagadeesan et al., 2009). redC-F are located in 

the seven gene redA-G operon. Deletions of redA (encoding a putative ribosome 

modulation protein), redB (encoding a hypothetical protein) and redG (encoding a 

putative metallopeptidase), however, did not result in significant developmental 

phenotypes and were not studied further (Higgs et al., 2005).  

The current model (Figure 8) was built on a combination of in vitro and in vivo data. 

Epistasis was determined by the creation of various combinations of deletion mutants. 

Signal flow within the system was elucidated by the analysis of non-functional 

substitution mutants and autophosphorylation/ phosphotransfer assays with purified 

proteins. In this model, repression of developmental progression is initiated by a 

stimulus sensed through the HPK RedC. RedC subsequently autophosphorylates on 

the conserved histidine residue of the kinase domain. This phosphoryl group is 

subsequently transferred onto RedF, which functions as the output of the system. 

Phosphorylated RedF (RedF~P) represses developmental progression. In later 

stages of development, upon sensing an unknown stimulus, RedC~P instead donates 

a phosphoryl group to the first REC domain of RedD. RedD transfers this group further 

onto RedE, a kinase like protein with a poorly conserved DHp domain which is 

incapable of autophosphorylation. RedE~P is able to act as a phosphatase on 

RedF~P which then releases the developmental block.  
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Figure 8: Current model of the Red-signaling system. The four-component system consists of 

an HPK RedC, an HPK-like protein RedE as well as the two response regulators RedD and RedF, 
both of which lack output domains. To repress developmental progression (left part), RedC senses 
a so far unknown signal, autophosphorylates and donates this phosphoryl group to the stand-alone 
response regulator RedF (i). Phosphorylated RedF (RedF~P) represses progression through the 
developmental program via a so far unknown mechanism. Upon sensing a different stimulus 
presumably in later stages of development, specificity of RedC~P shifts from RedF to RedD (right 
part). The phosphoryl group from RedC~P is now transferred to the first REC domain of RedD (ii). 
The phosphoryl group is further transferred to RedE (iii). Phosphorylated RedE (RedE~P) acts as 
a phosphatase on RedF~P. The phosphoryl group from RedF is removed (iv), and developmental 
repression is relieved (v). Figure was obtained from (Jagadeesan et al., 2009). CM cytoplasmic 
membrane. 

It could be shown that the Red-system regulates developmental progression by 

affecting accumulation of MrpC as well (Lee, 2009). The mechanism how RedF 

mediates the systems output and at which level MrpC is regulated by the system 

remains yet unknown. 

In an effort to identify interaction partners, RedF was used as bait in a yeast-two hybrid 

genomic library resulting in identification of the KapC STPK-scaffolding protein as a 

putative candidate (X. Mei and P.I. Higgs, unpublished data). KapC is thought to 

interact with Pkn8 which has been proposed to influence MrpC phosphorylation. 

These data suggest that the Red system may modulate MrpC accumulation by 

altering the phosphorylation state of MrpC which may affect its activity and 

accumulation. However, this hypothesis requires verification. 

 

3.4.3.3 The orphan histidine protein kinase TodK 

The todK (timing of development kinase) gene was first analyzed in the alternate wild 

type strain DK1622 (Rasmussen & Sogaard-Andersen, 2003). In either generally 

used wild type strains (DZ2 and DK1622), a deletion or interruption of todK resulted 

in early aggregation and sporulation upon starvation (Rasmussen & Sogaard-

Andersen, 2003, Lee, 2009). The todK mutant reacts appropriately to starvation and 

does not bypass the requirement for the known developmental regulators csgA, fruA 

and devR (Rasmussen & Sogaard-Andersen, 2003).  
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Surprisingly, differences in transcriptional regulation of todK have been reported in 

the two M. xanthus background strains. In DK1622, todK is transcriptionally 

downregulated 10-fold upon starvation (Rasmussen & Sogaard-Andersen, 2003), 

while in DZ2 todK expression remains mainly constant with a slight upregulation 

peaking at 12 h of starvation, being back to basal levels around 24 h of starvation 

(Lee, 2009).  

Domain architecture prediction suggests TodK to be a cytoplasmic HPK, containing 

two N-terminal PAS domains and a C-terminal histidine kinase module. It is not 

known, if TodK constitutes an active HPK. However, the function of these domains in 

regulating TodK activity has not yet been addressed. Interruption of todK leads to 

miss-accumulation of MrpC (Lee, 2009), but the mechanism by which MrpC is 

affected is unknown. Elucidation of this mechanism would be facilitated by 

identification of the TodK signal output, which is currently unknown. DotR was 

considered as a candidate for a cognate response regulator for TodK. dotR 

(downstream of todK response regulator) is transcribed in the opposite direction from 

todK, and todK and dotR share overlapping stop codons (Rasmussen & Sogaard-

Andersen, 2003). However, a ædotR mutant (generated in the DK1622 background) 

displayed a wild type phenotype, and it was concluded that DotR is not the TodK 

cognate response regulator (Rasmussen & Sogaard-Andersen, 2003).  

 

3.4.3.4 The orphan histidine protein kinase Hpk30 

MXAN_4465, encoding the orphan histidine kinase Hpk30 was designated a NR after 

its identification in a mutagenesis screen (K. Cho, P.I. Higgs, and D.R. Zusman, 

unpublished data) and a deletion mutant produced an early development phenotype 

in the DZ2 strain background (B. Lee, P. Mann and P.I. Higgs, unpublished data). 

MXAN_4465 (hpk30) was also found to be one of 25 orphan kinases which are 

transcriptionally upregulated upon starvation (Shi et al., 2008). A DK1622 æhpk30 

mutant displayed normal developmental timing, but produced smaller, more 

numerous, and less condensed fruiting bodies compared to the wild type (Shi et al., 

2008).  

Analysis of the Hpk30 domain architecture suggests it is cytoplasmic hybrid histidine 

kinase which lacks an input domain but contains two receiver domains following the 

kinase domain. All domains include the respective conserved active residues, but it 

has not been determined if all domains are required for in vivo function. Preliminary 

data suggest Hpk30 participates in a parallel signaling distinct pathway from the other 

NRs, because addition of the æhpk30 mutation to the ȹNR strain produced an 

additively early phenotype (B. Lee and P.I. Higgs, unpublished data). We hypothesize 

Hpk30 is involved in the negative regulator network that controls M. xanthus 

developmental progression.  
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4. Scope of study 

Myxococcus xanthus are bacteria that favor social behaviors throughout their 

complex life cycle, including a multicellular developmental program in which cells 

segregate into distinct fates. M. xanthus is enriched for signal transmission proteins 

(i.e. His-Asp phosphorelay proteins and Ser/Thr protein kinases), but is under-

represented in DNA-binding proteins. This observation suggests M. xanthus may 

have evolved signaling networks involving hierarchical and branched signaling 

pathways that converge on a few hub transcriptional regulators - a hallmark of 

eukaryotic multicellular signaling networks. An excellent example of this are the Esp, 

Red, TodK, and Hpk30 signaling systems which constrain the developmental 

program. These systems converge on the MrpC hub protein; MrpC is a transcriptional 

regulator necessary for development. 

In this study, I aimed to address how Red, TodK and Hpk30 signaling systems could 

coordinate MrpC accumulation. Since Hpk30 and TodK were primarily 

uncharacterized signaling proteins, the approach was to first define the signal flow 

within each protein to identify the signal output mechanisms. As the signal output of 

the Red system was already known, the approach was to confirm a putative link to 

regulation of MrpC accumulation. An additional aim was to understand the benefit of 

this signaling network to the M. xanthus life cycle. For this aim the approach was to 

compare dispersal and resistance of fruiting bodies between the wild type and a 

mutant lacking the signaling systems which constrain development.  
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5. Results 

5.1. Myxococcus xanthus fruiting body morphology: 
 environmental adaptation 

Many mutants of M. xanthus have been identified over the years that present various 

phenotypes during the starvation induced developmental program. This phenotype 

includes inappropriate timing, perturbed cell fate segregation and irregular fruiting 

body morphologies. In a previous study (Lee, 2009), four of these mutants have been 

investigated and thorough genetic epistasis analysis suggested they function in three 

parallel signaling pathways. Intriguingly, all four genes map to orphan histidine 

kinases or complex His-Asp-phosphorelay systems. A strain lacking all three systems 

displays a strikingly additive phenotype since the formation of well-organized fruiting 

bodies is completely abolished. Here, I further investigated the fruiting body 

morphology of this strain. Moreover I wanted to elucidate the evolutionary advantage 

of the formation of well-structured fruiting bodies over the formation of a lawn of single 

spores.  

 

5.1.1. Fruiting body morphology is drastically perturbed in the absence of 

 constraining signaling systems  

It has been previously shown that a mutant lacking three signaling systems that 

regulate developmental progression in M. xanthus displays very accelerated 

development. The morphology of fruiting bodies produced by this strain is severely 

affected (Lee, 2009). This phenotype was shown using a strain containing in-frame 

deletions of the esp and red systems and an insertion in the todK gene (ȹespA ȹespC 

ȹred(CDEF) todK::tet) termed ódelta negative regulatorô (ȹNR) and under two 

established laboratory starvation conditions: CF-agar plates and in submerged culture 

(Lee, 2009).  

For this study, a strain bearing in-frame deletions of all the negative regulator genes 

(ȹespA ȹespC ȹred(CDEF) ȹtodK) was used. To examine fruiting body structure, 

cells were induced to develop under submerged culture starvation conditions. The 

mutant formed obvious aggregates at 19 h after induction of development, 

approximately 12 h earlier than the wild type (Figure 9). Both wild type and mutant 

aggregates produced darkened fruiting bodies which generally correlates with 

production of heat and sonication resistant spores. The mutant fruiting bodies were 

highly irregular and appeared flattened relative to the wild type (Figure 9). Since the 

observed phenotype of this new mutant (ȹespA ȹespC ȹred(CDEF) ȹtodK) was 

indistinguishable from the previously studied mutant (ȹespA ȹespC ȹred(CDEF) 

todK::tet), they will both be termed ódelta negative regulatorô (ȹNR) for the remainder 

of this document. 
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Figure 9: The ȹNR mutant aggregates earlier and produces disorganized fruiting bodies 
during starvation induced development. Starvation assay. WT (wild type, DZ2) and ȹNR mutant 

(ȹespA ȹespC ȹred(CDEF) ȹtodK) strains were developed under submerged culture. Pictures 
were recorded at the indicated hours after initiation of starvation using a stereomicroscope. Pictures 
from two separate assays were combined to retrieve a complete developmental time course. Scale 
bar 500 µm. 

To examine the relative heights of wild type and ȹNR mutant fruiting bodies, confocal 

laser scanning microscopy (CLSM) and fluorescein-conjugated concavalin A (FITC-

ConA) was used to image unfixed cells grown under native, undisturbed submerged 

culture conditions as described previously (Lux et al., 2004, Hu et al., 2013). ConA 

binds to the ring structure of the carbohydrates Ŭ-D-glucose and Ŭ-D-mannose which 

are both present in in the exopolysaccharide (EPS) layer which surrounds M. xanthus 

fruiting bodies (Li et al., 2003). After completion of the developmental program 

(120 h), cells were stained with FITC-ConA and examined by inverted CLSM. The 

wild type strain formed typical mound-shaped fruiting bodies. The top view (Figure 10, 

A and C) displayed a round base for fruiting bodies, with a dome-like structure that 

could be observed in the side view (Figure 10, E). The images of wild type fruiting 

bodies showed a previously observed volcano effect (Lux et al., 2004, Smaldone et 

al., 2014) that is likely due to the presence of optically dense myxospores in the center 

of the fruiting body which retards fluorescence collection. Measurement of wild type 

fruiting body height revealed an average height of 77 ±14 µm (Figure 10, G). However, 

very high fruiting bodies were also observed that peaked at ~260 µm. An earlier study 

in the alternative wild type strain DK1622 also reported some structures that were 

much higher than the average (Lux et al., 2004). In contrast, the ȹNR mutant formed 

ridge like fruiting bodies that failed to separate (Figure 9), and that were also covered 

in EPS and nicely visible in the top views of CLSM images (Figure 10, B and D). Side 

view images indicated these fruiting bodies were flat (Figure 10, F), with an average 

height measured of 26 ±5 µm (Figure 10, G). No large variation in fruiting body height 

was observed.  
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Figure 10: The ȹNR mutant produces flat fruiting bodies during starvation induced 
development in submerged culture. Confocal laserscanning microscopy. (A-F) Wild type (WT) 

and ȹNR mutant strains were developed under submerged culture in 35 mm culture dishes for 120 
h and extracellular matrix was stained with fluorescein-conjugated concavalin A (FITC-ConA). 
Images were recorded with an inverted CLSM and processed with Volocity imaging software. WT 
(A, C and E) and ȹNR mutant (B, D, and F) images were compiled for top (A-D) and side (E-F) 
views. (G) The average height of WT (n = 37) and ȹNR mutant (n = 34) fruiting bodies. Error bars 

represent associated standard deviations. 

These results demonstrated that deletion of the three negative regulator signaling 

systems result in the production of poorly resolved, flat fruiting bodies of 

approximately one third the height of the wild type. I took advantage of this 

observation to examine the role of fruiting body morphology and negative regulator 

genes in the M. xanthus life cycle.  

 

5.1.2. The ȹNR mutant produces more spores than the wild type but the 

 percentage of viable spores is equal 

To begin to examine if the wild type mound-shaped and compact fruiting bodies have 

fitness advantages over flat, loosely packed fruiting body structures, I first set out to 

examine if both strains (wild type and ȹNR mutant) produce equally viable spores. 

Spores were harvested from mature fruiting bodies (120 h), and treated with heat 

(50 °C for 60 min) and sonic disruption. These spores were enumerated with a 

counting chamber, and then induced to germinate on rich media (CYE). Colony 
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forming units (CFU) arising from germinating spores were counted after four days of 

incubation at 32 °C. 

Interestingly, the ȹNR mutant was found to produce ~600 % of the WT spores after 

120 h of starvation in submerged culture (Table 2). Germination efficiency of wild type 

spores was observed on average at 15 %, the ȹNR mutant germinated at averaged 

10 % efficiency. A student T-test confirmed that these rates are not significantly 

different. 

Table 2: Sporulation and germination efficiency of wild type (WT) and ȹNR mutant after 
120 h of starvation.  

strain spores* (x106) % of WT % viability ** 

WT 7.8 ± 4.1 100 15.7 ± 11.8 

ȹNR 46.1 ± 28.5 592 10 ± 5.6 

 

* Heat and sonication resistant spores were enumerated after 120 h of starvation. 
** Viable spores were scored as colony forming units (CFU) after four days incubation at 32 °C 
and reported as % of spores present. 
The average data from three biological (three technical replicates each) are presented. 

The majority of colonies arising from germinating ȹNR spores were tan, while the 

majority of wild type germinating spore colonies appeared yellow (Figure 11, A). Tan 

locked mutants produce miss-organized fruiting bodies that appear translucent and 

are described as soft, immature mounds (Furusawa et al., 2011). To exclude the 

possibility that the developmental phenotype of the ȹNR mutant stems from a tan-

locked phenotype, cells from yellow and a tan clone were induced for development 

under submerged culture. Both clones showed the characteristic formation of ridge 

like fruiting bodies (Figure 11, B). While the ȹNR mutant may more often appear in 

the tan state, phase variation back to yellow could occur and these mutants were 

therefore not considered tan-locked. 

 

Figure 11: Phase variation can be observed in both wild type and ȹNR mutant. (A) Yellow 

(black arrows) and tan (white arrows) colonies of wild type M. xanthus (WT) and ȹNR mutant 
observed after single-colony isolation. Scale bar 0.5 cm. (B) A yellow and a tan clone of the ȹNR 

mutant displayed the characteristic DNR fruiting body morphology after 120 h of starvation induced 
development in submerged culture. Scale bar 500 µm. 

In conclusion, I found that the ȹNR mutant produced 6-fold more resistant spores than 

the wild type, with similar percent viability.  
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5.1.3. Design of a novel dispersal assay for Myxococcus xanthus fruiting bodies 

Two non-competing hypotheses have been proposed to explain why myxobacteria 

have evolved to produce spores in compact fruiting bodies. One hypothesis is that 

because M. xanthus growth rate depends upon population density (Rosenberg et al., 

1977), it would be advantageous for groups of spores to be dispersed to new 

environments to facilitate group germination and cooperative feeding (Kaiser, 2001). 

A second hypothesis is that spores inside mounds are better protected from 

environmental stresses and predation (Velicer & Hillesland, 2008, Dahl et al., 2011). 

I took advantage of the disrupted fruiting body morphology of the ȹNR mutant to 

address these hypotheses and to begin to explore the role of the negative regulators 

for the developmental program.  

To test the ñdispersal-hypothesisò, I used small animals as vectors. I chose to use the 

fruit fly Drosophila melanogaster as a vector which could represent any small insect. 

D. melanogaster is not usually found associated with soil in nature and, is unlikely to 

be a natural vector for M. xanthus spore dispersal. However, D. melanogaster 

represents a model arthropod that has previously been used as representative vector 

to examine dispersal of spores produced by the social amoeboid 

Dictyostelium discoideum (Smith et al., 2014).  

To test D. melanogaster as a carrier to transfer M. xanthus cells, M. xanthus fruiting 

body formation was induced in 60 mm petri dishes in submerged culture for 120 h. 

After the supernatant was removed, 10 male flies of the Drosophila melanogaster wild 

type strain w1118 were added per plate (male individuals were chosen to avoid 

deposition of eggs on the plates). Flies were added to petri dish lids, plates were 

inverted (D. melanogaster demonstrates negative geotaxis (Rhodenizer et al., 2008)), 

and flies were allowed to crawl amongst fruiting bodies for four hours at room 

temperature. Flies were then transferred to inverted CYE rich media plates and 

allowed to crawl for additional 4 h. Finally, all D. melanogaster individuals were 

removed and the plates incubated at 32 °C to allow M. xanthus to germinate and grow 

into colonies. Colonies were scored after 3-4 days. 

Initial results indicated CYE rich media plates showed considerable contamination 

after 4 days incubation (Figure 12, A), indicating that i) flies crawled over the entire 

agar plate and did not avoid the moist surface, ii) transfer of bacteria (and possibly 

fungi) cells from fly legs to CYE medium occurred, and iii) there was no difference in 

mobility over the entire plate between flies coming from wild type or ȹNR mutant 

fruiting bodies. (Figure 12, B). To avoid growth of contaminants, CYE plates were 

supplemented with 10 µg/ml gentamycin for future assays- an antibiotic to which 

M. xanthus is naturally resistant (Dahl et al., 2011). 
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Figure 12: Dispersal of bacteria is possible by D. melanogaster. (A) Contamination on CYE 
medium after incubation with 10 male D. melanogaster flies which have previously crawled over 
M. xanthus fruiting bodies produced by wild type (WT) or ȹNR mutant, respectively. Scale bar 0.5 
cm. (B) Transfer of M. xanthus by D. melanogaster was observed (arrows) for both wild type (WT) 

and ȹNR mutant. Scale bar 0.5 cm.  

With this optimized dispersal assay for M. xanthus spores, using D. melanogaster as 

a model vector, I went on to address the question, if compact fruiting bodies (wild 

type) are dispersed more efficiently than miss-organized fruiting body structures (ȹNR 

mutant). 

 

5.1.1. Redistribution of cell fates enhances dispersal by small animals 

To assess transfer of fruiting bodies by D. melanogaster, wild type and ȹNR mutant 

strains were developed for five days (120 h) under submerged culture conditions and 

dispersal assays with D. melanogaster were performed as described above (section 

5.1.3). Colonies formed by both strains were enumerated after three days (3 d) and 

seven or more days (Ó 7 d) (Figure 13, A) of germination in four biological replicates. 

Total colony number was determined and proportions of wild type (WT) and ȹNR 

mutant were calculated (Figure 13, B). After 3 d of germination, a clear trend emerged 

leading to the conclusion that transfer of ȹNR spores was more efficient than transfer 

of wild type spores, since 84 % of total colonies observed originated from this mutant, 

while only 16% originated from wild type spores. This trend was also observed after 

seven days of germination suggesting no artifact influence from differential 

germination rates. However, it needs to be considered that the ȹNR strain produced 

about 6-fold more spores than wild type did (section 5.1.2). Dispersal of ȹNR was 

about 5-fold more efficient over wild type. These two observations together indicate 

merely a minor advantage of ȹNR over wild type fruiting bodies/ spores when 

dispersed by D. melanogaster.  
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Figure 13: The ȹNR mutant is transferred more efficiently by D. melanogaster than the wild 
type. (A) Representative plates showing M. xanthus growth on rich media after a dispersal assay. 
D. melanogaster was allowed to interact with M. xanthus wild type (WT) or ȹNR mutant 120 h 
mature fruiting bodies and was then transferred to fresh CYE plates. Pictures were taken after 
seven days (7 d) of germination. Scale bar 1 cm. (B) Quantification of transferred clones. The 

majority of transferred colonies originated from ȹNR mutant spores. Colonies present after three 
(3d) or seven or more (Ó7d) days of germination were enumerated to derive the total colony 
number. The percent arising from wild type (WT) or ȹNR mutant were subsequently calculated1. 
Four independent replicates were performed, 3d data consisted of four, Ó7d day data consisted of 
six independent biological replicates.  

From this assay I was unable to distinguish whether germinating colonies originated 

from the transfer of fruiting bodies or from single spores / peripheral rods. Based on 

the sizes of M. xanthus fruiting bodies and D. melanogaster individuals it should be 

possible to observe whole fruiting bodies being transferred (Figure 14, A and B). To 

do so, the dispersal assay was conducted as described above with M. xanthus strains 

expressing mCherry under the control of the developmentally upregulated nfsA 

promoter. Fluorescence microscopy analysis of D. melanogaster bodies and severed 

legs was performed. No mCherryïlabeled fruiting bodies could be observed attached 

to D. melanogaster bodies (data not shown) or legs (Figure 14, C). This suggested 

single spores/peripheral rods were instead dispersed by D. melanogaster. However, 

this could not definitely be shown, since microscopy at a magnification suitable for the 

detection of single M. xanthus spores was not possible due to the size of 

D. melanogaster and its autofluorescence in both mCherry and GFP channels.  

                                                
1 Strains bearing mCherry fusions exactly phenocopied their background strains and were pooled for this 

analysis. Hence, here ñWTò refers to a pool of wild type (WT), WT attB::PrpilA-mcherry and 
WT  attB::PrnfsA-mcherry; while ȹNR refers to a pool of ȹNR mutant, ȹNR attB::PrpilA-mcherry and 
ȹNR attB::PrnfsA-mcherry.  
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Figure 14: No M. xanthus fruiting bodies can be observed attached to D. melanogaster legs. 
(A) A Drosophila melanogaster fruit fly (w1118), which was used for the dispersal assay. Scale bar 
1 mm. (B) 120 h developed fruiting bodies of M. xanthus are captured next to the tip of a 
D. melanogaster leg for size reference. Scale bar 100 µm. (C) After a dispersal assay as described 
above, severed D. melanogaster legs were subjected to (fluorescence) microscopy. Wild type (WT) 
and ȹNR mutant expressing the fluorescent protein mCherry driven by the developmentally 
upregulated nfsA promoter were used. No specific fluorescence signals indicating the presence of 
M. xanthus fruiting bodies attached to Drosophila legs could be observed. Scale bar 100 µm. 

My results indicate that formation of well-organized wild type fruiting bodies does not 

appreciably increase dispersal by small animals. Rather dispersal was equal to 

dispersal of disorganized fruiting bodies, taking into consideration that this strain 

produces a greater number of spores than wild type to begin with. However, taken 

together the production of more spores, spores outside of fruiting bodies and 

disorganized fruiting bodies, ȹNR mutant are 5-fold better dispersed in total numbers.  

 

5.1.2. Well-organized fruiting bodies provide enhanced resistance to UV 

 damage  

A second hypothesis for the benefit of sporulation inside fruiting bodies is that spores 

are better protected from environmental insults when they are enclosed in well-

organized fruiting bodies (Velicer & Hillesland, 2008). These insults could include 

biotic factors such as antibiotics produced by competitors and ingestion by predators, 

and/or abiotic factors such as UV exposure, dryness, prolonged starvation, pH 

extremes and heat. I tested this hypothesis using UV exposure as a representative 

environmental insult.  
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To address whether wild type M. xanthus fruiting body morphology was more resistant 

to UV stress, both wild type and ȹNR mutant were developed under submerged 

conditions for 120 h in 24-well plates. Fruiting bodies inside the wells were exposed 

to UV for 0 ï 5 minutes. After UV exposure, cells from each well were harvested, 

aggregates were gently dispersed by mild sonication, serially diluted and 10 µl 

aliquots were spotted on rich CYE media. Colonies were enumerated after four days 

of germination.  

Both wild type and ȹNR mutant formed a single dense swarm when they were not 

exposed to UV (0 min UV), indicating spores germinated efficiently under these 

harvesting conditions (Figure 15). After 0.5, 1, 2 or 5 min of UV exposure, wild type 

cells produced a confluent spreading colony of similar diameter. In contrast, after 0.5 

and 1 min UV exposure, the ȹNR mutant produced a swarm of slightly reduced 

diameter, and after 2 and 5 min UV exposure very little swarm growth could be 

detected. This finding suggests, that spores inside a well-organized fruiting body 

produced by the wild type are better protected from UV insult than spores in the 

loosely organized flat fruiting bodies produced by the ȹNR mutant. 

 

Figure 15: Well-organized fruiting bodies provide protection against UV-induced lethality. 

UV resistance assay. Wild type (WT) and ȹNR mutant were exposed to UV (254 nm, 4 Watt, 23 cm 
distance) for the indicated minutes, dispersed, spotted onto rich media, and incubated at 32 °C for 
four days to induce germination and swarm formation. Wild type fruiting bodies can survive up to 
5 min UV irradiation with little reduction in swarm production. ȹNR mutant fruiting bodies are 
susceptible to UV-induced lethality after 2 min UV irradiation. Wild type spores which were 
dispersed before UV irradiation exhibited reduction in germination and failed to produce a swarming 
colony in WT size after 1 min of irradiation. Scale bar 5 mm. 
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To assess if this finding is indeed mediated by fruiting body morphology and is not 

accounted for by some unknown factor that gives the wild type additional UV 

resistance, wild type fruiting bodies were first gently dispersed by vigorous shaking in 

a cell homogenizer without beads (Lee et al., 2011a), reseeded in liquid and exposed 

to UV as described above. Under these conditions, visible reduction of swarm density 

could be observed after 1 min or more of UV exposure. Interestingly, even after five 

minutes UV exposure wild type single spores were more UV resistant than spores 

from a ȹNR mutant fruiting body, since cell growth was observed. There might be an 

underlying effect of uncharacterized differences in spore coat maturation in the two 

strains used. Since development is severely accelerated in the ȹNR mutant, this might 

also affect spore coat maturation. Hence, it is possible that the wild type spore coat is 

more mature and provides more environmental resistance. Nevertheless, it can be 

concluded that packaging spores into a fruiting body gives wild type spores an 

increased resistance towards UV exposure. 

Taken together, these results suggest that packaging of M. xanthus spores into well-

organized fruiting bodies provides protection from environmental insults such as UV 

exposure, but impedes dispersal by small vectors. Since the negative regulator genes 

encode signaling systems, this raises the intriguing possibility that NR regulator 

systems may have evolved to allow M. xanthus to tune its spore packaging 

mechanism to environmental cues. The signals to which these systems respond are 

currently unknown, but it has been recently determined that each signaling system 

converges to affect accumulation of the major transcriptional regulator of 

development, MrpC. In a next step, I set out to investigate whether MrpC is crucial for 

the developmental phenotype of the ȹNR mutant. I also wanted to determine whether 

over-accumulation of MrpC is sufficient to induce ridge-like misshaped fruiting bodies. 

 

 

5.2. MrpC accumulation is crucial for development of ȹNR mutant 

MrpC is a key transcriptional regulator which is essential for both aggregation and 

sporulation during M. xanthus development (Sun & Shi, 2001b). We found this protein 

to be over-accumulated in the ȹNR mutant which develops in an accelerated manner 

into miss-shaped fruiting bodies, forming a larger number of spores than wild type 

((Lee, 2009) and this study, section 5.1.2). In the past, several mutants that can 

(partially) bypass various developmental key genes have been reported, resulting in 

versatile developmental phenotypes (Rhie & Shimkets, 1989, Dunmire et al., 1999, 

Hager et al., 2001, Cusick et al., 2002, Tse & Gill, 2002, Rasmussen et al., 2005, 

Higgs et al., 2008, Cusick et al., 2015). To ensure that the developmental phenotype 

I observed in the ȹNR mutant is caused by the over-accumulation of MrpC and the 

strain is not able to bypass the MrpC regulatory pathway, I wanted to create an in-

frame deletion mutant of mrpC in the ȹNR background and examine the 

developmental phenotype in submerged culture conditions. Due to technical 

difficulties, I was unable to delete mrpC from ȹNR. Hence, I made use of a previously 

described mutant ȹesp ȹred todK::tet (Lee, 2009), which differs from ȹNR only in 
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carrying a todK insertion mutant instead of an in-frame deletion. Phenotypes of this 

mutant and ȹNR are indistinguishable (data not shown). As previously published, 

deletion of mrpC from the wild type results in a non-developing phenotype ((Sun & 

Shi, 2001b) and Figure 16). Also deletion of mrpC in the ȹesp ȹred todK::tet 

background abolishes development completely, confirming that the MrpC pathway 

cannot be bypassed in this mutant.  

 

Figure 16: Deletion of mrpC abolishes development in ȹNR mutant. Starvation assay. Strains 

were starved under submerged conditions in a 24-well culture dish. Pictures were recorded at the 
indicated time points using a stereomicroscope. WT: wild type, ȹred: ȹred(CDEF); ȹesp: ȹespA 
ȹespC; Scale bar 500 µm. 

In a previous study, it was shown that deletion of mrpC and re-introduction at a 

secondary site in the genome under the control of the pilA-promoter does not lead to 

complementation of the ȹmrpC mutant phenotype (Bhardwaj, 2013). However, it 

could be shown in this non-developing strain that mrpC mRNA was produced 

(although at a lower level than in the wild type situation) while the MrpC protein did 

not accumulate in the population at 24 h of development (Bhardwaj, 2013). 

Interestingly, in an espAC deletion mutant (ȹespA ȹespC), deletion of mrpC and 

introduction of PrpilA-mrpC in the attachment site led to partial complementation of the 

non-developing phenotype and low levels of MrpC protein could be detected in 

immunoblot analysis (data not shown, P.T. McLaughlin, M.M. Glaser and P.I. Higgs; 

unpublished data).  

In this study, I wanted to address whether total complementation of a ȹmrpC 

phenotype or a phenotype mimicking the ȹNR phenotype could be achieved when 

additional negative regulators were deleted and MrpC was re-introduced under the 

control of the constitutively active pilA promoter. I took advantage of this mutant to 

test our hypothesis that miss-accumulation of the developmental key transcriptional 

regulator MrpC is sufficient to induce a negative regulator deletion mutant-like 

developmental phenotype. To express mrpC artificially, I used the well-established 

promoter of the pilA gene, which codes for pilin, the structural key component of the 

M. xanthus type-four-pili machinery (Wu & Kaiser, 1995). The pilA promoter (PrpilA) 

has been shown in the alternative wild type strain DK1622 to be constitutively active 
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during vegetative growth and in the earlier stages of development, however 

expression from this promoter decreases slightly over the duration of a developmental 

time course (Wu & Kaiser, 1997).  

Mutants lacking two (ȹesp ȹred) or three (ȹesp ȹred todK) negative regulator 

systems developed earlier than the wild type, as described previously (Lee, 2009). 

Cells formed aggregates before 24 h of starvation induced development (Figure 17, 

A). Deletion of the mrpC gene resulted complete abortion of development in all 

backgrounds (Figure 16 and data not shown). Introducing mrpC under the control of 

the pilA promoter at a secondary site of the genome led to partial complementation of 

the phenotype (Figure 17, A). A very faint image of the parental phenotypes could be 

observed in both strains: i) numerous faint mounds in ȹesp ȹred ȹmrpC attB:: PrpilA-

mrpC and ii) faint ridge-like structures in ȹesp ȹred todK::tet ȹmrpC attB:: PrpilA-mrpC. 

Aggregation occurred between 24 and 48 h of development and aggregates of both 

strains did not mature into fruiting bodies but instead disintegrated during prolonged 

starvation until 120 h.  

Investigation of MrpC protein accumulation by immunoblot analysis showed a low 

level of MrpC at the beginning of development in wild type cells and the known 

increase at 24 h (Figure 17, B). In the ȹmrpC attB:: PrpilA-mrpC strain, a low level of 

MrpC was observed at 0 h of development while no MrpC could be detected by 24 h, 

consistent with previous reports (Figure 17, B; (Bhardwaj, 2013)). A strain with 

deletions of two negative regulator systems (ȹesp ȹred) showed MrpC highly 

accumulated at 24 h of development. A strain lacking todK in addition accumulated 

MrpC to even higher levels. Interestingly, when mrpC is merely expressed by the pilA 

promoter at a secondary site in the genome in both strains, only a minor accumulation 

of MrpC was observed. The level of MrpC accumulation was independent of the 

number of negative regulator systems that were missing. 
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Figure 17: Deletion of combinations of negative regulators does not lead to 
complementation of a ȹmrpC phenotype by PrpilA-mrpC in the attB site or high MrpC protein 
accumulation. (A) Starvation assay. Strains were subjected to starvation in submerged culture 

and developmental stages were recorded using a stereomicroscope at the indicated time points. 
At 120 h development was considered completed. Scale bar 500 µm. (B) Immunoblot analysis of 
MrpC protein accumulation. Development was induced as described above and the total population 
of cells was harvested at 0 and 24 h of starvation. Cells were lysed and 10 µg total protein per 
sample were analyzed in an immunoblot probed with Ŭ-MrpC polyclonal antibody. MrpC 27 kDa, 
WT: wild type, ȹesp: ȹespA ȹespC, ȹred: ȹred(CDEF). 

To gain further insight in how MrpC accumulation is regulated by the signaling 

modules investigated in this study, it is crucial to understand how they are connected 

to MrpC on a molecular level. In the following sections, I set out to examine how Red 

and TodK signaling systems could be connected to accumulation of MrpC.  
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5.3. The Red signaling system connects to an eukaryotic-like 
 kinase cascade which leads to MrpC phosphorylation 

The esp-signaling module affects MrpC accumulation via directed protein degradation 

(Schramm et al., 2012), the link between the other signaling systems and MrpC 

protein accumulation remains unknown. A particularly interesting aspect is how RedF 

mediates the output of the Red signaling module. As a single domain response 

regulator, its mode of action is most likely regulation via protein-protein interactions 

that differ depending on phosphorylation induced conformational changes of the RedF 

protein. In an earlier study, a yeast two-hybrid screen was performed using RedF as 

bait protein (X. Mei and P.I. Higgs; unpublished data). Here, the kinase associated 

protein C (KapC) was found to be a potential interaction partner. Polyclonal antibodies 

were generated against KapC antigen and were shown to function well in immunoblot 

analysis (X. Mei, P. Mann and P.I. Higgs; unpublished data; Figure 18, left).  

I set out to validate the possible interaction of KapC and RedF by performing in vitro 

pull-down experiments coupled with immunoblot analysis. Recombinant RedF was 

overexpressed and purified from E. coli (Jagadeesan et al., 2009). Since RedF was 

expressed fused to a thioredoxin-hexa histidine-tag (Trx-His6), this tag was expressed 

and purified itself in the same manner and used as a negative control in the pull-down-

experiment. Genetic evidence indicated that RedF is phosphorylated in early 

development and likely in vegetative cells (Jagadeesan et al., 2009). For this reason, 

RedF was autophosphorylated using acetyl-phosphate (Jagadeesan et al., 2009). 

The control tag was treated in the same manner. Lysate of vegetative M. xanthus cells 

was used to capture prey proteins. I could show that Trx-His6-RedF starts to elute 

from NiNTA beads at 50 mM imidazole (data not shown), so this concentration was 

used for the first elution step and concentration was increased in two steps to 150 mM 

and 300 mM, respectively. Immunoblot analysis probed with Ŭ-KapC-polyclonal 

antibodies was performed with the eluates retrieved from pull-downs using Trx-His6-

RedF as bait (Figure 18, middle panel) as well as Trx-His6 tag alone as a negative 

control bait (Figure 18, right panel).  

This analysis revealed that KapC could be pulled out of cell lysates from M. xanthus 

vegetative cells using Trx-His6-RedF~P as bait but was not present in the negative 

control eluates. KapC was not found in its full length form, which was shown to run at 

125 kDa (Figure 18, left) but was found in a dominant band running at 80 kDa. This 

band likely corresponded to a processed or degraded form of KapC. However, these 

degradation products did not result in a smear of degraded protein but appeared in 

three distinct bands that ran at the molecular masses of ~ 65 and 40-45 kDa 

(Figure 18, middle). Although protease inhibitor was present at all times during the 

experimental procedure, the degradation of KapC in the pull down analysis was likely 

due to left protease activity during the long but necessary incubation steps, and did 

not occur when lysates were quickly produced and denatured as during the regular 

sample preparation for wild type and ȹkapC lysates (Figure 18, left).  
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Figure 18: KapC can be pulled out of vegetative M. xanthus lysates using phosphorylated 
RedF (RedF~P) as bait. In vitro Pull-down assay. Cell lysate prepared from vegetative M. xanthus 

cells was incubated with autophosphorylated Trx-His6-RedF~P and Trx-His6 (as a negative control), 
respectively. Ni-NTA coated beads were used to extract formed bait-prey complexes from the 
lysate and complexes were eluted using a three step gradient of imidazole. Eluates were separated 
using SDS-PAGE, subjected to immunoblot analysis using an Ŭ-KapC-polyclonal antibody. Wild 
type (WT) and ȹkapC lysates were probed as controls. Full length KapC (calculated mass 124.4 
kDa) is marked with a solid arrow. The asterisk marks a cross-reactive band present in all elution 
samples. E1: elution step one with 50 mM imidazole; E2: elution step two with 150 mM imidazole; 
E3: elution step three with 300 mM imidazole. 

The finding that KapC protein can be captured using RedF~P as bait confirms the 

interactions suggested by a yeast two-hybrid-screen (X. Mei and P.I. Higgs, 

unpublished). With the RedF~P ï KapC interaction, the Red system could be linked 

to the modulation of the phosphorylation state of MrpC via a serine/threonine kinase 

cascade (see section 3.4.3.2). However, this is just a starting point in understanding 

this network and further genetic and biochemical work is fundamentally needed to 

verify and proof the network proposed in earlier literature and this study. 
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5.4. TodK is a bifunctional histidine protein kinase that negatively 
 regulates developmental progression in Myxococcus xanthus 

Another negative regulator that appears to be necessary for appropriate MrpC 

accumulation is the putative histidine protein kinase TodK (Lee, 2009). To understand 

how the negative regulators may influence MrpC accumulation, it is necessary to 

identify the signaling output state of each system. We have previously been able to 

identify the output state of the Esp and Red systems by a systematic analysis of the 

signal flow and output state in each system (Jagadeesan et al., 2009, Schramm et al., 

2012).  

So far, only the developmental phenotype as well as the expression and protein 

accumulation pattern of some of the important developmental key genes in a todK 

minus strain were studied (Rasmussen & Sogaard-Andersen, 2003, Lee, 2009). The 

importance of TodK protein domains remained unknown. Here, I report on the genetic 

and biochemical characterization of this gene and its protein product in vivo and 

in vitro, as well as the investigation of two response regulators that had the potential 

to mediate the output of the TodK signaling module.  

 

5.4.1. Investigation of todK in vivo at the native locus 

5.4.1.1 Deletion of todK leads to accelerated development 

TodK has been the subject of a previous study performed in the wild type strain 

DK1622 where it was found that deletion of todK led to accelerated development upon 

starvation (Rasmussen & Sogaard-Andersen, 2003). The wild type strain used in this 

study, DZ2, develops generally more slowly than DK1622, providing the advantage of 

more time resolution during the developmental process. Hence, I created a deletion 

mutant of todK (MXAN_6955) in DZ2, using the pAAR138 plasmid from Rasmussen 

et al. (Rasmussen & Sogaard-Andersen, 2003). This plasmid was used to delete the 

central part of todK (Figure 19) and the created mutant was investigated to study the 

phenotype upon starvation in detail.  

 

Figure 19: Schematic map of the todK genome region (top) and the plasmid used to generate 
ȹtodK mutant (bottom). Figure modified from (Rasmussen & Sogaard-Andersen, 2003). 
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Under starvation conditions (CF agar), a ȹtodK strain aggregated at least 6 h earlier 

than the wild type (Figure 20, A). It could also be observed that a todK deletion mutant 

showed a very distinctive colony and fruiting body morphology. During the formation 

of mounds, it became apparent that the ȹtodK strain formed a mound free ring near 

the periphery of the developing colony (Figure 20, A, closed arrow heads), followed 

by a dense ring of mounds/ fruiting bodies, creating a distinct colony border. When 

fruiting bodies were observed with a higher magnification, it could be noted that the 

ȹtodK mutant formed aberrantly shaped fruiting bodies which did not form distinct 

borders, compared to the well-organized, round fruiting bodies like the wild type DZ2. 

Also, loosely packed accumulations of presumably spores could be found between 

fruiting bodies of the ȹtodK mutant (Figure 20, A, open arrow heads).  

Under alternate starvation conditions, in submerged culture, a ȹtodK strain formed 

mounds at the same time as the wild type DZ2, between 24 and 30 h after onset of 

starvation (Figure 20, B). This phenotype has been reported previously for an 

insertion mutant of todK in DZ2 (Lee, 2009). In the earlier study, it was shown, that 

although aggregation timing was not affected in an insertion mutant of todK, at 48 h 

of starvation a todK mutant had produced twice the amount of spores as the wild type. 

This correlated with darkening of the obtained fruiting bodies. In this study, fruiting 

bodies produced by the ȹtodK strain darkened at the same time (between 30 and 48 

h), suggesting early sporulation took place as well. Lastly, it should be noted that the 

ȹtodK strain produced more numerous and smaller fruiting bodies in submerged 

culture conditions than the wild type, DZ2. This phenomenon has been observed 

before in the todK insertion mutant (Lee, 2009)  

To examine whether the MrpC accumulation was also premature in the ȹtodK strain, 

I subjected this strain, and the wild type control, to Ŭ-MrpC immunoblot analysis 

(Figure 20, C). MrpC levels were low in both wild type and ȹtodK under vegetative 

conditions (0 h), and remained low in early stages of development (0 ï 18 h). In the 

ȹtodK strain, MrpC accumulation peaked at 24 h of starvation, six hours earlier than 

in the corresponding wild type. The MrpC level remained this high in ȹtodK at 30 h of 

development, which is when MrpC levels reached a maximum in the wild type 

population. In both strains studied here, MrpC levels decreased slightly after 30 h of 

starvation.  
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Figure 20: In-frame deletion of todK leads to early development and miss-accumulation of 
MrpC. (A) Starvation assay on CF agar plates. Strains were spotted on CF agar (10 µl at OD550nm 

7) and starvation induced development was observed for 72 h. Pictures were recorded at the 
indicated time points using a stereomicroscope. Colony as well as fruiting body morphology are 
depicted. Scale bars 1 mm. (B) Starvation assay under submerged conditions. Strains were 

subjected to starvation in submerged culture and developmental stages were recorded using a 
stereomicroscope at the indicated time points. Scale bar: 1 mm. (C) Immunoblot analysis of MrpC 
protein accumulation. Development was induced as described in B and the total population of cells 
was harvested at the indicated time points of starvation. Cells were lysed and 10 µg total protein 
per sample were analyzed in an immunoblot probed with Ŭ-MrpC polyclonal antibody. 
MrpC 27 kDa, WT: wild type. 

These results showed that the newly generated deletion strain of the central part of 

the todK gene phenotypically mimics the formerly used insertion mutant of this gene. 

I therefore proceeded to analyze todK/TodK genetically and biochemically in an 

attempt to understand how it negatively regulates M. xanthus development. 



RESULTS 

 

49 

 

5.4.1.2 TodK accumulates in vegetative and developing cell populations 

 In an earlier study, it has been shown by quantitative PCR that todK is expressed in 

vegetative cells and during development in the wild type strain DZ2 (Lee, 2009). To 

further understand the role of TodK during M. xanthus development, it was important 

to examine at which time the protein accumulated in the cells. To address this, custom 

antibodies were generated in rabbits (by Eurogentec; Seraign, Belgium), using Trx-

His6-TodK inclusion bodies as antigen (B. Lee and P.I. Higgs; unpublished data). 

Initial testing of the received antisera showed many non-specific bands and little 

specific TodK signal. Several measures were taken to improve signal specificity and 

target detection including i) purification of TodK antibodies from the sera via affinity 

purification using Trx-His6-TodK as bait protein; ii) purified Trx-tag protein, as well as 

lysate from vegetative ȹtodK cells was spiked into the antibody solution during 

incubation; iii) incubation was performed at 4 °C overnight, enhancing antibody string-

ency; and, iv) modification of SDS-PAGE conditions improved band separation (data 

not shown). All these measures improved immunoblot quality greatly, however, 

elimination of one strong cross-reactive band very close in size to TodK protein was 

not successful (Figure 21). It could be shown repeatedly that TodK accumulated in 

the cell population under vegetative conditions and up to 24 h of development under 

submerged culture conditions (Figure 21). From 30 h of development on TodK protein 

was no longer detectable.  

 
Figure 21: TodK protein accumulates in vegetative and developing cells up to 24 h. Immunoblot 
analysis. Total cell populations of developing wild type (DZ2) cells were starved in submerged culture 
and harvested at the indicated time points. Cells were lysed and 10 ug total protein was analyzed by 
immunoblot probed with Ŭ-TodK polyclonal antibody. In the top panel, a strong cross reactive band is 
marked with an asterisk (*) and the fainter band of specific TodK signal is marked with an arrow (Ą). 
The TodK specific band was visually amplified by changing contrast and levels in the lower two panels. 
TodK 57 kDa. 

The very low detection of TodK by immunoblot had two possible causes, a) the 

antibodies detected TodK with very low specificity or b) TodK is present at low levels 

in the total population. A specificity test was performed using a dilution series of Trx-

His6-TodK protein. It could be shown that the antibody detects TodK protein to a 

concentration of 32 pg (data not shown), which indicated a very high affinity of this 

antibody to its antigen. Hence, I hypothesize that TodK was either present at a very 

low level in every cell of the starving population, or only accumulated in a small 

subpopulation (e.g. one specific cell fate). Attempts to discriminate between these two 

possibilities by tracing todK gene expression with a reporter protein using fluorescent 

microscopy were not successful to date but remain a very intriguing aspect for further 
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investigation. It could further be attempted to separate cell populations (described in 

(O'Connor & Zusman, 1991a, Lee et al., 2012)) and probe them with Ŭ-TodK 

antibodies. By loading equal proportion of proteins, the peripheral rod population 

would be enriched in this assay and TodK could potentially be better detected than in 

total population, if the hypothesis was correct.  

 

5.4.1.3 TodK might be a bifunctional histidine protein kinase and phosphatase 

To gain further insight in how TodK regulates developmental progression, I needed to 

understand how it functions in cell signaling. SMART (Schultz et al., 1998, Letunic et 

al., 2015) analysis indicated that TodK consists of two PAS domains and a histidine 

kinase domain (Figure 22, A). This domain design resembled the paradigm domain 

architecture of a histidine protein kinase whose activity is modulated by one or both 

input domain(s).  

Close examination of the kinase motif in TodK by sequence alignments with well 

characterized histidine protein kinases (Figure 22, B), led me to hypothesize that 

TodK might have phosphatase activity in addition to kinase activity. For both HPK 

subfamilies (HisKA and HisKA_3), phosphatase activity has been described as 

additional function (Huynh et al., 2010). The sequence motif of TodK (HDIRS) did not 

resemble the exact proposed motif of a bifunctional protein, yet was similar enough 

to be a promising candidate. Based on this motif, TodK can be grouped within the 

HisKA subfamily of histidine protein kinases. It has been published that mutations in 

the invariant histidine abolished kinase function completely (K-), while phosphatase 

activity can be affected to some extent as well (P±) (Hsing & Silhavy, 1997, Huynh et 

al., 2010, Willett & Kirby, 2012). To abolish only kinase activity and leave phosphatase 

 

Figure 22: Schematic visualization of TodK domain structure as well as kinase motif 
analysis. (A) TodK is a 501 aa protein, consisting of two PAS domains followed by the typical 

motifs of a histidine protein kinase: a HisKA and a HATPase_c domain (SMART (Schultz et al., 
1998, Letunic et al., 2015)). The potential site of phosphorylation is the invariant histidine at position 
275. (B) Sequence alignment of the TodK kinase motif. The proposed motif of a bifunctional 

kinase/phosphatase protein is depicted at the top. TodK (Mx_TodK) was aligned with known 
bifunctional HPKs. This alignment indicated TodK might be either bifunctional or a dedicated 
phosphatase. Mx: M. xanthus, Ec: E. coli, Cc: C. crescentus, Ef: Enterococcus faecium, Sp: 
Streptococcus pneumonia. (C) TodK kinase/phosphatase motif and generated single amino acid 
substitutions in vivo with their proposed protein functionality. 
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activity unaffected, mutations in the histidine +1 position have been made resulting in 

a K-/P+ phenotype (Willett & Kirby, 2012). For the reverse effect creating a protein with 

unaffected kinase functionality but no phosphatase activity (K+/P-), mutations at 

position histidine +4 were previously made (Huynh et al., 2010, Willett & Kirby, 2012). 

To elucidate if TodK possessed kinase and/or phosphatase activity in vivo, several 

single amino acid substitutions in these proposed activity-critical residues were 

generated (Figure 22, C).  

To analyze in vivo if TodK possessed kinase and/or phosphatase activity, single 

amino acid substitutions were introduced at the native locus. The codon for this 

substitution was chosen based on the most frequently used codon encoding this 

amino acid in M. xanthus (Nakamura et al., 2000). Development was studied using 

two established starvation assays: on CF agar surface (Figure 23) and under 

submerged culture conditions (Figure 24). On CF agar plates a mutant with the 

disrupted kinase motif (TodKH275A) showed early aggregation, yet not as early as the 

deletion mutant. Also, the characteristic fruiting body free ring around the developed 

colony was not as distinct as it was in the ȹtodK strain (Figure 23). Fruiting body 

morphology was affected in the same way as with ȹtodK. It was reported previously 

that amino acid substitutions of the invariant histidine sometimes not only affect kinase 

activity of a bifunctional protein but also reduces phosphatase activity (Huynh et al., 

2010, Willett & Kirby, 2012). This could potentially lead to a mixed phenotype. To 

better distinguish between the two potential activities of TodK, additional mutants 

were generated in amino acid positions reported to solely disrupt kinase (TodKD276A) 

or phosphatase activity (TodKS279A), respectively (see Figure 22). Surprisingly, both 

substitutions led to the same phenotype on CF starvation plates: early aggregation 

(as early as the deletion); a clear, fruiting body free ring around the developed colony 

and small, miss-shaped fruiting bodies (Figure 23). This was a first indication for a 

model in which both kinase and phosphatase activity of TodK were equally important 

to negatively regulate developmental progression in the wild type situation. Another 

possible explanation for these phenotypes was that the mutant versions of TodK were 

not stable in the cell and became degraded, leading to a deletion situation on protein 

level and the corresponding phenotype. Due to the low concentration of native TodK 

in the population (see section 5.4.1.2), examination of protein levels was not possible 

here. However, experiments with TodK mutant proteins expressed from a different 

promoter indicated that the mutant versions of TodK were stable in the cell (see 

section 5.4.2.2).  
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Figure 23: All strains carrying a TodK point mutation develop early on CF agar plates. Star-
vation assay. Logarithmically growing cells were spotted at OD550 nm 7 on nutrient limited (CF) agar 
plates. Pictures were recorded at the indicated time points using a stereomicroscope. Left panel 
shows fruiting body morphology over the time course, right panel shows colony morphology of 
spotted (0 h) and developed (72 h) colony. WT: wild type, TodKXnnnA: TodK with a single amino acid 
substitution of amino acid X at position nnn to alanine (A) at the native locus. Scale bars 1 mm. 

When the strains described above were developed under submerged culture 

(Figure 24), cells expressing todKH275A showed aggregates after 18 h, at the same 

time as wild type and ȹtodK mutant. However, the fruiting bodies of this mutant did 

not darken at the same speed as observed in the deletion mutant, suggesting 

sporulation might not happen as rapidly. Interestingly, this mutant strain exhibits more 

numerous fruiting bodies than both wild type and deletion mutant. Nevertheless, the 

fruiting body population consists of regular size and smaller fruiting bodies as 

observed for the todK deletion mutant. As described above in detail, a mutation at this 

position might, in addition to abolished kinase functionality, also have reduced 

phosphatase activity (given that the native version of the protein possessed both 

these functions). To distinguish between the roles of putative kinase and phosphatase 

activity of TodK, two additional mutant strains have been investigated: TodKD276A 

(predicted to abolish only kinase activity, K-/P+) and TodKS279A (predicted to only 

eliminate phosphatase activity, K+/P-; as per Figure 22). Under submerged culture 

conditions, both mutants exhibited the same aggregation timing as the wild type. Both 

strains produced regular sized and small fruiting bodies roughly at the same frequency 

as the deletion strain. However, TodKS279A produced less fruiting bodies overall. 



RESULTS 

 

53 

 

 

Figure 24: TodK point mutants aggregate at wild type timing under submerged culture 
conditions. Starvation assay. Strains were starved under submerged culture conditions and 

pictures were taken at the indicated time points after onset of starvation using a stereomicroscope. 
WT: wild type, TodKXnnnA: TodK with a single amino acid substitution of amino acid X at position 
nnn to alanine (A) integrated at the native locus, scale bar 1 mm. 

These findings suggested that TodK had both kinase and phosphatase activity in vivo 

and both activities seemed to be necessary to negatively regulate development. To 

investigate the effect of TodK and its various mutant versions on development when 

TodK expression is forced by a promoter to be presumably higher and in every cell 

fate, I set out to introduce all constructs under the control of the pilA promoter at a 

secondary genome site.  

 

5.4.2. todK expression forced from the pilA promoter 

As described previously (section 5.2), the strong and presumably constitutively active 

pilA promoter is a powerful tool to express proteins independently from developmental 

timing or cell fate. I took advantage of this promoter to express all previously described 

(section 5.4.1.3) versions of TodK: the native form as well as the three proteins with 

expected altered kinase or phosphatase activity based on single amino acid 

exchanges H275A, D276A and S279A (for details see Figure 22). The generated 

constructs were introduced into the phage attachment site Mx8 to complement the 

todK deletion strain.  
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5.4.2.1 Developmental progression is severely altered when todK is expressed from 

 the pilA promoter 

Cells of the generated strains were starved on CF nutrient limiting agar plates 

(Figure 25). The two control strains (wild type and ȹtodK) developed as previously 

observed and described. The strain expressing todKWT driven by the pilA promoter 

formed aggregates at 48 h after onset of starvation. This was 24 h later than the wild 

type and 30 h later than the ȹtodK strain (Figure 25, A).  

 

Figure 25: Development of strains expressing versions of todK from the pilA-promoter is 
analyzed on CF starvation plates. Starvation assay. (A) Vegetatively growing strains were 

harvested, 10 µl spots of OD550 nm 7 were placed on CF nutrient limiting agar plates and were 
incubated at 32 °C. Pictures were taken at the indicated time points. (B) Fruiting bodies produced 
by ȹtodK/todKWT

++ after prolonged starvation (72 and 120 h). Complemented strains, expressing 
versions of todK under the control of the pilA promoter (PrpilA) from the Mx8 phage attachment site 
(attB) in the M. xanthus genome, were given the following designations: ȹtodK/todKWT

++ (ȹtodK 
attB::PrpilA-todKWT), ȹtodK/todKH275A

++ (ȹtodK attB::PrpilA-todKH275A
++), ȹtodK/todKD276A

++ (ȹtodK 
attB::PrpilA-todKD276A), ȹtodK/todKS279A

++ (ȹtodK attB::PrpilA-todKS279A); ++ indicates the proteins 
were not present at native levels but were over-produced driven by the strong pilA promoter. WT: 
wild type, Scale bars 1mm. 

Interestingly, with prolonged starvation, the mounds in the center of the developing 

colony appeared to fuse together, generating very large fruiting bodies by 120 h of 

starvation (Figure 25, B). In contrast, all strains carrying a mutant form of TodK, 
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independent of the predicted activity of the mutant proteins, proceeded through 

development in an accelerated manner, like the ȹtodK strain. 

To investigate, if the ȹtodK/todKWT
++ (ȹtodK attB::PrpilA-todKWT)  phenotype could be 

augmented by increasing TodK levels in the cells even further, the construct was 

introduced into the wild type background (WT/todKWT
++) and the developmental 

phenotype was investigated. Indeed, developmental progression was even further 

delayed in this strain expressing todK both from the native and a secondary site 

(Figure 26, A). At 72 h of development, this strain showed only very shallow mounds. 

This was 48 h later than multiple mounds being formed in the wild type. When 

starvation was observed even longer it could be shown that development was never 

completed and sporulation appeared to be abolished in this strain (Figure 26, B).  

 

Figure 26: Development is severely delayed in a strain expressing todKWT driven by the pilA 
promoter from a secondary site in the genome in the wild type background. Starvation assay 
on CF starvation agar plates. Strains were grown in rich media to mid logarythmic phase, harvested 
and concentrated to OD550 nm 7. 10 µl were spotted onto plates, dried and incubated at 32 °C. At 
the indicated time points pictures were taken using a stereomicroscope. (A) The strain WT/todKWT

++ 
expressing PrpilA-todKWT from the attB site in the genome in wild type background (WT attB::PrpilA-
todKWT) formed shallow mounds after 72 h (= three days) of starvation. Left panel shows fruiting 
body morphology over the time course, right panel shows colony morphology of spotted (0 h) and 
developed (72 h) colony. (B) Starvation of the strains in A) was prolonged until seven days. Left 

panel shows fruiting body morphology over the extended time course, right panel shows colony 
morphology of developed (3 and 7 d) colony. WT: wild type, scale bars 1mm.  

When starvation was induced under submerged culture conditions, both strains over-

expressing todK in the native form (WT/todKWT
++ and ȹtodK/todKWT

++) completely 

failed to develop (Figure 27). It was observed repeatedly that after 48-72 h of 

starvation, a white film occurred in both cultures. This film likely consisted of detaching 

and possibly dying starving M. xanthus cells. Timing of aggregate formation of strains 
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accumulating TodK mutant proteins in the ȹtodK background were indistinguishable 

from wild type and ȹtodK strains (Figure 27). However, they showed slight differences 

in fruiting body size and number. For instance, ȹtodK/todKD276A
++ produced more 

numerous but smaller fruiting bodies. The number and size of fruiting bodies were 

similar in ȹtodK/todKH275A
++ and ȹtodK/todKS279A

++, with slightly more disorganized 

fruiting bodies produced by ȹtodK/todKS279A
++. Also, darkening of fruiting bodies 

appeared to be accelerated in all three strains, similar to the ȹtodK strain. 

 

Figure 27: Development of strains expressing versions of todK from the pilA-promoter is 
analyzed under submerged conditions. Starvation assay. Strains were grown to mid exponential 

phase and seeded to develop under submerged conditions. Incubation took place at 32 °C and 
pictures were recorded at the indicated time points using a stereomicroscope. Strains were given 
the following designations: WT/todKWT

++ (WT attB::PrpilA-todKWT), ȹtodK/todKWT
++ (ȹtodK 

attB::PrpilA-todKWT), ȹtodK/todKH275A
++ (ȹtodK attB::PrpilA-todKH275A

++), ȹtodK/todKD276A
++ (ȹtodK 

attB::PrpilA-todKD276A), ȹtodK/todKS279A
++ (ȹtodK attB::PrpilA-todKS279A); ++ indicates the proteins 

were not present at native levels but were over-produced driven by the strong pilA promoter. WT: 

wild type, scale bar 1 mm. 

Together, these results demonstrated that TodK is a negative regulator of 

development, since deletion leads to early aggregation, while forced over-production 

leads to delay in developmental progression. They also supported the hypothesis that 

TodK is acting both as a kinase and as a phosphatase on one or multiple output 

proteins, and that both functions are equally important or dependent upon each other 

to balance proper developmental progression. However, it was also a possibility that 

the mutant forms of TodK were instable or degraded in the cells and therefore I 
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observed a null phenotype. To further investigate this, immunoblot analysis of TodK 

in all the strains used in this section were performed.  

5.4.2.2 TodK signaling mutants are produced as stable proteins  

Two scenarios could cause early development in a TodK point-mutant strain: i) the 

protein lost its activity that allowed it to negatively regulate development in the 

wildtype strain and ii) the mutation rendered the mRNA or protein instable and it was 

degraded rapidly, resulting in a TodK deletion situation in terms of protein level. To 

be able to differentiate between these two possible causes for early development, 

western blot analysis of strains accumulating the mutant TodK proteins were 

performed. Expression of the constructs by the native promoter led to very low protein 

level, not detectable in immunoblot analysis (data not shown). This was in line with 

protein accumulation of native TodK in wild type populations (Figure 21 and 

Figure 28). However, the generation of strains expressing todK constructs (WT and 

single amino acid point mutants) driven by the pilA promoter from a secondary site in 

the genome gave me a great tool to test protein stability in immunoblot assays. At 

least 10 µg total protein of lysate were analyzed in western blots using Ŭ-TodK 

polyclonal antibodies. When X-ray films were exposed to these blots for more than 16 

h, TodK protein was detected in lysates of the wild type but absent from the deletion 

mutant (Figure 28, A), always accompanied by the strong cross reactive band above 

the TodK signal. When analyzing lysates from strains expressing different todK 

versions from the pilA promoter in the ȹtodK background, 1 µg lysate was sufficient 

to detect a strong TodK specific signal (Figure 28, A). I could detect all forms of TodK, 

both in vegetative cells (t=0h) and during (early) development2. Interestingly, when 

analyzing lysates of a strain expressing PrpilA-todKWT in the wild type background 

(WT/todKWT
++), protein levels were strongly increased at all time points investigated 

(Figure 28, B). These increased TodK levels were unlikely to merely stem from todK 

expressed from the native site in addition to todK expressed from the pilA promoter 

at a secondary site, since native TodK levels were not detectable under these 

immunoblot conditions.  

 

                                                
2 Note: This serves exclusively to prove mutant forms of TodK are stable in vivo. Slight differences of 
TodK accumulation in the different strains are not addressed here (e.g. protein level appears lower in 
vegetative cells in native and D276A, higher in H275A and S279A; higher over the entire time course in 
S279A). To evaluate this, the assay needed to be repeated in a relevant number of biological and 
technical replicates and protein accumulation would need to be quantitated. 
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Figure 28: All TodK proteins are stable and over-accumulate when expressed from the pilA-
promoter. Immunoblot analysis. Starvation was induced under submerged conditions and total cell 

populations were harvested at the indicated time points. Cells were lysed and analyzed in an 
immunoblot with Ŭ-TodK polyclonal antibody. A cross reactive band is marked with an asterisk (*) 
and the band of specific TodK signal is marked with an arrow (Ą). (A) For the controls (WT and 
ȹtodK) 10 ug total protein was analyzed. The TodK (57 kDa) band is absent from the deletion strain 
while the cross reactive band is visible with comparable intensity as in the wild type. From strains 
expressing various versions of TodK under the control of the pilA promoter from a secondary site 
only 1 µg total protein was analyzed due to much more protein present. (B) WT/todKWT

++ lysates 

were analyzed, 1 ug total protein was used for this analysis. Complemented strains, expressing 
versions of todK under the control of the pilA promoter (PrpilA) from the Mx8 phage attachment site 
(attB) in the M. xanthus genome, were given the following designations: ȹtodK/todKWT

++ (ȹtodK 
attB::PrpilA-todKWT), ȹtodK/todKH275A

++ (ȹtodK attB::PrpilA-todKH275A
++), ȹtodK/todKD276A

++ (ȹtodK 
attB::PrpilA-todKD276A), ȹtodK/todKS279A

++ (ȹtodK attB::PrpilA-todKS279A); WT/todKWT
++ (WT 

attB::PrpilA-todKWT), ++ indicates the proteins were not present at native levels but were over-
produced driven by the strong pilA promoter. WT wild type. 

I could show that all three single point mutants of TodK protein were expressed and 

stable in the cell population, therefore ruling out the possibility of early development 

being caused by lack of TodK protein in the cells. This further supports the hypothesis 

that TodK acts both as a kinase as well as a phosphatase on one or more downstream 

targets. Moreover, I could show that the observed delayed developmental phenotype 

of ȹtodK/todKWT
++ likely resulted from over-accumulation of TodK in the cell 

population. The even more dramatic delayed development of the strain WT/todKWT
++ 

could also be convincingly explained by the observed even higher TodK protein levels 

over the investigated period of development. 

 

5.4.2.3 TodK over-accumulation affects MrpC levels 

My results strongly indicated that the delayed phenotypes of ȹtodK/todKWT
++ (ȹtodK 

attB::PrpilA-todKWT) and the even more severe phenotype of WT/todKWT
++ (WT 

attB::PrpilA-todKWT) resulted from over-accumulation of TodK. The early 

developmental phenotypes of all three substitution mutants (H275A, D276A and 

S279A) seemed to stem from loss of function rather than protein instability. In the next 

step, I set out to investigate the effect of over-accumulated TodK proteins on the 

presumed regulatory output of TodK: MrpC. 
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It has been shown previously that in a todK deletion strain, MrpC accumulates earlier 

and at higher levels than in the wild type when cells are starved under submerged 

conditions ((Lee, 2009) and (Figure 20 and Figure 29, top)). Consistent with the 

delayed phenotype observed under submerged culture conditions, starving 

ȹtodK/todKWT
++ cells produced much less MrpC, even at 30 h of development 

(Figure 29). This was the time point of maximum MrpC accumulation in the wild type. 

In line with the even more delayed developmental phenotype of WT/todKWT
++ on CF 

starvation agar and no detectable development under submerged conditions also 

MrpC protein levels were even further reduced in this strain. In contrast to this, MrpC 

accumulated both earlier and at higher levels in all three TodK point mutant strains. 

Here, I detected MrpC six hours earlier than in wild type cells, consistent with when 

MrpC was detected in ȹtodK. In all three strains expressing point mutants of todK 

MrpC accumulation was comparable, independent from the predicted loss of function 

of said mutant. Together, these results suggested that TodK acts both as a kinase 

and phosphatase to control its so far unknown output and negatively regulates 

developmental progression. 

 

Figure 29: MrpC accumulation in strains expressing TodK protein versions from a 
secondary site is consistent with the developmental phenotypes. Immunoblot analysis. 

Strains were developed under submerged culture and harvested at the indicated time points. 
Lysates were prepared and 10 µg total protein was analyzed in an immunoblot assay using Ŭ-MrpC 
polyclonal antibody. Complemented strains, expressing versions of todK under the control of the 
pilA promoter (PrpilA) from the Mx8 phage attachment site (attB) in the M. xanthus genome, were 
given the following designations: ȹtodK/todKWT

++ (ȹtodK attB::PrpilA-todKWT), ȹtodK/todKH275A
++ 

(ȹtodK attB::PrpilA-todKH275A
++), ȹtodK/todKD276A

++ (ȹtodK attB::PrpilA-todKD276A), ȹtodK/todKS279A
++ 

(ȹtodK attB::PrpilA-todKS279A); WT/todKWT
++ (WT attB::PrpilA-todKWT), ++ indicates the proteins were 

over-produced driven by the strong pilA promoter. MrpC 27 kDa, WT: wild type. 
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5.4.3. Investigation of TodK phosphorylation status in vitro and in vivo 

The in vivo data suggested TodK to be an active histidine protein kinase. I wanted to 

support this result and gain deeper knowledge in the proteins activity be studying it 

in vitro. To do so, I set out to overexpress and purify recombinant TodK from E. coli 

cells and perform radioactive kinase assays.  

 

5.4.3.1 Overexpression and purification of recombinant Trx-His6-TodK 

In an earlier study, solubility screening of TodK expressed from several 

overexpression vectors was performed in E. coli cells and using pET32a (Invitrogen) 

was found to result in production of the biggest proportion of soluble TodK protein 

(roughly 50 % soluble, 50 % insoluble protein outcome, B. Lee and P.I. Higgs; 

unpublished data). Protein production from pET32a results in an N-terminally tagged 

protein of interest with the solubilizing fusion protein Thioredoxin (Trx) followed by a 

hexa-histidine (His6) tag. For overexpression, todK was cloned into pET32a both in 

its native (TodKWT) form as well as in the presumably kinase inactive form resulting 

from a single amino acid substitution mutagenesis (TodKH275A). Expression conditions 

were optimized to using pLysS E. coli cells, growing them to midlogarithmic phase 

(OD600nm 0.5) at 37 °C, cooling cultures to 18 °C and growing them further to late-mid 

logarithmic phase (OD600nm 0.7). Expression of todK was induced with 0.5 mM IPTG 

and continued at 18 °C overnight. E. coli cells were lysed and the soluble fraction was 

separated from the insoluble fraction in two subsequent clarification centrifugation 

steps with increasing stringency (Figure 30, A TodKWT and B TodKH275A). Purification 

of TodK was performed using Ni-NTA-affinity chromatography utilizing an ÄKTA 

purification system. The most important purification steps were analyzed on SDS-

PAGE, where over-produced TodK protein migrated at approximately 70 kDa. This 

corresponded to the calculated molecular mass of TodK (55.7 kDa) plus Trx-His6-

fusion protein (16 kDa). The three purest elution fractions of each purification were 

pooled and subjected to dialysis (Figure 30, A and B, far right). Attempts to use Q 

Sepharose chromatography (HiTrap Q HP, GE Healthcare), a strong anion exchange 

anion column, to further purify TodK were not successful (data not shown). 
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Figure 30: TodK can be soluble produced and purified from E. coli. Purification of Trx-His6-
TodKWT and Trx-His6-TodKH275A proteins via Ni-NTA column (Äkta). Critical fractions during the 
purification of Trx-His6-TodKWT (A) and Trx-His6-TodKH275A (B). Plasmids carrying the genes to 

overproduce Trx-His6-TodKWT (pMG018) and Trx-His6-TodKH275A (pMG019) were transformed into 
E. coli pLysS and induced for protein expression with 0.5 mM IPTG at 18°C overnight. Samples 
were taken during the entire process and equal proportions were subjected to SDS-PAGE (8 %). 
M Marker, UI un-induced; I induced; L lysate; S1 supernatant centrifugation 1; P1 pellet 
centrifugation 1; S2 supernatant centrifugation 2; P2 pellet centrifugation 2. Elution chromatograms 
and SDS-PAGE analysis of elution fractions of Trx-His6-TodKWT (C) and Trx-His6-TodKH275A (D). 

Elution fractions were analyzed on SDS-PAGE (8 %) and the three purest were chosen for further 
analysis (green box), pooled and dialyzed. Eight fractions of lesser purity were pooled and used for 
a second purification step (red box). IE impure elution fraction representing the protein pattern of 
the eight fractions in the red box, E 1-3 three purest elution fractions. Molecular weight Trx-His6-
TodK ~70 kDa. 

 

5.4.3.2 TodK is not an active kinase in vitro 

To test if Trx-His6-TodK was capable of autophosphorylation in vitro, the purified 

proteins (TodKWT and TodKH275A) were incubated with radioactively labeled [g32P]-ATP 

(Figure 31). Even after 60 min of incubation, no autophosphorylation of 10 µM TodKWT 

could be detected under standard conditions containing 1 mM MgCl2 in the reaction 

buffer (Figure 31, A). It is known that some proteins utilize different ions or need higher 

ion concentrations to function as an active kinase (Gamble et al., 1998, Psakis et al., 

2011). In a next step, both proteins were incubated with reaction buffers 

supplemented with either MnCl2 or CaCl2 at 1 mM or 10 mM, respectively as well as 
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a high concentration of MgCl2 of 10 mM (Figure 31, B). Under the described 

conditions no autophosphorylation could be observed.  

 

Figure 31: Trx-His6-TodK does not autophosphorylate in vitro. (A) Radioactive 
phosphorylation assay using established standard conditions. 10 µM purified protein were 

incubated for a total of 60 min with radioactively labeled [g32P]-ATP and 1 mM MgCl2, aliquots were 
removed and quenched at the indicated time points. Proteins were resolved using SDS-PAGE and 
the radiolabel was detected by exposure to a storage Phospho Screen (autoradiogram, AR). Total 
loaded protein was visualized using Coomassie stain (CS) afterwards. Trx-His6-TodK has a 
calculated molecular mass of around 70 kDa. A protein known to autophosphorylate was used as 
a positive control to ensure assay functionality. (B) Assay variation of A. Proteins were incubated 

with different ions and ion concentrations for 60 min in the presence of radioactively labeled [g32P]-
ATP. M: Marker, WT: Trx-His6-TodKWT, HA: Trx-His6-TodKH275A. 

Although the kinase inactive mutant had an accelerated developmental phenotype 

in vivo (section 5.4.1.3), the purified protein showed no activity in vitro. This might 

have different reasons: i) the PAS domains inhibited kinase activity and by binding a 

ligand release this repression, ii) another co-factor is required for kinase activity or iii) 

the tag on the N-terminus of the protein hindered activity and/or prohibits the correct 

and functional folding of all domains.  

To investigate possibility one, single domain constructs of TodK were expressed and 

purified to analyze whether the kinase domain is capable of autophosphorylation 

without the PAS domainôs inhibition (see section 5.4.4.1). Moreover, Phos-tag 

technology was established in the laboratory to study protein functionality and 

autophosphorylation in vivo (see section 5.4.3.3), to prevent the possible hindrances 

to protein activity listed as possibilities two and three. 
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5.4.3.3 TodK might become phosphorylated in vivo  

In vitro activity of M. xanthus histidine protein kinases has been studied extensively, 

and it was very rare that the kinase domain alone would not autophosphorylate in vitro 

(section 5.4.4.1). In particular, since substitution of the invariant histidine (todKH275A) 

showed impaired developmental progression, suggesting it to be an active histidine 

protein kinase in vivo. One elegant method to investigate the phosphorylation status 

of proteins in vivo is called Phos-tag technology (Kinoshita et al., 2008). This method 

was initially developed to investigate phosphorylation of serine, threonine and tyrosine 

residues, but has also been used to study phosphorylation of aspartate (Barbieri & 

Stock, 2008) as well as histidine residues (Yamada et al., 2007, Kinoshita-Kikuta et 

al., 2016, Gajdiss et al., 2017). Phos-tag-acrylamide SDS-PAGE has been 

successfully used to study aspartate phosphorylation in cell lysates of M. xanthus 

before (Kaimer & Zusman, 2013). Therefore, this method was a promising tool to 

investigate at which time point of development TodK was active, and subsequent 

studies of TodK activity in different cell fates were envisioned to gain insight in the 

role of TodK as well as its regulation.  

Theory of Phos-tag technology 

Phos-tag is a functional molecule that captures specifically phosphorylated residues, 

offering a variety of applications. One of these is the use of Phos-tag-acrylamide in a 

protocol of SDS-PAGE, in which proteins are not only separated by their size but also 

according to their phosphorylation status. By adding the Phos-tag substance as well 

as specific bivalent ions to the SDS-gel, phosphorylated proteins are captured by the 

compound and their migration through the gel matrix is delayed. Multiple 

phosphorylation states of a protein can be separated from each other and from the 

non-phosphorylated protein (Figure 32). A subsequent western blot allows specific 

detection of the separated forms of the protein of interest in a cell lysate sample.  

 

Figure 32: Principle of Phos-tag-acrylamide SDS-PAGE. In a conventional SDS-PAGE proteins 

run according to their molecular weight through the gel matrix. Non-phosphorylated proteins and 
their phosphorylated counterparts migrate at the same position, resulting in a singular band. In a 
Phos-tag SDS-PAGE, phosphorylated proteins are captured by the Phos-tag-compound which 
delays their migration. Proteins now also migrate corresponding to their degree of phosphorylation. 
This results in multiple bands, each corresponding to one specific phosphorylation status. Figure 
modified from Phos-tag protocol (available at   
http://www.wako-chem.co.jp/english/labchem/journals/phos-tag_GB2013/pdf/Phos-tag.pdf). 
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Phosphorylation of TodK might occur, but is independent from the invariant histidine 

Due to the low concentration of TodK expressed from the native site in total cell 

population lysates, I decided to take advantage of the strains expressing TodK from 

the pilA promoter at a secondary site in the genome which contained higher TodK 

protein levels, as shown above (Figure 32). After conditions for Phos-tag-acrylamide 

SDS-PAGE were optimized (data not shown), total cell populations were harvested at 

various time points of starvation induced development and analyzed. Cells of the 

strain ȹtodK were used as a control, to identify the cross-reactive band which in a 

regular SDS-PAGE runs at the size of 70 kDa (Figure 33, A). In lysates derived from 

the strain ȹtodK/todKWT
++ (ȹtodK attB::PrpilA-todKWT), next to the strong non-

phosphorylated base line, two additional bands could be detected, indicating a 

phosphorylation induced band shift. However, both these bands were also present 

when a strain expressing a mutant form of TodK that was incapable of histidine 

autophosphorylation ȹtodK/todKH275A
++ (ȹtodK attB::PrpilA-todKH275A) was analyzed 

(Figure 33, B). Interestingly, all (mutant) versions of TodK investigated under these 

conditions resulted in these exact band shifts (data not shown).  

 

Figure 33: Phosphorylation induced band shift can be observed in Phos-tag SDS-PAGE, 
however this is not due to autophosphorylation of the invariant histidine H275. Phostag SDS-
PAGE. Strains were developed under submerged culture conditions and total population was 
harvested at the indicated time points. Cells were lysed and 10 µg lysates were loaded to a Phos-
tag SDS-PAGE, run and semi-dry blotted onto PVDF membrane. Immunoblots were probed with 
Ŭ-TodK polyclonal antibodies. Complemented strains, expressing versions of todK under the 
control of the pilA promoter (PrpilA) from the Mx8 phage attachment site (attB) in the M. xanthus 
genome, were given the following designations: ȹtodK/todKWT

++ (ȹtodK attB::PrpilA-todKWT), 
ȹtodK/todKH275A

++ (ȹtodK attB::PrpilA-todKH275A
++), ++ indicates the proteins were not present at 

native levels but were over-produced driven by the strong pilA promoter. (A) In a todK deletion 
strain, the cross-reactive band observed earlier is detected and marked with an asterisk. (B) 

Lysates of strains expressing either the native TodK protein (left) or a mutant predicted to be 
incapable of autophosphorylation of the conserved histidine TodKH275A (right) showed an 
indistinguishable band pattern. The cross-reactive band identified before is marked with an asterisk.  

This raised the intriguing possibility that TodK indeed was phosphorylated, potentially 

regulating the activity of the protein, but histidine phosphorylation on H275 could not 

be shown under the conditions tested. One possible explanation for the band shift 

observed here was that TodK was phosphorylated on a serine or threonine residue, 

possibly to regulate the proteins activity. Interestingly, the shifted band was stronger 
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at the beginning of development and faded as development progressed. The 

phosphorylation status of TodK could be further investigated using mass spectrometry 

techniques to find the putative site(s) of phosphorylation. Additionally, it would be 

interesting to investigate the time-frame between zero and nine hours of development 

more closely, to determine if the putative phosphorylation of TodK decreases 

gradually over time or if there is a clear off switch at some developmental checkpoint. 

This information would be vital for understanding how TodK activity is regulated 

in vivo. The Phos-tag-approach could still be used to investigate histidine phos-

phorylation of TodK. However, the conditions would need to be optimized further. 

Several modifications of the protocol remained untested to this point, starting from 

acrylamide : bisacrylamide ratio variations, Phos-tag-acrylamide concentrations and 

ion concentrations, over testing different immunoblot techniques and conditions, to 

sample preparation including not freezing samples and variations in the cell lysis 

approach. 
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5.4.4. Signals and outputs of the TodK signaling module 

When studying signaling systems, the most fundamental questions regarding signal 

transmission are: i) ñWhat stimuli is the system reacting to and how does it sense it?ò 

and ii) ñWhat is the signal regulating and how is the output mediated?ò. To address 

these questions, I set out to investigate the two PAS domains located at the N-

terminus of TodK to assess if they are sensing the signal input and if they affect kinase 

activity (section 5.4.4.1). Since TodK is encoded in the M. xanthus genome as an 

orphan gene, it is challenging to determine the cognate response regulator that 

mediates the signal output of the system. Using bioinformatics tools and investigating 

the genomic region of todK, I identified two response regulators which had the 

potential to be the cognate partner of TodK and initiated basic phenotypic studies 

in vivo (section 5.4.4.2).  

 

5.4.4.1 The PAS domains of TodK likely sense input stimuli and activate kinase 

 function 

Per Ant Sim (PAS) domains are frequently found at the amino terminus of histidine 

protein kinases, where they act as sensing domains to recognize the input stimuli to 

activate the system. I set out to investigate the PAS domains of TodK in vivo and 

assay if kinase activity depends on the PAS domains of the protein in vitro. The 

domain architecture of TodK has been described in detail before (section 5.4.1.3), so 

here I just briefly illustrate what portion of TodK protein is deleted in the domain 

deletion mutant as well as overexpression constructs used in this study (Figure 34).  

 

Figure 34: Schematic of domain deletion and single domain overexpression constructs of 
TodK.  (A) Gene locus (top) and protein domain structure (bottom) of TodK. Domain assignment 
according to SMART (Schultz et al., 1998, Letunic et al., 2015). (B) The construct deleting both 
PAS domains (todKȹPAS) deletes amino acids 19 ï 214 from the native locus. (C) Overexpression 
constructs to express the TodK PAS domains and kinase domain separately in E. coli. Both were 
cloned into pET32a, generating Trx-His6-tagged versions of the domains, tags are not depicted. 
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Deletion of TodK PAS domains leads to early development  

In-frame deletion of the PAS domains was generated in M. xanthus and the resulting 

strains were assayed to develop on CF-starvation agar plates. The construct keep 

some distance to the kinase domain to not disturb its folding and therefore potentially 

activity (Figure 34, B). When cells of the resulting strains were starved, and allowed 

to develop on CF-nutrient limiting agar plates, todKȹPAS constructs resulted in a ȹtodK 

phenotype with the hallmarks of early aggregation (more than six hours earlier than 

wild type), a fruiting body free ring near the colony periphery and disturbed fruiting 

body morphology (Figure 35).  

 

Figure 35: Deletion of PAS domains of TodK leads to phenocopy of todK deletion hallmarks. 
Starvation assay on CF-nutrient limiting agar plates. Aliquots of 10 µl OD A550nm 7 of all strains were 
spotted onto plates, dried and incubated at 32 °C. Pictures were recorded at the indicated time 
points using a stereomicroscope. Left panel shows colony morphology over the time course, right 
panel shows fruiting body morphology at 72 h of starvation. WT: wild type, todKȹPAS: ȹaa18-214; 

scale bars 1 mm. 

Unfortunately, attempts to detect the remaining TodK protein by immunoblot failed, 

likely due to the earlier described low abundance of the protein and further reduced 

epitopes in the truncated versions. This leaves the possibility that truncating TodK, 

leaving only the kinase domain in the cells, results in lower protein levels or even 

complete degradation of the protein which would result in a ȹtodK like protein situation 

in the cells and therefore a ȹtodK like phenotype. However, I found during in vitro 

studies that it is possible to overexpress only the kinase domain soluble in E. coli 

(Figure 36), raising the optimistic anticipation this might also be the case in vivo. 

Assuming that the truncated forms of TodK are stable in the cell and present at similar 

levels as the full length protein, the developmental phenotype of both todKȹPAS 

suggested that the PAS domains are needed to activate kinase function rather than 

release an inhibition upon signal sensing. To further test this hypothesis, I 

overexpressed and purified recombinant single domain constructs of TodK and 

analyzed kinase activity in a radioactive kinase assay. 

 

 



RESULTS 

 

68 

 

The kinase domain of TodK alone does not autophosphorylate in vitro 

To investigate the activity of the TodK kinase domain without potential inactivation by 

the PAS domains, the separate domains were cloned, overexpressed and purified 

from E. coli using the same strategies as applied for the full length protein (section 

5.4.3.1). Soluble expression from both constructs (Trx-His6-todKPAS and Trx-His6-

todKkinase, Figure 34 C) was possible (Figure 36). Although almost all of the PAS 

domain construct was found in the soluble fraction, only approximately 50 % of the 

kinase domain construct was found to be soluble whereas the other 50 % were found 

to be in the pellet fraction, likely in inclusion bodies. Also, induction of the PAS domain 

construct was stronger compared to the kinase domain. Protein purification was 

performed via NiNTA-affinity-chromatography using an ÄKTA machine. After elution 

(Figure 36, proteins were dialyzed against storage buffer and frozen at ï 20 °C until 

further usage.  

 

Figure 36: Soluble overexpression of TodK domain constructs is possible in E. coli. SDS-
PAGE of critical steps in protein overexpression and purification. Trx-His6-TodKPAS (A) and Trx-
His6-TodKkinase (B) constructs were induced to express the proteins of interest in pLysS E.  coli cells 

with 0.5 mM IPTG at 18 °C. Purification was carried out via NiNTA-affinity chromatography (ÄKTA 
technology). Purest elution fractions were pooled, dialyzed and stored at -20 °C until further use. 
UI un-induced; I induced; L lysate; S supernatant; P pellet; E representative elution fraction. 

In a radioactive assay the ability of Trx-His6-TodKkinase to autophosphorylate was 

examined. The assay was performed under standard conditions, but even after 45 

minutes of incubation, no autophosphorylation signal was detectable on Trx-His6-

TodKkinase (Figure 37). Also, the two single domain constructs Trx-His6-TodKPAS and 

Trx-His6-TodKkinase were mixed at an equimolar ratio to test if the presence of the PAS 

domains had an influence on kinase activity; this was not the case. Together with the 

data from domain deletion strains in vivo, this result suggested that the mechanism to 
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activate the TodK kinase includes the PAS domain(s) sensing a signal and actively 

stimulating kinase activity, rather than releasing kinase inhibition.  

 

Figure 37: No phosphorylation signal can be detected on the kinase domain of TodK. 
Radioactive kinase assay. Autophosphorylation was analyzed in a standard radioactive 

phosphorylation assay, where 10 µM of the purified indicated protein was incubated for a total of 

45 min with radioactively labeled [g32P]-ATP and 1 mM MgCl2, aliquots were removed and 
quenched at the indicated time points. Proteins were subsequently resolved using SDS-PAGE and 
the exposed to a storage Phospho Screen to detect any radiolabel (autoradiogram, AR). 
Afterwards, total protein was visualized using Coomassie stain (CS). Trx-His6-TodKPAS was used 
as a negative control at 45 min. A known active histidine kinase was used as a positive control to 
ensure assay functionality. 

 

5.4.4.2 What is the output of TodK? 

TodK is encoded in the genome as an orphan kinase, meaning it is not in an operon 

with its cognate response regulator. This makes it challenging to identify the 

associated response regulator of TodK. There are various strategies to identify 

cognate partners of orphan signaling proteins ranging from analysis of the genome 

region, subsequent gene disruption of all respective genes and classification of 

phenotypes to group potential signaling partners (for instance done for E. coli (Zhou 

et al., 2003) and was planned for Streptomyces (Hutchings et al., 2004)) to various 

bioinformatics based predictions. Here I applied two of these approaches which 

suggested two potential response regulators as signaling partner for TodK: dotR and 

MXAN_5052.  

DotR is unlikely to be part of the TodK signaling module 

dotR is encoded adjacent to todK in the M. xanthus genome, yet on the alternate DNA 

strand, resulting in an overlap of the stop codons of both genes. This close proximity 

and potential common regulation suggested DotR to be the cognate partner and 

signal output of TodK. This was previously suggested and found to be not the case in 

the alternate wild type DK1622 (Rasmussen & Sogaard-Andersen, 2003). However, 

as discussed before, the wild type strain DZ2 used in this study provides more 

resolution of timing during development, which led me to investigate the phenotype of 

a dotR deletion strain in more detail again. An in-frame deletion of dotR was generated 

using the pAAR140 plasmid generated by Rasmussen et al. and the developmental 
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phenotype was analyzed (Figure 38). While a ȹtodK strain developed early on CF 

agar and exhibited perturbed fruiting body morphology, a ȹdotR strain showed a wild 

type like developmental progression and properly shaped fruiting bodies, a minimal 

delay in fruiting body formation could be observed. A double in-frame deletion mutant 

of both genes (ȹtodK ȹdotR) phenocopied the ȹtodK strain. These findings supported 

the data published earlier (Rasmussen & Sogaard-Andersen, 2003) and indicated that 

DotR is not the cognate response regulator of TodK. 

 

Figure 38: DotR is unlikely to be the cognate response regulator of TodK. Starvation induced 
development assay on CF-nutrient limited agar plates. Cells were spotted at OD550nm 7, dried and 
incubated at 32 °C for a total of 5 days. Pictures were recorded at the indicated time points using 
a stereomicroscope. Left panel shows colony morphology over the time course, right panel shows 
fruiting body morphology at 120 h of starvation. WT wild type, scale bars 1mm. 

 

MXAN_5052 is unlikely to be the cognate signaling partner of TodK 

In a further attempt to identify potential signaling partners of TodK, I took advantage 

of a prediction software (http://www.swissregulon.unibas.ch/cgi-bin/TCS.pl) which 

used an algorithm that models known kinase/response regulator pairs based on 

amino acid sequence to predict interacting pairs specifically of orphan genes (Burger 

& van Nimwegen, 2008). The authors claimed to be most confident in predicting 

partners for kinases of the largest histidine kinase family, HisKA, in which TodK was 

included. The software predicted the orphan response regulator MXAN_5052 to be 

the cognate partner of TodK with a probability of 0.77; for perspective, the second hit 

(MXAN_6012) had a 10-fold lower likelihood of 0.073, which was followed by 

MXAN_2516 with a score of 0.053. No other orphan kinase tested (including Hpk30, 

EspA and EspC) revealed a possible partner with such a high probability. 

MXAN_5052 codes for a RR containing a REC domain followed by a domain of 

unknown function and an unstructured region (based on SMART analysis (Schultz et 

al., 1998, Letunic et al., 2015)). In-frame deletion strains of MXAN_5052 as well as a 

double deletion strains (ȹtodK ȹMXAN_5052) were generated and their 

developmental phenotype was investigated on CF starvation agar plates (Figure 39). 

The creation of in-frame deletions of MXAN_5052 resulted in a low number of clones 
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and by the end of this study only one clone of a confirmed in-frame deletion could be 

acquired. For a double deletion strain missing todK and MXAN_5052, only two PCR 

confirmed clones could be created by the end of this study. It should be noted here 

that to strengthen the conclusion that MXAN_5052 has no impact on development 

and is therefore highly unlikely to be the cognate partner of TodK, more clones of both 

strains should be obtained and examined.  

 

Figure 39: MXAN_5052 seems to have no impact on developmental progression and fruiting 
body morphology. Starvation assay on CF agar. Strains were grown to mid logarythmic phase, 

concentrated to OD550 nm 7 and 10 µl aliquots were spotted. Dried plates were incubated at 32 °C. 
Pictures were taken at the indicated time points using a stereomicroscope. Left panel shows fruiting 
body morphology over the time course, right panel shows colony morphology of spotted (0 h) and 
developed (72 h) colony. WT wild type, scale bars 1 mm. 

 

 

  



RESULTS 

 

72 

 

5.5. Hpk30 serves as a signal integration module that regulates 
 Myxococcus xanthus developmental progression  

An additional negative regulator involved in the appropriate regulation of M. xanthus 

development is the orphan putative histidine protein kinase Hpk30. We had the 

hypothesis that this kinase also is involved in appropriate MrpC accumulation. To 

further address how this might be facilitated, it was crucial to first understand the 

functionality and signal flow of this protein. Here I report the basic characterization of 

Hpk30 by combining in vivo and in vitro approaches.  

 

5.5.1. Investigation of Hpk30 in vivo 

5.5.1.1 Deletion of hpk30 leads to early development and miss-accumulation of MrpC 

In the genetic screen that identified Hpk30, two separate insertions in the gene 

MXAN_4465 were identified (K. Cho, P.I. Higgs, and D.R. Zusman; unpublished 

data). To confirm the phenotype, an in-frame-deletion strain of hpk30 (æhpk30) was 

generated and the mutant phenotype investigated in detail in this study.  

Under starvation conditions on nutrient limited CF agar plates, the ȹhpk30 mutant 

produced aggregates after 18 h of starvation. This was 6-12 h earlier than observed 

for the wild type DZ2, which reached this point of developmental progression around 

24-30 h (Figure 40, A). Interestingly, the exact timing of this mutant was variable to 

some degree: in most cases ȹhpk30 developed as shown here (Figure 40), but 

occasionally it developed less quickly or (rarely) was indistinguishable from wild type 

cells. This variable phenotype did not depend on cell density when the strains were 

spotted onto CF agar (tested densities included OD550 nm 1.75, 3.5, 7, 14 and 28) (data 

not shown). Also, a starvation assay on alternate solid medium (TPM) was performed, 

to investigate if media composition could have an effect on its developmental timing. 

Again, no correlation could be observed (data not shown). Hence, I decided to use 

the established assay on CF agar plates for further analysis.  

When ȹhpk30 development was investigated under submerged culture conditions, 

early aggregation was not observed: both wild type and ȹhpk30 strains formed 

aggregates around 30 h of starvation which darkened between 48 and 72 h of 

development (Figure 40, B). While the wild type formed relatively regular and uniform 

fruiting bodies with respect to size and shape, the ȹhpk30 mutant formed both big 

and very small fruiting bodies.  

It has been shown previously that mutants aggregating earlier than wild type also had 

perturbed accumulation of the key transcriptional regulator, MrpC. To determine 

whether this was the case for the ȹhpk30 mutant, lysates from cells developing in 

submerged culture harvested and analyzed by immunoblot. I could show that MrpC 

accumulated 6 h sooner in the ȹhpk30 strain compared to wild type DZ2 (Figure 40, 

C). Also, similar to deletion strains of todK (this study and (Lee, 2009)) as well as 

espA and espC (Higgs et al., 2008, Lee, 2009), MrpC over-accumulated in the ȹhpk30 

mutant at time of peak accumulation.  
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Figure 40: In-frame deletion of hpk30 leads to accelerated development.   
(A) Developmental phenotype analysis on CF agar plates. Strains were grown to mid exponential 

growth phase, harvested and 10 µl of concentrated cell suspension (OD550nm 7) were spotted onto 
CF nutrient limited agar plates. Plates were incubated at 32 °C and starvation was observed for 72 
h. Pictures were recorded at the indicated time points using a stereomicroscope. Colony as well as 
fruiting body morphology are depicted. Scale bars 1 mm. (B) Developmental phenotype analysis 
under submerged conditions. Strains were subjected to starvation in submerged culture at 32 °C 

and developmental stages were recorded using a stereomicroscope at the indicated time points. 
Scale bar 1 mm. (C) Immunoblot analysis. Development was induced under submerged starvation 

conditions and cell populations harvested at the indicated time points. Cells were lysed and 10 µg 
total protein were subjected to SDS-PAGE and analyzed by Ŭ-MrpC immunoblot. MrpC 27 kDa, 
WT: wild type. 

Data presented in this section confirmed Hpk30 to be a negative regulator of 

development in M. xanthus which was demonstrated by early aggregation on CF agar 

plates, miss- and diversely shaped fruiting bodies as well as early and over-

accumulation of MrpC. Using both genetic and biochemical techniques, I therefore set 

out to characterize the Hpk30 signaling module.  This approach is an essential first 

step in elucidation of the mechanism by which Hpk30 effects MrpC accumulation. 
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5.5.1.2 hpk30 is expressed and accumulated constantly during all life cycle stages 

An earlier study reported gene expression of MXAN_4465 (hpk30) went up 2.1-fold 

between four and six hours of development in the alternate wild type strain DK1622, 

measured in a microarray approach (Shi et al., 2008), but expression of this particular 

gene was not validated by quantitative real time PCR (qRT-PCR). For two reasons 

qRT-PCR was performed on this gene in this study: i) to validate the microarray 

results of Shi et al. and ii) to test whether the results obtained from the alternate wild 

type strain DK1622 are true for the wild type DZ2 (used in this study). DZ2 generally 

develops more slowly upon starvation, providing the advantage of more detailed time 

resolution. Quantitative real-time PCR revealed that hpk30 mRNA levels indeed were 

upregulated upon induction of starvation and mRNA levels peaked at four hours of 

starvation (5.3 fold induction; normalized to vegetative expression levels at t = 0 h of 

development, Figure 41). Therefore, verifying the results of Shi et al. for the wild type 

strain DZ2.  

 

Figure 41: hpk30 expression in vegetative and developing cells. Quantitative real-time PCR of 
hpk30 mRNA. Total RNA was isolated from wild type DZ2 cells at the indicated time points of 
starvation and transcribed into cDNA using random primers. Transcripts of hpk30 were amplified 
with specific primers and detected by qRT-PCR. Signals were normalized to time point 0 h. 

An important tool to address when Hpk30 could be active in the M. xanthus life cycle, 

is to first characterize the Hpk30 accumulation pattern. I therefore set out to generate 

customized Ŭ-Hpk30 antibodies. Purified recombinant Trx-His6-Hpk30 protein was 

used as antigen for commercial antibody production by immunization of two rabbits. 

Initial testing of the resulting antisera with cell lysates prepared of wild type and 

ȹhpk30 cells did not detect an Hpk30-specific signal by immunoblot analysis (data 

not shown and Figure 42, far left panel). This was due to many cross-reactive bands 

and is a commonly known complication. Therefore, specific Ŭ-Hpk30 antibodies were 

purified by incubating the sera with immobilized antigen, washing away non-specific 

antibodies (wash fraction), and then eluting the specific antibodies from the antigen 

(elution fraction). These antibody fractions were then assayed by immunoblot analysis 

of wild type and ȹhpk30 cell lysates harvested from six hours of development, as well 

as the purified antigen (Figure 42). The wash antibody fraction showed the same 

cross reactive bands as the unpurified serum, indicating that the non-specific 

antibodies did not bind to the Hpk30 antigen. However, the purified antigen could still 

be detected in this fraction, suggesting that the amount of antigen used for capture 
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could have been increased. The elution antibody fraction were used at 1:500 

(proportionally equivalent to unpurified sera) showed a strong signal for the purified 

target protein and very faint detection of band of 57 kDa, the calculated molecular 

mass of Hpk30, in the wild type but not ȹhpk30 lysate. If two-fold less dilute antibody 

was used, this specific Hpk30 signal was stronger.  

 

Figure 42: Purification of Polyclonal Ŭ-Hpk30 antibodies for immunoblot analysis of 
M. xanthus cell lysates. Immunoblot analysis. Cell lysates (10 µg total protein) of six hours 
developed M. xanthus strains (wild type WT and ȹhpk30) as well as purified protein (PP, Trx-His6-
Hpk30) were subjected to SDS-PAGE (9 %) and semi-dry immunoblotting. Ą marks Hpk30 (57 kDa) 
band, which was barely visible at 1: 500 dilution of purified antibody but well detectable at 1:250 
dilution. It should be noted that antibody purifications lead to varying results regarding intensity of 
the Hpk30 specific band as well as number and intensity of cross reactive bands. 

 

To investigate whether Hpk30 protein accumulation matched the mRNA expression 

pattern, immunoblot analysis using the custom generated and optimized Ŭ-Hpk30 

antibodies was performed. Hpk30 protein accumulation in a wild type (DZ2) 

population was examined over a time course of development (Figure 43). Hpk30 

could be detected in vegetative cells and did not disappear until 36 h of development 

(calculated molecular mass of Hpk30 57 kDa). In ȹhpk30 cell lysates, a cross reactive 

band appeared at 24 and 30 h of development. This band could not be separated 

from Hpk30 under any assay modifications tested. Moreover, this band appeared at 

varying intensities in different assays and batches of purified antibody (data not 

shown). Therefore, I consider the increase of signal intensity observed in wild type 

lysates at 24 and 30 h of development not specific to Hpk30 and propose that Hpk30 

is constitutively produced from 0 (vegetative cells) to at least 30-36 h of development.  

 

Figure 43: Hpk30 accumulates in vegetative and developing cells. Immunoblot analysis. 

Developing cell populations of wild type (WT) and ȹhpk30 were harvested and cell lysates (10 µg 
total protein) were subjected to SDS-PAGE (9 %) and blotted onto PVDF membrane in a semi-dry 
procedure. Membranes were probed with affinity purified Ŭ-Hpk30 polyclonal antibodies. Purified 
protein (Hpk30WT: Trx-His6-Hpk30WT) serves as a positive control and was detected at a higher 
molecular weight due to the attached Trx-His6-tag used for protein purification (calculated mass of 
Trx-His6-Hpk30 76 kDa). Ą marks Hpk30, * marks a cross reactive band, which appears at 24 and 
30 h of starvation 
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5.5.1.3 Constitutive hpk30 expression leads to delayed development 

Deletion of hpk30 led to an early developmental phenotype under different starvation 

conditions (Figure 40). I next wanted to investigate whether the developmental 

repression by Hpk30 could be forced by over expression of the protein. Therefore, I 

fused hpk30 to the pilA promoter and integrated this PrpilA-hpk30 construct into the 

Mx8 phage attachment site in the wild type and the ȹhpk30 background strains. 

Strains were then developed on CF nutrient limiting agar plates and developmental 

progression was recorded. 

Strains carrying the PrpilA-hpk30 construct exhibited delayed development relative to 

the background strains (Figure 44). The mutant ȹhpk30/hpk30++ (ȹhpk30 attB::PrpilA-

hpk30) started to form aggregates after 30 h of starvation; 6  and 12 h later than was 

observed for the wild type and ȹhpk30 strains, respectively. This delayed 

developmental phenotype was even more augmented in the strain WT/hpk30++ (DZ2 

attB::PrpilA-hpk30) which carries two copies of the hpk30 gene. In this background, 

aggregation was only apparent after 48 h of development: an additional 12 and 24 h 

later than in ȹhpk30/hpk30++ and wild type strains, respectively.  

 

Figure 44: Expression of hpk30 under the control of the pilA-promoter leads to delayed 
development. Starvation assay on CF agar plates. Vegetatively growing strains were harvested 

and 10 µl spots of OD550 nm 7 were placed on CF nutrient limiting agar plates. Inverted plates were 
incubated at 32 °C and pictures were taken at the indicated time points. Complemented strains, 
expressing hpk30 under the control of the pilA promoter (PrpilA) from the Mx8 phage attachment 
site (attB) in the M. xanthus genome, were given the following designations: ȹhpk30/hpk30++ 
(ȹhpk30 attB::PrpilA-hpk30), WT/hpk30++ (WT attB::PrpilA-hpk30). WT: wild type, scale bar 1 mm. 

Interestingly, when the PrpilA-hpk30 strains were analyzed under submerged culture 

developmental conditions, in which the early aggregation phenotype of the ȹhpk30 is 

suppressed, the delay in aggregation was also not observed. (Figure 45). However, 

fruiting bodies failed to darken suggesting sporulation was likely delayed. 

Consistently, darkening of fruiting bodies was even further delayed in WT/hpk30++ 

than in ȹhpk30/hpk30++ at 120 h of starvation. 
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Figure 45: Expression of Hpk30 driven by the pilA promoter may cause delayed sporulation. 
Starvation assay under submerged culture conditions. Strains were grown to mid exponential 
phase and seeded to develop under submerged conditions. Incubation took place at 32 °C and 
pictures were recorded at the indicated time points using a stereomicroscope. Complemented 
strains, expressing hpk30 under the control of the pilA promoter (PrpilA) from the Mx8 phage 
attachment site (attB) in the M. xanthus genome, were given the following designations: 
ȹhpk30/hpk30++ (ȹhpk30 attB::PrpilA-hpk30), WT/hpk30++ (WT attB::PrpilA-hpk30). WT: wild type, 
scale bar 1 mm. 

To determine whether Hpk30 was indeed overproduced when expressed from the 

pilA promoter, total cell lysates from each strain developed for 0 and 24 h were 

harvested, lysed and equal concentration of total protein was subjected to immunoblot 

analysis utilizing purified Ŭ-Hpk30 polyclonal antibody (Figure 46). Hpk30 was barely 

detectable in the wild type strain, and absent from the ȹhpk30 lysates. However, a 

very strong signal could be detected in both WT/hpk30++ (WT attB::PrpilA-hpk30) and 

ȹhpk30/hpk30++ (ȹhpk30 attB::PrpilA-hpk30) strains. Suggesting the delayed 

developmental phenotype to be caused by over-accumulation of Hpk30 protein and 

confirmed Hpk30 to be a negative regulator of M. xanthus development. 

 

Figure 46: Hpk30 is overproduced and accumulates at high levels when expressed from the 
pilA-promoter. Immunoblot analysis. Development was induced under submerged culture 

conditions and total cell populations were harvested at 0 and 24 h of starvation. 10 ug total protein 
was analyzed in an immunoblot probed with affinity purified Ŭ-Hpk30 polyclonal antibodies. Both 
immunoblot panels were exposed for 5 min. Complemented strains expressing hpk30 under the 
control of the pilA promoter (PrpilA) from the Mx8 phage attachment site (attB) in the M. xanthus 
genome, were given the following designations: WT/hpk30++ (WT attB::PrpilA-hpk30); 
ȹhpk30/hpk30++ (ȹhpk30 attB::PrpilA-hpk30). Hpk30 57 kDa, WT: wild type. 
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5.5.2. Characterization of the Hpk30 signaling domains in vivo 

The data obtained so far suggested Hpk30 negatively regulated developmental 

progression upon starvation in M. xanthus. According to domain prediction programs, 

Hpk30 consists of a histidine kinase domain and two receiver domains. These three 

domains raised the question how this protein functions as a signaling module. 

Variable models were possible including autophosphorylation on the invariant 

histidine in the histidine kinase domain, phosphor transfer to one or both aspartates 

in the receiver domains or even the integration of two or three independent signals in 

a ñmany-to-oneò-signal integration pathway. To investigate these possibilities, I 

started with generating single amino acid point mutants in the M. xanthus wild type 

background and investigated the obtained phenotypes under starvation conditions.  

 

5.5.2.1 Substitution of the invariant histidine in Hpk30 kinase domain leads to early 

 development 

The first point mutant investigated was a mutation abolishing autophosphorylation. 

The putative site of autophosphorylation was determined to be H45 by sequence 

alignments. A putative kinase inactive mutant was obtained by mutating the H45 CAC 

codon to the GCG alanine codon (Figure 47, A). The codon was chosen based on the 

most frequently used codon encoding this amino acid in M. xanthus (Nakamura et al., 

2000). The mutation was introduced by homologous recombination into the native 

hpk30 gene and confirmed by sequencing. The generated mutant strain was 

subjected to starvation on CF nutrient agar plates and developmental progression 

was monitored. While the wild type and ȹhpk30 strains developed as described 

before, the hpk30H45A mutant developed with an early aggregation phenotype 

(Figure 47, B). This mutant formed aggregates around the same time as ȹhpk30, yet 

the resulting fruiting bodies formed by hpk30H45A were more disorganized than the 

ones formed by the deletion mutant. Also, darkening of the fruiting bodies appeared 

to be delayed, suggesting delayed sporulation or more spores produces outside of 

the fruiting body.  

To test if the mutated version of the produced protein was stable, cell lysates were 

generated and analyzed by Ŭ-Hpk30 immunoblot (Figure 47, C). The entire cell 

population was harvested from submerged culture at 0 h of starvation (= vegetative 

growth). Signal intensities obtained from wild type and point mutant protein 

(Hpk30H45A) were comparable, while the signal was absent from the deletion mutant. 

Suggesting that the protein was produced at wild type levels and stable in the cell. 

Hence, the starvation phenotype observed in this mutant likely resulted from 

disruption of function. In return this meant that Hpk30 likely acted as an active histidine 

protein kinase to negatively regulate developmental progression.  

In the paradigm model of a hybrid histidine kinase, the signal would be transferred 

from the histidine over to a receiver domain to generate a signal output (Stock et al., 

2000, Jenal & Galperin, 2009). To investigate if this model was applicable to Hpk30, 
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I next generated alanine substitutions of the conserved aspartates in both the receiver 

domains of this protein.  

 

 

 

 

Figure 47: Substitution of the putative site of autophosphorylation leads to an early 
development phenotype. (A) Schematic of the Hpk30 protein domain architecture and conserved 
histidine residue. The histidine at amino acid position 45 was substituted by an alanine to generate 
and mimic a non-phosphorylated state. (B) Developmental phenotype assay on CF agar. 

Vegetatively growing strains were harvested and 10 µl spots of OD550 nm 7 were placed on CF 
nutrient limiting agar plates. Inverted plates were incubated at 32 °C and pictures were taken at the 
indicated time points. Scale bars 1 mm. (C) Immunoblot analysis. Strains were harvested at 0 h of 

development from 16 ml submerged culture, lysed and 10 µg total protein were subjected to SDS-
PAGE and immunoblot procedure using Ŭ-Hpk30 antibody. The arrow highlights the specific Hpk30 
(57 kDa) band. WT: wild type. 

 

5.5.2.2 Substitution of the conserved aspartate of the first receiver domain of Hpk30 

 causes delayed development  

The first annotated receiver domain of Hpk30 was hypothesized to use the 

phosphorylated histidine kinase domain as phosphor donor and therefore be a signal 

output of this protein. Therefore, a mutant with this domain rendered inactive would 

have the same developmental effect during starvation as observed in the kinase 

inactive hpk30H45A mutant strain. The conserved aspartate of the first receiver domain 

was determined by sequence alignments to be at amino acid position 306. To mutate 

this amino acid into an alanine, incapable of being phosphorylated, the codon GAC 

was mutated to GCG by overlap PCR and integrated into the genome by homologous 

recombination at the native site (Figure 48, A). Obtained mutants were confirmed by 

sequencing.  




