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Chapter 1: Summary 

Bacteria have evolved various systems for the integration of environmental signals to 

rapidly coordinate cellular pathways and adapt to changes in their environment. In the 

quickly advancing field of nucleotide-based second messengers, cyclic dimeric 

guanosine monophosphate (c-di-GMP) has emerged as a key regulatory player whose 

underlying signaling networks control major adaptational and lifestyle changes. 

Enzymes that catalyze synthesis and degradation of c-di-GMP, named diguanylate 

cylases (DGCs) and phosphodiesterases (PDEs), respectively, are near-ubiquitous in the 

bacterial kingdom. Despite the numerous studies aiming to better understand the role of 

c-di-GMP in bacteria, knowledge on integration of c-di-GMP networks into other 

regulatory networks, the molecular inventory of c-di-GMP receptors and molecular 

mechanisms underlying c-di-GMP-dependent regulation is limited. 

This study investigated roles of c-di-GMP in environmental adaptation of soil-dwelling 

Sinorhizobium meliloti, a rod-shaped alphaproteobacterium from the order Rhizobiales 

that exists either in free-living states or in symbiosis with leguminous plant hosts. The 

S. meliloti genome encodes 22 proteins putatively involved in synthesis, degradation 

and binding of c-di-GMP. Single mutations in 21 of these genes did not cause evident 

changes in surface attachment, swimming motility or exopolysaccharide (EPS) 

production. Moreover, screening the different phenotypes of S. meliloti c-di-GMP
0
 

mutants revealed no defects in cell viability and symbiotic potency. In contrast, 

artificially increasing c-di-GMP levels by overproduction of several DGCs promoted 

production of extracellular matrix components and surface attachment, whereas 

swimming motility and extracellular accumulation of N-Acyl-homoserine lactones 

(AHLs) was reduced. 

The identification of genetic determinants responsible for observed phenotypic changes 

at elevated c-di-GMP levels proved c-di-GMP-dependent regulation at both 

transcriptional and post-translational levels. The SMc01790-SMc01796 locus, 

homologous to the Agrobacterium tumefaciens uppABCDEF cluster governing 

biosynthesis of a unipolar polysaccharide (UPP), was required for c-di-GMP-stimulated 

surface attachment, while the stand-alone PilZ domain protein SMc00507 (renamed 

McrA) acted as c-di-GMP receptor protein involved in regulation of swimming motility. 

Transcriptome profiling of S. meliloti at elevated c-di-GMP levels revealed upregulation 

of the uxs1-SMb20463 gene cluster governing biosynthesis of an extracellular 
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polysaccharide (referred to as CUP). Resulting from this finding, AraC-like 

transcriptional activator SMb20457 (renamed CuxR) was shown to bind c-di-GMP by a 

mechanism similar to that of PilZ domains, which provided an example of convergent 

evolution in two distinct protein families.  

This study demonstrates that the c-di-GMP network in S. meliloti is integrated into other 

cellular systems, particularly the well-characterized regulatory network for opposing 

control of EPS biosynthesis and motility. For instance, CuxR-mediated activation of 

CUP production was counteracted by the global repressor MucR, while both MucR and 

the AHL-sensitive master regulator ExpR reduced UPP-mediated surface attachment at 

elevated c-di-GMP levels. Moreover, a new cellular function was assigned to the 

essential PDE SMc00074 (renamed GdcP), which is linked to cell envelope biogenesis 

in alpha-rhizobial species. 

Overall, c-di-GMP-dependent regulation of multiple cellular functions indicated that 

high c-di-GMP levels favor a sedentary lifestyle of free-living S. meliloti. The switch of 

single motile bacteria from a planktonic state to a structured community of cells might 

contribute to environmental adaptation and long-term survival of S. meliloti in its 

natural soil habitat. 
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Zusammenfassung 

Bakterien haben diverse Systeme zur Verarbeitung von Umweltsignalen entwickelt, um 

zelluläre Signalwege unmittelbar aufeinander abstimmen und sich an wechselnde 

Umweltbedingungen anpassen zu können. Auf dem fortschreitenden Gebiet der 

Nukleotid-basierten sekundären Botenstoffe stellte sich zyklisches dimeres 

Guanosinmonophosphat (c-di-GMP) als ein regulatorisches Schlüsselmolekül heraus, 

dessen zugrunde liegende Signalnetzwerke Veränderungen in Anpassungsformen und 

Lebensweisen steuern. Enzyme, welche die Reaktionen zur Synthese (Diguanylat-

zyklasen, DGCs) und zum Abbau (Phosphodiesterasen, PDEs) von c-di-GMP 

katalysieren, sind nahezu allgegenwärtig im Reich der Bakterien. Trotz der zahlreichen 

Untersuchungen zum besseren Verständnis der Funktion von c-di-GMP in Bakterien ist 

das Wissen über die Integration c-di-GMP-basierter Signalnetzwerke in andere 

regulatorische Netzwerke, das molekulare Inventar von c-di-GMP-Rezeptoren und die 

molekularen Mechanismen, welche der c-di-GMP-abhängigen Regulation zugrunde 

liegen, begrenzt. 

In dieser Arbeit wurde die Funktion von c-di-GMP bei der Umweltanpassung des 

bodenbewohnenden Bakteriums Sinorhizobium meliloti untersucht, einem stäbchen-

förmigen Alphaproteobakterium der Ordnung Rhizobiales, welches entweder in 

freilebenden Stadien oder in Symbiose mit hülsenfruchtartigen Wirtspflanzen 

vorkommt. Das Genom von S. meliloti kodiert für 22 Proteine, welche potenziell an der 

Synthese, dem Abbau und der Perzeption von c-di-GMP beteiligt sind. Einfachmutanten 

für 21 der kodierenden Gene wiesen keine deutlichen Veränderungen der 

Oberflächenanheftung, der Flagellen-basierten Motilität oder der Biosynthese von 

Exopolysacchariden (EPSs) auf. Darüber hinaus zeigten die phänotypischen Tests für 

S. meliloti c-di-GMP
0
 Mutanten weder eine Beeinträchtigung in der Lebensfähigkeit 

noch einen Effekt in ihrer symbiontischen Wirksamkeit auf. Die durch Überproduktion 

verschiedener DGCs erzeugten Anstiege der intrazellulären c-di-GMP-Konzentration 

bewirkten hingegen eine vermehrte Produktion von Bestandteilen der extrazellulären 

Matrix, eine verstärkte Oberflächenanheftung der Bakterien, eine verringerte Flagellen-

basierte Motilität sowie eine reduzierte Akkumulation von extrazellulären N-Acyl-

Homoserin-Laktonen (AHLs). 

Die Identifizierung von genetischen Faktoren, welche für die beobachteten 

phänotypischen Veränderungen verantwortlich waren, offenbarte eine c-di-GMP-

abhängige Regulation auf transkriptioneller sowie posttranslationaler Ebene. Der 
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SMc01790-SMc01796 Locus, welcher homolog zum uppABCDEF Gen-Cluster in 

Agrobacterium tumefaciens ist und hier zur Biosynthese eines unipolaren 

Polysaccharids (UPP) benötigt wird, stellte sich als verantwortlich für die c-di-GMP-

abhängige Oberflächenanheftung heraus, wohingegen das einzelne PilZ Domäne-

Protein SMc00507 (umbenannt zu McrA) als c-di-GMP-Rezeptor in der Regulation der 

Flagellen-basierten Motilität fungierte. Eine Transkriptomanalyse für S. meliloti mit 

erhöhten c-di-GMP-Konzentrationen deckte eine Hochregulierung des uxs1-SMb20463 

Gen-Clusters auf, welches für die Biosynthese eines extrazellulären Polysaccharids 

(benannt als CUP) benötigt wird. Infolge dieser Entdeckung wurde für den AraC-

ähnlichen Transkriptionsaktivator SMb20457 (umbenannt zu CuxR) ein 

Bindungsmechanismus für c-di-GMP aufgedeckt, welcher demjenigen von PilZ-

Proteinen ähnelt und somit ein Beispiel für konvergente Evolution in zwei 

unterschiedlichen Proteinfamilien lieferte. 

Die während dieser Arbeit erzielten Ergebnisse zeigen, dass das c-di-GMP-Netzwerk 

von S. meliloti in andere zelluläre Systeme, im Speziellen in das regulatorische 

Netzwerk für die gegenläufige Kontrolle der EPS-Biosynthese und Motilität, 

eingegliedert ist. Beispielhaft dafür war die entgegenwirkende Regulation der CuxR-

vermittelten Aktivierung der CUP-Produktion durch den globalen Repressor MucR. 

Darüber hinaus bewirkten MucR sowie der AHL-sensitive Masterregulator ExpR eine 

Reduktion der UPP-vermittelten Oberflächenanheftung bei erhöhten c-di-GMP-

Konzentrationen. Außerdem wurde der essenziellen PDE SMc00074 (umbenannt zu 

GdcP) eine neue zelluläre Funktion zugeordnet, welche im Zusammenhang mit der 

Biogenese der Zellhülle von Alpharhizobien steht. 

Insgesamt zeigte die c-di-GMP-abhängige Regulation mehrerer zellulärer Funktionen, 

dass erhöhte c-di-GMP-Konzentrationen eine sessile Lebensweise von freilebenden 

S. meliloti begünstigt. Die Umstellung motiler Bakterien von einer planktonischen 

Lebensweise zu einer strukturierten Gemeinschaft von Zellen könnte daher zur 

Anpassung und zum Überleben von S. meliloti in dessen natürlichem Lebensraum 

beitragen. 
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Chapter 2: Introduction 

Bacteria constantly face changes of environmental conditions in their natural habitats. 

Perception and integration of signals from various environmental factors are necessary 

for generating physiological, genetic and cellular adaptational responses that contribute 

to long-term survival. Bacteria have evolved various signal transduction systems 

including transfer of phosphate groups between two conserved components, a histidine 

kinase and a response regulator protein (Stock et al., 2000). Another strategy for 

environmental adaptation includes second messenger-based systems sensing 

environmental signals (first messenger) followed by metabolization of a small soluble 

molecule (second messenger) that regulates cellular processes. Nucleotide-based second 

messenger signaling in bacteria is essential for bacterial survival under changing 

environmental conditions. Among the best known as well as recently discovered 

nucleotides with signaling function are 3′,5′-cyclic guanosine monophosphate (cGMP), 

3′,5′-cyclic adenosine monophosphate (cAMP), guanosine-3′,5′-bis-pyrophosphate 

(ppGpp), bis-(3′,5′)-cyclic dimeric guanosine monophosphate (c-di-GMP), cyclic 

di-3′,5′-adenosine monophosphate (c-di-AMP) and cyclic 3′,3′-AMP-GMP (cGAMP) 

(Gomelsky, 2011; Gründling & Lee, 2016; Krasteva & Sondermann, 2017). This study 

places special focus on environmental adaptation of bacteria through signaling based on 

the second messenger c-di-GMP. 

 

2.1 c-di-GMP signaling in bacteria 

c-di-GMP has emerged as one of the most common and important bacterial second 

messengers in the large prokaryotic domain Bacteria. 30 years of research on c-di-GMP 

have revealed key regulatory roles in lifestyle changes of many bacteria, including 

regulation of a plethora of cellular processes such as biofilm formation and dispersal, 

motility, virulence, cell cycle and differentiation (Römling et al., 2013). The 

ubiquitousness of enzymes related to c-di-GMP synthesis and turnover in all major 

bacterial phyla made c-di-GMP being recognized as a universal bacterial second 

messenger. Regulation based on c-di-GMP signaling takes place at transcriptional, post-

transcriptional and post-translational levels. The number of identified targets and 

mechanisms of c-di-GMP-mediated regulation is constantly increasing. For instance, 

recent research revealed new types of c-di-GMP receptors and c-di-GMP-regulated 
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cellular functions, such as bacterial cell growth and division (Tschowri et al., 2014; 

Gupta et al., 2016; Kim & Harshey, 2016; Sprecher et al., 2017). 

 

2.1.1 c-di-GMP metabolism 

The biochemical and structural characterization of proteins involved in synthesis, 

degradation and binding of c-di-GMP provided deep mechanistic insights into the 

metabolism of the second messenger (Schirmer & Jenal, 2009). c-di-GMP is 

synthesized by diguanylate cyclases (DGCs) containing a GGDEF domain with a 

GG(D/E)EF signature motif constituting the active site (A site). The A site is required 

for specific binding of a GTP molecule (glycine residues), coordination of Mg
2+

 or 

Mn
2+

 (glutamate in the fourth position) and formation of a phosphodiester bond 

(aspartate/glutamate in position three) (Chan et al., 2004; Wassmann et al., 2007). For 

DGC activity, GGDEF domains have to form a catalytically competent homodimer in 

which physical contact of two A sites is generated. This change in oligomeric state 

favors condensation of two GTP molecules resulting in production of one c-di-GMP 

molecule (Fig. 1). Biochemical studies of primary signals affecting dimerization of 

GGDEF domains and therefore regulating DGC activity revealed negative feedback 

regulation by c-di-GMP binding to a RxxD motif constituting the inhibitory site (I site) 

(Chan et al., 2004; Christen et al., 2006). The I site is positioned five amino acids 

upstream of the GG(D/E)EF motif but spatially distal from the A site. It is present in 

about half of all annotated GGDEF domains and can be also involved in protein-protein 

interactions (Seshasayee et al., 2010; Dahlstrom et al., 2016). 

c-di-GMP hydrolysis is catalyzed by EAL and HD-GYP domains, the former contains 

an EAL signature motif in the active site. EAL domains have c-di-GMP-specific 

phosphodiesterase (PDE) activity, which results in the formation of the linear nucleotide 

pGpG (Fig. 1). pGpG is further degraded to GMP by oligoribonucleases representing 

another central feature of c-di-GMP signaling (Cohen et al., 2015; Orr et al., 2015). 

c-di-GMP-specific PDE activity requires either Mg
2+

 or Mn
2+

, whereas presence of Ca
2+

 

strongly inhibits PDE activity (Schmidt et al., 2005). Crystal structures of EAL domains 

revealed c-di-GMP binding through two metal cations. The glutamate residue of the 

active site is directly involved in coordination of one of two metal ions and conserved in 

all active enzymes (Tchigvintsev et al., 2010). The vast majority of EAL domains form 

homodimers or higher-order oligomers in vitro, and a dimer is the most probable 

functional unit of the EAL domain in vivo (Barends et al., 2009; Sundriyal et al., 2014; 
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Bellini et al., 2017). A further reaction for c-di-GMP degradation is catalyzed by 

HD-GYP domains possessing hydrolytic activities towards diverse substrates (Galperin 

et al., 1999; Ryan et al., 2006). Different to EAL domains, HD-GYP domains degrade 

c-di-GMP in a one-step reaction that yields to two molecules of GMP (Bellini et al., 

2014) (Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GGDEF and EAL domains are often arranged in tandem, as ca. 1/3 of all GGDEF 

domains and ca. 2/3 of all EAL domains are present in the same multidomain proteins 

(Römling et al., 2013). The controversy of two domains with antagonistic functions in 

the same protein may be explained by either differential regulation for each domain or 

enzymatic incompetence of one of the domains. For instance, in Agrobacterium 

tumefaciens, enzymatic activity of the dually functional GGDEF-EAL domain protein 

DcpA is shifted from a DGC to PDE activity in presence of the pteridine reductase 

PruA (Feirer et al., 2015). In Vibrio parahaemolyticus, the membrane-standing 

GGDEF-EAL domain protein ScrC switches from the DGC mode to the PDE mode in 

response to autoinducer molecules at high cell densities (Trimble & McCarter, 2011). 

The PAS-GGDEF-EAL domain protein PdeA from Caulobacter crescentus contains a 

degenerate A site (GEDEF) and has no DGC activity, but the GGDEF domain is able to 

Figure 1. Synthesis, degradation and perception of intracellular c-di-GMP. c-di-GMP is synthesized 

from two GTP molecules by diguanylate cyclases containing a GGDEF domain. Phosphodiesterases, 

containing either an EAL or HD-GYP domain, degrade c-di-GMP to pGpG or GMP, respectively. 

c-di-GMP binding to the I site of GGDEF domains provides a negative feedback mechanism. c-di-GMP is 

perceived by various effectors, such as PilZ domains, transcription factors and riboswitches, to initiate 

downstream signaling events. Adapted from Jenal et al. (2017). 
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bind GTP and thus to regulate the PDE activity of the covalently linked EAL domain 

(Christen et al., 2005). Hence, catalytically inactive domains may have evolved 

different functions and serve as receptors for their substrates or participate in protein-

protein interactions. 

Genomic analyses predicting GGDEF, EAL and HD-GYP domains as well as 

experimental evidence revealed a broad distribution of c-di-GMP signaling proteins 

among the major phylogenetic branches of bacteria, such as Proteobacteria, Spirochetes, 

Cyanobacteria, Actinobacteria and Firmicutes (Galperin et al., 2001). Genes encoding 

these protein domains are present in multiple copies per genome and their number can 

vary significantly even between species from the same genus (Bobrov et al., 2011). 

Comparative genomic analyses indicated that free-living bacteria with complex 

environmental lifestyles carry far more c-di-GMP-metabolizing enzymes than obligate 

parasites (Galperin, 2005). Moreover, GGDEF and EAL proteins were also found in 

plants and lower eukaryotes, such as poplar, hydra and sea anemone (Römling et al., 

2013). In the social amoeba Dictyostelium discoideum, c-di-GMP is used as an 

extracellular signal and acts as a developmental regulator (Chen & Schaap, 2012). 

GGDEF and EAL domains are often coupled to diverse sensory input domains and are 

therefore part of the cellular signal transduction machinery. Cytoplasmic proteins 

containing GGDEF, EAL and HD-GYP domains are most commonly combined with 

signal receiver (REC) and Per-Arnt-Sim (PAS) domains, which modulate enzymatic 

activities of the covalently attached effector domains (Römling et al., 2013). Several 

DGCs and PDEs were characterized that directly link perception of environmental 

signals to the activation of c-di-GMP-dependent signaling pathways, such as the O2-

sensing DGC AxDGC2 from Acetobacter xylinum or the light-regulated PDE BlrP1 

from Klebsiella pneumoniae (Barends et al., 2009; Qi et al., 2009). A powerful 

mechanism for GGDEF domain activation is based on phosphorylation of the REC 

domain, which was demonstrated for the DGCs PleD from C. crescentus and WspR 

from Pseudomonas aeruginosa (Hickman et al., 2005; Paul et al., 2007; Wassmann et 

al., 2007). Membrane-standing sensors that combine cytoplasmic GGDEF, EAL and 

HD-GYP domains with periplasmic or extracellular sensory domains form another 

important group of signaling proteins (Galperin, 2005). NicD from P. aeruginosa binds 

glutamate in the periplasmic space resulting in increased DGC activity of its 

cytoplasmic GGDEF domain (Basu Roy & Sauer, 2014). Similarly, binding of arginine 

supposedly modulates DGC activity of CdgH from Vibrio cholerae (Xu et al., 2017). 
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2.1.2 c-di-GMP receptors 

Proteins that bind the second messenger c-di-GMP are key components for 

orchestrating signals generated by c-di-GMP-metabolizing enzymes (Fig. 1). c-di-GMP 

receptors from a broad range of protein families have emerged and regulate target 

processes at transcriptional, post-transcriptional and post-translational levels (Römling 

et al., 2013). 

Proteins containing a PilZ domain (named after the type IV pilus control protein 

P. aeruginosa PA2960) are the most common c-di-GMP receptors. Based on 

comparative sequence analysis, the PilZ domain was first described by Amikam & 

Galperin (2006). These authors defined an approximately 100 amino acid C-terminus of 

the glycosyltransferase (GTase) BcsA of the Gluconacetobacter xylinus cellulose 

synthase complex as a separate protein domain. PilZ domains occur also as single-

domain proteins or can be found covalently linked to EAL or GGDEF-EAL domains. 

First experimental evidence for c-di-GMP binding to the PilZ domain was provided for 

BcsA from G. xylinus and YcgR from Escherichia coli (Ryjenkov et al., 2006). Lately, 

more PilZ domain proteins have been shown to specifically bind c-di-GMP and regulate 

various cellular functions, such as DgrA and DgrB from C. crescentus (Christen et al., 

2007), Alg44 and MapZ from P. aeruginosa (Merighi et al., 2007; Whitney et al., 2015; 

Xu et al., 2016), as well as PlzC and PlzD from V. cholerae (Pratt et al., 2007). PilZ 

domains have different binding affinities for c-di-GMP in the submicromolar range, 

which basically corresponds with physiological concentrations measured for 

intracellular c-di-GMP (Christen et al., 2007; Christen et al., 2010; Pultz et al., 2012). 

Structural characterization of PilZ domains provided evidence for substantial structural 

changes upon c-di-GMP binding and confirmed the two conserved motifs RxxxR and 

(D/N)x(S/A)xG as the c-di-GMP binding sites (Benach et al., 2007; Ramelot et al., 

2007). c-di-GMP functions as an interdomain or intermolecular linker bringing together 

two protomers and initiating downstream signaling events. Thereby, c-di-GMP in 

different oligomeric forms and conformational states can bind to the PilZ domain 

(Benach et al., 2007; Ramelot et al., 2007; Gentner et al., 2012; Krasteva & 

Sondermann, 2017), which in turn can form different oligomeric states (Ko et al., 2010; 

Li et al., 2011). These molecular mechanisms indicate increased complexity and 

different modes of PilZ domain-derived downstream signaling. 

GGDEF and EAL domains that lost their enzymatic functions can also serve as 

c-di-GMP receptors. Catalytically inactive GGDEF domains with retained I site can 
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bind c-di-GMP, which was shown for PopA promoting cell cycle progression in 

C. crescentus (Duerig et al., 2009). Similarly, spatial localization of hybrid histidine 

kinase SgmT from Myxococcus xanthus is dependent on c-di-GMP binding to the intact 

I site (Petters et al., 2012). In P. aeruginosa, c-di-GMP binding to the degenerate 

GGDEF domain of PelD regulates polysaccharide biosynthesis (Lee et al., 2007). 

Additionally, enzymatically inactive EAL domains can also function as c-di-GMP 

receptors as demonstrated for P. aeruginosa FimX involved in type IV pilus-based 

motility (Navarro et al., 2009) and for Pseudomonas fluorescens LapD involved in 

regulation of surface attachment (Newell et al., 2009). 

Further domains that facilitate c-di-GMP binding have been identified. c-di-GMP 

binding is facilitated by the I site-like motif RxGD of the GIL domain (previously 

referred to as domain of unknown function, DUF2819) present in beta- and 

gammaproteobacterial species (Fang et al., 2014). A unique c-di-GMP binding mode 

was identified for the widespread MshEN domain involving a conserved 24 amino acid 

stretch that facilitates hydrophobic interactions (Wang et al., 2016). A recent study 

described acetyltransferase HfsK from C. crescentus as a potent c-di-GMP-binding 

protein (Sprecher et al., 2017). Moreover, two types of c-di-GMP-specific mRNA 

riboswitches were identified in eubacteria enabling regulation of gene expression at 

post-transcriptional level (Sudarsan et al., 2008; Lee et al., 2010). 

An increasing number of c-di-GMP-responsive transcription factors from various 

protein families provide an additional level for c-di-GMP-dependent regulation of 

multiple cellular functions. c-di-GMP was shown to bind to transcriptional activators, 

including CRP/FNR-type Clp from Xanthomonas campestris (Chin et al., 2010) and 

TetR-like LtmA from Mycobacterium smegmatis (Li & He, 2012), as well as 

transcriptional repressors, such as developmental master regulator BldD from 

Streptomyces venezuelae (Tschowri et al., 2014). In P. aeruginosa and V. cholerae, 

polysaccharide production is regulated at transcriptional level by c-di-GMP binding to 

NtrC-type FleQ and VpsT from the FixJ-LuxR-CsgD family of response regulators, 

respectively (Hickman & Hardwood, 2008; Krasteva et al., 2010). The number of 

proteins allosterically regulated by c-di-GMP is continuously growing. 

 

2.1.3 Target processes regulated by c-di-GMP 

The pleiotropic effects of c-di-GMP on numerous target processes have been subject of 

intense research during the last 30 years. As a first step towards functional 
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characterization of this second messenger, c-di-GMP was identified in G. xylinus (at 

that time referred to as Acetobacter xylinum) as an allosteric activator of cellulose 

biosynthesis (Ross et al., 1987). Subsequent research revealed a key regulatory function 

of c-di-GMP in the motility-to-sessility transition of free-living bacteria. Depending on 

environmental stimuli, single motile bacteria switch from a planktonic state to a 

community-based lifestyle including multicellular growth in a colony or biofilm. This 

drastic lifestyle change is dependent on tightly controlled, temporally coordinated and 

c-di-GMP-regulated complex processes, such as motility, (initial) attachment, and 

production of extracellular matrix components (Monds & O’Toole, 2009). As a general 

rule, high intracellular c-di-GMP levels negatively affect motility and virulence, while 

promoting adherence, biofilm formation, cell cycle progression and development 

(Römling et al., 2013; Jenal et al., 2017) (Fig. 2). 

 

 

 

 

 

Mechanistic insights into c-di-GMP-dependent regulation of motility on a small time 

scale were obtained for several flagellated bacterial species. In the enteric bacterium 

E. coli, the PilZ domain protein YcgR slows down flagellar rotation upon interaction 

with the flagellar motor protein MotA and controls flagellar motor direction upon 

interaction with the flagellum switch complex FliGMN (Boehm et al., 2010; Paul et al., 

2010). Similarly, the YcgR homolog YpfA inhibits motility in Bacillis subtilis upon 

direct interaction with MotA (Chen et al., 2012), while the two stand-alone PilZ domain 

Figure 2. c-di-GMP regulates multiple cellular functions and controls the motile-to-sessile switch of 

bacteria. Bacterial surface attachment, biofilm formation and dispersal are shown schematically. Various 

cellular functions that are either activated or inhibited depending on the levels of intracellular c-di-GMP 

have been identified in several bacterial species, such as Escherichia coli, Caulobacter crescentus, 

Pseudomonas aeruginosa, Salmonella Enteritidis and Streptomyces venezuelae. Modified after Jenal et al. 

(2017). 
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proteins DgrA and DgrB from C. crescentus mediate c-di-GMP-dependent motility 

control through a yet unknown mechanism (Christen et al., 2007). In P. aeruginosa, the 

single-domain PilZ protein MapZ interacts with chemotaxis methyltransferase CheR1 to 

control methylation of chemoreceptors and therefore flagellar motor switching (Xu et 

al., 2016). Additional regulation of flagellar motility is based on c-di-GMP 

heterogeneity, which is generated upon interaction between the PDE Pch and CheA of 

the chemotaxis machinery (Kulasekara et al., 2013). In the same bacterium, flagellar 

motility is regulated on a larger time scale by the transcriptional regulator FleQ, 

repressing flagellar gene expression in a c-di-GMP-dependent manner (Hickman & 

Harwood, 2008). c-di-GMP also regulates non-flagellar motility, such as type IV pilus-

mediated twitching motility via c-di-GMP receptor FimX from P. aeruginosa 

(Kazmierczak et al., 2006).  

Many bacteria form biofilms upon production of compounds such as diverse 

exopolysaccharides (EPSs), adhesive pili, non-fimbrial adhesins and extracellular DNA. 

These can serve as structural components of the extracellular polymeric matrix and 

promote multicellular morphotypes or cooperative bacterial movements (Zogaj et al., 

2001; Whitchurch et al., 2002; Gao et al., 2012; Serra et al., 2013). c-di-GMP-

dependent regulation of EPS biosynthesis in various bacteria is a conserved mechanism 

for the formation of extracellular matrix-encased biofilms (McDougald et al., 2012; 

Liang, 2015). Cellulose biosynthesis is allosterically controlled by c-di-GMP binding to 

the PilZ domain of the bacterial cellulose synthase BcsA and GIL domain protein BcsE 

from E. coli (Ryjenkov et al., 2006; Fang et al., 2014). In the same organism, 

production of biofilm matrix component poly-β-1,6-N-acetylglucosamine (PNAG) is 

facilitated by direct c-di-GMP binding to inner membrane components of the 

biosynthetic machinery, thereby promoting protein-protein interactions and stimulating 

GTase activity of PgaCD (Steiner et al., 2013). Production of alginate in mucoid 

P. aeruginosa is dependent on c-di-GMP binding to PilZ domain-containing Alg44, 

which is part of a large inner membrane-located alginate synthase complex (Merighi et 

al., 2007). Pel production in non-mucoid P. aeruginosa biofilms is modulated by 

c-di-GMP binding to the I site of c-di-GMP receptor PelD, which activates the 

associated GTase PelF (Lee et al., 2007; Whitney et al., 2012). In K. pneumoniae, 

type 3 fimbriae-mediated biofilm formation is stimulated upon c-di-GMP binding to 

PilZ domain transcriptional activator MrkH (Wilksch et al., 2011; Schumacher & Zeng, 

2016). Interestingly, c-di-GMP-dependent regulation of biofilm formation takes place in 
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a non-uniform distribution across the biofilm and follows a defined spatiotemporal 

pattern during colony maturation (Nair et al., 2017). 

c-di-GMP-dependent signaling pathways control morphogenesis and developmental 

transitions in several bacterial species. Quantification of c-di-GMP at single-cell level in 

Caulobacter, Pseudomonas, Salmonella and Klebsiella species revealed an asymmetric 

distribution of the second messenger upon cell division (Christen et al., 2010). The 

bimodal distribution of c-di-GMP during the swarmer-to-stalked cell transition in 

dimorphic C. crescentus is dependent on the polarly localized DGC PleD, which 

contributes to polar differentiation and stalk biogenesis (Aldridge et al., 2003; Paul et 

al., 2004; Christen et al., 2010). In C. crescentus, c-di-GMP levels oscillate in a cell 

cycle-dependent manner, whereas cells unable to produce c-di-GMP display an altered 

morphology and loose their polar appendages (Abel et al., 2013). In-depth analysis 

revealed c-di-GMP binding to the essential cell cycle kinase CckA that coordinates 

chromosome replication with cell morphogenesis in C. crescentus (Lori et al., 2015). 

c-di-GMP-dependent regulation of development was shown for S. venezuelae and the 

social bacterium M. xanthus (Tschowri et al., 2014; Skotnicka et al., 2016a), while 

c-di-GMP signaling pathways related to cell growth and division were identified in 

E. coli and M. smegmatis (Gupta et al., 2016; Kim & Harshey, 2016). 

Virulence of animal and plant pathogens, including processes such as host adherence, 

secretion of virulence factors, cytotoxicity and resistance to oxidative stress, is 

controlled by c-di-GMP (Römling et al., 2013). In the phytopathogen Xanthomonas 

campestris, c-di-GMP contributes to synthesis of virulence factors (Ryan et al., 2007). 

Upon removal of all DGCs, Salmonella Enteritidis virulence decreased in a mouse 

model of systemic infection, whereas virulence increased in a mouse model of Brucella 

melitensis infection (Solano et al., 2009; Petersen et al., 2011). Efficient regulation of 

virulence by c-di-GMP was exemplified by an outbreak of enterohaemorrhagic E. coli 

that caused high incidence of life-threatening haemolytic uraemic syndrome in 

Germany in 2011 (Richter et al., 2014). Finally, importance of c-di-GMP in bacterial 

virulence is further indicated by specific recognition of the second messenger by the 

STING (Stimulator of Interferon Genes) protein of the host innate immune system 

(Karaolis et al., 2007; Burdette et al., 2011). 

 

2.2 Model organism Sinorhizobium meliloti 

Sinorhizobium meliloti is a well-studied Gram-negative bacterium from the 
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alphaproteobacterial family Rhizobiaceae. In its natural soil habitat, S. meliloti occurs 

either in free-living states or in symbiosis with leguminous plant hosts from the genera 

Medicago, Melilotus and Trigonella (Fig. 3). The establishment of an efficient 

symbiosis requires an exchange of signaling molecules (‘molecular dialogue’; Dénarié 

et al., 1993) including the secretion of plant flavonoids and rhizobial lipochitin 

oligosaccharides (Nod factors). In the early stage of infection, a microcolony of bacteria 

is trapped inside a curled root hair and individual cells enter the plant cell within tubular 

structures called infection threads (Jones et al., 2007) (Fig. 3b). A complex and 

spatiotemporally coordinated infection process results in the development of root 

nodules (Fig. 3c). Under micro-oxic conditions inside the plant cells, S. meliloti 

differentiates into morphologically distinctive and polyploid bacteroids (Fig. 3d), which 

convert atmospheric nitrogen to biologically available ammonium (Vasse et al., 1990). 

Ammonium is utilized by the plant, which in turn delivers carbon sources to the benefit 

of the bacteria (Oldroyd et al., 2011). Considering the suppression of a plant defense 

response by S. meliloti as well as its close relation to plant and animal pathogens from 

the genera Agrobacterium and Brucella, it is discussed whether the symbiotic 

association of rhizobial bacteria with leguminous plant hosts has evolved from a 

pathogenic relationship (‘intelligent pathogens’; Deakin & Broughton, 2009). 

  

 

 

 

 

 

Rod-shaped S. meliloti proliferates by asymmetric cell division that features synthesis of 

new cell wall material at one cell pole and chromosome segregation towards the 

growing cell pole (Brown et al., 2012; Frage et al., 2016). The bacteria form 

Figure 3. S. meliloti in the free-living state and in symbiosis with Medicago sativa. (A) Free-living 

S. meliloti cells taken from liquid culture. (B) Infection thread (indicated by yellow arrows) initiated by 

S. meliloti inside a root hair of M. sativa (7 dpi). (C) M. sativa root with nodules containing green- and 

red-fluorescent S. meliloti (21 dpi). (D) S. meliloti differentiated into bacteroids isolated from M. sativa 

root nodules (28 dpi). Microscopic image in panel D was provided by Alexandra Peregrina Lavín, 

Estación Experimental del Zaidín CSIC (Granada). dpi, days post inoculation. 
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peritrichous flagella enabling swimming motility, which is restricted to exponential 

growth and allows S. meliloti to actively move towards chemotactic attractants (Sourjik 

et al., 2000; Schmitt, 2002; Rotter et al., 2006). The S. meliloti genome consists of three 

replicons including the chromosome (3.65 Mb) and the two megaplasmids pSymA 

(1.35 Mb) and pSymB (1.68 Mb). Genomic sequence data for S. meliloti strain Rm1021 

is available since 2001 (Finan et al., 2001; Galibert et al., 2001). The two closely 

related and commonly used reference strains Rm1021 and Rm2011 are spontaneous 

streptomycin-resistant derivatives of the natural isolate and parent strain SU47.  

The ability of rhizobia to produce a complex array of glucidic molecules, such as EPSs, 

lipopolysaccharide (LPS), capsular polysaccharide, K-antigen polysaccharide, cyclic 

glucans, glucomannan and gel-forming polysaccharide (Fraysse et al., 2003; Laus et al., 

2006), creates an excellent basis for studying regulation of polysaccharide biosynthesis 

in these organisms. Rhizobial surface polysaccharides are important during the infection 

process and function as signaling molecules, which are perceived by the host plant. 

EPSs also contribute to nutrient gathering, protection against environmental stress and 

antimicrobial compounds, attachment to surfaces and biofilm formation (Skorupska et 

al., 2006; Downie, 2010). S. meliloti produces the two major and symbiotically active 

EPSs succinoglycan (EPS I) and galactoglucan (EPS II). EPS I is an acidic 

heteropolymer consisting of repeating octasaccharide subunits, each of them containing 

seven D-glucose molecules and one D-galactose molecule substituted with acetyl, 

succinyl and pyruvyl groups (Reinhold et al., 1994). Its biosynthesis is governed by an 

approximately 35 kb gene cluster located on the pSymB megaplasmid and containing 

28 exo/exs genes (Reuber & Walker, 1993). EPS II consists of disaccharide repeating 

units containing D-glucose and D-galactose substituted with acetyl and pyruvyl groups. 

Its biosynthesis is governed by an approximately 27 kb gene cluster on the pSymB 

megaplasmid and containing 22 genes (formerly named exp) organized in the five 

transcription units wga, wgcA, wggR, wgd and wge (Becker et al., 1997; Bahlawane et 

al., 2008a). EPS I is produced in high molecular weight (HMW) and low molecular 

weight (LMW) forms, the latter thought to be involved in suppressing the plant defense 

response (Niehaus et al., 1993). A S. meliloti exoY mutant, unable to produce EPS I, 

fails to initiate the formation of an infection thread at early stages of infection (Cheng & 

Walker, 1998). Either supplementation of LMW EPS I (Battisti et al., 1992; 

Urzainqui & Walker, 1992) or transcriptional activation of EPS II production (González 

et al., 1996) can suppress the phenotype of EPS I-deficient S. meliloti strain Rm1021.  
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A complex regulatory network with crosstalk between its different components controls 

the process of EPS biosynthesis in S. meliloti (Janczarek, 2011). Environmental 

conditions, such as limitations of nitrogen and sulphur, high phosphate concentrations 

and hyperosmotic stress, stimulate EPS I production, while EPS II production is 

upregulated under phosphate starvation (Doherty et al., 1988; Zhan et al., 1991; 

Mendryhal & González, 2000). Numerous genes involved in regulation of EPS I and 

EPS II biosynthesis have been identified including mucR, expR and phoB. MucR is a 

zinc-finger transcriptional regulator and binds to promoter regions in the two gene 

clusters governing EPS I and EPS II biosynthesis. It is transcriptionally autoregulated 

and couples both biosynthetic pathways by positive regulation of EPS I production and 

negative regulation of EPS II production (Bertram-Drogatz et al., 1998; Rüberg et al., 

1999). MucR also modulates swimming motility of S. meliloti by repressing the 

transcription of flagellar gene regulator rem, therefore regulating EPS biosynthesis and 

motility in an opposing manner (Rotter et al., 2006; Bahlawane et al., 2008b). 

Expression of EPS II biosynthesis genes is stimulated by PhoB, the response regulator 

of the PhoR-PhoB two-component system, when concentrations of inorganic phosphate 

are low (Krol & Becker, 2004). Moreover, the Sin/ExpR quorum-sensing system, 

including autoinducer synthase SinI and LuxR-type regulator ExpR that binds long-

chain N-acyl-homoserine lactones (AHLs), regulates various target processes at the 

level of transcription (Charoenpanich et al., 2013). Mutation of either expR or sinI in 

S. meliloti Rm1021 results in a dry colony phenotype due to downregulated EPS II 

production (Pellock et al., 2002; Marketon et al., 2003). Noteworthy, the commonly 

used laboratory strains Rm1021 and Rm2011 carry a mutation at the expR locus 

(Pellock et al., 2002). 

 

2.3 c-di-GMP signaling in the order Rhizobiales 

Although c-di-GMP signaling has been studied extensively in various bacterial linages 

and species since its discovery 30 years ago, regulatory functions of the second 

messenger in the order Rhizobiales remain largely unknown. Some studies have 

characterized genes related to c-di-GMP and the analysis of phenotypic effects of 

artificially altered c-di-GMP levels. Among bacteria from the order Rhizobiales, 

c-di-GMP was first detected in A. tumefaciens cell extracts, and addition of c-di-GMP to 

membrane preparations stimulated cellulose production (Amikam & Benziman, 1989). 

Further evidence for c-di-GMP to be involved in regulation of cellular functions in 
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alpha-rhizobia was obtained for Rhizobium leguminosarum bv. trifolii, in which 

c-di-GMP-stimulated cellulose production is mediated by divK and celR (an ortholog of 

DGC-encoding pleD from C. crescentus) (Ausmees et al., 1999). Mutation and 

overexpression of celR in A. tumefaciens revealed a function of c-di-GMP related to 

biofilm formation, production of a polar adhesion structure, plant surface attachment, 

and virulence (Barnhart et al., 2013, 2014). Formation of aggregates and rosettes by 

A. tumefaciens overproducing c-di-GMP is dependent on the uppABCDEF gene cluster 

governing biosynthesis of a lectin-binding unipolar polysaccharide (UPP) (Xu et al., 

2013). Recently, a pterin-mediated signaling pathway was identified that modulates 

enzymatic activity of the dually functional GGDEF-EAL domain protein DcpA 

regulating UPP and cellulose production in A. tumefaciens (Feirer et al., 2015). 

In R. leguminosarum and Rhizobium etli, overexpression of a constitutively active pleD 

variant, used to artificially increase intracellular c-di-GMP levels, resulted in enhanced 

EPS production, biofilm formation and adhesion to plant roots, while symbiotic 

efficiency and swimming motility were decreased (Pérez-Mendoza et al., 2014). When 

the c-di-GMP-binding protein BdcA from E. coli was overproduced in S. meliloti 

102F34, biofilm dispersal and enhanced motility was observed, presumably as a 

consequence of lowered concentrations of free c-di-GMP inside the cells (Ma et al., 

2011). Phenotypic analysis of E. coli overexpressing cdgA and cdgB, both encoding 

GGDEF-EAL domain proteins from R. etli, suggested dual enzymatic activities of both 

proteins. In addition, stimulated cdgB promoter activity in R. etli indicated a putative 

role of c-di-GMP during plant infection (Gao et al., 2014). 

In S. meliloti, an initial incomplete screen of 14 Rm1021 mutants for genes related to 

c-di-GMP metabolism identified eleven mutants as weakly affected in growth rate, 

motility, EPS production and nodule occupancy (Wang et al., 2010). Recently, elevated 

levels of c-di-GMP were shown to induce production of a novel mixed-linkage (ML) 

β-glucan in S. meliloti Rm8530, supposedly by activation of the membrane-standing 

GTase BgsA upon binding of c-di-GMP to its C-terminal portion (Pérez-Mendoza et al., 

2015). Moreover, ML β-glucan biosynthesis is subject to transcriptional regulation by 

ExpR (Pérez-Mendoza et al., 2015). c-di-GMP binding to S. meliloti flagellar export 

ATPase FliI was demonstrated by Trampari et al. (2015), who suggested a mechanism 

for c-di-GMP-mediated regulation of swimming motility at post-translational level. 

In sum, past studies on c-di-GMP regulating behavior and cellular functions in bacteria 

from the order Rhizobiales generated incomplete knowledge on the roles of c-di-GMP 
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in the physiology and environmental adaptation of these bacteria. For instance, it is 

poorly understood how c-di-GMP signaling is integrated into other cellular networks of 

alpha-rhizobial species. Particularly, genetic determinants, c-di-GMP effectors and the 

underlying molecular mechanisms responsible for observed phenotypic changes upon 

artificially altered c-di-GMP levels remain largely unknown. c-di-GMP signaling 

pathways and mechanisms that contribute to environmental adaptation are therefore 

subjects to current research. 

 

2.4 Scope of this study 

The aim of this study was to answer if and how c-di-GMP signaling contributes to 

viability and switches between different lifestyles in the framework of environmental 

adaptation of S. meliloti. The first part of this study focused on systematic analysis of 

genes encoding putative c-di-GMP-metabolizing and -binding proteins. Based on the 

observed phenotypic changes upon overproduction of several DGCs, genetic 

determinants for c-di-GMP-dependent regulation of motility, surface attachment and 

production of extracellular matrix components have been identified (Schäper et al., 

2016; Chs. 3.1 & 6). In the second part, transcriptional activator SMb20457 (renamed 

CuxR) was genetically and biochemically characterized in the light of c-di-GMP-

dependent regulation of a new extracellular polysaccharide in S. meliloti (Schäper et al., 

2017; Chs. 3.2 & 7). The third part dealed with membrane-standing c-di-GMP PDE 

SMc00074 (renamed GdcP) and its functional characterization, which highlighted an 

essential function related to alpha-rhizobial cell growth and division (Schäper et al., in 

preparation; Chs. 3.3 & 8). 
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Chapter 3: Results and Discussion 

3.1 c-di-GMP regulates multiple cellular functions in S. meliloti 

To elucidate the role of c-di-GMP in environmental adaptation of S. meliloti, the 

genome of strain Rm2011 was subjected to bioinformatic analysis revealing 22 putative 

c-di-GMP-metabolizing and -binding proteins (Ch. 6, Fig. 2). 18 proteins contained a 

GGDEF domain with weakly or highly conserved GGDEF domain motifs, and in 

twelve of these proteins the GGDEF domain was arranged in tandem with an EAL 

domain. Two putative c-di-GMP binding stand-alone PilZ domain proteins and no 

proteins containing a HD-HYP domain could be identified. Predicted transmembrane 

(TM) α-helices indicated association with the membrane for nearly half of the identified 

proteins. Most of the c-di-GMP-related domains were fused to other signaling domains 

including REC, PAS, GAF, HAMP, CHASE, MHYT, 7TMR-DISM_7TM and 7TMR-

DISMED2 (Ch. 6, Fig. 2). Depending on the adaptability of an organism in changing 

environmental conditions, the total number of DGC- and PDE-encoding genes (e.g., 

zero in Streptococcus pneumoniae, six in B. subtilis, 14 in C. crescentus, 29 in E. coli, 

and 62 in V. cholerae) and the complexity of downstream signaling networks can vary 

considerably among bacterial species (Galperin, 2005; Römling et al., 2013). The total 

number of 20 putative c-di-GMP-metabolizing enzymes in S. meliloti might be in line 

with this trend since these soil-dwelling bacteria are facultative symbionts, which occur 

either in free-living states or in association with leguminous plant hosts. 

 

3.1.1 c-di-GMP is not essential in S. meliloti 

As a first step towards functional characterization of c-di-GMP, the ability of S. meliloti 

strain Rm2011 to produce this second messenger was tested by direct quantification of 

c-di-GMP. LC-MS/MS-based quantification revealed intracellular c-di-GMP levels of 

2-6 pmol/mg protein in Rm2011 grown in liquid culture, which was comparable to 

c-di-GMP concentrations that have been determined for other bacterial species, such as 

E. coli and M. xanthus (Spangler et al., 2010; Skotnicka et al., 2016b). Exponentially 

growing cells had a 10-30-fold higher c-di-GMP content than cells in the stationary 

growth phase (Ch. 6, Fig. 1). Moreover, intracellular c-di-GMP levels of exponential-

phase cells approximately correlated with growth rate, as cells grown in TY medium or 

phosphate-sufficient MOPS-buffered minimal medium (MM) had about two-fold 

shorter doubling times and two- to four-fold higher c-di-GMP levels than phosphate-
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limited cells (Ch. 6, Fig. 1). Growth-dependent alterations in c-di-GMP concentrations 

were also reported for E. coli showing higher levels of c-di-GMP at the transition to 

stationary phase than in the exponential and stationary phases (Spangler et al., 2010). 

The detection of c-di-GMP in S. meliloti indicated activities of c-di-GMP-metabolizing 

enzymes and existence of dedicated signaling pathways. 

In order to functionally characterize components of the c-di-GMP network, loss-of-

function mutants for 21 genes encoding putative c-di-GMP-metabolizing and -binding 

proteins in Rm2011 were constructed and assayed for phenotypic changes in production 

of extracellular matrix components, swimming motility, surface attachment and 

symbiosis with Medicago sativa. Mutation of the SMc00074 gene, previously identified 

as possibly essential (Cowie et al., 2006), appeared to be lethal, therefore this gene was 

characterized further (Chs. 3.3 & 8). None of the single c-di-GMP-related gene mutants 

were notably affected in swimming motility, attachment to abiotic surface, binding of 

hydrophobic dye Congo red (CR) or production of EPS I and EPS II (Ch. 6, Fig. S1). 

Besides, all mutants were able to establish symbiosis with M. sativa. Due to possible 

redundancy of c-di-GMP-metabolizing enzymes, c-di-GMP-depleted (c-di-GMP
0
) 

strains were constructed by stepwise deletion of 16 GGDEF domain-encoding genes in 

Rm2011 and Rm2011 expR
+
. For both c-di-GMP

0
 strains the concentration of c-di-GMP 

extracted from exponentially growing cells was below the lower limit of detection 

(<3.3 nM). These strains showed slightly increased sensitivity to acid stress, whereas no 

or weak changes in production of EPS I and EPS II, CR binding, swimming motility, 

surface attachment or root nodule symbiosis with M. sativa were observed (Ch. 6, 

Figs. S3-5). The c-di-GMP
0
 strains were viable, with growth rate and microscopic 

appearance similar to the c-di-GMP-sufficient parent strains. 

Systematic mutational analysis of GGDEF-, EAL-, and PilZ-domain-encoding genes 

signified differences of c-di-GMP function in S. meliloti compared to that in other 

bacteria. Most unexpectedly, the S. meliloti c-di-GMP
0
 strains did not show salient 

phenotypes in the physiological processes tested, except for increased sensitivity to acid 

stress. This was in contrast to removal of all c-di-GMP-producing enzymes in 

dimorphic alphaproteobacterium C. crescentus, which was non-motile due to lack of 

flagella, affected in surface attachment and impaired in cell differentiation, the latter 

impairment resulting in aberrant cell morphology (Abel et al., 2013). Deletion of all 

GGDEF domain-encoding genes in Salmonella Enteritidis resulted in abrogation of 

typically c-di-GMP-regulated cellular functions such as motility, cellulose and fimbriae 
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production, while growth and resistance to acid, salt, or starvation stress were 

unaffected (Solano et al., 2009). In the case of S. meliloti, the phenotypic neutrality of 

the c-di-GMP
0
 strains is unlikely to be due to low abundance or absence of c-di-GMP in 

the wild-type under the growth conditions applied in this study, since the c-di-GMP 

content was in a similar range compared to other bacteria studied. However, it cannot be 

excluded that the Rm2011 laboratory strain has lost sensory and regulatory pathways 

that stimulate enhanced c-di-GMP production. 

 

3.1.2 Elevated levels of c-di-GMP promote sessility of S. meliloti 

The results of phenotypic screening of c-di-GMP-related gene mutants indicated that 

c-di-GMP is not essential for free-living and plant-associated S. meliloti under 

laboratory conditions. As an alternative approach, c-di-GMP-related genes were 

overexpressed for altering intracellular c-di-GMP levels, aiming for their functional 

characterization. Heterologous expression of the DGC gene dgcA from C. crescentus in 

Rm2011 resulted in inhibited swimming motility and reduced EPS II production, 

whereas CR staining and surface attachment were enhanced. By contrast, heterologous 

expression of PDE-encoding yhjH from E. coli reduced surface attachment by circa 

two-fold but did not affect other phenotypes (Ch. 6, Fig. 3). Similar to heterologous 

expression of dgcA, overexpression of endogenous pleD, SMb20523, SMb20447, 

SMc01464 and SMc03178 resulted in inhibition of swimming motility and EPS II 

production as well as increased surface attachment and CR staining (Ch. 6, Fig. 3). 

Exchange of PleD A site motif GGEEF to GGAAF abolished the effects of pleD 

overexpression, supporting DGC activity of PleD and a c-di-GMP-dependent nature of 

the observed phenotypic changes (Ch. 6, Fig. 3). Further evidence for PleD, SMb20523, 

SMb20447, SMc01464 and SMc03178 representing functional DGCs was provided by 

an approximately 200- to 2,500-fold increase in c-di-GMP content of Rm2011 

overproducing these proteins (Ch. 6, Fig. 4a). Four of these proteins possess a canonical 

GG(D/E)EF motif, whereas SMb20447 has an AGDEF motif (Ch. 6, Fig. 2), as has 

been reported for the functional DGC VCA0965 from V. cholerae (Hunter et al., 2014). 

SMb20447 and SMc03178 have both complete GGDEF and EAL domains, suggesting 

that DGC activity of these proteins is dominant under the conditions of overproduction. 

Control of the catalytic activities of such dual-function enzymes can be a key point of 

regulation. A regulatory control of both enzymatic functions has been reported for 

A. tumefaciens DcpA, P. aeruginosa MucR and RmcA, V. parahaemolyticus ScrC, 



Chapter 3: Results and Discussion 

22 

Rhodobacter sphaeroides BphG1, and Legionella pneumophila Lpl0329 (Tarutina et al., 

2006; Ferreira et al., 2008; Levet-Paulo et al., 2011; Li et al., 2013; Feirer et al., 2015; 

Okegbe et al., 2017). Unexpectedly, overproduction of the predicted PDE SMb21517, a 

stand-alone EAL domain protein, resulted in a moderate increase in c-di-GMP content, 

reduced biofilm formation by circa two-fold and inhibited motility (Ch. 6, Figs. 3 & 4a). 

Similar effects were observed upon overproduction of EAL or HD-GYP domain 

proteins in L. pneumophila or Pectobacterium atrosepticum (Levi et al., 2011; Tan et 

al., 2014), indicating indirect effects on other DGCs or PDEs. 

Overexpression of SMb20447 and SMc03178, both generating higher c-di-GMP levels 

compared to pleD and SMb20523 overexpression, resulted in inhibited growth and 

aberrant cell elongation, indicating interference of very high c-di-GMP with cell cycle 

control (Ch. 6, Fig. 4). Exchange of SMc03178 A site motif GGDEF to GGAAF 

abolished the effects of SMc03178 overexpression on cell morphology (Ch. 8, Fig. S5). 

S. meliloti cell elongation provoked at very high c-di-GMP levels might have been 

directly caused by this second messenger or indirectly by exhausting the GTP pool. In 

C. crescentus, c-di-GMP and the single-domain response regulator DivK convergently 

regulate cell cycle progression. In this regulation, c-di-GMP-induced phosphatase 

activity of the cell cycle kinase CckA promotes replication initiation and cell cycle 

progression. The C-terminal part of the S. meliloti CckA, which contains the catalytic 

and REC domains, shares 47 % identity with its C. crescentus ortholog, including 

residue Y514, shown to be important for binding of c-di-GMP (Lori et al., 2015). Thus, 

it is tempting to speculate that, at least at very high c-di-GMP concentrations, binding of 

c-di-GMP to CckA possibly also impacts the S. meliloti cell cycle. 

Based on the observation that c-di-GMP regulates a multitude of cellular processes in 

S. meliloti, gene mutants were screened to identify targets regulated by c-di-GMP and 

genetic determinants that were responsible for observed phenotypic changes. 

Overexpression of SMc01464, SMb20447 and SMc03178, which resulted in higher 

c-di-GMP levels compared to pleD and SMb20523, was accompanied by increased 

EPS I production indicated by staining with the fluorescent dye Calcofluor (CF) (Ch. 6, 

Fig. 3). Increased CF brightness of Rm2011 overexpressing SMb20447 was abolished 

upon deletion of exoY, encoding a key enzyme of the EPS I biosynthesis pathway, while 

no change in exoY promoter activity was detected (Ch. 6, Fig. 5a-b). This suggested 

c-di-GMP-dependent regulation of EPS I biosynthesis at post-translational level. 

Reduced EPS II production at elevated c-di-GMP levels was likely the result of 
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inhibited promoter activity of EPS II biosynthesis gene wgeA, indicating regulation by 

c-di-GMP at the level of transcription (Ch. 6, Fig. 5b-c). Search for genetic factors 

involved in c-di-GMP-mediated surface attachment in S. melioti revealed gene cluster 

SMc01790-SMc01796, which is homologous to A. tumefaciens uppABCDEF (Ch. 6, 

Fig. S8a). In this organism, the gene cluster governs biosynthesis of a unipolar 

polysaccharide (UPP) required for c-di-GMP-dependent attachment and cell 

aggregation (Xu et al., 2013). Integration of a mutagenic plasmid into SMc01792 

abolished surface attachment by Rm2011 overexpressing pleD (Ch. 6, Fig. 8a), 

suggesting that S. meliloti could utilize UPP for surface attachment and employ similar 

mechanisms of c-di-GMP-stimulated UPP production as A. tumefaciens. Determination 

of promoter activities in the SMc01790-SMc01796 gene cluster revealed no changes 

upon overexpression of pleD, suggesting c-di-GMP-dependent regulation at post-

translational level. In A. tumefaciens, UPP biosynthesis is controlled by a pterin-

mediated signaling pathway regulating dual-function DGC-PDE DcpA (Feirer et al., 

2015). Evidences for surface attachment regulated by c-di-GMP at post-translational 

level have also been obtained in other bacterial species. Surface attachment of 

C. crescentus is facilitated by the holdfast adhesin, whose biosynthesis is subject to 

regulation by c-di-GMP effector protein HfsK (Sprecher et al., 2017). In P. fluorescens, 

function of surface adhesin LapA is regulated by c-di-GMP binding to membrane-

standing LapD, thus preventing periplasmic proteolysis of LapA (Newell et al., 2009). 

Evidence for global repressor MucR being involved in regulation of UPP biosynthesis 

in S. meliloti was provided, as Rm2011 lacking MucR and overexpressing pleD showed 

cell aggregation and staining with fluorescently-labeled wheat germ-agglutinin 

(fl-WGA) (Ch. 6, Fig. 8a). In the case of A. tumefaciens, fl-WGA has been used for 

probing UPP in single cells (Xu et al., 2013). Moreover, strains with restored expR and 

overexpressing pleD showed attenuated attachment to an abiotic surface, irrespective of 

EPS I and EPS II production (Ch. 6, Fig. 8a). These data suggested that MucR and 

ExpR, both members of the regulatory network for opposing control of EPS 

biosynthesis and motility, may add another layer to the regulation of UPP biosynthesis 

in S. meliloti. 

c-di-GMP signaling was previously reported to interfere with quorum sensing in several 

bacterial species (Srivastava & Waters, 2012). The quorum sensing system in S. meliloti 

employs N-acyl homoserine lactones (AHLs) produced by the autoinducer synthase SinI 

and recognized by the transcriptional master regulator ExpR (Hoang et al., 2004). 
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Knowing that c-di-GMP and ExpR regulate similar cellular functions such as EPS 

production and swimming motility, interference of both signaling modules was 

analyzed by determining relative amounts of AHLs secreted by Rm2011 at various 

c-di-GMP levels. Overproduction of different DGCs resulted in reduced accumulation 

of AHLs in the culture supernatant. The concomitant inhibition of sinI promoter activity 

most likely accounted for this phenotypic change (Ch. 6, Fig. 7). Thus, elevated 

c-di-GMP levels negatively affected AHL production at the level of sinI transcription. A 

drop in c-di-GMP levels during the transition from exponential to stationary growth 

phase of S. meliloti (Ch. 6, Fig. 1) may serve as a fine-tuning mechanism attenuating 

AHL accumulation in rapidly growing cells and contribute to ExpR-dependent 

regulation of gene expression at high cell densitites. 

In C. crescentus, evidence for c-di-GMP gradients inside bacterial cells was provided 

based on specific subcellular localizations of DGCs and PDEs, which restrict signaling 

events to specific sites of the cell (Huitema et al., 2006; Christen et al., 2010; Abel et 

al., 2011; Lori et al., 2015). Localization of PleD, SMb20523, SMb20447, SMc01464, 

SMc03178 and SMb21517 was analyzed in S. meliloti by replacing the encoding genes 

with egfp fusion constructs at their native genomic loci. Fluorescence signals were 

detected in Rm2011 producing PleD-EGFP, SMb20447-EGFP and SMc01464-EGFP 

indicating expression of the corresponding genes in laboratory conditions (Ch. 6, 

Fig. S6). In the case of PleD-EGFP, exponentially growing cells displayed one focus at 

one cell pole. Time-lapse microscopy revealed PleD-EGFP localization to the newly 

developed cell pole (Ch. 6, Fig. 6b). In contrast, C. crescentus PleD localizes in its 

active form to the stalked cell pole where it acts in polar differentitation and stalk 

biogenesis (Paul et al., 2004). Although the C. crescentus and S. meliloti PleD proteins 

share 51 % identity, their modes of regulation and roles in the cell cycle may be 

different. This notion was supported by different phenotypes of the mutant strains, as 

the S. meliloti pleD mutant did not differ from the wild-type in motility (Ch. 6, Fig. S1), 

while the C. crescentus pleD mutant was shown to be hypermotile due to defects in 

flagellum ejection and stalk morphogenesis (Hecht & Newton, 1995). Similarly to the 

S. meliloti pleD mutant, an A. tumefaciens pleD deletion mutant was unaffected in 

motility and showed no obvious developmental defects (Kim et al., 2013). PleD could 

therefore have evolved different cellular functions in C. crescentus and S. meliloti. 

Summarizing, c-di-GMP was found to regulate multiple cellular functions in S. meliloti 

since artificially increased c-di-GMP levels promoted production of surface 
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polysaccharides and attachment, whereas motility and accumulation of AHLs were 

attenuated. In this context, c-di-GMP-dependent regulation appeared to take place at 

both transcriptional and post-translational levels. This was consistent with observations 

made for other bacterial species in which c-di-GMP was described as a key regulatory 

player in the motility-to-sessility transition (Römling et al., 2013). Environmental 

conditions triggering increases in intracellular c-di-GMP levels may therefore favor a 

sedentary lifestyle of free-living S. meliloti in its natural soil habitat. 

 

3.1.3 c-di-GMP binds to the single-domain PilZ protein McrA to regulate 

swimming motility 

PilZ domain proteins are known to be involved in regulation of motility in various 

bacterial species, as they either repress motility in C. crescentus, E. coli and B. subtilis 

(Christen et al., 2007; Boehm et al., 2010; Chen et al., 2012) or stimulate it in 

Azospirillum brasilense, Borrelia burgdorferi and Treponema denticola (Pitzer et al., 

2011; Bian et al., 2013; Russell et al., 2013). For instance, YcgR from E. coli interacts 

with flagellar motor proteins to reduce flagellar rotation speed (Boehm et al., 2010; Paul 

et al., 2010) and P. aeruginosa MapZ interacts with a chemotaxis methyltransferase to 

control flagellar motor switching (Xu et al., 2016). 

To functionally characterize the two single-domain PilZ proteins SMc00507 and 

SMc00999 from S. meliloti, loss-of-function mutants were analyzed for their ability to 

retain c-di-GMP-associated phenotypic changes. Overexpression of pleD in strains 

lacking SMc00507 (renamed McrA, for motility-associated c-di-GMP receptor A) did 

not result in repressed swimming motility, whereas strains lacking SMc00999 were not 

considerably affected in any of the analyzed phenotypes (Ch. 6, Fig. S11). Furthermore, 

Rm2011 simultaneously overexpressing pleD and mcrA was non-motile and affected in 

surface attachment compared to a strain overexpressing only pleD (Ch. 6, Fig. 3). 

Reduced surface attachment upon pleD-mcrA overexpression was a result of strongly 

repressed swimming motility, because different flagellar mutants overexpressing pleD 

were also impaired in adherence (Ch. 6, Fig. S9). This finding indicated that flagellar 

motility is important for c-di-GMP-mediated surface attachment of S. meliloti, which is 

in agreement with the observation that flagellar motility accelerates surface adhesion of 

various bacteria (Karatan & Watnick, 2009). The phenotype of Rm2011 ΔmcrA 

overexpressing pleD was complemented by additional overexpression of mcrA, whereas 

mcrAAxxxA encoding a protein variant containing mutations in the conserved RxxxR 
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motif of PilZ domains was unable to further repress motility (Ch. 6, Fig. 9d). This result 

suggested that McrA may bind c-di-GMP in vivo and is involved in regulation of 

swimming motility in S. meliloti. 

Direct interaction between McrA and c-di-GMP was confirmed by differential radial 

capillary action of ligand assay (DRaCALA; Roelofs et al., 2011) (performed by 

Dr. Dorota Skotnicka). Spotting purified His6-McrA preincubated with [α-
32

P]-labeled 

c-di-GMP on a nitrocellulose membrane allowed detection of an intense signal in the 

centre of the spot indicating positive interaction (Ch. 6, Fig. 9b). This pattern was not 

observed when either unlabeled c-di-GMP was added to the reaction or His6-McrAAxxxA 

instead of the wild-type variant was used, further suggesting direct interaction between 

McrA and c-di-GMP (Ch. 6, Fig. 9b). Evidence for conformational changes of McrA 

upon c-di-GMP binding was provided by an increase in relative fluorescence of 

Rm2011 expressing mcrA fused to cypet and ypet at both termini (Ch. 6, Fig. 9c). This 

result indicated that in a c-di-GMP-bound state both McrA termini get in close 

proximity. In the case of Salmonella PilZ domain proteins YcgR and BcsA, tested in a 

similar experimental setup, c-di-GMP binding triggers conformational changes that 

result in increased distance between the termini (Pultz et al., 2012). This discrepancy 

may exemplify increased complexity and different modes of PilZ domain-derived 

downstream signaling.  

McrA is a small protein of 101 amino acids solely comprising a PilZ domain. Such 

architecture is not uncommon. However, not much is known about the functions of 

these proteins. DgrA and DgrB are stand-alone PilZ domain proteins involved in 

c-di-GMP-dependent repression of motility in C. crescentus. DgrA binds c-di-GMP in 

vitro, and its overexpression results in decreased abundance of the flagellar rotation 

protein FliL via an unknown mechanism (Christen et al., 2007). Although no significant 

homology exists between McrA and DgrA, the congruent architecture comprising just a 

PilZ domain implies that their function likely relies on interactions with other proteins. 

Thus, it is tempting to speculate that McrA intramolecular structural rearrangements 

upon c-di-GMP binding facilitate protein-protein interactions to initiate downstream 

signaling events. 

The functional redundancy of DGCs in repression of Rm2011 swimming motility raised 

the question if numerous c-di-GMP signaling pathways are integrated by McrA. To 

address this question, swimming motility of Rm2011 and Rm2011 ΔmcrA, both 

overexpressing either pleD, SMb20523, SMb20447, SMc01464 or SMc03178, was 
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compared (performed by Vincent Franz). Motility was repressed in both strains upon 

overexpression of SMb20523, SMb20447, SMc01464 and SMc03178, whereas inhibiton 

of motility upon pleD overexpression was observed only in the wild-type strain (Fig. 4). 

This data suggested McrA being a c-di-GMP receptor that specifically responds to 

signals from the DGC PleD, which might include a direct interaction between both 

proteins. By contrast, c-di-GMP-dependent repression of motility irrespective of McrA 

regulatory function may include a mechanism for blocking secretion of flagellar 

proteins. c-di-GMP binding to S. meliloti FliI was previously shown to inhibit its 

flagellar export ATPase activity (Trampari et al., 2015), whereas c-di-GMP binding to 

the C-terminus of FliF, resembling the PilZ domain in size and signature motif 

RxxxRx21DxSxxG, remains to be investigated. 

 

 

 

 

 

 

 

 

 

 

Involvement of McrA in regulation of swimming motility was elucidated by recording 

trajectories of actively moving S. meliloti cells. Overexpression of pleD-mcrA abolished 

swimming in a medium containing 20 % Ficoll, whereas cells harboring the empty 

vector control were still motile (Fig. 5a). To get a hint whether McrA function is related 

to flagellar assembly or to rotation, flagellar basal body protein FliG was fused to EGFP 

in order to study its localization in Rm2011. Fluorescence signals were detected in the 

majority of exponentially growing cells and indistinguishable for cells either haboring 

the empty vector control or overexpressing pleD-mcrA (Fig. 5b). This result suggested 

presence of functional flagellar basal bodies in the non-motile cells. Unlike E. coli and 

P. aeruginosa, flagella of motile S. meliloti cells rotate only clockwise, while rotary 

speed can be modulated by slowing flagellar rotation (Attmannspacher et al., 2005). 

McrA-mediated regulation of swimming motility may therefore slow down flagellar 

rotation speed. 

Figure 4. McrA-mediated repression of motility is specific to PleD-derived signaling. Liquid cultures 

of Rm2011 wild-type and Rm2011 ∆mcrA, both harboring either IPTG-inducible expression vector 

pWBT (provided by M. McIntosh) or pWBT carrying indicated DGC-encoding genes, were spotted on 

semi-solid TY agar supplemented with the indicated IPTG concentrations. Swimming motility was 

assessed by measuring the halo diameter after incubation for three days at 30 °C. Error bars represent the 

standard deviation of three biological replicates. Adapted from Vincent Franz (2015). 
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3.2 CuxR is a new type of c-di-GMP-responsive transcription factor and regulates 

extracellular polysaccharide production 

3.2.1 c-di-GMP, CuxR and MucR regulate transcription of a gene cluster 

governing biosynthesis of a new extracellular polysaccharide 

Gene expression controlled by c-di-GMP at the level of transcription was examined by 

transcriptome profiling of Rm2011 at elevated c-di-GMP levels. Expression of five 

genes, namely uxs1, SMb20460, SMb20462, SMb20463 and hemK1, was significantly 

upregulated upon overexpression of pleD (Ch. 7, Tab. S1). The first four of these genes 

clustered together with uxe and SMb20461 on megaplasmid pSymB forming the 

putative six-gene operon uxs1-SMb20463 (Fig. 6a). Transcriptional activation of uxs1-

SMb20463 was confirmed by stimulated EGFP production in Rm2011 carrying uxs1 

promoter (Puxs1)-egfp fusion at elevated c-di-GMP levels. Overproduction of several 

DGCs in Rm2011 increased fluorescence signals by about 16-fold compared to 

non-induced conditions, whereas PleDGGAAF was unable to stimulate EGFP production 

(Ch. 7, Fig. 2a). This result indicated regulation of Puxs1 activity by c-di-GMP. 

Enzymatic activities of Uxs1 and Uxe as UDP-xylose synthase and UDP-xylose 

4′-epimerase, respectively, were experimentally verified by Gu et al. (2011). SMb20460 

was annotated as family 2 GTase with eight predicted TM α-helices facilitating 

localization to the cytoplasmic membrane. The central GTase domain, flanked by two 

TM α-helices on the N-terminal side and six TM α-helices on the C-terminal side, is 

Figure 5. McrA slows down swimming speed, but does not affect presence of flagellar motor switch 

protein FliG. (A) Rm2011 wild-type, harboring either empty vector pWBT (provided by M. McIntosh) or 

pWBT carrying pleD and mcrA, was grown in liquid TY medium supplemented with 0.5 mM IPTG. 

Exponentially growing cells were collected by centrifugation and resuspended in medium containing 20 % 

Ficoll. Videos were recorded for a 10 s time period using DIC microscopy. Trajectories of single cells 

were calculated using ImageJ plugin Particle Tracker. Bar, 5 µm. (B) Rm2011 fliG-egfp, expressing egfp-

tagged fliG from the native genomic location and harboring either empty vector pWBT or pWBT carrying 

pleD and mcrA, was grown to exponential growth phase in liquid TY medium containing 0.5 mM IPTG 

and cells were analyzed by fluorescence microscopy. Insets show halos indicating swimming motility of 

the respective strains. Bar, 5 µm. 
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likely located in the cytoplasm. SMb20461, SMb20462 and SMb20463 were annotated 

as signal peptide proteins and predicted to localize to the periplasmic space without a 

membrane-anchoring α-helix. SMb20462 was annotated as a member of 

glycosylhydrolase family 26 involved in endohydrolysis of glucosidic linkages. 

SMb20461 and SMb20463 both contain a domain of unknown function (DUF995) and 

share 38 % amino acid sequence identity, while SMb20463 is shorter by approximately 

20 amino acids at both termini. Secondary structure analysis of both hypothetical 

proteins revealed presence of eight sequential β-strands that might form a β-barrel and 

facilitate localization to the outer membrane. Taken together, bioinformatic analyses 

indicated that the gene products of uxs1-SMb20463 could be involved in biosynthesis of 

a polysaccharide compound (further referred to as c-di-GMP-regulated uncharacterized 

polysaccharide, CUP). 

The ability of Rm2011 to produce CUP was assayed by growing wild-type and mutant 

strains on solid medium containing CR. Strains with interrupted uxs1-SMb20463 and 

producing c-di-GMP at elevated levels were unable to bind CR indicating a lack of CUP 

production (Ch. 7, Fig. 1a & c). In addition, ectopic expression of the complete 

uxs1-SMb20463 gene cluster under the control of an IPTG-inducible promoter in 

Rm2011 resulted in increased CR staining (Ch. 7, Fig. 1d). These results strongly 

suggested that transcriptional activation of uxs1-SMb20463 governing CUP biosynthesis 

was responsible for enhanced CR binding by Rm2011 at elevated c-di-GMP levels. 

Phylogenetic analysis suggested that other species from the Rhizobiaceae could also be 

able to produce CUP, as the complete putative uxs1-SMb20463 operon was conserved 

in Sinorhizobium medicae, while sequences homologous to the uxs1-SMb20460 portion 

were found in Sinorhizobium fredii NGR234, Sinorhizobium americanum, Rhizobium 

sp. NGR234 and R. leguminosarum. 

Closer inspection of the genomic context in Rm2011 identified a gene encoding a 

putative transcriptional regulator from the AraC family (SMb20457) upstream of the 

uxs1-SMb20463 gene cluster (Fig. 6a). To test whether this protein was involved in 

c-di-GMP-mediated transcriptional activation of uxs1-SMb20463, Puxs1 activity was 

measured in strains containing a mutagenic plasmid in SMb20457. Rm2011 lacking 

SMb20457 and overexpressing pleD did not display activation of Puxs1 (Ch. 7, Fig. 2b). 

Likewise, overexpression of SMb20457 in c-di-GMP-depleted strain Rm2011 

c-di-GMP
0
 did not result in Puxs1 activation (Ch. 7, Fig. 2c). Overexpression of both 

pleD and SMb20457 resulted in a 50-fold or 23-fold higher fluorescence signal than 
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Figure 6. uxs1, uxe and SMb20460 are essential for CUP biosynthesis in S. meliloti Rm2011. 

(A) Schematic representation of the uxs1-SMb20463 gene cluster and upstream located cuxR (SMb20457) 

with indicated gene annotations. (B) Rm2011 wild-type and mutant strains, each harboring either medium-

copy number plasmid pWBT (provided by M. McIntosh) or pWBT carrying pleD and cuxR, grown on TY 

and MM agar supplemented with CR and 0.5 mM IPTG. Bars, 2 mm. (C) Macro-colony of Rm2011 

wild-type, harboring pWBT-pleD-cuxR and constitutively expressing mCherry in trans, grown on MM 

agar supplemented with CR and 0.1 mM IPTG for three days at 30 °C. Images were acquired with a 

binocular using the red fluorescence channel. Bar, 5 mm. (D) Rm2011 wild-type, Rm2011 Δuxs1 and 

Rm2011 Δuxe, each harboring pWBT-pleD-cuxR and either low-copy number plasmid pR_EGFP (Torres-

Quesada et al., 2013), pR-uxs1 or pR-uxe, grown on TY and MM agar supplemented with CR and 0.5 mM 

IPTG. Bars, 2 mm. (E) Rm2011 wild-type and Rm2011 ΔSMb20462, both harboring pWBT-pleD-cuxR 

and either pR_EGFP or pR-SMb20462, grown on MM agar supplemented with CR and 0.5 mM IPTG. 
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single pleD and SMb20457 overexpressions, respectively (Ch. 7, Fig. 2c). Thus, 

SMb20457 (renamed c-di-GMP-responsive UDP-xylose regulator, cuxR) was required 

for c-di-GMP-dependent activation of Puxs1. 

In order to functionally characterize single genes of the putative operon 

uxs1-SMb20463, Rm2011 deletion mutants were tested for their ability to retain the CR 

phenotype. The wild-type strain overexpressing pleD-cuxR formed red colored 

macro-colonies upon growth on TY and MM agar, while growth on the latter medium 

promoted vigorous colony expansion and formation of wrinkles (Fig. 6b). Closer 

inspection at higher magnification and resolution revealed a symmetric architecture and 

the formation of 3D structures within such a macro-colony, suggesting a multicellular-

like behavior (Fig. 6c). Noteworthy, removal of CR from the medium abolished the 

colony expansion and formation of wrinkles indicating that CR is required for 

expression of this phenotype. Deletion of uxs1, uxe or SMb20460 resulted in a loss of 

the CR phenotype similar to strains lacking the complete uxs1-SMb20463 gene cluster 

or harboring the empty vector control (Fig. 6b). The CR phenotype was restored by 

ectopic expression of uxs1 and uxe in the respective mutants, while no cross-

complementation was observed (Fig. 6d). Strains containing single gene deletions of 

SMb20461, SMb20462 and SMb20463 were not notably affected in their ability to bind 

CR (Fig. 6b). However, macro-colonies of Rm2011 lacking SMb20462 and grown on 

MM displayed a pronounced wrinkling phenotype, which was complemented with 

plasmid-borne SMb20462 (Fig. 6b & e). Moreover, Rm2011 lacking both SMb20461 

and SMb20463 showed reduced colony expansion and diminished formation of wrinkles 

upon growth on MM (Fig. 6b). Summarizing, uxs1, uxe and SMb20460 were considered 

as essential for CUP production, whereas SMb20461, SMb20462 and SMb20463 likely 

encode proteins with accessory functions. SMb20462 may determine the molecular 

weight of CUP, while functionally redundant SMb20461 and SMb20463 may be 

involved in modification of CUP.  

In enterobacteria E. coli and Salmonella Typhimurium, a multicellular and aggregative 

behavior on plates, designated as rdar (red, dry and rough) morphotype, has been 

described (Zogaj et al., 2001). Enhanced production of the two extracellular 

components cellulose and aggregative fimbriae accounts for the expression of the rdar 

morphotype, which has been linked to survival in nutrient-limited environments. Based 

on the striking similarity of the rdar morphotype and colony morphology of Rm2011 

producing CUP, it is tempting to speculate that CUP biosynthesis is part of a survival 
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strategy of soil-dwelling S. meliloti. 

This notion was tested by evaluating the potency of CUP-producing Rm2011 for the 

formation of biofilms on hydrophobic and hydrophilic abiotic surfaces. Rm2011 wild-

type and EPS I/EPS II-deficient Rm2011 ∆exoP-Z wgeB
-
, both ectopically expressing 

uxs1-SMb20463, attached to polystyrene two- to three-fold more efficient than strains 

harboring the empty vector control (Fig. 7a). Overexpression of pleD-cuxR in Rm2011 

resulted in strong adherence to glass irrespective of EPS I and EPS II production, while 

strongly dependent on presence of the uxs1-SMb20463 gene cluster. The glass surface-

attached cells were strikingly resilient, because neither addition of organic solvents nor 

heat treatment was sufficient to disperse these biofilms (Fig. 7b). These data suggested 

binding capacity of CUP to diverse substrates, thus broadening the spectrum of biotic 

and abiotic surfaces potentially colonized by S. meliloti in the rhizosphere. 

 

 

 

 

 

 

 

 

 

Besides uxs1-SMb20463, exoP-Z and wgeB, the gene exoB was deleted and tested for its 

relevance to CUP production. UDP-glucose 4′-epimerase activity of ExoB in S. meliloti 

Figure 7. CUP biosynthesis governed by the uxs1-SMb20463 gene cluster facilitates surface 

attachment of S. meliloti Rm2011. (A) Rm2011 wild-type and EPS I/EPS II-deficient Rm2011 ∆exoP-Z 

wgeB
-
, both harboring either medium-copy number plasmid pSRKGm (Khan et al., 2008) or pSRKGm 

carrying the uxs1-SMb20463 gene cluster, grown on TY agar supplemented with CR and 0.5 mM IPTG. 

The indicated strains were tested for attachment to polystyrene as described in Chapter 6. Attachment is 

shown relative to that of Rm2011 harboring pSRKGm. Error bars represent the standard deviation of six 

biological replicates. (B) Rm2011 wild-type and mutant strains, each harboring pWBT-pleD-cuxR, were 

tested for CR binding as described in panel A and attachment to glass surface. The latter was assayed by 

growing the strains in MM supplemented with 0.5 mM IPTG in glass tubes for two days at 30 °C with 

shaking at 200 rpm. Bacterial cultures (with similar OD600 values) were removed from the tubes, which 

were then washed with distilled water, filled with 0.1 % (w/v) Crystal violet solution, washed two 

additional times, and dried (‘untreated’). Cell material attached to the glass tubes was additionally 

incubated in detaching solution (80 % acetone, 20 % ethanol) for one hour at 60 °C and tubes were 

rigorously vortexed. The liquid was removed from the tubes prior to imaging (‘treated’). 
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is important for EPS I and EPS II biosynthesis, LPS composition, and nitrogen fixation 

during symbiosis with the host plant (Putnoky et al., 1990; Williams et al., 1990; 

Buendia et al., 1991; Reuhs et al., 1995). The CR phenotype of Rm2011 ΔexoB 

overexpressing pleD-cuxR was similar to that of the wild-type strain, indicating this 

gene not to be essential for CUP biosynthesis. Nevertheless, comparative sequence 

analysis revealed 52 % amino acid sequence identity between ExoB and Uxe. 

Functional redundancy of both proteins was tested by a complementation experiment 

using Rm2011 ΔexoB overexpressing either dgcA-cuxR (stimulation of CUP production 

by transcriptional activation of uxs1-SMb20463; Fig. 8a) or uxe. In both cases, Rm2011 

ΔexoB macro-colonies were stained with CF and displayed a mucoid phenotype, 

indicating reconstituted EPS I and EPS II production in this strain, respectively 

(Fig. 8b-c). Moreover, cell extracts of Rm2011 ΔexoB overexpressing uxe revealed 

upper LPS-1 and fast-migrating LPS-2 (considered as smooth and rough LPS, 

respectively; Sharypova et al., 2003), whereas the empty vector control displayed no 

smooth LPS and only LPS with high SDS-PAGE mobility (Fig. 8d). Accordingly, 

delayed nodulation and formation of pseudonodules on M. sativa roots by Rm2011 

ΔexoB was suppressed upon uxe overexpression (Fig. 8e-f). Thus, uxe was sufficient to 

complement the pleiotropic phenotype of Rm2011 ΔexoB. These data strongly 

suggested that Uxe functions as dually active nucleotide sugar epimerase and is able to 

convert UDP-glucose to UDP-galactose besides its UDP-xylose 4′-epimerase activity. 

Since UDP-glucose 4′-epimerase activity conferred by ExoB in S. meliloti and other 

alpha-rhizobial species is important for symbiosis with host plants, factors that control 

expression of functionally redundant uxe might be of special interest. c-di-GMP-

mediated CUP production was more pronounced in a strain lacking global repressor 

MucR (Ch. 7, Fig. 1a). In agreement with this observation, Puxs1 activity was strongly 

increased in Rm2011 ΔmucR compared to the wild-type strain (Fig. 9a). The increase in 

fluorescence signal was mainly dependent on both the presence of functional cuxR and 

native c-di-GMP levels (Fig. 9a). In addition, cuxR promoter (PcuxR) activity was about 

four-fold increased in Rm2011 ΔmucR, but not altered in strains lacking CuxR (Fig. 9a). 

Absence of MucR might therefore contribute to higher abundance of CuxR, which is not 

transcriptionally autoregulated. Taken together, these results suggested that cuxR and 

the uxs1-SMb20463 gene cluster are part of the mucR regulon. In this context, MucR 

likely prevents c-di-GMP-bound CuxR from activating Puxs1 and therefore controls 

expression of uxe with potential relevance to symbiosis. 
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Figure 8. uxe complements pleiotropic S. meliloti Rm2011 exoB mutant phenotype. (A-C) Rm2011 

wild-type and Rm2011 ΔexoB, both harboring either integrative plasmid pSM10 (Selbitschka et al., 

1995), pSM10 carrying dgcA and cuxR, medium-copy number plasmid pSRK (Torres-Quesada et al., 

2013) or pSRK carrying uxe, grown on (A) TY agar supplemented with CR, (B) LB agar supplemented 

with CF (UV-illuminated for image acquisition) or (C) phosphate-limiting MM agar. (D) Silver-stained 

SDS gel (16 %) with proteinase K-treated EDTA-TEA extracts obtained from the indicated S. meliloti 

strains. Arrows indicate upper LPS-1 and fast-migrating LPS-2. (E) Nodulation kinetics determined for 

48 plants per strain. (F) Plant shoots and roots of M. sativa inoculated with the indicated S. meliloti 

strains (21 dpi). Experiments were performed with supporting help from Heiko Wendt. dpi, days post 

inoculation. 
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Direct interaction between MucR and DNA containing the cuxR-uxs1 intergenic region 

(IRcuxR-uxs1) was probed by electrophoretic mobility shift assay (EMSA). Functionality 

of purified His6-MucR protein was verified using DNA fragments upstream of 

ribosomal protein-encoding rpsB and autoregulated mucR as negative and positive 

controls, respectively. A shift of the DNA containing the IRcuxR-uxs1 was observed after 

pre-incubation with His6-MucR indicating protein binding (Fig. 9b). Using truncated 

variants of the IRcuxR-uxs1 suggested the presence of a MucR binding site within the 

100 bp region upstream of the uxs1 start codon (Fig. 9b). Binding of both MucR and 

CuxR to the IRcuxR-uxs1 might imply a mechanism for antagonistic regulation of 

uxs1-SMb20463 transcription and CUP biosynthesis. 

Collectively, c-di-GMP-, CuxR- and MucR-dependent regulation of CUP production 

provided an example for the integration of the c-di-GMP network into the regulatory 

network for opposing control of EPS biosynthesis and motility in S. meliloti. Another 

example for crosstalk between these two cellular networks was provided by Pérez-

Mendoza et al. (2015), who demonstrated that biosynthesis of a mixed-linkage (ML) 

β-glucan is regulated at transcriptional and post-translational levels by the ExpR/SinI 

system and c-di-GMP, respectively. High complexity in the regulation of extracellular 

matrix components might imply integration of multiple environmental stimuli and 

therefore contribute to high adaptability of S. meliloti under changing environmental 

conditions. 

Figure 9. MucR regulates CUP production upon direct interaction with the cuxR-uxs1 intergenic 

region. (A) Promoter activities of cuxR (‘PcuxR’) and uxs1 (‘Puxs1’) measured using promoter-egfp 

fusions. Rm2011 wild-type and mutant strains, each harboring medium-copy number plasmid pSRKGm 

(Khan et al., 2008) carrying promoterless egfp, PcuxR-egfp or Puxs1-egfp, were grown in TY medium to 

exponential growth phase. Fluorescence was normalized to the OD600 of the cultures (‘RFU’) and values 

obtained for promoterless egfp controls were subtracted. Error bars represent the standard deviation of four 

biological replicates. (B) His6-MucR (P) interaction with DNA was assayed in an EMSA using fragments 

containing either the rpsB promoter region (‘PrpsB’; negative control), the mucR promoter region 

(‘PmucR’; positive control) or (portions of) the cuxR-uxs1 intergenic region (‘IRcuxR-uxs1’). Numbers refer to 

nucleotides within the IRcuxR-uxs1. Putative transcription start sites (‘tss’) are indicated (Sallet et al., 2013). 
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3.2.2 CuxR binds c-di-GMP by a PilZ-like mechanism, forms homodimers, and 

interacts with the uxs1 promoter region 

Activation of the uxs1 promoter in vivo required both elevated c-di-GMP levels and 

cuxR suggesting a direct interaction between CuxR and c-di-GMP. This notion was 

tested by subjecting purified His6-CuxR protein to DRaCALA using radiolabeled 

c-di-GMP (performed by Dr. Dorota Skotnicka). The increased signal density in the 

centre of the spotting area was not affected upon addition of unlabeled GTP, whereas 

detection of a diffuse signal upon addition of unlabeled c-di-GMP evidenced specific 

competition with its labeled counterpart (Ch. 7, Fig. 3a). In addition, biolayer 

interferometry (BLI) analysis using His6-CuxR and biotinylated c-di-GMP (performed 

by Dr. Magdalena Polatynska) confirmed interaction with a dissociation constant (Kd) 

of 6.7 µM (Ch. 7, Fig. S1). These results indicated AraC-like transcriptional regulator 

CuxR to represent a new type of c-di-GMP receptor. Noteworthy, CuxR bound to 

c-di-GMP with a lower affinity compared to most other c-di-GMP effectors either 

without (e.g., C. crescentus HfsK Kd=0.724 µM, Sprecher et al., 2017; V. cholerae 

MshEN Kd=0.5 µM, Wang et al., 2016; S. venezuelae BldD Kd=1.8 µM, Schumacher et 

al., 2017; E. coli BcsE Kd=2.42 µM, Fang et al., 2014; P. aeruginosa FleQ Kd=4.1 µM, 

Matsuyama et al., 2016) or with a PilZ domain (e.g., C. crescentus DgrA Kd<0.05 µM, 

Christen et al., 2007; K. pneumoniae MrkH Kd=0.107 µM, Schumacher & Zeng, 2016; 

E. coli YcgR Kd=0.191 µM and BcsA Kd=8.24 µM, Pultz et al., 2012). 

Binding of CuxR to a DNA fragment containing the IRcuxR-uxs1 was probed by EMSA. In 

the absence of c-di-GMP, no binding of CuxR to the IRcuxR-uxs1 was observed. However, 

in the presence of c-di-GMP, but not GTP, a clear band shift was observed 

demonstrating c-di-GMP-dependent binding of CuxR to the IRcuxR-uxs1 (Ch. 7, Fig. 3b). 

To define the CuxR binding site, the IRcuxR-uxs1 was systematically shortened and tested 

by EMSA. A fragment containing 186 bp upstream of the uxs1 start codon did not bind 

CuxR in the presence of c-di-GMP, while a fragment containing 196 bp did (Ch. 7, 

Fig. 3c). This result showed that sequences crucial for binding of CuxR localized 

between position 186 and 196 upstream of the uxs1 start codon. Closer inspection of 

this region revealed the presence of a direct repeat motif CGGGAT-N6-CGGGAT that 

partially overlapped with a palindromic sequence CAATC-N2-GATTG (Ch. 7, Fig. 3d). 

Puxs1166-195 containing both motifs was sufficient for c-di-GMP-dependent CuxR-

binding of the DNA (Ch. 7, Fig. 3e). To further dissect the c-di-GMP-dependent 

binding of CuxR to Puxs1166-195, nucleotides within the direct repeat and the palindromic 
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region were systematically exchanged. Mutating the direct repeat resulted in a complete 

loss of DNA binding by CuxR in presence of c-di-GMP, whereas mutating the 

palindrome did not notably affect the binding (Ch. 7, Fig. 3d & f). The same mutations 

were introduced in Puxs1 fused to egfp for testing c-di-GMP-dependent stimulation of 

Puxs1 activity by CuxR in vivo. In agreement with the in vitro data, only those promoter 

mutants that showed a c-di-GMP-dependent binding of CuxR in the EMSAs stimulated 

c-di-GMP-dependent fluorescence (Ch. 7, Fig. 3f & g). This identified the direct repeat 

CGGGAT-N6-CGGGAT as the primary DNA binding site of CuxR within the uxs1 

promoter region. 

To gain mechanistic insights into CuxR function, the crystal structure of CuxR was 

solved (by Dr. Wieland Steinchen) revealing a protein architecture that can be divided 

into a Cupin-like domain, a helical hairpin (HP), a bi-partite helix-turn-helix (bi-HTH) 

domain, and a C-terminal helix (CTH) connected to the bi-HTH through a disordered 

linker of approximately 15 amino acids (Ch. 7, Fig. 4a). The Cupin-like domain was 

reminiscent of the arabinose-binding domain of AraC from E. coli (Soisson et al., 

1997), although both domains significantly differed in size and topology (Ch. 7, 

Fig. S2). Investigation of crystallographic contacts showed that the HP of one CuxR 

interacted with a symmetry-related HP (Ch. 7, Fig. 4b). In this regard, CuxR was similar 

to transcriptional regulator AraC, which homodimerizes mediated by α2 of the HP, 

albeit differences between both proteins were apparent (Ch. 7, Fig. 4c). 

To investigate whether homodimerization of CuxR via its HPs is a prerequisite for its 

c-di-GMP-dependent DNA binding, residues in this putative dimerization interface were 

exchanged to glutamate and the corresponding protein variants were tested by EMSA. 

While variant R222E was still able to bind to Puxs1 in the presence of c-di-GMP, the 

L200E and N203E variants were not (Ch. 7, Fig. 5a). To consolidate that the inability to 

bind to DNA was indeed caused by a defect in homodimerization of CuxR, cross-

linking experiments with purified His6-CuxR protein and its variants were performed in 

the absence and presence of c-di-GMP (by Dr. Wieland Steinchen). While wild-type 

CuxR and the R222E variants showed a protein band corresponding to a homodimer in 

the presence of c-di-GMP, the L200E and N203E variants did not (Ch. 7, Fig. 5b). To 

exclude that the inability of the L200E and N203E variants to homodimerize was 

caused by impaired c-di-GMP binding, DRaCALAs with CuxR and the three variants 

were performed confirming c-di-GMP binding (Ch. 7, Fig. 5c). In vitro data were in 

agreement with CR binding and Puxs1 activation assays employing the overproduced 
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CuxR variants in a cuxR mutant strain also overproducing PleD. In these assays, the 

R222E variant behaved like native CuxR, while the L200E and N203E variants showed 

decreased CR staining and Puxs1 activation (Ch. 7, Fig. 5d). Taken together, these 

results suggested that the HP of CuxR is important for the c-di-GMP-dependent 

homodimerization, which is in turn required for DNA binding and stimulation of Puxs1 

activity. 

To identify the c-di-GMP binding site of CuxR, hydrogen-deuterium-exchange mass 

spectrometry (HDX-MS) was employed, a method that allows determination of 

conformational changes within proteins upon their interaction with ligands (Marciano et 

al., 2014; Steinchen et al., 2015) (performed by Dr. Wieland Steinchen). Four regions 

of CuxR (named as R1 to R4) displayed significant differences in deuterium 

incorporation upon addition of c-di-GMP (Ch. 7, Fig. 6a-b). The HDX-MS results 

substantiated that c-di-GMP mediates homodimerization of CuxR as shown by the 

strong stabilization of the R3 region. However, they did not discriminate whether R1, 

R2 or R4 contained the c-di-GMP binding site. To elucidate which of these regions 

contributes to c-di-GMP binding, c-di-GMP binding of a CuxR variant lacking the CTH 

(CuxR-∆CTH) was probed by DRaCALA. This variant did not show any alteration in 

c-di-GMP binding suggesting that R4 is not involved in c-di-GMP binding (Ch. 7, 

Fig. 6c). Multi-sequence alignments of the N-termini of CuxR proteins from various 

rhizobial species revealed a conserved RxxxR motif in the N-terminal region of the 

protein. The presence of this motif seemed to be restricted to rhizobial species and 

resembled the RxxxR motif found in PilZ domain proteins involved in c-di-GMP 

binding (Amikam & Galperin, 2006; Ryjenkov et al., 2006) (Ch. 7, Fig. S4). 

Substitution of both arginines with alanine (i.e., R24A and R28A) eliminated c-di-GMP 

binding to CuxR in the DRaCALA (Ch. 7, Fig. 6c). Additionally, a screen for residues 

located in region R2 and its close proximity revealed that R162 is critical for c-di-GMP-

dependent binding of CuxR to DNA (Ch. 7, Fig. S5). This R162A variant showed 

impaired c-di-GMP binding in the DRaCALA (Ch. 7, Fig. 6c). Both R162A and 

R24-R28 variants were unable to form homodimers and did not bind to DNA in the 

presence of c-di-GMP (Ch. 7, Fig. 6d-e). In vivo, these CuxR variants failed to stimulate 

Puxs1 activity and showed reduced CR staining (Ch. 7, Fig. 6f).  

Conclusively, the CuxR mode of c-di-GMP binding was highly reminiscent to that of 

PilZ domains (Ch. 7, Fig. 7). In the PilZ domain, two intercalated c-di-GMP molecules 

primarily interact with the two arginines present within the conserved RxxxR motif of 



Chapter 3: Results and Discussion 

39 

the disordered N-terminus. Additionally, one of the two intercalated c-di-GMP 

molecules interacts with amino acid side chains at the outer surface of the β-barrel of 

PilZ through a (D/N)x(S/A)xxG motif (Amikam & Galperin, 2006; Ryjenkov et al., 

2006; Römling et al., 2013). A conserved arginine residue (i.e., R95 in P. aeruginosa 

Alg44) provided by the β-barrel establishes further contact to one c-di-GMP molecule 

and influences the number of c-di-GMP bound to the protein (Whitney et al., 2015) 

(Ch. 7, Fig. 7). In this regard CuxR showed surprising similarities to PilZ. CuxR 

primarily interacts with c-di-GMP via a conserved RxxxR motif present within its 

disordered N-terminus. Additionally, the outer surface of the β-barrel of its Cupin-like 

domain is involved in c-di-GMP binding (Ch. 7, Fig. 7). PilZ and CuxR could therefore 

provide an example of convergent evolution in which c-di-GMP binding sites of similar 

topology have evolved independently in two distinct protein families. Considering that 

c-di-GMP often binds to the surface of protein domains with only a few amino acids 

(mainly involving arginine residues), a protein needs only small modifications that are 

sufficient to acquire the ability to sense this signaling molecule (Jenal et al., 2017, 

Krasteva & Sondermann, 2017). Hence, regulation of CUP biosynthesis by c-di-GMP 

binding to AraC-like CuxR could be an example for the recruitment of additional 

cellular processes into an existing c-di-GMP network during the course of evolution. 

 

3.3 GdcP is a dynamic c-di-GMP phosphodiesterase involved in alpha-rhizobial 

cell growth and division 

Systematic mutagenesis of 22 c-di-GMP-related genes in Rm2011 suggested SMc00074 

(renamed growth zone dynamic c-di-GMP phosphodiesterase, gdcP) to be essential. 

GdcP is a seven-TM receptor (7TMR) from the thus far uncharacterized bacterial 

protein family 7TMR-DISM (7TMR with diverse intracellular signaling modules; 

Anantharaman & Aravind, 2003). GdcP is composed of an extracellular globular 

7TMR-DISMED2 domain, a membrane-standing 7TMR-DISM_7TM domain, and 

cytoplasmic PAS, GGDEF and EAL domains. In general, PAS domains serve as 

versatile sensors and interaction modules in signal transduction proteins (Möglich et al., 

2009). In agreement with the non-canonical GGDQF motif in the predicted GGDEF 

domain of GdcP, an initial in vitro assay with purified His6-GdcPPAS-GGDEF-EAL did not 

reveal DGC activity (Ch. 6, Fig. S2). However, the GdcP GGDEF domain contains an 

intact I site (RxxD), while all residues required for PDE activity were conserved in the 
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EAL domain (Ch. 6, Fig. 2). Thus, GdcP might be able to bind and to degrade 

c-di-GMP. 

 

3.3.1 GdcP primary function 

As a first step towards functional characterization of GdcP, a GdcP depletion strain 

(Rm2011 GdcP
dep

) was constructed by placing the chromosomally encoded gdcP gene 

under the control of the IPTG-inducible lac-T5 tandem promoter and introducing the 

lacI repressor gene in trans. Growth of this strain was strongly dependent on the 

presence of IPTG in the medium (Ch. 8, Fig. 1a). Cells depleted for GdcP displayed 

altered morphology as they appeared shorter than non-depleted cells (Ch. 8, Fig. 1a). 

Electron micrographs revealed shorter cells with a wrinkly cell envelope suggesting a 

loss of cell wall integrity (Ch. 8, Figs. 1b & S14a). In addition, Rm2011 GdcP
dep

 cells 

were treated with fluorescently-labeled D-amino acid HADA, a substance used for 

in situ probing of cell wall synthesis (Kuru et al., 2012). Upon growth in presence of 

IPTG, a characteristic HADA staining pattern at the growing cell pole and the 

prospective division site of pre-divisional cells was observed, whereas only about half 

of the cells displayed one HADA focus when grown in absence of IPTG (Ch. 8, 

Fig. 1c). Taken together, these results suggested that gdcP is important for cell growth 

and division by contributing to synthesis of new cell wall material. 

To learn about the subcellular localization pattern of GdcP, an in-frame fusion of 

chromosomal gdcP with either egfp or mCherry was generated at the native genomic 

location. GdcP-EGFP localized either at one cell pole or the mid-cell region of 

pre-divisional cells, while HADA and GdcP-EGFP foci showed co-localization (Ch. 8, 

Fig. 2a). Tracking GdcP-EGFP by time-lapse microscopy revealed a characteristic 

spatiotemporal subcellular localization pattern of the protein over the cell cycle. The 

polar fluorescence signal was detected during the entire phase of cell elongation (Ch. 8, 

Fig. 2b). Fluorescence disappeared from the pole and appeared at the mid-cell region of 

pre-divisional cells shortly before separation of mother and daughter cells. GdcP-EGFP 

was detected at both newborn poles after completion of cell division. Time-lapse 

microscopy at higher time resolution revealed decomposition of the GdcP-mCherry 

polar focus followed by accumulation of the fluorescence signal at the prospective 

division site, while no intermediate fluorescent foci were detected along the cell axis 

(Ch. 8, Fig. 2c). This result pointed either to polar degradation followed by new septal 

placement of GdcP-mCherry or free diffusion of single GdcP-mCherry molecules that 
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rendered the fusion non-detectable. Taken together, these data suggested that GdcP cell 

cylce-dependent localization to the growing pole and the prospective division site 

correlated with spatiotemporally controlled cell wall synthesis. 

To perform functional characterization of GdcP, mutated and truncated (egfp-tagged) 

gdcP variants, transcribed with a strength either similar or elevated compared to the 

native levels, were tested for their ability to restore growth and cell morphology of the 

GdcP depletion strain. gdcPWt and gdcPWt-egfp fully complemented growth and 

morphology defects of GdcP depletion strain Rm2011 GdcP
dep

 in medium without 

IPTG, in contrast to this strain harboring the empty vector controls (Ch. 8, Fig. 3b-c). 

Mutations in conserved motifs of the GGDEF (RxxD to AxxA, GGDQF to GAAAF) 

and EAL domains (EAL to AAL) of GdcP did not abolish the complementation of 

growth and morphology defects of Rm2011 GdcP
dep

 (Ch. 8, Fig. 3b-c). Complete 

removal of GGDEF or GGDEF-EAL domains in GdcPΔGGDEF or GdcPΔEALΔGGDEF, 

respectively, resulted in functional but less stable protein variants, as they supported 

normal proliferation only when produced at elevated levels (Ch. 8, Fig. 3b-c). These 

results suggested that the essential function of GdcP is probably independent of 

c-di-GMP and other components of c-di-GMP signaling. Deletion of N-terminal 

domains 7TMR-DISMED2, 7TMR-DISM_7TM or PAS, alone or in combinations, 

strongly reduced the ability of GdcP to complement GdcP depletion phenotypes, 

irrespective of expression levels (Ch. 8, Fig. 3b). Cells expressing these gdcP variants 

were shortened and similar to the empty vector control (Ch. 8, Fig. 3c). Furthermore, 

these GdcP variants, tagged with EGFP, had lost the characteristic subcellular 

localization pattern. In the case of GdcPΔ7TMR-DISMED2-EGFP and GdcPΔ7TMR-DISMED2 

Δ7TMR-DISM_7TM-EGFP, the fluorescence signal was almost non-detectable, indicating 

very low protein abundance (Ch. 8, Fig. 3d). These data indicated that the GdcP 

essentiality resides in its N-terminal part consisting of the periplasmic 

7TMR-DISMED2, membrane-incorporated 7TMR-DISM_7TM and cytoplasmic PAS 

domains. These were required for both the subcellular localization pattern of the protein 

and culture growth. 

This finding has shed new light on the 7TMR-DISM family since, despite the 

outstanding number of representatives in different bacterial species, only few of them 

were functionally studied and roles in biofilm formation were supported. The regulatory 

output can involve either modulation of enzymatic activity of the cytoplasmic part or 

protein-protein interactions. In P. aeruginosa, 7TMR-DISMED2 domain-coupled 
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histidine kinases RetS and LadS antagonistically regulate sensor histidine kinase GacS, 

which is central for regulation of biofilm formation (Davies et al., 2007). Whereas RetS 

inactivates GacS upon heterodimerization of the cytoplasmic domains, LadS activates 

GacS by phosphorylation (Chambonnier et al., 2016). Also in P. aeruginosa, the protein 

NicD contains a 7TMR-DISMED2 domain in tandem with a cytoplasmic GGDEF 

domain. Binding of glutamate to the 7TMR-DISMED2 domain of NicD promotes both 

c-di-GMP synthesis and interactions with other proteins, together triggering biofilm 

dispersal (Basu Roy & Sauer, 2014). GdcP represents the first member of the 

7TMR-DISM family with a function related to cell growth and division. 

In order to find potential protein interaction partners of GdcP, Rm2011 expressing 

gdcP-3xflag from the native chromosomal location was constructed and subjected to 

co-immunoprecipitation (CoIP). Among the identified candidate interaction partners of 

GdcP, the hypothetical TM proteins SMc02432 (renamed growth zone dynamic putative 

metallopeptidase, GdpM) and SMc00644 were considered promising due to their high 

abundance and identification with the highest numbers of unique peptides (Ch. 8, 

Tab. S3). In addition, CoIP with Rm2011 expressing gdpM-3xflag identified highly 

abundant GdcP and SMc00644, further suggesting direct interactions between these 

proteins (Ch. 8, Tab. S4). Sequences homologous to GdcP and GdpM (and SMc00644) 

are largely restricted to the Rhizobiales and three unrelated species from the 

Gammaproteobacteria and Actinobacteria (Ch 8, Fig. S7a). GdpM contains a LytM 

domain that is characteristic for members from the family of M23 zinc-dependent 

metallopeptidases (pfam01551). This domain is predicted to have hydrolytic activity 

with a range of specificities. Closer inspection of the LytM domain of GdpM revealed a 

conserved HxxxD motif (Ch 8, Fig. S7c), which is known to be required for zinc ion 

coordination and hydrolysis of glycine-glycine bonds by Staphylococcus aureus LytM 

(Odintsov et al., 2004; Firczuk et al., 2005). Periplasmic localization of GdpM via its 

N-terminal TM α-helix was experimentally verified by blue staining of agar cultures 

expressing gdpM variants fused to E. coli phoA and grown on medium containing 

alkaline phosphatase substrate BCIP (Ch 8, Fig. S8) (experiment performed by 

Dr. Elizaveta Krol). 

To study GdpM-dependent phenotypes, a GdpM depletion strain (Rm2011 GdpM
dep

) 

was constructed by placing the chromosomal gdpM under the control of the IPTG-

inducible lac promoter and introducing the lacI repressor gene in trans, also because 

attempts to generate a knockout mutant failed. This strain was strongly impaired in 
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growth in the absence of IPTG (Ch. 8, Fig. 5a), which further supported essentiality of 

gdpM. Strikingly similar to cells depleted for GdcP, GdpM-depleted cells were shorter 

than non-depleted cells (Ch. 8, Figs. 5a & 1a). Electron micrographs showed regions of 

low electron density within the cells which might represent polyhydroxybutyrate (PHB) 

granules as part of a general stress response (Ch. 8, Figs. 5b & S14b). Moreover, pulse-

labeling of GdpM-depleted cells with HADA revealed a fluorescence focus at the 

prospective division site in only a minority of pre-divisional cells, whereas Rm2011 

GdpM
dep

 grown in IPTG-supplemented medium displayed a wild-type like HADA 

staining pattern (Ch. 8, Fig. 5c). These phenotypic similarities strengthened the 

hypothesis on a functional relation between GdpM and GdcP. 

To study the subcellular localization pattern of GdpM, the chromosomal gdpM allele 

was replaced by a gdpM-mCherry fusion at the native genomic location. Microscopy of 

the resulting strain revealed predominantly diffuse fluorescence, whereas in some cells a 

GdpM-mCherry focus was detected at one pole and the mid-cell region of pre-divisional 

cells. Using time-lapse microscopy, a dynamic GdpM-mCherry localization during cell 

cycle, reminiscent of the GdcP-EGFP pattern, was observed (Ch. 8, Figs. S9a & 2b). 

Temporary co-localization of both protein fusions over the cell cycle was detected using 

Rm2011 carrying both gdcP-egfp and gdpM-mCherry fusions at their native 

chromosomal locations (Ch. 8, Fig. S9b). Foci formed by both protein fusions at the 

pole and the prospective division site overlapped with HADA-derived fluorescence 

signals (Ch. 8, Fig. S9c). The cell cycle-dependent localization of GdcP and GdpM in 

S. meliloti again pointed to a functional relation between both proteins. 

As a first step towards functional characterization of GdpM, effects of gdpM 

overexpression were analyzed. In LB medium, growth of GdpM-overproducing 

Rm2011 was severely impaired and cells appeared enlarged and spheric compared to 

the empty vector control (Ch. 8, Fig. 6a). Electron microscopy of GdpM-overproducing 

cells revealed an unusually enlarged periplasm and severe inner membrane invagination 

(Ch. 8, Figs. 6b & S14c). HADA incorporation by Rm2011 overexpressing gdpM was 

strongly impaired, as only weak and dispersed fluorescence signals were detected 

(Ch. 8, Fig. 6c). Notably, increasing osmolarity by adjusting the NaCl concentration to 

300 mM mitigated the gdpM overexpression-associated changes in morphology and 

growth (Ch. 8, Fig. S11). 

To obtain hints towards a putative GdpM metallopeptidase activity conferred by the 

LytM domain, wild-type gdpM and mutant variants were heterologously expressed in 



Chapter 3: Results and Discussion 

44 

E. coli. GdpM variants with either a single amino acid exchange in the putative zinc ion 

coordination motif HxxxD (GdpMH510A) or a deletion of the complete LytM domain 

(GdpMΔLytM) were generated. Leakage of cytoplasmic β-galactosidase from E. coli cells 

was detected, as indicated by purple coloring of agar cultures overexpressing gdpMWt 

and grown on medium supplemented with poorly membrane-permeable β-galactosidase 

substrate CPRG (Ch. 8, Fig. 6d). In line with this, E. coli overexpressing gdpMWt was 

affected in growth and showed pronounced cell lysis (Ch. 8, Fig. S13). By contrast, 

E. coli overexpressing gdpMH510A and gdpMΔLytM showed a negative CPRG phenotype 

and no cell lysis (Ch. 8, Figs. 6d & S13). These results would be in agreement with 

metallopeptidase activity of the LytM domain of GdpM targeting cell wall components 

in vivo. 

To test whether GdcP and GdpM are involved in cell envelope biogenesis, 

muropeptides isolated from S. melioti Rm2011 depleted for GdcP and GdpM were 

determined (performed by Hamish Yau). Muropeptide profiles of Rm2011 GdcP
dep

 and 

Rm2011 GdpM
dep

 grown in presence of IPTG were similar to those obtained for the 

Rm2011 wild-type (Ch. 8, Fig. 7a). By contrast, depletion of GdcP and GdpM upon 

growth of the respective strains in absence of IPTG revealed changes in relative 

abundances of specific muropeptides (Ch. 8, Fig. 7a). Particularly, the accumulation of 

penta peptides at altered levels of these proteins pointed to impaired incorporation of 

new material into the growing sacculus and might involve indirect effects. Taken 

together, these results supported a function of GdcP and GdpM in cell envelope 

biogenesis. 

To gain further mechanistic insights in GdcP and GdpM functions in S. meliloti, 

purified His6-tagged variants of both proteins were assayed for binding and hydrolysis 

of peptidoglycan (PG) (performed by Hamish Yau). His6-GdpMΔtm was mixed with 

S. meliloti murein sacculi and sedimented by ultracentrifugation. The protein was 

exclusively recovered in the pellet fraction, whereas it remained in the supernatant 

without the addition of sacculi (Ch. 8, Fig. 7b). By contrast, His6-GdcP7TMR-DISMED2 

showed only small binding capacity in the same conditions, as in presence of sacculi the 

vast majority of protein remained in the supernatant (Ch. 8, Fig. 7b). PG hydrolase 

activity of His6-GdpMΔtm was assayed by incubation of the protein with various 

S. meliloti murein substrates followed by muropeptide profiling. Presence of 

His6-GdpMΔtm did not cause evident changes in the muropeptide profiles, which 

remained also unchanged when His6-GdcP7TMR-DISMED2 was added to the reaction (Ch. 8, 
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Fig. S16). Taken together, these results indicated GdpM to be a potent PG-binding 

protein, whereas hydrolytic activity towards PG was non-detectable in vitro. However, 

it can not be excluded that assay conditions were suboptimal or that an additional factor 

is required for stimulation of GdpM activity. The latter has been described for S. aureus 

LytM, whose activity is stimulated by proteolytic cleavage (Odintsov et al., 2004; 

Firczuk et al., 2005). 

To test for possible functional conservation of GdcP within the order Rhizobiales, R. etli 

and A. tumefaciens homologs were tagged with EGFP and analyzed for their subcellular 

localization pattern. Localization of these protein fusions to one cell pole and the mid-

cell region of pre-divisional cells of the respective hosts, similar to the subcellular 

localization pattern of S. meliloti GdcP-EGFP, was detected (Ch. 8, Fig. 8a). 

Pulse-labeling of these strains with HADA showed active cell wall synthesis at the sites 

where GdcP-EGFP foci were observed (Ch. 8, Fig. 8a). Furthermore, gdcP and gdpM 

homologs from R. etli and A. tumefaciens were able to complement growth and 

morphology phenotypes of Rm2011 GdcP
dep

 and Rm2011 GdpM
dep

, respectively (Ch. 8, 

Fig. 8b-c). The similar subcellular localization pattern of GdcP homologs in S. meliloti, 

R. etli and A. tumefaciens as well as cross-complementation of gdcP and gdpM between 

these species provided evidence for a functional conservation of both proteins in the 

order Rhizobiales. 

Members of the order Rhizobiales, including S. meliloti, synthesize cell wall at one pole 

as well as at the mid-cell region of pre-divisional cells (Brown et al., 2012). 

Coordinating and directing the PG synthesis machinery is a prerequisite for maintaining 

cell shape after completion of cell division. Cell wall remodeling was studied mostly in 

rod-shaped E. coli, B. subtilis and C. crescentus, all utilizing a laterally dispersed mode 

of PG synthesis. In these organisms, the PG synthesis machinery associates with the 

cytoplasmic scaffold proteins MreB (elongasome) and FtsZ (divisome), both directing 

placement and activity of PG synthases from inside the cell. Members of the 

Rhizobiales lack the lateral PG synthesis scaffold MreB and other related proteins 

(Margolin et al., 2009), suggesting the presence of alternative factors coordinating PG 

synthesis and hydrolysis during cell growth and division. 

PG synthesis and hydrolysis were proposed to spatially and temporarily correlate in 

(E. coli) cells. The corresponding enzymes are organized in dynamic and variable multi-

protein complexes and their enzymatic activities are strictly regulated (Höltje, 1998; 

Typas et al., 2012; Egan et al., 2017; Pazos et al., 2017). Cell wall hydrolases are 
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involved in murein growth, maturation, turnover, recycling, and cleavage of the septum 

at cell division, while uncontrolled activities can cause cell lysis (Vollmer et al., 2008; 

Lee & Huang, 2013). These enzymes have various cleavage specificities and often 

require a PG-binding domain for activity (Buist et al., 2008). Periplasmic interaction 

between GdcP and the murein-binding putative metallopeptidase GdpM may provide a 

mechanism to control incorporation of new material into the mesh-like PG sacculus of 

S. meliloti cells. In C. crescentus, murein-binding endopeptidase DipM functions in PG 

remodeling upon cell division by localization to the site of constriction, which is 

dependent on the essential murein-binding protein FtsN (Möll et al., 2010). Genomes of 

bacteria from the order Rhizobiales do not encode FtsN suggesting alternative 

mechanisms for directing PG remodeling enzymes to the septum. In the case of 

S. meliloti, GdcP may be a functional homolog of FtsN and regulate GdpM activity at 

sites of zonal cell wall synthesis. 

The mechanistic consequences and direction of signaling mediated by GdcP and GdpM 

interaction remain to be investigated in more detail. GdcP-GdpM interaction may 

modulate perception of environmental stimuli by GdcP receptor domains or promote 

interactions with other proteins, catalytic activity and ligand binding of the intracellular 

signaling module. Alternatively, perception of signals from the cytoplasm may 

modulate accessibility of the interaction interface in GdcP receptor domains for either 

GdpM or ligands such as murein derivatives. Future work may also address the role of 

probable interaction partner SMc00644, which might form a heterotrimeric complex 

together with GdcP and GdpM. Conservation of GdcP, GdpM and SMc00644 in the 

order Rhizobiales suggested a common mechanism for cell envelope biogenesis in these 

organisms. The importance of the PG layer in alpha-rhizobial species has recently been 

demonstrated, as it has an essential role in differentiation during symbiosis (Gully et al., 

2016). GdcP and GdpM contribution to the interaction of alpha-rhizobia with their 

leguminous plant hosts remains to be investigated. 

 

3.3.2 GdcP accessory function 

To investigate contribution of GdcP to c-di-GMP signaling in S. meliloti, enzymatic 

activities of its GGDEF and EAL domains and their ability to bind c-di-GMP were 

examined in vitro using [α-
32

P]-labeled substrates (performed by Dr. Dorota Skotnicka). 

The EAL domain of GdcP was shown to confer PDE activity towards c-di-GMP, 

whereas the GGDEF domain showed neither DGC activity nor c-di-GMP binding via 
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the I site (Ch. 8, Figs. 4a & S4). To examine c-di-GMP PDE activity of GdcP in vivo, 

the c-di-GMP content of GdcP-depleted Rm2011, complemented with either gdcPWt, 

gdcPAAL or gdcPGAAAF ectopically expressed with a transcription strength similar to the 

native level, was measured. The c-di-GMP content of cells expressing gdcPWt and 

gdcPGAAAF was similar, whereas expression of the PDE active site mutant variant 

gdcPAAL resulted in a two-fold increase in c-di-GMP content (Ch. 8, Fig. 4b). 

Additionally, cells expressing gdcPAAL were more sensitive to growth inhibition and cell 

morphology effects upon ectopical expression of DGC-encoding SMc03178 compared 

to cell expressing gdcPWt (Ch. 8, Fig. 4c-d). Taken together, these data provided 

evidence that GdcP degrades c-di-GMP in vivo, which could imply a mechanism for 

avoiding harmful increases in intracellular c-di-GMP levels. 

The relevance of GdcP to cell envelope biogenesis in combination with its ability to 

degrade c-di-GMP potentially implies a direct connection between cell wall remodeling 

and intracellular c-di-GMP signaling. In line with this, recent studies have described a 

link between c-di-GMP signaling and cell growth and division. In polarly growing 

M. smegmatis, a strain lacking dually active DGC/PDE DcpA displayed cell elongation 

and multi-septation presumably as a result of transcriptional upregulation of genes with 

functions related to cell wall processes. This suggested a role of c-di-GMP signaling in 

cell division and morphology (Gupta et al., 2016). A link between c-di-GMP signaling 

and PG remodeling was also shown for the cell division-related DGC YfiN from E. coli. 

Under envelope stress conditions, YifN binds to the cytoplasmic scaffold proteins FtsZ 

and ZipA likely in a c-di-GMP-bound state. This results in recruitment of the protein to 

the future division site and subsequent inhibition of septal PG synthesis 

(Kim & Harshey, 2016). Inactivation of the EAL domain of polarly localized GdcP 

from S. meliloti neither altered growth and cell morphology nor GdcP localization, 

indicating its PDE activity not to be important for its primary function. However, GdcP 

PDE activity counteracted artificially increased c-di-GMP levels by reducing the 

concomitant cell damage. 

Polar and septal placement of c-di-GMP PDEs has previously been shown to serve as a 

mechanism for restricting signaling events to specific sites of C. crescentus cells. PdeA 

transiently localizes to the stalked cell pole and determines the swarmer cell-specific 

program (Abel et al., 2011). Flagellum biogenesis at the swarmer cell pole requires 

dynamically localizing TipF, whose localization to the division plane is dependent on 

cytokinesis (Huitema et al., 2006). PDE activity of GdcP in S. meliloti may provide a 
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mechanism for decreasing c-di-GMP levels to initiate downstream signaling events at 

either the growing cell pole or the mid-cell region of pre-divisional cells. Identification 

of c-di-GMP effectors and their target genes influenced by GdcP PDE activity would 

allow a better understanding of the c-di-GMP-related function of GdcP. 

Deletion of the GGDEF domain of GdcP resulted in a reduced growth rate, although 

neither catalytic activity nor c-di-GMP binding could be demonstrated. Comparative 

sequence analysis revealed protein sequences homologous to S. meliloti GdcP and 

containing an intact A site in the GGDEF domain as in the case of A. tumefaciens GdcP, 

whose EAL domain also contains all conserved motifs indicating PDE activity (Ch. 8, 

Fig. S7b). However, the functional consequences of a DGC activity in addition to the 

PDE activity of GdcP remain unclear, also because gdcPSm and gdcPAt complemented 

the phenotypes of GdcP-depleted Rm2011 in a similar manner (Ch. 8, Fig. 8b-c). The 

GdcP GGDEF domain may modulate PDE activity of the covalently linked EAL 

domain. Such an example was described for PAS-GGDEF-EAL domain protein PdeA 

from C. crescentus, which contains a degenerate A site (GEDEF) and possesses no 

DGC activity, while the GGDEF domain is able to bind GTP and thus to regulate the 

PDE activity of the covalently linked EAL domain (Christen et al., 2005). Moreover, 

PDE activities of BifA and RmcA from P. aeruginosa were shown to be stimulated 

depending on the A sites of the covalently linked GGDEF domains (Kuchma et al., 

2007; Okegbe et al., 2017). Similar to GdcP from S. meliloti, DGC activity of BifA 

containing a GGDEF domain with a GGDQF motif was not detectable (Kuchma et al., 

2007). 

GdcP PDE activity may also be modulated by the cytoplasmic PAS domain, which 

generally regulates the activities of covalently attached effector domains (Möglich et 

al., 2009). Such a mechanism was identified for DosP from E. coli, as O2-binding to a 

heme cofactor in the PAS domain results in increased PDE activity of the protein 

(Tanaka et al., 2007). In A. xylinum, AxDGC2 regulates cellular c-di-GMP levels 

depending on the redox state of a flavin cofactor in the PAS domain, while the oxidized 

state promotes DGC activity (Qi et al., 2009). The FAD-binding PAS domain of 

dual-function enzyme RmcA from P. aeruginosa supposedly influences the stimulating 

effect that the GGDEF domain has on the covalently linked EAL domain (Okegbe et al., 

2017). For the PAS domain of GdcP a putative heme pocket has been predicted 

suggesting the protein might be able to sense redox states. A link between redox 

signaling and cell envelope biogenesis has been reported for gammaproteobacterial 
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species, as the YfiBNR signal transduction system provides a mechanism for inhibiting 

septal PG synthesis. Under reducing and envelope stress conditions, redox sensor YfiR 

is released from the periplasmic PAS domain of the membrane-standing DGC YfiN, 

which acts as a cell division inhibitor (Malone et al., 2012; Kim & Harshey, 2016). 

Ligands that bind to the PAS domain of GdcP and their possible contribution to the cell 

cycle-dependent localization of the protein remain thus far unknown. 
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Chapter 4: Conclusions 

Research on mechanistic and functional aspects of c-di-GMP signaling is rapidly 

advancing and revealing a physiological complexity of the c-di-GMP network in 

bacteria. However, knowledge on environmental input signals that control c-di-GMP 

signaling pathways, cellular activities controlled by c-di-GMP networks and their exact 

architecture, effects on highly dynamic behavior of cells and integration into other 

signaling networks is incomplete. This study examined the role of the second messenger 

c-di-GMP in environmental adaptation of symbiotic alphaproteobacterium S. meliloti, a 

member of the order Rhizobiales for which cellular processes and mechanisms 

involving c-di-GMP had not been examined in depth. 

This study unraveled the roles of c-di-GMP signaling in environmental adaptation of 

S. meliloti by genetic and biochemical approaches. This included identification of 

genetic determinants responsible for c-di-GMP-mediated phenotypic changes, discovery 

and first description of a new type of c-di-GMP receptor (AraC-like transcription factor 

CuxR), and functional characterization of an essential c-di-GMP phosphodiesterase 

(referred to as GdcP) (Fig. 10). Similar to other species from various bacterial lineages, 

c-di-GMP emerged as an important second messenger for the transition from a motile, 

planktonic lifestyle to a sessile, biofilm-associated lifestyle of free-living S. meliloti. In 

this bacterium, elevated c-di-GMP levels stimulate production of extracellular matrix 

components and repress flagellar motility which is accompanied by effective surface 

attachment. Therefore, c-di-GMP-dependent regulation may play a significant role for 

environmental adaptation of S. meliloti in its natural soil habitat, since the switch of 

single motile bacteria from a planktonic state to a structural community of cells 

increases resistance to antimicrobial compounds and gives rise to higher tolerance to 

environmental stressors. c-di-GMP-stimulated production of adhesive polysaccharides 

might also contribute to attachment to biotic and abiotic surfaces in the rhizosphere 

including plant roots. 

The results of this work demonstrate that the c-di-GMP network is integrated into the 

well-studied regulatory network for opposing control of exopolysaccharide (EPS) 

biosynthesis and motility in S. meliloti. In this organism, c-di-GMP signaling is 

interlinked with cellular processes that are also regulated by global repressor MucR and 

master regulator ExpR, such as production of EPS I and EPS II, synthesis of 

autoinducer molecules and flagellar motility (Fig. 10). Furthermore, evidences were  
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provided for MucR counteracting c-di-GMP-stimulated production of a new 

extracellular polysaccharide (referred to as CUP) at the level of transcription, as well as 

for both ExpR and MucR attenuating surface attachment based on c-di-GMP-mediated 

production of a unipolar polysaccharide (UPP) (Fig. 10). Besides transcriptional 

Figure 10. Schematic model of c-di-GMP signaling in S. meliloti. Depiction of cellular functions and 

genetic factors subjected to c-di-GMP-mediated regulation at transcriptional and post-translational levels. 

In response to environmental or intracellular signals, diguanylate cyclase activities of PleD, SMb20523, 

SMb20447, SMc01464 and SMc03178 may be stimulated and thus contribute to the intracellular 

c-di-GMP pool. c-di-GMP degradation is catalyzed by the membrane-standing phosphodiesterase GdcP 

(SMc00074) with a function related to cell growth and division. Possible protein-protein interactions 

between GdcP, the putative metallopeptidase GdpM (SMc02432) and the hypothetical transmembrane 

protein SMc00644, as well as the conservation of these proteins within the order Rhizobiales, suggests a 

conserved mechanism for cell envelope biogenesis in alpha-rhizobia. c-di-GMP signaling interferes with 

cell-cell communication (‘quorum sensing’), as c-di-GMP represses transcription of autoinducer synthase 

gene sinI and thus inhibits extracellular accumulation of N-acyl homoserine lactones (‘AHLs’). c-di-GMP 

regulates the production of multiple polysaccharides, as biosynthesis of a unipolar polysaccharide 

(‘UPP’), succinoglycan (‘EPS I’), a Congo red-binding extracellular polysaccharide (‘CUP’) and a 

mixed-linkage β-glucan (‘ML β-glucan’; Pérez-Mendoza et al., 2015) are stimulated at elevated 

c-di-GMP levels, whereas galactoglucan (‘EPS II’) biosynthesis under phosphate-limiting conditions 

(‘low Pi’) is negatively regulated at the level of wgeA transcription. UPP biosynthesis is governed by the 

SMc01790-SMc01796 gene cluster and required for c-di-GMP-mediated surface attachment. c-di-GMP is 

bound by the newly identified receptors AraC-like transcriptional activator CuxR (SMb20457) and 

single-domain PilZ protein McrA (SMc00507), as well as previously identified BgsA (Pérez-Mendoza et 

al., 2015) and FliI (Trampari et al., 2015). c-di-GMP-bound CuxR activates the uxs1 promoter resulting 

in upregulated transcription of uxs1-SMb20463 and CUP production to promote biofilm formation. 

c-di-GMP binding to McrA results in reduced swimming speed, which might imply a regulatory 

mechanism that is specific to PleD-derived signaling. Dually functional nucleotide sugar epimerase Uxe 

converts UDP-glucose (‘UDP-Glu’) to UDP-galactose (‘UDP-Gal’), as it can suppress symbiotic 

incompetence of S. meliloti lacking UDP-glucose 4′-epimerase ExoB. The global repressor MucR 

counteracts c-di-GMP-mediated activation of CUP biosynthesis at the level of transcription, while both 

MucR and ExpR attenuate UPP-mediated attachment. Regulatory connections that were identified in 

previous studies are gray colored. 
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repression of flagellar genes by MucR and ExpR, signaling based on newly identified 

c-di-GMP receptor McrA adds another layer to regulation of swimming motility in 

S. meliloti. Altogether, these findings suggest that crosstalk between regulatory 

networks could enable integration of numerous environmental signals for the regulation 

of a single target process at multiple levels. Interestingly, interplay between c-di-GMP 

signaling and another second messenger system has been shown in a recent report, as 

diguanylate cyclase activity of Lcd1 from pathogenic Leptospira interrogans is 

enhanced upon binding of the widely distributed second messenger cAMP (da Costa 

Vasconcelos et al., 2017). High complexity in signal transduction pathways for 

adaptational responses of bacteria might ensure survival in challenging environments. 

The identification of the essential c-di-GMP phosphodiesterase GdcP acting in cell 

envelope biogenesis in polarly growing S. meliloti broadens the spectrum of common 

c-di-GMP-related functions in bacteria (Fig. 10). Considering that modification of the 

peptidoglycan layer is part of an adaptational response of the murein sacculus to cope 

with changing conditions (Cava & de Pedro, 2014), it is tempting to speculate that GdcP 

and functionally related putative peptidoglycan hydrolase GdpM may also contribute to 

environmental adaptation of S. meliloti either in its natural soil habitat or inside host 

cells. However, evidence for c-di-GMP functions related to cell cycle progression and 

symbiosis with the host plant M. sativa could not be provided for S. meliloti. This 

suggests that the c-di-GMP-related proteins are not active under the conditions tested or 

that they have a role in processes not assayed in this study. It may also be indicative of 

overlapping regulatory controls, as has been reported for the regulatory pathway driving 

cell cycle progression in C. crescentus (Lori et al., 2015). Finally, environmental and 

physiological triggers that modulate c-di-GMP levels to activate distinct signaling 

pathways in S. meliloti remain unknown. Future studies might particularly address 

molecular mechanisms underlying the regulatory function of c-di-GMP-binding McrA 

and the regulatory output of c-di-GMP-degrading GdcP. 
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ABSTRACT 1 

Members of the Rhizobiales display zonal growth in contrast to dispersed growth along 2 

the sidewalls of many other rod-shaped bacteria. In this work, we identified the thus far 3 

uncharacterized seven-transmembrane protein GdcP, which plays a crucial role in polar 4 

cell growth and division in Sinorhizobium meliloti. GdcP is an essential multidomain 5 

protein composed of an extracellular globular 7TMR-DISMED2 domain, a membrane-6 

spanning region, and cytoplasmic PAS, GGDEF and EAL domains. Although being 7 

dispensable for the essential function of GdcP, the EAL domain of GdcP confers 8 

phosphodiesterase activity towards the second messenger cyclic di-GMP, a key 9 

regulatory player in the transition between bacterial lifestyles. The subcellular 10 

localization pattern of GdcP to sites of zonal cell wall synthesis and cross-11 

complementation with gdcP homologs from related alpha-rhizobial species pointed to a 12 

conserved mechanism for cell wall remodeling within the Rhizobiales. This was further 13 

supported by GdcP acting in concert with membrane-anchored GdpM, a putative murein 14 

metallopeptidase, which was found to be essential for proliferation of S. meliloti. 15 

Overall, our findings suggest that GdcP and GdpM contribute to cell envelope 16 

biogenesis and are components of the machinery driving the cell elongation-division 17 

cycle in alpha-rhizobia. 18 

 19 

INTRODUCTION 20 

Seven-transmembrane receptors (7TMRs) form the largest, most ubiquitous and most 21 

versatile family of membrane receptors. In eukaryotes, they are involved in signaling 22 

via interaction with cytoplasmic G-proteins (Pierce et al., 2002). Bacterial rhodopsins, 23 

representing light-activated 7TMRs with either signaling or ion-transporting functions 24 

(Ernst et al., 2014), are among the best characterized bacterial 7TMR proteins. A 25 

distinct class of bacterial 7TMRs was classified as 7TMR-DISMs for 7TMR with 26 

diverse intracellular signaling modules (Anantharaman & Aravind, 2003). 7TMR-DISM 27 

proteins contain seven transmembrane α-helices (7TMR-DISM_7TM) fused to various 28 

cytoplasmic signaling domains as well as N-terminal extracellular globular 7TMR-29 

DISMED1 or 7TMR-DISMED2 domains predicted to bind ligands such as 30 

carbohydrates (Anantharaman & Aravind, 2003).  31 

With one to 14 copies per genome, 7TMR-DISMs are widely distributed in both Gram-32 

negative and Gram-positive species (Anantharaman & Aravind, 2003). Currently, more 33 

than five thousands of bacterial proteins containing 7TMR-DISM domains are listed in 34 
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the InterPro database (www.ebi.ac.uk/interpro/). The most common cytoplasmic 35 

signaling domains are GGDEF and/or EAL domains as well as regulatory histidine 36 

kinase, REC and PAS domains. GGDEF and EAL domains are involved in synthesis 37 

and degradation of bis-(3′,5′)-cyclic dimeric guanosine monophosphate (c-di-GMP). 38 

This bacterial second messenger is well-known for its central role in regulation of 39 

swimming motility, adherence, biofilm formation and virulence, and in several bacterial 40 

species it also promotes cell cycle progression and development (Abel et al., 2013; 41 

Römling et al., 2013; Tschowri et al., 2014; Lori et al., 2015; Skotnicka et al., 2016). 42 

Histidine kinase and REC domains are involved in phosphorelay, whereas PAS domains 43 

are present in many bacterial signal transduction proteins and can directly sense small 44 

molecules, ions, gases, light and redox state (Robinson et al., 2000; Henry & Crosson, 45 

2011). 46 

Despite the outstanding number of representatives in different bacterial species, only 47 

few 7TMR-DISM proteins were functionally studied. The regulatory output can involve 48 

either modulation of enzymatic activity of the cytoplasmic portion or protein-protein 49 

interactions. For example, in Pseudomonas aeruginosa, 7TMR-DISMED2 domain-50 

coupled histidine kinases RetS and LadS antagonistically regulate sensor histidine 51 

kinase GacS, which is central for the regulation of biofilm formation (Davies et al., 52 

2007). Whereas RetS inactivates GacS upon heterodimerization of the cytoplasmic 53 

domains, LadS activates GacS by phosphorylation (Chambonnier et al., 2016). Also in 54 

P. aeruginosa, the protein NicD contains a 7TMR-DISMED2 domain in tandem with a 55 

cytoplasmic GGDEF domain. Binding of glutamate to the 7TMR-DISMED2 domain of 56 

NicD promotes both c-di-GMP synthesis and interactions with other proteins, together 57 

triggering biofilm dispersal (Basu Roy & Sauer, 2014). 58 

In the plant-symbiotic alphaproteobacterium Sinorhizobium meliloti, the SMc00074 59 

gene (further referred to as gdcP for growth zone dynamic c-di-GMP 60 

phosphodiesterase), encoding a protein containing 7TMR-DISMED2, 7TMR-61 

DISM_7TM, PAS, GGDEF and EAL domains, was found to be essential (Cowie et al., 62 

2006; Schäper et al., 2016). Similar to other alphaproteobacteria, S. meliloti grows by 63 

asymmetrical cell division and elongates the cell wall at the cell pole of the growing 64 

daughter cell (Brown et al., 2012). This growth pattern contrasts with dispersed cell 65 

elongation, which is characteristic for other Gram-negatives such as the enteric 66 

bacterium Escherichia coli (Brown et al., 2011). GdcP is the only 7TMR-DISM protein 67 

encoded in the S. meliloti genome and is most likely to be inactive as diguanylate 68 
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cyclase (DGC) since the corresponding active site (A site) is represented by a 69 

degenerate GGDQF motif and an enzymatic in vitro assay did not reveal DGC activity 70 

(Schäper et al., 2016). In contrast, the inhibitory site (I site) motif RxxD and the 71 

c-di-GMP phosphodiestherase (PDE) active site EAL are intact. Thus, the protein might 72 

be able to bind and to degrade c-di-GMP. In our previous study, we showed that 73 

although c-di-GMP at native levels was not required for viability of S. meliloti, strong 74 

overproduction of c-di-GMP inhibited growth and promoted cell filamentation (Schäper 75 

et al., 2016). 76 

In this study, we present evidence for the previously unrecognized 7TMR-DISM protein 77 

GdcP and the putative membrane-anchored periplasmic murein metallopeptidase GdpM 78 

to play a crucial role in polar cell growth and cell division in S. meliloti and related 79 

Rhizobiales species. Furthermore, we prove GdcP to act as a c-di-GMP PDE, thus 80 

potentially interconnecting c-di-GMP signaling with spatiotemporal control of cell 81 

growth and division. 82 

 83 

MATERIAL AND METHODS 84 

Bacterial strains and growth conditions. Bacterial strains and plasmids used in this 85 

study are shown in Table S1. S. meliloti was grown at 30 °C in tryptone-yeast extract 86 

(TY) medium (Beringer, 1974), LB medium (Green & Sambrook, 2012), modified 87 

MOPS-buffered minimal medium (Zhan et al., 1991), and nutrient-depleted 30 % MM 88 

(nitrogen, carbon, and phosphate sources reduced to 30 %). Medium composition is 89 

provided in the supplemental material. Rhizobium etli was grown in TY medium and 90 

A. tumefaciens was grown in LB medium at 30 °C. E. coli was grown in LB medium at 91 

37 °C. For S. meliloti, antibiotics were used at the following concentrations (mg/L; 92 

liquid/solid medium): kanamycin, 100/200, gentamicin, 20/40, tetracycline, 5/10, 93 

spectinomycin, 200/200 and streptomycin, 600/600. For E. coli the following 94 

concentrations were used: kanamycin, 50/50, gentamicin, 5/8, tetracyclin, 5/10, 95 

spectinomycin 100/100, and ampicillin 100/100. For A. tumefaciens kanamycin was 96 

used at 100/200 and for R. etli at 30/30. Unless otherwise specified, isopropyl β-D-1-97 

thiogalactopyranoside (IPTG) was added at 0.5 mM and taurine at 20 mM. 98 

Chlorophenol red-β-D-galactopyranoside (CPRG) was added at 20 µg/mL and 5-bromo-99 

4-chloro-3-indolylphosphate (BCIP) at 50 µg/mL. 100 

Growth assays were performed using 100 µL cultures in flat-bottom 96-well plates 101 

(Greiner), grown at 30 
o
C with shaking at 1,200 rpm. Three culture replicates were 102 
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analyzed per strain. Optical density (OD600) was recorded using Infinite M200 PRO 103 

fluorescence reader (Tecan). For growth assays involving protein depletion, cultures 104 

with or without IPTG were inoculated with 0.15 µL of stationary TY preculture with 105 

IPTG and grown for 24 h. Relative growth was calculated as a ratio of OD600 of cultures 106 

grown without IPTG and OD600 of cultures supplemented with 0.5 mM IPTG. For 107 

growth assays, involving taurine- or IPTG-induced gene overexpression, the cultures 108 

containing or not containing taurine or IPTG were inoculated with 0.15 µL of stationary 109 

TY preculture and the growth was recorded at the indicated time points. 110 

Construction of strains and plasmids. Constructs used in this work were generated 111 

using standard cloning techniques and are listed in Table S1. The primers used are listed 112 

in Table S2. All constructs were verified by sequencing. Plasmids were transferred to 113 

S. meliloti by E. coli S17-1-mediated conjugation as previously described (Krol & 114 

Becker, 2014). Electroporation was used to introduce plasmids to R. etli and 115 

A. tumefaciens following the protocol previously described (Ferri et al., 2010).  116 

To generate chromosomally integrated constructs encoding GdcP or GdpM with 117 

C-terminally fused enhanced green fluorescent protein (EGFP) or triple FLAG-tag 118 

(3xFLAG), the 700 to 800 bp 3' portion of the gene excluding the stop codon was 119 

cloned into suicide plasmids pK18mob2-EGFP or pG18mob2-3xFLAG. Plasmid 120 

pG18mob2-3xFLAG was obtained by inserting the 3xFLAG coding sequence including 121 

a stop codon into the XbaI and HindIII restriction sites of vector pG18mob2. Integration 122 

of these gene fusion constructs into the S. meliloti genome generated single-copy gene 123 

fusions at the corresponding native chromosomal location. 124 

To construct markerless translational fusions of gdcP and gdpM to egfp or mCherry at 125 

the native chromosomal location, the 700-800 bp 3' portion of the gene fused to egfp or 126 

mCherry was cloned into suicide plasmid pK18mobsacB (Schäfer et al., 1994) together 127 

with 700-800 bp of adjacent downstream genomic region. The resulting constructs were 128 

introduced into S. meliloti and transconjugants were subjected to sucrose selection to 129 

obtain double recombinants that have lost the integrated vector (Schäfer et al., 1994). 130 

Correct positions of chromosomally encoded gene fusions were verified by PCR. 131 

To obtain GdcP and GdpM depletion strains, plasmids designed to uncouple the native 132 

promoter from the coding sequence and to place the coding sequence under the control 133 

of IPTG-inducible promoters were constructed. To this end, a DNA fragment containing 134 

the IPTG-inducible T5 promoter and a Shine-Dalgarno sequence followed by the partial 135 

5' gdcP coding sequence starting from the start codon (586 bp) was PCR-amplified from 136 
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gdcP expression plasmid pWBT-SMc00074 (Schäper et al., 2016). This fragment was 137 

inserted into pK18mob2 (Schäfer et al., 1994) downstream of the IPTG-inducible lac 138 

promoter, thus generating a lac-T5 tandem promoter. In the case of GdpM depletion, the 139 

partial 5' gdpM coding sequence starting from the start codon (406 bp) was PCR-140 

amplified from S. meliloti genomic DNA and inserted into pK18mob2 downstream of 141 

the IPTG-inducible lac promoter. Integration of these constructs into the genome placed 142 

the full-length protein coding sequence under the control of the corresponding IPTG-143 

inducible promoter. Adjacent open reading frames were not affected by integration of 144 

these constructs. 145 

Gene overexpression constructs were generated by insertion of the corresponding 146 

coding sequences downstream of either the IPTG-inducible lac promoter in medium-147 

copy vectors pSRKKm and pSRKGm (Khan et al., 2008), the IPTG-inducible T5 148 

promoter in medium-copy vector pWBT, the taurine-inducible tauA promoter in low-149 

copy vector pR-Ptau, or a constitutive synthetic promoter in low-copy vector pR_EGFP 150 

(Torres-Quesada et al., 2013). In the case of pR_EGFP, a 114 bp region upstream of the 151 

gdcP coding region was included. 152 

To generate single-copy ectopic gdcP or gdcP-egfp expression constructs, the 944 bp 153 

gdcP upstream region with an artificially introduced nonsense mutation at nucleotide 154 

position 64 downstream of the start codon of rimJ (designated P*gdcP, Fig. S1) and the 155 

gdcP or gdcP-egfp coding sequence were inserted into single-copy plasmid 156 

pABC2S-mob (Döhlemann et al., 2017). For generation of amino acid substitutions or 157 

protein variants lacking specific domains splicing by overlap extension PCR was 158 

applied. 159 

The gdcP promoter-egfp fusions were generated by insertion of the upstream non-160 

coding region (either long [944 bp] or short [300 bp]) and the three first codons of gdcP 161 

into replicative medium-copy number plasmid pSRKKm-EGFP (Schäper et al., 2016). 162 

Constructs for purification of His6-tagged proteins were generated by insertion of the 163 

coding sequence excluding the start codon into expression vector pWH844 (Schirmer et 164 

al., 1997). Fusions of gdpM to phoA were assembled from the full-length or partial 165 

gdpM coding sequence and the E. coli phoA coding sequence missing the first 166 

26 codons.  167 

Fluorescence measurements. For promoter-egfp activity assays, TY overnight cultures 168 

were diluted 1:500 in 100 µl of TY medium or 30 % MM and grown in 96-well plates at 169 

30 °C with shaking at 1,200 rpm. To quantify GdpM-mCherry fluorescence, strains 170 
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were grown in 5 mL of TY medium without IPTG for 24 h at 30 °C with shaking at 171 

200 rpm, centrifuged for 3 min at 6,000 rpm, washed with 0.9 % NaCl and adjusted to 172 

an OD600 of 1. EGFP fluorescence (excitation 488 ± 9 nm; emission 522 ± 20 nm, 173 

gain 82), mCherry fluorescence (excitation 552 ± 9 nm; emission 612 ± 20 nm, gain 97) 174 

and OD600 were determined using the Infinite 200 Pro multimode reader (Tecan) and 175 

calculated as relative fluorescence units (RFU), which represent fluorescence values 176 

divided by optical density. Background EGFP fluorescence was determined using a 177 

control strain harboring pSRKKm-EGFP. Fluorescence of three independent 178 

transconjugants was measured as biological replicates. 179 

Fluorescence microscopy. Microscopy of bacteria on 1 % agarose pads was performed 180 

using the Nikon microscope Eclipse Ti-E equipped with a differential interference 181 

contrast (DIC) CFI Apochromat TIRF oil objective (100x; numerical aperture of 1.49) 182 

and a phase-contrast Plan Apo l oil objective (100x; numerical aperture, 1.45) with the 183 

AHF HC filter sets F36-513 DAPI (excitation band pass [ex bp] 387/11 nm, beam 184 

splitter [bs] 409 nm, and emission [em] bp 447/60 nm), F36-504 Texas Red (ex bp 185 

562/40 nm, bs 593 nm, and em bp 624/40 nm filters) and F36-525 EGFP (ex bp 186 

472/30 nm, bs 495 nm, and em bp 520/35 nm filters). Images were acquired with an 187 

Andor iXon3 885 electron-multiplying charge-coupled device (EMCCD) camera. For 188 

time-lapse analysis, MM 1 % agarose pads were used, and images were acquired every 189 

2, 15 or 20 min at 30 °C. IPTG was added to the medium at 0.2 mM for microscopy of 190 

cells harboring pSRKGm-parB-mCherry.  191 

Treatment of S. meliloti, R. etli and A. tumefaciens cells with fluorescently-labeled 192 

D-amino acid HADA was performed as previously described (Kuru et al., 2015). 193 

Briefly, cells were grown for 24 h in liquid medium to an OD600 of 0.4-0.6. 80 µL of the 194 

cultures were then mixed with 0.25 µL 100 mM HADA solution and incubated for 195 

2.5 min (A. tumefaciens), 3 min (S. meliloti) or 3.5 min (R. etli) at 30 
o
C with shaking at 196 

800 rpm. After addition of 186 µL 100 % ethanol and incubation for 20 min at RT, cells 197 

were washed three times with 0.9 % NaCl and subsequently placed onto 1 % agarose 198 

pads. 199 

Transmission electron microscopy. Concentrated cell suspensions were high pressure 200 

frozen (HPF Compact 02, Wohlwend, CH) and freeze-substituted (AFS2, Leica, 201 

Wetzlar, Germany) in a medium based on acetone, containing 0.25 % osmium tetroxide, 202 

0.2 % uranyl acetate and 5 % ddH2O according to the following protocol: -90 °C for 203 

20 h, from -90 °C to -60 °C in 1 h, -60 °C for 8 h, -60 °C to -30 °C in 1 h, -30 °C for 204 
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8 h, -30 °C to 0 °C in 1 h, 0 °C for 3 h. Still at 0 °C, samples were washed three times 205 

with acetone before a 1:1 mixture of Epon 812 substitute resin (Fluka, Buchs, CH) and 206 

acetone was applied at room temperature for 2 h.  The 1:1 mixture was substituted with 207 

pure resin to impregnate the samples overnight. After another substitution with fresh 208 

Epon, samples were polymerized at 60 °C for 2 days. The sample containing 209 

polymerized Epon blocks were then trimmed with razor blades and cut to 50 nm 210 

ultrathin sections using an ultramicrotome (UC7, Leica, Wetzlar, Germany) and a 211 

diamond knife (Diatome, Biel, Switzerland). Sections were applied onto 100 mesh 212 

copper grids coated with pioloform. For additional contrast, mounted sections were 213 

post-stained with 2 % uranyl acetate for 20-30 min and subsequently with lead citrate 214 

for another 1-2 min. The sections were finally analyzed and imaged using a JEM-2100 215 

transmission electron microscope (JEOL, Tokyo, Japan) equipped with a 2k x 2k F214 216 

fast-scan CCD camera (TVIPS, Gauting, Germany). 217 

Quantification of intracellular c-di-GMP. Strain Rm2011 GdcP
dep

 ectopically 218 

expressing gdcP variants from P*gdcP was grown in triplicates in liquid TY medium 219 

without IPTG and harvested in the exponential growth phase 24 h after inoculation. 220 

Quantification of intracellular c-di-GMP was performed as previously described 221 

(Burhenne & Kaever, 2013). Briefly, cells were collected by centrifugation and 222 

nucleotides were extracted three times with acetonitrile/methanol/water (2:2:1), dried 223 

and subjected to liquid chromatography-tandem mass spectrometry. c-di-GMP was 224 

normalized to total protein, determined using Bradford reagent.  225 

Protein purification. Heterologous protein expression and purification was performed 226 

as previously described (Schäper et al., 2016). E. coli BL21(DE3) harboring expression 227 

plasmids were grown in LB medium to OD600 of 0.5-0.6 and protein expression was 228 

induced with 0.4 mM IPTG overnight at RT. Cells were lysed using French press 229 

(pressure 1,000 lb/in
2
) and the lysates were centrifuged for 60 min at 16,000 rpm and 230 

4 
o
C. Cleared lysates were applied to His SpinTrap columns (GE Healthcare) following 231 

the manufacturer’s instructions and eluted with 0.5 M imidazole. Purity of isolated 232 

proteins was assessed by SDS-PAGE and Coomassie brilliant blue staining. Protein 233 

concentration was determined using Bradford reagent. 234 

Preparation of [α-
32

P]-labeled c-di-GMP.
 
[α-

32
P]-labeled c-di-GMP was synthesized 235 

using purified Caulobacter crescentus His6-DgcA at 10 µM from GTP and [α-
32

P]-GTP 236 

(0.1 μCi/μL) at 1 mM in the reaction buffer (50 mM Tris-HCl, 300 mM NaCl, 10 mM 237 

MgCl2, pH 8.0), overnight at 30°C. The reaction was then treated with 5 units of calf 238 



Chapter 8: A dynamic c-di-GMP phosphodiesterase is linked to alpha-rhizobial cell 

growth and division  

133 

intestine alkaline phosphatase (Fermentas) for 1 h at 22 °C to hydrolyze unreacted GTP 239 

and stopped by incubation for 10 min at 95 °C. The precipitated proteins were removed 240 

by centrifugation (10 min, 20,000 x g, 22 °C) and the supernatant was used for the PDE 241 

activity and the c-di-GMP binding assays.  242 

In vitro DGC and PDE activity assay. DGC and PDE activities were determined as 243 

previously described (Bordeleau et al., 2010; Sultan et al., 2011). Reaction mixtures 244 

(40 µL) containing purified proteins at 10 µM, in reaction buffer (50 mM Tris-HCl, 245 

300 mM NaCl, 10 mM MgCl2, pH 8.0) were first pre-incubated for 5 min at 30 °C. 246 

DGC reactions were initiated by adding GTP/[α-
32

P]-GTP (0.1 μCi/μL) to 1 mM, 247 

incubated at 30 °C for the indicated periods of time and stopped by adding an equal 248 

volume of 0.5 M EDTA. PDE reactions were initiated by adding [α-
32

P]-labeled 249 

c-di-GMP and stopped by adding an equal volume of 0.5 M EDTA after indicated time 250 

periods. 2 μL of the PDE or DGC reaction mixtures were spotted on polyethyleneimine-251 

cellulose TLC chromatography plates, developed in 2:3 (v/v) 4 M (NH4)2SO4/1.5 M 252 

KH2PO4 (pH 3.65). Plates were dried prior to exposing a phosphor-imaging screen 253 

(Molecular Dynamics). Data were collected and analyzed using a STORM 840 scanner 254 

(Amersham Biosciences). 255 

In vitro c-di-GMP binding assay. c-di-GMP binding was determined using a 256 

differential radial capillary action of ligand assay (DRaCALA) with [α-
32

P]-labeled 257 

c-di-GMP, as previously described (Roelofs et al., 2011). Reaction mixtures (50 µL) 258 

containing [α-
32

P]-labeled c-di-GMP and 20 µM of indicated protein in the binding 259 

buffer (10 mM Tris, 100 mM NaCl, 5 mM MgCl2, pH 8.0) were incubated for 10 min at 260 

RT. 10 µL of this reaction mixture was spotted onto nitrocellulose membrane and 261 

allowed to dry prior to exposing a phosphor-imaging screen (Molecular Dynamics). 262 

Data were collected using a STORM 840 scanner. 263 

Co-immunoprecipitation and protein identification by mass spectrometry. Cultures 264 

of Rm2011 GdcP-FLAG, Rm2011 GdpM-FLAG and control strain Rm2011 harboring 265 

the empty vector pWBT were grown to an OD600 of 0.6 and cross-linked with 0.1 % 266 

formaldehyde for 15 min at RT. Reaction was quenched by adding glycine at a final 267 

concentration of 0.35 M. Cells were washed, resuspended in lysis buffer (50 mM Tris-268 

HCl, 150 mM NaCl, 1 mM EDTA, 1 % Triton X-100, 2 mM phenylmethylsulfonyl-269 

fluorid, pH 7.4) and lysed using a French press (pressure 1,000 lb/in
2
). Cleared lysates 270 

obtained after ultracentrifugation (100,000 x g, 1 h, 4 °C) were incubated with anti-271 

FLAG M2 affinity gel (FLAG® Immunoprecipitation Kit, Sigma) overnight at 4 °C on 272 
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a rolling shaker. Bound proteins were eluted with 3xFLAG peptide solution. 273 

For mass-spectrometry analysis, proteins were digested by Sequencing Grade Modified 274 

Trypsin (Promega) at 37 °C overnight. The mass spectrometric analysis was performed 275 

using an Orbitrap Velos Pro mass spectrometer (ThermoScientific). An Ultimate 276 

nanoRSLC-HPLC system (Dionex), equipped with a custom 20 cm x 75 µm C18 RP 277 

column filled with 1.7 µm beads was connected online to the mass spectrometer through 278 

a Proxeon nanospray source. 1-15 µL of the tryptic digest were injected onto a C18 pre-279 

concentration column. Automated trapping and desalting of the sample was performed 280 

at a flow rate of 6 µL/min using water/0.05 % formic acid as solvent. Separation of the 281 

tryptic peptides was achieved with the following gradient of water/0.05 % formic acid 282 

(solvent A) and 80 % acetonitrile/0.045 % formic acid (solvent B) at a flow rate of 283 

300 nL/min: holding 4 % B for 5 min, followed by a linear gradient to 45 % B within 284 

30 min and linear increase to 95 % solvent B in additional 5 min. The column was 285 

connected to a stainless steel nanoemitter (Proxeon, Denmark)) and the eluent was 286 

sprayed directly towards the heated capillary of the mass spectrometer using a potential 287 

of 2,300 V. A survey scan with a resolution of 60,000 within the Orbitrap mass analyzer 288 

was combined with at least three data-dependent MS/MS scans with dynamic exclusion 289 

for 30 s either using CID with the linear ion-trap or using HCD combined with orbitrap 290 

detection at a resolution of 7,500. Data analysis was performed using Proteome 291 

Discoverer (ThermoScientific) with SEQUEST and MASCOT (version 2.2; Matrix 292 

science) search engines using either SwissProt or NCBI databases. 293 

Muropeptide profiling. S. meliloti strains were grown in 400 mL medium for 24 h at 294 

30 °C until OD600 reached 0.4-0.8. Cells were harvested by centrifugation, resuspended 295 

in PBS buffer, added drop by drop to boiling 8 % SDS solution and stirred for 30 min. 296 

To be completed by HY & WV 297 

In vitro peptidoglycan binding assay. To be completed by HY & WV 298 

In vitro peptidoglycan hydrolase activity assay. To be completed by HY & WV 299 

 300 

RESULTS 301 

GdcP is required for normal growth and cell morphology. 302 

In our previous study, systematic mutagenesis of c-di-GMP-related genes in S. meliloti 303 

Rm2011 suggested gdcP (SMc00074) to be essential (Schäper et al., 2016). As a first 304 

step towards functional characterization of this gene, we constructed a GdcP depletion 305 

strain. The gdcP gene is most likely co-transcribed with the preceding rimJ gene, 306 
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encoding a probable ribosomal-protein-alanine acetyltransferase (Fig. S1a). To 307 

uncouple transcription of rimJ and gdcP, and to place gdcP under the control of an 308 

IPTG-inducible promoter, the lac-T5 tandem promoter sequence was inserted between 309 

gdcP and rimJ without altering the rimJ open reading frame. Conditional GdcP 310 

depletion was then achieved by constitutively expressing the lacI repressor gene from 311 

vector pSRKGm in the strain Rm2011 GdcP
dep

. Growth of this strain was strongly 312 

dependent on the presence of IPTG (Fig. 1a). While cells cultured in presence of IPTG 313 

showed wild-type-like growth and morphology, cells depleted for GdcP were inhibited 314 

in growth and appeared shorter than non-depleted cells (Fig. 1a). Electron micrographs 315 

revealed shorter cells with a wrinkly cell border, implying a loss of cell wall integrity 316 

(Figs. 1b & S14a). Moreover, cell wall synthesis appeared to be affected, as labeling of 317 

one cell pole and/or the division site with D-amino acid HADA, a marker for active cell 318 

wall synthesis (Kuru et al., 2012), was detected for only about half of cells (Fig. 1c). By 319 

contrast, cells grown in presence of IPTG showed a characteristic HADA staining 320 

pattern at the growing pole as well as the mid-cell region of pre-divisional cells 321 

(Fig. 1c). These results suggest that GdcP is involved in cell growth and division by 322 

contributing to synthesis of new cell wall material in S. meliloti. 323 

 324 

GdcP displays cell cycle-dependent dynamic localization. 325 

To monitor the subcellular localization pattern of GdcP, an in-frame fusion of gdcP with 326 

egfp was generated at the native chromosomal location. Microscopy analysis of 327 

exponentially growing cultures revealed one GdcP-EGFP focus in every cell, localized 328 

either at one cell pole or at the mid-cell region of pre-divisional cells (Fig. 2a). HADA 329 

and GdcP-EGFP foci showed co-localization (Fig. 2a). Tracking GdcP-EGFP by time-330 

lapse microscopy revealed a characteristic spatiotemporal subcellular localization 331 

pattern of the protein over the cell cycle. The polar fluorescence signal was detected 332 

during the entire phase of cell elongation (Fig. 2b). Fluorescence disappeared from the 333 

pole and appeared at the mid-cell region of pre-divisional cells shortly before separation 334 

of mother and daughter cells. GdcP-EGFP was detected at both newborn poles after 335 

completion of cell division. Protein localization studies were also performed in a strain 336 

producing ParB-mCherry, which allowed monitoring of chromosomal origins during 337 

chromosome partitioning (Frage et al., 2016). While one ParB-mCherry focus stayed at 338 

the old pole, the other ParB-mCherry focus moved from the old pole to the opposite 339 

pole, which is the new pole of this parental cell and the future old pole of the emerging 340 
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daughter cell. GdcP-EGFP was observed to localize to the new pole (Fig. 2b). This 341 

evidenced GdcP polar localization to the growing cell pole. 342 

We asked if disappearance of polarly localized GdcP and localization of this protein to 343 

the prospective division site occurred by movement of the fluorescent protein focus. 344 

Fluorescence microscopy at two-minute intervals of S. meliloti strain Rm2011 345 

gdcP-mCherry pleD-egfp, carrying a gdcP-mCherry and a pleD-egfp translational 346 

fusion in place of the respective native chromosomal locus, ruled out this possibility. 347 

We observed fading of the polar and accumulation of the septal GdcP-mCherry 348 

fluorescent signals in pre-divisional cells, while no intermediate fluorescent foci were 349 

detected along the cell axis (Fig. 2c). This points either to polar GdcP degradation 350 

followed by septal placement of newly synthesized protein or release from the pole and 351 

free diffusion of this protein, relocalizing to the prospective division site. Previously, we 352 

found that PleD, an ortholog of C. crescentus PleD that localizes in its active form to the 353 

stalked cell pole where it acts in polar differentiation and stalk biogenesis (Paul et al., 354 

2004), temporarily localizes to the new pole in S. meliloti (Schäper et al., 2016). As 355 

soon as the PleD-EGFP focus emerged at the growing cell pole, the GdcP-mCherry 356 

signal decreased and accumulated at the septum approximately six minutes later. 357 

 358 

Essentiality of GdcP resides in its N-terminal part.  359 

To unravel the functional relevance of the different domains of GdcP we characterized 360 

strains producing variants of this protein lacking one or more of its domains or carrying 361 

mutations in conserved motifs of either the GGDEF or the EAL domain. To this end, 362 

gdcP variants carried by the single-copy vector pABC2S-mob were ectopically 363 

expressed from the native gdcP promoter in the GdcP depletion strain Rm2011 GdcP
dep

. 364 

For plasmid constructions we first determined the native gdcP promoter and its activity 365 

levels. At its native chromosomal locus, gdcP is most likely in an operon with rimJ. 366 

Therefore, a short genomic region upstream of gdcP as well as a longer region including 367 

the putative rimJ promoter and the whole rimJ coding sequence were tested for 368 

promoter activity using fusions to egfp (Fig. S1a). Since higher levels of egfp expression 369 

were observed in the case of the longer fragment (Fig. S1b), we used this DNA region 370 

as native gdcP promoter. To exclude possible non-desirable effects of an additional 371 

rimJ copy, a nonsense mutation was introduced 64 nucleotides downstream of the rimJ 372 

start codon yielding promoter construct P*gdcP. 373 

A total of eleven different gdcP variants (Fig. 3a), either with or without egfp tag, were 374 
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generated and placed under the control of P*gdcP on pABCS2-mob. Furthermore, the 375 

gdcP variants were inserted into the low-copy vector pR_EGFP downstream of a 376 

constitutve synthetic promoter (Psyn) to achieve enhanced ectopic expression levels. 377 

S. meliloti strains were characterized for complementation of the cell growth and 378 

morphology defects of the GdcP depletion strain, and for subcellular localization of the 379 

GdcP variant-EGFP fusions. 380 

Expressed ectopically from either P*gdcP or Psyn in Rm2011 GdcP
dep

, gdcPWt and 381 

gdcPWt-egfp fully complemented growth and morphology defects of this strain in 382 

medium without IPTG (103-106 % growth relative to cultures grown with IPTG and 383 

non-depleted for GdcP, normal cell morphology), in contrast to Rm2011 GdcP
dep

 384 

harboring the empty vectors pABCS2-mob or pR_EGFP (16-19 % growth relative to 385 

cultures grown with IPTG and non-depleted for GdcP, altered cell morphology) (Figs. 386 

3b-c & S2). Accordingly, localization of ectopically produced GdcPWt-EGFP was 387 

identical to the pattern observed for Rm2011 carrying the gdcP-egfp fusion at the native 388 

chromosomal location (Figs. 3d & 2). Neither mutations in the conserved motifs of 389 

GGDEF (RxxD to AxxA, GGDQF to GAAAF) and EAL (EAL to AAL) domains nor 390 

removal of the complete EAL domain of GdcP considerably affected the 391 

complementation of growth and morphology defects of Rm2011 GdcP
dep

, although 392 

growth supported by gdcP∆EAL-egfp and gdcPAxxA-egfp was slightly reduced 393 

(Figs. 3b-c & S2).  394 

The ability of gdcP variants to complement GdcP depletion was also tested in 395 

c-di-GMP
0
 strain Rm2011 XVI (Schäper et al., 2016). In strain Rm2011 XVI 396 

GdcP
dep

, complementation of growth and cell morphology defects by different gdcP and 397 

gdcP-egfp variants was indistinguishable from the complementation phenotypes in 398 

Rm2011 GdcP
dep

 (Fig. S2). Taken together, these results suggest that the essential 399 

function of GdcP is probably independent of c-di-GMP and other components of 400 

c-di-GMP signaling. 401 

Complete removal of GGDEF or both GGDEF and EAL domains from GdcP and 402 

GdcP-EGFP negatively affected the complementation of Rm2011 GdcP
dep

 growth and 403 

morphology defects when the corresponding gene variants were placed under control of 404 

P*gdcP, whereas Psyn-driven ectopical expression of these variants resulted in cell 405 

densities similar to the strain complemented with the native gdcP (Figs. 3b-c & S2). 406 

Although P*gdcP-driven expression of these variants did not rescue the cell morphology 407 

defects, the localization of EGFP-tagged GdcP variants, lacking the GGDEF domain 408 



Chapter 8: A dynamic c-di-GMP phosphodiesterase is linked to alpha-rhizobial cell 

growth and division  

138 

only or both GGDEF and EAL domains, was similar to the localization of GdcPWt-409 

EGFP (Fig. 3c-d). Spatiotemporal localization of GdcPΔEALΔGGDEF-EGFP was analyzed 410 

by time-lapse microscopy using a strain carrying an in-frame fusion of the 411 

corresponding gdcP variant to egfp in the native chromosomal location. Consistent with 412 

the negative effect on culture growth, generation time of these cells doubled as 413 

compared to Rm2011 gdcP-egfp cells. The protein subcellular localization pattern was 414 

unaffected, however the foci showed weaker intensity, indicating reduced protein 415 

abundance (Fig. S3). Thus, GdcPΔGGDEF and GdcPΔEALΔGGDEF are likely to be functional 416 

but less stable, as they support normal proliferation if produced at higher levels. 417 

Deletion of the N-terminal domains 7TMR-DISMED2, 7TMR-DISM_7TM or PAS, 418 

alone or in combinations, strongly reduced the ability of GdcP to complement GdcP 419 

depletion phenotypes, irrespective of the applied expression system (Figs. 3b-c & S2). 420 

Cells expressing these gdcP variants appeared to be shorter, similar to the empty vector 421 

control (Fig. 3c). Furthermore, these GdcP variants, tagged with EGFP, lost the 422 

characteristic polar or septal localization (Fig. 3d). In the case of GdcPΔ7TMR-DISMED2-423 

EGFP and GdcPΔ7TMR-DISMED2Δ7TMR-DISM_7TM-EGFP, the EGFP signal was almost non-424 

detectable, indicating very low protein abundance. 425 

Taken together, these data indicate that the GdcP N-terminal part is required for protein 426 

localization and cell growth, whereas the C-terminal part, containing the GGDEF and 427 

EAL domains, is dispensable for the essential function of GdcP. 428 

 429 

GdcP is an active c-di-GMP phosphodiesterase.  430 

Although being dispensable for the essential function of GdcP, its GGDEF and EAL 431 

domains were analyzed for enzymatic activities and the ability to bind c-di-GMP in 432 

vitro. Purified His6-GdcPPAS-GGDEF-EAL was able to hydrolyze [α-
32

P]-c-di-GMP, 433 

whereas no cleavage product was detected when PDE active site mutant variant 434 

His6-GdcPPAS-GGDEF-EAL-AAL was applied to the assay (Fig. 4a). In a DGC activity 435 

assay using [α-
32

P]-GTP as a substrate, His6-GdcPPAS-GGDEF-EAL-AAL was unable to 436 

synthesize c-di-GMP, in contrast to C. crescentus DgcA used as a positive control 437 

(Fig. S4a). The ability of GdcP to bind c-di-GMP was analyzed in a differential radial 438 

capillary action of ligand assay (DRaCALA). In this assay, the positive control 439 

Myxococcus xanthus His6-DmxB produced the characteristic DRaCALA pattern, 440 

whereas His6-GdcPPAS-GGDEF was not able to prevent the diffusion of [α-
32

P]-c-di-GMP 441 

on the nitrocellulose membrane (Fig. S4b). Thus, GdcP from S. meliloti was considered 442 
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an active c-di-GMP PDE, whereas the GGDEF domain likely possesses neither DGC 443 

activity nor the ability to bind c-di-GMP. 444 

To evaluate c-di-GMP PDE activity of GdcP in vivo, we determined the c-di-GMP 445 

content of Rm2011 GdcP
dep

, complemented with single-copy pABCS2-mob-based 446 

constructs expressing gdcPWt, gdcPAAL and gdcPGAAAF from P*gdcP, grown without 447 

IPTG to deplete native GdcP. The c-di-GMP content of cells expressing gdcPWt and 448 

gdcPGAAAF was similar, whereas expression of PDE active site mutant variant gdcPAAL 449 

resulted in a two-fold increase in c-di-GMP content (Fig. 4b). This provided evidence 450 

for GdcP contributing to degrade c-di-GMP in vivo. To obtain an additional proof for 451 

PDE activity of GdcP in vivo, we studied the effects of gdcP in a strain overproducing 452 

the DGC SMc03178. In our previous study, we showed that IPTG-driven SMc03178 453 

overexpression from plasmid pWBT resulted in a ~2,500-fold increase in cellular 454 

c-di-GMP content, growth inhibition and cell elongation (Schäper et al., 2016). Rm2011 455 

gdcP-egfp, carrying a construct for taurine-inducible expression of SMc03178 and 456 

grown in presence of taurine, showed cell elongation and branching, while the 457 

GdcP-EGFP signal was partially diffuse, although somewhat concentrated at cell poles 458 

(Fig. S5). These effects were abolished in a strain overexpressing the GGDEF active 459 

site mutant variant SMc03178GGAAF (Fig. S5). Rm2011 GdcP
dep

, harboring pR-Ptau-460 

SMc03178 and expressing gdcPWt, gdcPAAL and gdcPGAAAF variants from P*gdcP, was 461 

also inhibited in growth (Fig. S6). Notably, mutation of the EAL active site to AAL in 462 

ectopically produced GdcP amplified the negative effect on growth, while mutation of 463 

the GGDEF active site to GAAAF did not affect growth compared to wild-type GdcP 464 

(Figs. 4c & S6). In addition, plasmids for constitutive expression of these three variants 465 

were introduced into Rm2011 harboring pWBT-SMc03178 and the phenotype of IPTG-466 

induced cultures was analyzed. The negative effect of overexpression of SMc03178 was 467 

partially relieved when gdcPWt was co-overexpressed. Culture growth was partially 468 

restored and cell elongation was strongly reduced, compared to the empty vector control 469 

(Fig. 4d). This effect probably can be assigned to the enzymatic activity of the EAL 470 

domain of GdcP, since co-overexpression of gdcPAAL did not alleviate the toxicity of 471 

SMc03178 overexpression (Fig. 4d). In contrast, the GGDEF domain active site mutant 472 

GdcPGAAAF behaved identical to wild-type GdcP. Thus, PDE activity of GdcP enabled 473 

partial growth rescue and therefore may contribute to controlling intracellular c-di-GMP 474 

levels in the wild-type strain. 475 

 476 
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GdcP interacts with periplasmic putative metallopeptidase GdpM. 477 

Proteins which are part of the cell division machinery occur in multi-protein complexes 478 

and protein-protein interactions are often required for their proper function (Goehring & 479 

Beckwith, 2005; Alexeeva et al., 2010; Egan & Vollmer 2013). In order to find 480 

potential protein interaction partners of GdcP, we generated an in-frame fusion of gdcP 481 

to 3xflag at the native chromosomal location and subjected the resulting strain to co-482 

immunoprecipitation. This identified 27 candidates as potential interaction partners of 483 

GdcP (Table S3). Among these candidates, the hypothetical transmembrane protein 484 

SMc02432 (renamed growth zone dynamic putative metallopeptidase, GdpM) was 485 

considered promising since it was highly abundant and identified with most unique 486 

peptides. Co-immunoprecipitation using C-terminally 3xFLAG-tagged GdpM resulted 487 

in identification of GdcP, further suggesting direct interaction between both proteins 488 

(Table S4). Comparative sequence analysis revealed that both GdcP and GdpM are 489 

largely restricted to the Rhizobiales and three unrelated species from the 490 

Gammaproteobacteria and Actinobacteria (Fig. S7a). GdpM contains a C-terminal 491 

domain that is characteristic for members of the family of M23 zinc-dependent 492 

metallopeptidases (pfam01551). This domain is predicted to have hydrolytic activity 493 

with a range of specificities. Closer inspection of the C-terminal domain of GdpM 494 

(further referred to as LytM domain) revealed a conserved HxxxD motif (Fig. S7c), 495 

which is known to be required for zinc ion coordination and hydrolysis of glycine-496 

glycine bonds by Staphylococcus aureus LytM (Odintsov et al., 2004; Firczuk et al., 497 

2005; Spencer et al., 2010). Analysis of the GdpM N-terminal portion did not yield any 498 

homology to proteins with known functions. However, the combined transmembrane 499 

topology and signal peptide prediction online tool PHOBIUS (Käll et al., 2004) 500 

predicted a small region with high hydrophobicity forming a single transmembrane 501 

α-helix (AA32-57) as well as localization of the C-terminus to the periplasmic space. 502 

Periplasmic localization of GdpM was experimentally verified using protein fusions to 503 

the E. coli alkaline phosphatase PhoA missing its signal peptide. Since the PhoA 504 

enzymatic activity is restricted to the periplasmic space, it can be used to indicate 505 

proteins located in the periplasm. Production of either full length GdpM or the 506 

N-terminal portion GdpM1-66 fused to PhoA27-471 in both S. meliloti Rm2011 or 507 

E. coli S17-1 resulted in blue staining of agar cultures on medium containing PhoA 508 

substrate 5-Brom-4-chlor-3-indolylphosphate (BCIP) (Fig. S8). In contrast, fusion 509 

GdpM60-646-PhoA27-471, missing the predicted transmembrane α-helix of GdpM, did not 510 
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mediate blue staining. Thus, the C-terminal portion of GdpM following the N-terminal 511 

transmembrane α-helix localized to the periplasm in both S. meliloti and E. coli. 512 

 513 

gdpM is essential in S. meliloti.  514 

To study GdpM-dependent phenotypes, we aimed at construction of a gdpM knockout 515 

mutant. However, the attempts to generate this mutant failed, which suggests gdpM to 516 

be essential. Therefore, a GdpM depletion strain Rm2011 GdpM
dep

 was constructed. In 517 

this strain, the chromosomal gdpM was placed under the control of the IPTG-inducible 518 

lac promoter, whereas the lacI repressor gene was constitutively expressed from the 519 

vector pSRKGm. This strain was strongly impaired in growth in the absence of IPTG 520 

(Fig. 5a), which further supported essentiality of gdpM. Strikingly similar to cells 521 

depleted for GdcP, GdpM-depleted cells were shorter than non-depleted cells 522 

(Figs. 5a & 1a). Electron micrographs obtained for GdpM-depleted cells revealed 523 

regions of low electron density within the cells that might represent 524 

polyhydroxybutyrate (PHB) granules as part of a general stress response 525 

(Figs. 5b & S14b). Moreover, pulse-labeling of GdpM-depleted cells with HADA 526 

revealed a fluorescence focus at the prospective division site in only a minority of 527 

pre-divisional cells, whereas Rm2011 GdpM
dep

 grown in IPTG-containing medium 528 

displayed a wild-type like HADA staining pattern (Fig. 5c). These phenotypic 529 

similarities strengthened the hypothesis on a functional relation between GdpM and 530 

GdcP. 531 

 532 

GdcP and GdpM temporarily co-localize during cell cycle.  533 

To study the subcellular localization pattern of GdpM, we constructed a gdpM-mCherry 534 

fusion at the native chromosomal location of Rm2011. Microscopy of the resulting 535 

strain revealed predominantly diffuse fluorescence, whereas in some cells GdpM-536 

mCherry localized at one pole and the mid-cell region of pre-divisional cells. Using 537 

time-lapse microscopy, we observed a dynamic GdpM-mCherry localization during cell 538 

cycle, reminiscent of the GdcP-EGFP pattern (Figs. S9a & 2b). Partial co-localization of 539 

both proteins over the cell cycle was detected using Rm2011 carrying both gdcP-egfp 540 

and gdpM-mCherry fusions at their native chromosomal locations (Fig. S9b). Foci 541 

formed by both protein fusions at the pole and the prospective division site overlapped 542 

with HADA-derived fluorescence signals (Fig. S9c). Strikingly, heterologous 543 

expression of gdpM-mCherry in E. coli S17-1 revealed GdpM-mCherry localization to 544 
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the cell poles and partly to the mid-cell region of pre-divisional cells (Fig. S9d). The 545 

cell cycle-dependent localization of GdcP and GdpM in S. meliloti again pointed to a 546 

functional relation between both proteins. 547 

We also studied the co-localization of GdcP-EGFP and GdpM-mCherry in strains 548 

depleted for one of both protein fusions. Depletion of GdpM-mCherry in Rm2011 549 

gdcP-egfp GdpM-mCherry
dep

 resulted in dispersed localization of GdcP-EGFP 550 

(Fig. S10a). Depletion of GdcP-EGFP in Rm2011 GdcP-EGFP
dep

 gdpM-mCherry 551 

resulted in increased GdpM-mCherry signals compared to Rm2011 gdcP-egfp 552 

gdpM-mCherry (Fig. S10a). Under depletion conditions, Rm2011 GdcP-EGFP
dep

 553 

gdpM-mCherry, harboring the empty vector control of a complementing plasmid, 554 

showed three-fold higher GdpM-mCherry signal levels than the corresponding strain 555 

complemented with plasmid-borne gdcPWt (Fig. S10b). Complementation of this strain 556 

with gdcPAAL reduced GdpM-mCherry signal levels to a similar extend, whereas 557 

complementation with the gdcP variants gdcPGGDEFEAL or gdcPPAS did not reduce the 558 

GdpM-mCherry signal to wild-type levels (Fig. S10b). These data suggest that GdcP 559 

may require the interaction partner GdpM for the polar localization. GdpM abundance 560 

may be affected by GdcP, while absence of GdcP may result in overproduction of 561 

GdpM. 562 

 563 

Overexpression of gdpM compromises cell envelope integrity. 564 

As a first step towards functional characterization of GdpM, we analyzed effects of 565 

gdpM overexpression. In TY medium, GdpM-overproducing Rm2011 showed wild-type 566 

like growth, whereas in LB medium, growth was severely impaired and cells appeared 567 

enlarged and spheric compared to the empty vector control (Fig. 6a). Electron 568 

microscopy of GdpM-overproducing cells revealed an enlarged periplasm and severe 569 

inner membrane invagination (Figs. 6b & S14c). HADA incorporation by Rm2011 570 

overexpressing gdpM and grown in LB medium was strongly impaired, as only weak 571 

and dispersed fluorescence signals could be detected compared to Rm2011 harboring 572 

the empty vector control (Fig. 6c). Since decreased medium osmolarity can destabilize 573 

cells compromised in their envelope integrity (Rodríguez-Herva et al., 1996; Palomino 574 

et al., 2009), we hypothesized that gdpM overexpression may affect the cell envelope. 575 

In agreement with this assumption, increasing the NaCl concentration to 300 mM 576 

mitigated the gdpM overexpression-associated changes in morphology and growth, 577 

whereas addition of either CaCl2 or MgCl2 resulted in wild-type-like growth of GdpM-578 
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overproducing agar cultures (Fig. S11). 579 

To examine the role of the C-terminal LytM domain of GdpM, we generated GdpM 580 

variants containing either a single amino acid exchange in the putative zinc ion 581 

coordination motif HxxxD (GdpMH510A) or a deletion of the complete LytM domain 582 

(GdpM∆LytM). GdpMH510A-overproducing cells were inhibited in growth when cultured 583 

in either TY or LB medium and showed similar morphologic changes as GdpM-584 

depleted cells, indicating the exchange of H510 to alanine rendered the protein a 585 

dominant negative mutant (Fig. S12). In the case of gdpM∆LytM, overexpression resulted 586 

in growth defects of cells cultured in LB medium, while cell enlargement was mitigated 587 

compared to gdpMWt-overexpressing cells (Fig. S12). 588 

To obtain hints towards a putative GdpM metallopeptidase activity conferred by the 589 

LytM domain, wild-type gdpM and mutant variants were heterologously expressed in 590 

E. coli. Leakage of cytoplasmic proteins due to compromised cell envelope and cell 591 

lysis was detected as by Paradis-Bleau et al. (2014). Leakage of cytoplasmic 592 

-galactosidase is detected by hydrolysis of the poorly membrane-permeable 593 

-galactosidase substrate chlorophenol red-β-D-galactopyranoside (CPRG) resulting in 594 

a purple staining of the agar cultures. E. coli S17-1 overexpressing gdpMWt showed 595 

pronounced staining compared to the empty vector control upon growth on CPRG-596 

supplemented LB agar lacking NaCl (Fig. 6d). This result suggests destabilization of the 597 

E. coli cell envelope or increased cell lysis upon gdpMWt overexpression. In line with 598 

this, E. coli S17-1 overexpressing gdpMWt was affected in growth and pronounced cell 599 

lysis was observed in LB medium lacking NaCl (Fig. S13). By contrast, E. coli S17-1 600 

overexpressing gdpMH510A and gdpM∆LytM showed a negative CPRG phenotype and no 601 

cell lysis, although gdpMH510A overexpression still inhibited E. coli growth 602 

(Figs. 6d & S13). Taken together, these results would be in agreement with a 603 

metallopeptidase activity of the LytM domain of GdpM targeting cell wall components 604 

in vivo. 605 

 606 

GdcP and GdpM are important for cell wall integrity. 607 

To test whether GdcP and GdpM are involved in cell envelope biogenesis, we profiled 608 

muropetides of S. melioti Rm2011 depleted for GdcP and GdpM. Muropeptide profiles 609 

of Rm2011 GdcP
dep

 and Rm2011 GdpM
dep

 grown in TY medium supplemented with 610 

IPTG were similar to those obtained for the Rm2011 wild-type (Fig. 7a). GdcP- and 611 

GdpM-depleted cells grown in absence of IPTG showed changes in relative abundances 612 
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of specific muropeptides, as in both strains penta peptides accumulated, whereas tetra-613 

tetra and tetra-tetra-tetra peptides were less abundant compared to non-depleted cells 614 

(Fig. 7a). We also determined muropeptides in Rm2011 overexpressing gdpMWt and 615 

gdpMH510A. GdpM-overproducing cells accumulated penta and tetra-penta peptides 616 

compared to cells harboring the empty vector control, while overproduction of 617 

GdpMH510A showed similar but weaker changes in the muropeptide profiles (Fig. S15). 618 

The accumulation of penta peptides upon either depletion or overproduction of GdcP 619 

and GdpM point to impaired incorporation of new material into the growing sacculus 620 

and might involve indirect effects. 621 

To gain further mechanistic insights in GdcP and GdpM functions in S. meliloti, 622 

purified His6-tagged variants of both proteins were assayed for binding and hydrolysis 623 

of peptidoglycan (PG). His6-GdpMΔtm was mixed with S. meliloti murein sacculi and 624 

sedimented by ultracentrifugation. The protein was exclusively recovered in the pellet 625 

fraction, whereas it remained in the supernatant without the addition of sacculi (Fig. 7b). 626 

By contrast, His6-GdcP7TMR-DISMED2 showed only small binding capacity in the same 627 

conditions, as in presence of sacculi the vast majority of protein remained in the 628 

supernatant (Fig. 7b). PG hydrolase activity of His6-GdpMΔtm was assayed by 629 

incubation of the protein with various S. meliloti murein substrates followed by 630 

muropeptide profiling. Presence of His6-GdpMΔtm did not cause evident changes in the 631 

muropeptide profiles, which remained also unchanged when His6-GdcP7TMR-DISMED2 was 632 

added to the reaction (Fig. 7b). Taken together, these results indicate GdpM to be a 633 

potent PG-binding protein, whereas hydrolytic activity towards PG was non-detectable 634 

in vitro. However, it can not be excluded that assay conditions were suboptimal or that 635 

an additional factor is required for stimulation of GdpM activity. The latter has been 636 

described for S. aureus LytM, whose activity is stimulated by proteolytic cleavage 637 

(Odintsov et al., 2004; Firczuk et al., 2005). 638 

 639 

GdcP and GdpM functions are conserved in alpha-rhizobial species. 640 

Comparative sequence analysis revealed conservation of GdcP and GdpM within the 641 

order Rhizobiales (Fig. S7). To test for functional conservation of GdcP among alpha-642 

rhizobial species, we analyzed the subcellular localization pattern of R. etli and 643 

A. tumefaciens homologs RHE_CH00976 (GdcPRe) and Atu0784 (GdcPAt) by 644 

generating in-frame fusions of the corresponding genes with egfp at their native 645 

chromosomal locations. Localization to one cell pole and the mid-cell region of 646 
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pre-divisional cells, similar to the subcellular localization pattern of S. meliloti GdcP-647 

EGFP, was detected in the respective hosts (Fig. 8a). Pulse-labeling of these strains with 648 

HADA showed active cell wall synthesis at the sites where GdcP-EGFP foci were 649 

observed (Fig. 8a).  650 

We also tested the ability of A. tumefaciens and R. etli GdcP and GdpM homologs to 651 

complement S. meliloti GdcP and GdpM depletion strains, respectively. For this 652 

purpose, gdcP and gdpM from S. meliloti, R. etli and A. tumefaciens were placed under 653 

the control of a taurine-inducible promoter on the low-copy plasmid pR-Ptau and 654 

introduced into the S. meliloti depletion strains. In strains grown in presence of taurine, 655 

R. etli and A. tumefaciens GdcP and GdpM fully complemented the growth and 656 

morphology defects of the respective S. meliloti depletion strains, similar to the 657 

S. meliloti homologs (Fig. 8b-c). In the absence of taurine, gdpMAt did not efficiently 658 

reconstitute growth of Rm2011 GdpM
dep

, suggesting partial functionality of GdpMAt in 659 

S. meliloti.  660 

Collectively, the similar subcellular localization pattern of GdcP homologs in 661 

S. meliloti, R. etli and A. tumefaciens as well as cross-complementation of gdcP and 662 

gdpM between these species provide evidence for functional conservation of both 663 

proteins in the Rhizobiales. 664 

 665 

DISCUSSION 666 

Bacteria which grow and divide face the challenge of maintaining their cell shape and 667 

passing it on to their progeny. Remodeling of the mesh-like PG sacculus is essential for 668 

this dynamic process. Insertion of new material into the growing sacculus and 669 

hydrolysis of old material have to be tightly coordinated in space and time to allow for 670 

safe growth and propagation. This requires robust mechanisms spatiotemporally 671 

controlling enzymatic activities of extracellular PG synthases and hydrolases, which are 672 

incorporated into large multi-enzyme complexes (Typas et al., 2012). The molecular 673 

basis of these mechanisms is largely unknown and only few factors regulating these 674 

enzymes have been unraveled. In this study, we provide evidence for GdcP as the first 675 

member of the seven-transmembrane receptor family 7TMR-DISM to be required for 676 

proliferation of alpha-rhizobial species. GdcP dynamically localizes to sites of zonal cell 677 

wall synthesis and acts in concert with the putative metallopeptidase GdpM, suggesting 678 

a role of GdcP in cell growth and division. 679 

 680 
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GdcP primary function 681 

The subcellular localization pattern of GdcP to sites of zonal cell wall synthesis was 682 

shown to be a common feature among the studied alpha-rhizobial species. Members of 683 

the order Rhizobiales, including S. meliloti, display growth at one cell pole as well as at 684 

the mid-cell region of pre-divisional cells (Brown et al., 2012). In A. tumefaciens, the 685 

two division proteins FtsA and FtsZ likely contribute to polar growth by associating 686 

with the elongating cell pole and the septal site in pre-divisional cells (Zupan et al., 687 

2013; Cameron et al., 2014). PG-synthesizing PBP1a as well as a Rhizobiales- and 688 

Rhodobacterales-specific L,D-transpeptidase, both contributing to zonal cell wall 689 

synthesis, also localize to the growing cell pole and pre-divisional site (Cameron et al., 690 

2014). The localization pattern of GdcP in S. meliloti and that of proteins associated 691 

with PG synthesis in A. tumefaciens is strikingly similar. This similarity suggests that 692 

the function of GdcP may be related to synthesis of new cell wall material during cell 693 

growth and division. A function of GdcP related to cell envelope biogenesis may also 694 

account for the inherence of its essentiality in the N-terminal part including periplasmic 695 

7TMR-DISMED2 and cytoplasmic PAS domains.  696 

Coordinating the PG synthesis machinery and directing it to sites of zonal cell wall 697 

synthesis is a prerequisite for maintaining cell shape after completion of cell division. 698 

Cell wall remodeling was studied mostly in rod-shaped E. coli, C. crescentus and 699 

Bacillus subtilis, all utilizing a laterally dispersed mode of PG synthesis (Brown et al., 700 

2011). In these organisms, the PG synthesis machinery associates with the cytoplasmic 701 

scaffold proteins MreB (elongasome) and FtsZ (divisome), both directing placement 702 

and activity of PG synthases from inside the cell. Members of the Rhizobiales lack the 703 

lateral PG synthesis scaffold MreB and other related proteins (Margolin et al., 2009), 704 

suggesting the presence of alternative factors coordinating PG synthesis and hydrolysis 705 

during cell growth and division. 706 

PG synthesis and hydrolysis were proposed to spatially and temporarily correlate in 707 

E. coli cells (Höltje, 1998; Egan & Vollmer, 2015). Cell wall hydrolases are involved in 708 

murein growth, maturation, turnover, recycling, and cleavage of the septum at cell 709 

division, while uncontrolled activities can cause cell lysis (Lee & Huang, 2013). These 710 

enzymes have various cleavage specificities and often require a PG-binding domain for 711 

activity (Buist et al., 2008). Periplasmic interaction between GdcP and murein-binding 712 

putative metallopeptidase GdpM may provide a mechanism to control incorporation of 713 

new material into the growing sacculus of alpha-rhizobial cells. Identification of an 714 
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essential putative PG-hydrolyzing protein in S. meliloti was somewhat surprising 715 

considering the complexity of PG hydrolases described for other bacteria. For instance, 716 

bioinformatics search in closely related A. tumefaciens revealed eight genes encoding 717 

putative PG hydrolases, and the E. coli genome encodes as many as twelve known PG 718 

hydrolases with a periplasmic location (Vollmer & Bertsche, 2008; Cameron et al., 719 

2014). It is often difficult to assign a distinct function to a PG hydrolase or identify 720 

associated regulatory factors due to redundancies and multiple functions (Vollmer et al., 721 

2008; Lee & Huang, 2013). Nevertheless, several endopeptidases were described to play 722 

important roles in cell morphology and division. In E. coli, enzymatically inactive NlpD 723 

and EnvC are recruited to the septal site where they mediate cell wall hydrolysis by 724 

stimulating amidase activities (Uehara et al., 2009, 2010). The three endopeptidases 725 

Spr, YdhO and YebA, which are redundantly essential, were shown to be required for 726 

incorporation of new murein during sacculus enlargement (Singh et al., 2012). In 727 

C. crescentus, murein-binding endopeptidase DipM functions in PG remodeling upon 728 

cell division by localization to the site of constriction, which is dependent on the 729 

essential murein-binding protein FtsN (Möll et al., 2010). Genomes of bacteria from the 730 

order Rhizobiales do not encode FtsN suggesting alternative mechanisms for directing 731 

PG remodeling enzymes to the septum. In the case of S. meliloti, GdcP may be a 732 

functional homolog of FtsN and regulate GdpM activity at sites of zonal cell wall 733 

synthesis. 734 

Artificially increased GdpM levels caused severe morphological changes in S. meliloti, 735 

as cells were enlarged, coccoid and displayed invaginations of the inner membrane. Cell 736 

wall perturbations upon dysregulation of PG-modifying and -binding proteins are 737 

known to result in altered cell shapes. Control of PG hydrolase abundance has been 738 

described for functional endopeptidase MepS from E. coli, which is proteolytically 739 

degraded (Singh et al., 2015). In spiral-shaped Helicobacter pylori, altered levels of PG 740 

hydrolase HdpA result in stocky, branched and cocci-shaped cells (Bonis et al., 2010). 741 

Deletion of PG-binding protein CsiV, modulating PG biogenesis in Vibrio cholerae, 742 

results in a loss of rod shape (Dörr et al., 2014). In S. meliloti, morphology defects of 743 

cells accumulating GdpM were partially rescued under high osmolarity conditions, 744 

further indicating dysregulation of PG biogenesis and cell wall integrity to be affected at 745 

elevated GdpM levels. 746 

The mechanistic consequences and direction of signaling mediated by GdcP and GdpM 747 

interaction remain to be investigated in more detail. GdcP-GdpM interaction may 748 
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modulate perception of environmental stimuli by GdcP receptor domains or promote 749 

interactions with other proteins, catalytic activity and ligand binding of the intracellular 750 

signaling module. Alternatively, perception of signals from the cytoplasm might 751 

modulate accessibility of the interaction interface in GdcP receptor domains for either 752 

GdpM or ligands such as murein derivatives. Conservation of GdcP and GdpM in the 753 

order Rhizobiales suggests a common mechanism for cell envelope biogenesis in these 754 

organisms. The importance of the PG layer in these organisms has recently been 755 

demonstrated, as it has an essential role in differentiation during symbiosis (Gully et al., 756 

2016). GdcP and GdpM contribution to the interaction of alpha-rhizobial species with 757 

their leguminous plant hosts remains to be investigated. 758 

 759 

GdcP accessory function 760 

The relevance of GdcP to cell envelope biogenesis in combination with its ability to 761 

degrade c-di-GMP potentially implies a direct connection between cell wall remodeling 762 

and intracellular c-di-GMP signaling. In line with this, recent studies have described a 763 

link between c-di-GMP signaling and cell growth and division. In polarly growing 764 

Mycobacterium smegmatis, a strain lacking dually active DGC/PDE DcpA displayed 765 

cell elongation and multi-septation, presumably as a result of transcriptional 766 

upregulation of genes with functions related to cell wall processes. This suggested a role 767 

of c-di-GMP signaling in cell division and morphology (Gupta et al., 2016). A link 768 

between PG remodeling and c-di-GMP signaling was also demonstrated for the cell 769 

division-related DGC YfiN from E. coli. Under envelope stress conditions, YifN binds 770 

to the cytoplasmic scaffold proteins FtsZ and ZipA likely in a c-di-GMP-bound state. 771 

This results in recruitment of the protein to the prospective division site and subsequent 772 

inhibition of septal PG synthesis (Kim & Harshey 2016). Inactivation of the EAL 773 

domain of GdcP from S. meliloti neither altered growth and cell morphology nor GdcP 774 

localization, indicating its PDE activity not to be important for its primary function. 775 

However, GdcP PDE activity counteracted artificially increased c-di-GMP levels by 776 

reducing the concomitant cell damage. 777 

Polar and septal placement of c-di-GMP PDEs has previously been shown to serve as a 778 

mechanism for restricting signaling events to specific sites of C. crescentus cells. PdeA 779 

transiently localizes to the stalked cell pole and determines the swarmer cell-specific 780 

program (Abel et al., 2011). Flagellum biogenesis at the swarmer cell pole requires 781 

dynamically localizing TipF, whose localization to the division plane is dependent on 782 
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cytokinesis (Huitema et al., 2006). PDE activity of GdcP in S. meliloti may provide a 783 

mechanism for decreasing c-di-GMP levels to initiate downstream signaling events at 784 

either the growing cell pole or the mid-cell region of pre-divisional cells. Identification 785 

of c-di-GMP effectors and their target genes influenced by GdcP PDE activity would 786 

allow a better understanding of the c-di-GMP-related function of GdcP. 787 

Deletion of the GGDEF domain of GdcP resulted in a reduced growth rate, although 788 

neither catalytic activity nor c-di-GMP binding could be demonstrated. Comparative 789 

sequence analysis revealed protein sequences homologous to S. meliloti GdcP and 790 

containing an intact A site in the GGDEF domain as in the case of A. tumefaciens GdcP, 791 

whose EAL domain also contains all conserved motifs indicating PDE activity 792 

(Fig. S7b). However, the functional consequences of a DGC activity in addition to the 793 

PDE activity of GdcP remain unclear, also because gdcPSm and gdcPAt complemented 794 

the phenotypes of GdcP-depleted Rm2011 in a similar manner (Fig. 8b-c). Our results 795 

suggest that the C-terminal part containing the GGDEF and EAL domains is 796 

dispensable for the essential function of GdcP. The GdcP GGDEF domain may 797 

modulate PDE activity of the covalently linked EAL domain. Such an example was 798 

described for PAS-GGDEF-EAL domain protein PdeA from C. crescentus, which 799 

contains a degenerate A site (GEDEF) and possesses no DGC activity, while the 800 

GGDEF domain is able to bind GTP and thus to regulate the PDE activity of the 801 

covalently linked EAL domain (Christen et al., 2005). Moreover, PDE activities of BifA 802 

and RmcA from P. aeruginosa were shown to be stimulated depending on the A sites of 803 

the covalently linked GGDEF domains (Kuchma et al., 2007; Okegbe et al., 2017). 804 

Similar to GdcP from S. meliloti, DGC activity of BifA containing a GGDEF domain 805 

with a GGDQF motif was not detectable (Kuchma et al., 2007). 806 

GdcP PDE activity may also be modulated by the cytoplasmic PAS domain, which 807 

generally regulates the activities of covalently attached effector domains (Möglich et 808 

al., 2009). Such a mechanism was identified for DosP from E. coli, as O2-binding to a 809 

heme cofactor in the PAS domain results in increased PDE activity of the protein 810 

(Tanaka et al., 2007). In Acetobacter xylinum, AxDGC2 regulates cellular c-di-GMP 811 

levels depending on the redox state of a flavin cofactor in the PAS domain, while the 812 

oxidized state promotes DGC activity (Qi et al., 2009). The FAD-binding PAS domain 813 

of dual-function enzyme RmcA from P. aeruginosa supposedly influences the 814 

stimulating effect that the GGDEF domain has on the covalently linked EAL domain 815 

(Okegbe et al., 2017). For the PAS domain of GdcP a putative heme pocket has been 816 
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predicted suggesting the protein might be able to sense redox states. A link between 817 

redox signaling and cell envelope biogenesis has been reported for 818 

gammaproteobacterial species, as the YfiBNR signal transduction system provides a 819 

mechanism for inhibiting septal PG synthesis. Under reducing and envelope stress 820 

conditions, redox sensor YfiR is released from the periplasmic PAS domain of the 821 

membrane-standing DGC YfiN, which acts as a cell division inhibitor (Malone et al., 822 

2012; Kim & Harshey, 2016). Ligands that bind to the PAS domain of GdcP and their 823 

possible contribution to the cell cycle-dependent localization of the protein remain thus 824 

far unknown. 825 
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Figure 1. GdcP function is related to cell growth and division. (A) Growth of S. meliloti GdcP 

depletion strain Rm2011 GdcP
dep

 in TY medium in presence or absence of 0.5 mM IPTG. OD600 was 

recorded in three-hours intervals. Cell morphologies were assessed by DIC microscopy at the indicated 

time points. Error bars represent the standard deviation of three biological replicates. Bar, 5 µm. 

(B) Electron micrographs of Rm2011 GdcP
dep

 grown in TY medium in presence or absence of 0.5 mM 

IPTG for 24 hours. Bar, 1 µm. (C) Nascent peptidoglycan synthesis of Rm2011 GdcP
dep

 grown in TY 

medium in presence or absence of 0.5 mM IPTG for 24 hours. Cells were pulse-labeled with blue-

fluorescent D-amino acid HADA for 3 min. Bar, 5 µm.  
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Figure 2. GdcP localizes to sites of zonal cell wall synthesis. (A) Fluorescence microscopic images of 

Rm2011 gdcP-egfp in the exponential growth phase. Cells were pulse-labeled with blue-fluorescent 

D-amino acid HADA for 3 min. Arrow heads indicate the mid-cell region of pre-divisional cells. Bar, 

5 µm. (B, C) Time-lapse microscopy of (B) Rm2011 gdcP-egfp harboring pSRKGm-parB-mCherry and 

(C) Rm2011 gdcP-mCherry pleD-egfp. Time is given in minutes. Bars, 1 µm.  
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Figure 3. GdcP essentiality resides in its N-terminal part. (A) GdcP domain architecture with 

indications for generated mutant variants. (B) Complementation of the growth defect of GdcP depletion 

strain Rm2011 GdcP
dep

 by ectopic expression of non-tagged and egfp-tagged (‘EGFP’) wild-type gdcP 

and mutant variants from either P*gdcP (vector pABC2S-mob, transcription strength similar to the native 

level, ‘native’) or Psyn (vector pR_EGFP, elevated transcription strength compared to the native levels, 

‘elevated’). Relative growth was calculated as a ratio of OD600 values obtained for cultures induced for 

expression of the chromosomally encoded gdcP (grown with 0.5 mM IPTG) to the OD600 values of 

cultures non-induced for expression of this wild-type gdcP allele (grown without IPTG), 24 hours after 

inoculation. Error bars represent the standard deviation of three biological replicates. The absolute OD600 

values are shown in Fig. S2. (C, D) Microscopic images of Rm2011 GdcP
dep

, ectopically expressing the 

indicated (C) non-tagged and (D) egfp-tagged gdcP variants, acquired after 24 hours of growth without 

IPTG. Bars, 5 µm. EV, empty vectors pABC2S-mob and pR_EGFP.  
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Figure 4. The EAL domain of GdcP shows PDE activity, which can counteract negative effects of 

very high c-di-GMP concentrations on growth and cell morphology. (A) Thin-layer chromatogram of 

PDE reactions with either purified His6-GdcPPAS-GGDEF-EAL or His6-GdcPPAS-GGDEF-EAL-AAL and 

[α-
32

P]-c-di-GMP. Reaction time is given in minutes. (B) c-di-GMP content of Rm2011 GdcP
dep

, 

expressing the indicated gdcP variants from P*gdcP, grown in TY medium without IPTG for 24 hours and 

harvested in the exponential growth phase. Standard deviation was calculated from three biological 

replicates. (C) Complementation of the growth defect of GdcP depletion strain Rm2011 GdcP
dep

, 

harboring either empty vector pR-Ptau or pR-Ptau-SMc03178, by ectopic expression of the indicated gdcP 

variants from P*gdcP. Relative growth was calculated as a ratio of OD600 values obtained for cultures 

induced for expression of the chromosomal gdcP allele (grown with 0.5 mM IPTG) or depleted for GdcP 

(grown without IPTG, non-induced for expression of the chromosomal gdcP allele), 24 hours after 

inoculation. Error bars represent the standard deviation of three biological replicates. The absolute OD600 

values are shown in Fig. S6. EV, empty vector pABC2S-mob. (D) Growth in medium with 0.2 mM IPTG 

of Rm2011 ectopically expressing the indicated gdcP variants from Psyn (vector pR_EGFP) and harboring 

either empty vector pWBT or SMc03178 overexpression plasmid pWBT-SMc03178. Error bars represent 

the standard deviation of three biological replicates. Microscopy was performed after 46 hours of culture 

growth. EV, empty vector pR_EGFP. Bar, 5 µm.  
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Figure 5. GdpM function is related to cell growth and division. (A) S. meliloti GdpM depletion strain 

Rm2011 GdpM
dep

 grown in TY medium with or without 0.5 mM IPTG. OD600 was recorded in three-

hours intervals. Cell morphologies were assessed by DIC microscopy at the indicated time points. Error 

bars represent the standard deviation of three biological replicates. Bar, 5 µm. (B) Electron micrographs 

of Rm2011 GdpM
dep

 grown in TY medium in presence or absence of 0.5 mM IPTG for 24 hours. Bar, 

1 µm. (C) Nascent peptidoglycan synthesis of Rm2011 GdpM
dep

 grown in TY medium in presence or 

absence of IPTG for 24 hours. Cells were pulse-labeled with blue-fluorescent D-amino acid HADA for 

3 min. Bar, 5 µm.   
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Figure 6. gdpM overexpression results in growth inhibition, altered cell morphology and cell 

envelope defects. (A) Rm2011 harboring gdpM overexpression plasmid pWBT-gdpM was grown in LB 

medium with or without 0.5 mM IPTG. OD600 was recorded in three-hours intervals and cell morphology 

was assessed by DIC microscopy at the indicated time point. Error bars represent the standard deviation 

of three biological replicates. Bar, 5 µm. (B) Electron micrographs of Rm2011, harboring either empty 

vector pWBT or pWBT-gdpM, grown in LB medium containing 0.5 mM IPTG for 24 hours. Bar, 1 µm. 

Bar(inset), 0.2 µm. (C) Nascent peptidoglycan synthesis of Rm2011, harboring either empty vector 

pWBT or pWBT-gdpM, grown in LB medium in presence or absence of 0.5 mM IPTG for 24 h. Cells 

were pulse-labeled with blue-fluorescent D-amino acid HADA for 3 min. Bar, 5 µm. (D) E. coli S17-1, 

harboring the indicated overexpression constructs, was grown on LB agar lacking NaCl, supplemented 

with or without 0.02 mM IPTG and containing 20 µg/mL CPRG at 30 °C. EV, empty vector pWBT.  
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Figure 7. Relative abundances of muropeptides in the S. meliloti cell wall change upon depletion of 

GdcP and GdpM, while the latter binds peptidoglycan in vitro. (A) Rm2011 wild-type, Rm2011 

GdcP
dep

 and Rm2011 GdpM
dep

 were grown in TY medium with or without 0.5 mM IPTG for 24 hours. 

Sacculi were isolated, treated with cellosyl and analyzed by HPLC. Differentially abundant peptides 

identified by mass spectrometry are indicated. Representative muropeptide profiles of two independent 

biological replicates per strain and growth condition are shown. (B) Peptidoglycan binding properties of 

GdpM and GdcP. 10 µg of either His6-GdpMΔtm or His6-GdcP7TMR-DISMED2 were mixed with S. meliloti 

Rm2011 murein sacculi. Murein was collected by ultracentrifugation and washed once in binding buffer. 

The supernatant of the first centrifugation step (S), the supernatant of the washing step (W) and the 

resuspended pellet (P) were analyzed by SDS-PAGE and subsequent Coomassie blue staining. Control 

reactions were performed in the absence of murein sacculi.  
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Figure 8. GdcP and GdpM homologs from related species are functional in S. meliloti. 
(A) Microscopic images of R. etli CFN42 RHE_CH00976-egfp and A. tumefaciens C58 Atu0784-egfp 

cells pulse-labeled with HADA for 3.5 and 2.5 min, respectively. Arrow heads indicate the mid-cell 

region of pre-divisional cells. Bar, 5 µm. (B) Complementation of the growth defect of GdcP depletion 

strain Rm2011 GdcP
dep

 and GdpM depletion strain Rm2011 GdpM
dep

 by ectopic expression of gdcPSm, 

gdcPRe or gdcPAt, and gdpMSm, gdpMRe or gdpMAt, respectively, from vector pR-Ptau in presence or 

absence of taurine. Relative growth was calculated as a ratio of OD600 values obtained for cultures 

induced for expression of the chromosomally encoded gdcP and gdpM (grown with 0.5 mM IPTG) to the 

OD600 values of cultures non-induced for expression of the wild-type gdcP and gdpM alleles (grown 

without IPTG), respectively, 42 hours after inoculation. EV, empty vector pR-Ptau. Error bars represent 

the standard deviation of three biological replicates. The absolute OD600 values are shown in Fig. S17. 

(C) Microscopic images of S. meliloti strains indicated in panel B grown for 24 hours with or without 

taurine and in absence of IPTG. Bar, 5 µm. EV, empty vector pR-Ptau.   
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Supplementary Material: 

A dynamic c-di-GMP phosphodiesterase is linked to 

alpha-rhizobial cell growth and division 

 

Media 

TY medium (5 g/L tryptone, 3 g/L yeast extract, 0.4 g CaCl2*2H2O).  

LB medium (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl).  

MOPS-buffered minimal medium (MM) (10 g/L MOPS, 10 g/L mannitol, 3.55 g/L 

sodium glutamate, 0.246 g/L MgSO4*7H2O, 0.25 mM CaCl2, 2 mM K2HPO4, 10 mg/L 

FeCl3*6H2O, 1 mg/L biotin, 3 mg/L H3BO3, 2.23 mg/L MnSO4*H2O, 0.287 mg/L 

ZnSO4*7H2O, 0.125 mg/L CuSO4*5H2O, 0.065 mg/L CoCl2*6H2O, 0.12 mg/L 

NaMoO4*2H2O, pH 7.2).  
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Figure S1. Determination of the gdcP promoter region. (A) gdcP upstream fragments including the 

first three codons of gdcP coding sequence were translationally fused to egfp. P*gdcP, containing a stop 

codon (TGA) inserted at position 64 of the rimJ coding sequence, represents the region taken for ectopic 

gdcP expression from vector pABC2S-mob. (B) Normalized EGFP fluorescence of Rm2011, harboring 

medium-copy plasmids carrying the translational fusions depicted in panel A, grown in TY and MM. 

Error bars represent the standard deviation of three biological replicates. EV, empty vector pSRKKm-

EGFP.   
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Figure S2. Complementation of GdcP-depleted S. meliloti by ectopic expression of various gdcP 

variants. Recorded growth of Rm2011 GdcP
dep

 and c-di-GMP
0
 strain Rm2011 ΔXVI GdcP

dep
, 

ectopically expressing non-tagged and egfp-tagged gdcP variants from either P*gdcP (vector 

pABC2S-mob, transcription strength similar to the native level) or Psyn (vector pR_EGFP, elevated 

transcription strength compared to the native levels), grown in absence or presence of 0.5 mM IPTG. 

OD600 values were recorded after 24 hours of growth. Error bars represent the standard deviation of three 

biological replicates. EV, empty vectors pABC2S-mob and pR_EGFP.  
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Figure S3. S. meliloti cells expressing gdcP∆GGDEF∆EAL-egfp are shortened and show increased 

doubling time, while the protein fusion can be detected at the new pole and the mid-cell region of 

pre-divisional cells. (A, B) Time-lapse microscopy of (A) Rm2011 gdcP-egfp(Km) and (B) Rm2011 

gdcP∆GGDEF∆EAL-egfp. Time is given in minutes. Bars, 5 µm.   
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Figure S4. The GGDEF domain of GdcP is inactive and did not bind c-di-GMP in vitro. (A) DGC 

activity assay with purified His6-GdcPPAS-GGDEF-EAL-AAL and His6-DgcA as positive control. Incubation 

time is given in minutes. (B) DRaCALA with purified His6-GdcPPAS-GGDEF and His6-DmxB as positive 

control.   
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Figure S5. Cell morphology and GdcP localization are affected at very high c-di-GMP 

concentrations in S. meliloti. DIC and fluorescence microscopy of Rm2011, harboring either empty 

vector pR-Ptau, pR-Ptau-SMc03178 or pR-Ptau-SMc03178GGAAF, grown in liquid TY medium supplemented 

with 20 mM taurine. Bar, 5 µm. EV, empty vector pR-Ptau.  
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Figure S6. GdcP PDE activity counteracts negative effects of SMc03178 overexpression on growth 

of S. meliloti. Complementation of the growth defect of GdcP depletion strain Rm2011 GdcP
dep

, 

harboring either empty vector pR-Ptau or overexpression construct pR-Ptau-SMc03178, by ectopic 

expression of the indicated gdcP variants from P*gdcP. Error bars represent the standard deviation of three 

biological replicates. EV, pABC2S-mob.   
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Figure S7. GdcP and GdpM are mainly conserved in related species from the order Rhizobiales. 
(A) BlastP search for GdcP and GdpM sequences revealed homolog proteins in the alphaproteobacterial 

order Rhizobiales (examples are listed) as well as in three species from the Gammaproteobacteria and 

Actinobacteria. (B) Multiple sequence alignment of GdcP homologs listed in panel A revealed conserved 

GGDEF and EAL domain motifs (Schirmer & Jenal, 2009; Römling et al., 2013) required for DGC and 

PDE activity, respectively. Variations of the consensus sequence of GGDEF and EAL active sites are 

colored in red. (C) Multiple sequence alignment of GdpM homologs listed in panel A revealed conserved 

zinc ion coordination motifs previously identified for Staphylococcus aureus (Sa) LytM (Odintsov et al., 

2004; Firczuk et al., 2005; Spencer et al., 2010). Caulobacter crescentus (Cc) DipM (Möll et al., 2010) 

and Escherichia coli (Ec) NlpD and EnvC (Uehara et al., 2009, 2010) contain variations of the conserved 

motif, which are colored in red.  
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Figure S8. Putative metallopeptidase GdpM is localized in the periplasm. Detection of phosphatase 

activity indicating periplasmic localization. Protein fusions of full-length or truncated GdpM to PhoA27-471 

were produced in Rm2011 and E. coli S17-1 grown on medium supplemented with PhoA substrate BCIP.    
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Figure S9. GdpM-mCherry and GdcP-EGFP display a similar subcellular localization pattern 

during the S. meliloti cell cycle. (A, B) Time-lapse microscopy of (A) Rm2011 gdpM-mCherry and 

(B) Rm2011 gdcP-egfp gdpM-mCherry. Time is given in minutes. Bars, 1 µm. (C) Nascent peptidoglycan 

synthesis of Rm2011 gdcP-egfp gdpM-mCherry exponentially growing in TY medium. Cells were pulse-

labeled with blue-fluorescent D-amino acid HADA for 3 min. Bar, 1 µm. (D) Microscopic images of 

E. coli S17-1 harboring pSRKGm-gdpM-mCherry and cultured in LB medium containing 0.5 mM IPTG 

for three hours to exponential growth phase. Bar, 5 µm.  



Chapter 8: A dynamic c-di-GMP phosphodiesterase is linked to alpha-rhizobial cell 

growth and division  

173 

Figure S10. GdcP-EGFP polar localization and native GdpM-mCherry levels are dependent on 

presence of the interaction partners GdpM-mCherry and GdcP-EGFP, respectively. 

(A) Microscopic images of Rm2011 gdcP-egfp gdpM-mCherry, Rm2011 GdcP-EGFP
dep

 gdpM-mCherry 

and Rm2011 gdcP-egfp GdpM-mCherry
dep

 grown in TY medium without IPTG for 24 hours. Bar, 5 µm. 

(B) Normalized GdpM-mCherry fluorescence of Rm2011 GdcP-EGFP
dep

 gdpM-mCherry, ectopically 

expressing the indicated gdcP variants from P*gdcP, grown in TY medium without IPTG for 24 hours. 

Cells were washed and respuspended in 0.9 % NaCl prior to quantification of fluorescence signals. 

Dashed line indicates background fluorescence produced by Rm2011 GdcP
dep 

carrying no mCherry 

fusion. Error bars represent the standard deviation of three biological replicates. EV, empty vector 

pABC2S-mob.   
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Figure S11. Growth inhibition and cell morphology defects upon gdpM overexpression in S. meliloti 

are dependent on medium composition. (A) Rm2011, harboring either empty vector pWBT or pWBT-

gdpM, grown on solid LB and TY medium supplemented with NaCl, CaCl2 and MgCl2. 0.5 mM IPTG 

was added where indicated. (B) Strains described in panel A grown either in liquid LB medium or in LB 

medium containing 300 mM NaCl. IPTG was added at the indicated concentrations. OD600 was recorded 

in three-hours intervals. Error bars represent the standard deviations of three biological replicates. 

(C) Cell morphologies were assessed by DIC microscopy for liquid cultures described in panel B. Bar, 

5 µm. EV, empty vector pWBT.   
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Figure S12. Growth inhibition and cell morphology defects upon overexpression of wild-type gdpM 

and mutant variants in S. meliloti. (A) Rm2011, harboring the empty vector pWBT, pWBT-gdpM, 

pWBT-gdpMH510A and pWBT-gdpMΔLytM, and GdpM depletion strain Rm2011 GdpM
dep

 grown in liquid 

TY and LB medium in presence or absence of 0.5 mM IPTG. OD600 was recorded in three-hours 

intervals. Error bars represent the standard deviations of three biological replicates. (B) Cultures 

described in panel A were analyzed by DIC microscopy after 24 hours of growth in the indicated 

medium. 0.5 mM IPTG was added to all cultures except for Rm2011 GdpM
dep

. Bar, 5 µm. EV, empty 

vector pWBT. 
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Figure S13. Growth inhibition and cell morphology defects upon overexpression of wild-type gdpM 

and mutant variants in E. coli. (A) E. coli S17-1, harboring the empty vector pWBT, pWBT-gdpM, 

pWBT-gdpMH510A and pWBT-gdpMΔLytM, grown on solid LB medium with or without NaCl in presence 

or absence of 0.5 mM IPTG. Overnight cultures were OD600-adjusted to 1 and spotted in serial dilutions. 

(B) E. coli strains described in panel A were grown in liquid LB medium with or without NaCl and 

containing 0.5 mM IPTG. Cells were analyzed by phase contrast microscopy at the indicated time points. 

Lysed cells are indicated by yellow arrow heads. Bar, 5 µm. EV, empty vector pWBT.  
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Figure S14. Electron micrographs of S. meliloti GdpM and GdcP depletion and overexpression 

strains. (A-C) Transmission electron microscopy revealed altered cell morphologies of (A) Rm2011 

GdcP
dep

 grown in TY medium, (B) Rm2011 GdpM
dep

 grown in TY  medium and (C) Rm2011, harboring 

either empty vector pWBT or pWBT-gdpM, grown in LB medium for 24 hours. 0.5 mM IPTG was added 

to the medium where indicated. Images in the same row of each panel are shown with identical scales. 

Bars, 1 µm. EV, empty vector pWBT. 

 

 

 

 

 

 

 

 

Figure S15. Relative abundances of muropeptides in the S. meliloti cell wall change upon 

overexpression of wild-type gdpM and mutant variant gdpMH510A. Rm2011, harboring either empty 

vector pWBT, pWBT-gdpM or pWBT-gdpMH510A, was grown in LB medium supplemented with 

0.5 mM IPTG for 24 hours. Sacculi were isolated, treated with cellosyl and analyzed by HPLC. 

Differentially abundant peptides identified by mass spectrometry are indicated. Representative 

muropeptide profiles of two independent biological replicates per strain are shown. EV, empty vector 

pWBT.  
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Figure S16. GdpM metallopeptidase activity towards peptidoglycan was absent. Metallopeptidase 

activity of His6-GdpMΔtm in absence and presence of His6-GdcP7TMR-DISMED2 was analyzed by pre-

incubation of the proteins with various S. meliloti PG substrates and subsequent determination of the 

murein peptide profiles. The control reaction was performed without any added protein. 

 

 

 

 

Figure S17. GdcP and GdpM are functionally conserved in alpha-rhizobial species. 

(A, B) Complementation of the growth defect of GdcP and GdpM depletion strains (A) Rm2011 GdcP
dep

 

or (B) Rm2011 GdpM
dep

 by ectopic expression of gdcPSm, gdcPRe and gdcPAt or gdpMSm, gdpMRe and 

gdpMAt, respectively, from vector pR-Ptau in presence or absence of taurine. OD600 was recorded after 

42 hours of growth in TY medium either with (black bars) or without (white bars) IPTG. Error bars 

represent the standard deviation of three biological replicates. EV, empty vector pR-Ptau; Sm, 

Sinorhizobium meliloti; Re, Rhizobium etli; At, Agrobacterium tumefaciens.   
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Table S1. Strains and plasmids used in this study. 

Strain Properties Reference 

S. meliloti   
Rm2011 Wild-type, Strr  Casse et al. (1979) 
Rm2011 ∆XVI Rm2011 containing 16 deletions for GGDEF domain 

encoding genes; c-di-GMP0 strain 
Schäper et al. (2016) 

Rm2011 Plac-T5-gdcP Rm2011 gdcP::pK18mob2-Plac-T5-gdcP, conditional GdcP 
depletion by introducing lacI, Kmr 

This work 

Rm2011 ∆XVI Plac-T5-gdcP  Rm2011 ∆XVI gdcP::pK18mob2-Plac-T5-gdcP, conditional 
GdcP depletion by introducing lacI, Kmr 

This work 

Rm2011 Plac-gdpM Rm2011 gdpM::pK18mob2-Plac-gdpM, conditional GdpM 
depletion by introducing lacI, Kmr 

This work 

Rm2011 gdcP-egfp Rm2011 expressing egfp-tagged gdcP, markerless insertion This work 
Rm2011 gdcP-mCherry Rm2011 expressing mCherry-tagged gdcP, markerless 

insertion 
This work 

Rm2011 gdcP-mCherry pleD-
egfp 

Rm2011 gdcP-mCherry pleD::pK18mob2-pleD-EGFP, Kmr This work 

Rm2011 gdcP-egfp(Km) Rm2011 gdcP::pK18mob2-gdcP-EGFP, Kmr This work 
Rm2011 gdcP∆GGDEF∆EAL-egfp Rm2011 gdcP::pK18mob2-gdcPPAS-EGFP, Kmr This work 
Rm2011 GdcP-FLAG Rm2011 gdcP::pG18mob2-gdcP-3xFLAG, Gmr This work 
Rm2011 GdpM-FLAG Rm2011 gdpM::pG18mob2-gdpM-3xFLAG, Gmr This work 
Rm2011 gdpM-mCherry Rm2011 expressing mCherry-tagged gdpM, markerless 

insertion 
This work 

Rm2011 gdcP-egfp gdpM-
mCherry 

Rm2011 gdcP-egfp expressing mCherry-tagged gdpM, 
markerless insertion 

This work 

Rm2011 Plac-T5-gdcP-egfp 
gdpM-mCherry 

Rm2011 gdcP-egfp::pK18mob2-Plac-T5-gdcP gdpM-mCherry, 
conditional GdcP-EGFP depletion by introducing lacI, Kmr  

This work 

Rm2011 gdcP-egfp Plac-gdpM-
mCherry 

Rm2011 gdcP-egfp gdpM-mCherry::pK18mob2-Plac-gdpM, 
conditional GdpM-mCherry depletion by introducing lacI, 
Kmr 

This work 

   
A. tumefaciens   
C58 Wild-type, isolated from a cherry tree (Prunus) tumor Hamilton & Fall (1971) 
C58 Atu0784-egfp C58 Atu0784::pK18mob2-gdcPAt-EGFP, Kmr This work 
   
R. etli   
CFN42 R. etli type strain, isolated from Phaseolus, Smr Quinto et al. (1985) 
CFN42 RHE_CH00976-egfp CFN42 RHE_CH00976::pK18mob2-gdcPRe-EGFP, Kmr This work 
   
E. coli   
BL21(DE3) F– ompT gal dcm lon hsdSB(rB–mB–) λ(DE3 [lacI lacUV5-

T7p07 ind1 sam7 nin5]) [malB+]K-12(λS) 

New England Biolabs 

DH5α F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 
φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK–mK+), λ– 

Grant et al. (1990) 

S17-1 E. coli 294 Thi RP4-2-Tc::Mu-Km::Tn7 integrated into the 
chromosome 

Simon et al. (1983) 

   
Plasmids   
pABC2S-mob variant of mobilizable repABC-based mini-replicon, single-

copy in S. meliloti, Specr 
Döhlemann et al. (2017) 

pG18mob2 suicide vector, lacZ, mob, Gmr Schäfer et al. (1994) 
pK18mob2 suicide vector, lacZ, mob, Kmr Schäfer et al. (1994) 
pK18mob2-EGFP pK18mob2 carrying egfp, lacZ, mob, Kmr N. Meier 
pK18mobsacB suicide vector, lacZ, mob, sacB, Kmr Schäfer et al. (1994) 
pK19mob2ΩHMB integrative plasmid carrying a transcription-termination 

sequence, Kmr  
Luo et al. (2005) 

pR_EGFP reporter fusion plasmid carrying Psyn for constitutive 
expression, Tcr 

Torres-Quesada et al. 
(2013) 

pR-Ptau pR_EGFP carrying the tauA promoter from S. meliloti in 
place of Psyn, Tcr 

M. Robledo 

pSRKGm pBBR1MCS-5-derived broad-host-range expression vector 
containing lac promoter and lacIq, lacZα+, Gmr 

Khan et al. (2008) 

pSRKGm-parB-mCherry pSRKGm carrying S. meliloti parB fused to mCherry, Gmr  Schäper et al. (2016) 
pSRKKm pBBR1MCS-5-derived broad-host-range expression vector 

containing lac promoter and lacIq, lacZα+, Kmr 
Khan et al. (2008) 

pSRKKm-EGFP pSRKKm carrying egfp, Kmr Schäper et al. (2016) 
pWBT pSRKGm carrying T5 promoter, Gmr  M. McIntosh 
pWH844 expression vector carrying His6-tag coding sequence and 

T5 promoter, Ampr  
Schirmer et al. (1997)  

pG18mob2-3xFLAG pG18mob2 carrying 3xflag,  Gmr This work 
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Complementation and overexpression constructs  
pDJS31 pET24b(+) carrying dgcAWt, Kmr Skotnicka et al. (2016a) 
pDJS30 pET24b(+) carrying dmxBWt, Kmr Skotnicka et al. (2016b) 
pWBT-SMc00074 pWBT carrying gdcP (SMc00074) coding sequence Schäper et al. (2016) 
pWBT-SMc03178 pWBT carrying SMc03178 coding sequence Schäper et al. (2016) 
pWH844-SMc00074390-970  pWH844 carrying gdcP(AA390-970) Schäper et al. (2016) 
pABC-gdcP pABC2S-mob carrying 944 bp gdcP upstream fragment with 

a stop codon in rimJ coding region at position 64, gdcP 
coding region and egfp 

This work 

pABC-gdcP∆7TMR-DISMED2 pABC-gdcP containing gdcP(AA49-183) deletion This work 
pABC-gdcP∆7TMR-DISMED2∆7TMR-

DISM_7TM 
pABC-gdcP containing gdcP(AA49-363) deletion This work 

pABC-gdcP∆7TMR-DISMED2∆7TMR-

DISM_7TM -EGFP 
pABC-gdcP∆7TMR-DISMED2∆7TMR-DISM_7TM without gdcP stop 
codon 

This work 

pABC-gdcP∆7TMR-DISMED2-EGFP pABC-gdcP∆7TMR-DISMED2 without gdcP stop codon This work 
pABC-gdcP∆EAL pABC-gdcP containing gdcP(AA716-970) deletion This work 
pABC-gdcP∆EAL-EGFP pABC-gdcP∆EAL without gdcP stop codon This work 
pABC-gdcP∆GGDEF pABC-gdcP containing gdcP(AA541-697) deletion This work 
pABC-gdcP∆GGDEF∆EAL pABC-gdcP containing gdcP(AA541-970) deletion This work 
pABC-gdcP∆GGDEF∆EAL-EGFP pABC-gdcP∆GGDEF∆EAL without gdcP stop codon This work 
pABC-gdcP∆GGDEF-EGFP pABC-gdcP∆GGDEF without gdcP stop codon This work 
pABC-gdcP∆PAS pABC-gdcP containing gdcP(AA423-524) deletion This work 
pABC-gdcP∆PAS∆GGDEF∆EAL pABC-gdcP containing gdcP(AA417-970) deletion This work 
pABC-gdcP∆PAS∆GGDEF∆EAL-EGFP pABC-gdcP∆PAS∆GGDEF∆EAL without gdcP stop codon This work 
pABC-gdcP∆PAS-EGFP pABC-gdcP∆PAS without gdcP stop codon This work 
pABC-gdcPAAL pABC-gdcP containing E746A mutation This work 
pABC-gdcPAAL-EGFP pABC-gdcPAAL without gdcP stop codon This work 
pABC-gdcPAxxA pABC-gdcP R609A and D612A mutations This work 
pABC-gdcPAxxA-EGFP pABC-gdcPAxxA without gdcP stop codon This work 
pABC-gdcP-EGFP pABC-gdcP without gdcP stop codon This work 
pABC-gdcPGAAAF pABC-gdcP containing G619A, D620A and Q621A mutations This work 
pABC-gdcPGAAAF-EGFP pABC-gdcPGAAAF without gdcP stop codon This work 
pR-gdcP pR_EGFP carrying gdcP coding sequence and 114 bp gdcP 

upstream region 
This work 

pR-gdcP∆7TMR-DISMED2 pR-gdcP containing gdcP(AA49-183) deletion This work 
pR-gdcP∆7TMR-DISMED2∆7TMR-

DISM_7TM 
pR-gdcP containing gdcP(AA49-363) deletion This work 

pR-gdcP∆EAL pR-gdcP containing gdcP(AA716-970) deletion This work 
pR-gdcP∆GGDEF pR-gdcP containing gdcP(AA541-697) deletion This work 
pR-gdcP∆GGDEF∆EAL pR-gdcP containing gdcP(AA541-970) deletion This work 
pR-gdcP∆PAS pR-gdcP containing gdcP(AA423-524) deletion This work 
pR-gdcP∆PAS∆GGDEF∆EAL pR-gdcP containing gdcP(AA423-970) deletion This work 
pR-gdcPAAL pR-gdcP containing E746A mutation This work 
pR-gdcPAxxA pR-gdcP containing R609A and D612A mutations This work 
pR-gdcPGAAAF pR-gdcP containing G619A, D620A and Q621A mutations This work 
pR-Ptau-gdcPAt pR-Ptau carrying Atu0784 coding sequence This work 
pR-Ptau-gdcPRe pR-Ptau carrying RHE_CH00976 coding sequence This work 
pR-Ptau-gdcPSm pR-Ptau carrying gdcP coding sequence This work 
pR-Ptau-gdpMAt pR-Ptau carrying Atu4178 coding sequence This work 
pR-Ptau-gdpMRe pR-Ptau carrying RHE_CH03752 coding sequence This work 
pR-Ptau-gdpMSm pR-Ptau carrying gdpM coding sequence This work 
pR-Ptau-SMc03178 pR-Ptau carrying SMc03178 coding sequence This work 
pR-Ptau-SMc03178GGAAF pR-Ptau-SMc03178 containing D531A and E532A mutations This work 
pSRKGm-gdpM-mCherry pSRKGm carrying gdpM fused to mCherry, Gmr This work 
pSRKKm-gdpM1-646-phoA pSRKKm carrying gdpM(AA1-646) fused to phoAEc(AA27-471) This work 
pSRKKm-gdpM1-66-phoA pSRKKm carrying gdpM(AA1-66) fused to phoAEc(AA27-471) This work 
pSRKKm-gdpM60-646-phoA pSRKKm carrying gdpM(AA60-646) fused to phoAEc(AA27-471) This work 
pWBT-gdcPAAL pWBT-SMc00074 containing E746A mutation This work 
pWBT-gdcPGAAAF pWBT-SMc00074 containing G619A, D620A and Q621A 

mutations 
This work 

pWBT-gdpM pWBT carrying gdpM coding sequence This work 
pWBT-gdpM∆LytM pWBT-gdpM containing gdpM(AA480-646) deletion This work 
pWBT-gdpMH510A pWBT-gdpM containing H510A mutation This work 
pWH844-gdcP7TMR-DISMED2 pWH844 carrying gdcP(AA38-194) This work 
pWH844-gdcPPAS-GGDEF pWH844 carrying gdcP(AA390-715) This work 
pWH844-gdcPPAS-GGDEF-EAL-AAL pWH844-SMc00074390-970 containing E746A mutation This work 
pWH844-gdpM∆tm pWH844 carrying gdpM(AA57-646) This work 
   
Promoter-egfp fusion plasmids   
pSRKKm-PgdcP-egfp pSRKKm-EGFP carrying gdcP upstream fragment  This work 
pSRKKm-PrimJ-PgdcP-egfp pSRKKm-EGFP carrying rimJ and gdcP upstream fragment  This work 
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Integrative plasmids  
pK18mob2-pleD-EGFP pK18mob2-EGFP carrying 3' portion of pleD Schäper et al. (2016) 
pG18mob2-gdcP-3xFLAG pG18mob2-3xFLAG carrying 3' portion of gdcP This work 
pG18mob2-gdpM-3xFLAG pG18mob2-3xFLAG carrying 3' portion of gdpM This work 
pK18mob2-gdcPAt-EGFP pK18mob2-EGFP carrying 3' portion of Atu0784 This work 
pK18mob2-gdcP-EGFP pK18mob2-EGFP carrying 3' portion of gdcP This work 
pK18mob2-gdcPPAS-EGFP pK18mob2-EGFP carrying internal portion of gdcP This work 
pK18mob2-gdcPRe-EGFP pK18mob2-EGFP carrying 3' portion of RHE_CH00976 This work 
pK18mob2-Plac-gdpM pK18mob2 carrying 5' portion of gdpM This work 
pK18mob2-Plac-T5-gdcP pK18mob2 carrying T5 promoter, a Shine-Dalgarno 

sequence and 5' portion of gdcP 
This work 

pK18mobsacB-gdcP-EGFP pK18mobsacB carrying 3' portion of gdcP excluding the 
stop codon, egfp and gdcP downstream fragment   

This work 

pK18mobsacB-gdcP-mCherry pK18mobsacB carrying 3' portion of gdcP excluding the 
stop codon, mCherry and gdcP downstream fragment   

This work 

pK18mobsacB-gdpM-mCherry pK18mobsacB carrying 3' portion of gdpM excluding the 
stop codon, mCherry and gdcP downstream fragment   

This work 

pK19mob2ΩHMB-gdpM pK19mob2ΩHMB carrying internal portion of gdpM  This work 
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Table S2. Primers used in this study. 

Primer Sequence Purpose 

PrimJ_NotI_fwd 
ATATGCGGCCGCTGAACGACATATTGTCCTCGC
TGA 

Construction of pABC-
gdcP∆PAS∆GGDEF∆EAL-EGFP; 
amplification of PrimJ-PgdcP-
gdcP(AA1-414) 

smc00074_1243_Van91I_rev ATATCCAGCGCCTGGCGCTCGAGAT 

rimJ_51_stop_fwd TGACATTATCTGCTCCGCCTCCC Construction of pABC-
gdcP∆PAS∆GGDEF∆EAL-EGFP; rimJ stop 
codon insertion at position 64 rimJ_51_stop_rev2 

GGGAGGCGGAGCAGATAATGTCACTGGCTGGC
GATCTCGAC 

EGFP-Van91I-KpnI_fwd 
ATATCCAGGCGCTGGCGCTGGGTACCAGCAAG
GGCGAGGAGCTGTT 

Construction of pABC-
gdcP∆PAS∆GGDEF∆EAL-EGFP; 
amplification of egfp EGFP-ScaI_rev ATATAGTACTTTACTTGTACAGCTCGTCCATGC 

EGFP-Van91I-Stop-KpnI_fwd 
ATATCCAGGCGCTGGCGCTGTGAGGTACCAGC
AAGGGCGAGGAGCTGTT 

Construction of pABC-
gdcP∆PAS∆GGDEF∆EAL; amplification of 
egfp 

smc00074_1243_Van91I_fwd ATATCCAGGCGCTGGCGCTCAC 
Construction of pABC-gdcP; 
amplification of gdcP(AA415-970) smc00074+stop_KpnI_rev 

ATATGGTACCTCAAGCCCGCTTCATCAGCGGAA
AT 

smc00074-nostop_KpnI_rev ATATGGTACCAGCCCGCTTCATCAGCGGAAAT 
Construction of pABC-gdcP-EGFP; 
amplification of gdcP(AA415-970) 

smc00074GGDEF+stop_KpnI_r
ev 

ATATGGTACCTCATTCGAGCTGTAGGCGGTCC 
Construction of pABC-gdcPΔEAL; 
amplification of gdcP(AA415-715) 

smc00074GGDEF-
nostop_KpnI_rev 

ATATGGTACCTTCGAGCTGTAGGCGGTCC 
Construction of pABC-gdcPΔEAL-EGFP; 
amplification of gdcP(AA415-715) 

smc00074PAS+stop_KpnI_rev ATATGGTACCTCACAGAAGCGCGTTGTGCAA 
Construction of pABC-gdcPΔGGDEFΔEAL; 
amplification of gdcP(AA415-540) 

smc00074PAS-
nostop_KpnI_rev 

ATATGGTACCCAGAAGCGCGTTGTGCAA 
Construction of pABC-gdcPΔGGDEFΔEAL-
EGFP; amplification of gdcP(AA415-540) 

smc00074_E>A-f GCGGCCCTCATGCGCTGGGA 
Generation of gdcPAAL (E746A) 

smc00074_E>A-r 
AGCGCATGAGGGCCGCGAAGCCGGCGATCTCG
GCAT 

smc00074_GGDQF>GAAAF_f GCCGCGGCCTTCGGCTTGATCCTCATGT 
Generation of gdcPGAAAF (G619A, 
D620A, Q621A) smc00074_GGDQF>GAAAF_r 

AGGATCAAGCCGAAGGCCGCGGCGCCAAGACG
CGCGAGCGT 

smc00074_Isite>AxxA_f GCCCCGCAGGCCACGCTCGCGCGTCTTGGC 
Generation of gdcPAxxA (R609A, 
D612A) smc00074_Isite>AxxA_r 

ACGCGCGAGCGTGGCCTGCGGGGCCAGAAGCCT
GCGCAGGCG 

smc00074_GGDEF-del_f GAGCCGTTCCGTCCGGCTTT 
Generation of gdcPΔGGDEF (ΔAA541-697) 

smc00074_GGDEF-del_r GACGGAACGGCTCCAGAAGCGCGTTGTGCAA 

smc00074_PAS-del_f ACCGAACAGCGCAATTCG 
Generation of gdcPΔPAS (ΔAA423-524) 

smc00074_PAS-del_r TGCGCTGTTCGGTGGTATCGCCTGATCCCGTGA 

smc00074-full_-100_Bam_f ATATGGATCCTGAGCGTGAAGGCTATTTGAGA Construction of pR-gdcP; 
amplification of gdcP(AA1-970) 
including 114 bp upstream region smc00074-full-Xba_r ATATTCTAGATCAAGCCCGCTTCATCAG 

smc00074_EAL-del_Xba_r ATATTCTAGATCATTCGAGCTGTAGGCGGT 
Construction of pR-gdcPΔEAL; 
amplification of gdcP(AA1-715) 
including 114 bp upstream region 

smc00074_GGDEF-EAL-
del_Xba_r 

ATATTCTAGATCACAGAAGCGCGTTGTG 
Construction of pR-gdcPΔGGDEFΔEAL; 
amplification of gdcP(AA1-540) 
including 114 bp upstream region 

smc00074_PAS-GGDEF-EAL-
del_Xba_r 

ATATTCTAGATCAGGTATCGCCTGATCCC 
Construction of pR-gdcPΔPASGGDEFΔEAL; 
amplification of gdcP(AA1-422) 
including 114 bp upstream region 

smc00074_DISMED2-del_f GACGCCTACAAGGATACCGT Generation of gdcPΔ7TMR-DISMED2 (ΔAA49-

183) smc00074_DISMED2-del_r TCCTTGTAGGCGTCCGCCGTGTCCTCGCGCGA 

smc00074_DISM-6TM-del_f ACCGGTCAACTCGCCAAT Generation of gdcPΔ7TMR-DISMED2Δ7TMR-

DISM_7TM (ΔAA49-363) smc00074_DISM-6TM-del_r CGAGTTGACCGGTCGCCGTGTCCTCGCGCGA 

smc03178-TIR-RBS_Bam_fwd 
ATATGGATCCTGATTAACTTTATAAGGAGGAA
AAACATATGTCCCCTCTGTCGCGCTTTCTC Construction of pR-Ptau-SMc03178; 

amplification of full length SMc03178 
smc03178-Xba_rev ATATTCTAGATCAGGCGGCGCGCCACCG 

smc03178_GGAAF_fwd GCCGCCTTCGTCATCATTCGCGCAAGCG 
Generation of SMc03178GGAAF (D531A, 
E532A) smc03178_GGAAF_rev 

CGCGAATGATGACGAAGGCGGCGCCGCCGATG
CGGGCGAC 
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smc00074-390_Bam_fwd ATATGGATCCACCGTCATGCAGCACGCCTTTT Construction of pWH844-GdcPPAS-

GGDEF-EAL-AAL; amplification of 
gdcP(AA390-970) smc00074_Sal_rev ATATGTCGACTCAAGCCCGCTTCATCAG 

smc00074-715_Sal_rev ATATGTCGACTCATTCGAGCTGTAGGCGGTCC 
Construction of pWH844-GdcPPAS-

GGDEF; amplification of gdcP(AA390-715) 

smc00074-38_Bam_fwd ATATGGATCCGAGCCGGTGAAGATCTCG 
Construction of pWH844-gdcP7TMR-

DISMED2; amplification of gdcP(AA38-194) smc00074-194_+stop_SalI_rev 
ATATGTCGACTCAGGTGAAGGCGTTGACGGTA
T 

smc02432_57_Xho_fwd ATATCTCGAGCTCGACGGCCGGCAGCAACT Construction of pWH844-gdpM∆tm; 
amplification of gdpM(AA57-646) smc02432_Pst_rev ATATCTGCAGCTACTTGCTTGCGACCTCGTT 

smc02432-full-Xba-f ATATTCTAGAATGAGCAGCGATAAGAACATGC Construction of pWBT-gdpM; 
amplification of gdpM(AA1-646) smc02432-full-Kpn-r ATATGGTACCCTACTTGCTTGCGACCTCGTT 

smc00074-TIR-RBS_Bam_f 
ATATGGATCCTGATTAACTTTATAAGGAGGAA
AAACATATGCCCCTGACCCGTAAGC 

Construction of pR-Ptau-gdcPSm; 

amplification of full-length S. meliloti 
Rm2011 gdcP (SMc00074) 

RHE_CH00976-TIR-
RBS_Bam_f 

ATATGGATCCTGATTAACTTTATAAGGAGGAA
AAACATATGCTGCCCAAGTCACCGT 

Construction of pR-Ptau-gdcPRe; 

amplification of full-length R. etli 
CFN42 gdcP (RHE_CH00976) RHE_CH00976-full_Xba_r ATATTCTAGATCAGGCCCTTTTCGTCAGCG 

Atu0784-TIR-RBS_Bam_f 
ATATGGATCCTGATTAACTTTATAAGGAGGAA
AAACATATGACCTACAATCACACTGCGCC 

Construction of pR-Ptau-gdcPAt; 

amplification of full-length A. 
tumefaciens C58 gdcP (Atu0784) Atu0784-full_Xba_r ATATTCTAGATCAAGACGCCCGCTTCGT 

smc02432-full-X-r ATATTCTAGACTACTTGCTTGCGACCTCGTT 
Construction of pR-Ptau-gdpMSm; 

amplification of full-length S. meliloti 
Rm2011 gdpM (SMc02432) 

RHE_CH03752-TIR-RBS_Xba_f 
ATATTCTAGATGATTAACTTTATAAGGAGGAA
AAACATATGATCCGCTCGCTGGGCAA 

Construction of pR-Ptau-gdpMRe; 

amplification of full-length R. etli 
CFN42 gdpM (RHE_CH03752) RHE_CH03752-full_Xba_r ATATTCTAGATTATTTGCTCGCCACCTGATCG 

Atu4178-TIR-RBS_Bam_f 
ATATGGATCCTGATTAACTTTATAAGGAGGAA
AAACATATGACTGCGGATCGCAATGT 

Construction of pR-Ptau-gdpMAt; 

amplification of full-length A. 
tumefaciens C58 gdpM (Atu4178) Atu4178-full_Xba_r ATATTCTAGATCAGCGGCTCGCCACCTGAT 

Psmc00074_Hind_fwd ATATAAGCTTCGGCGCTGCGCAGAACTG 
Construction of pSRKKm-PgdcP-egfp 

Psmc00074_Xba_rev ATATTCTAGACAGGGGCATCAAAGGGGCAAAT 

PrimJ_Hind_fwd 
ATATAAGCTTTGAACGACATATTGTCCTCGCT
GA 

Construction of pSRKKm-PrimJ-PgdcP-
egfp 

Smc00074-C-SalI-fwd ATATGTCGACTTTCCCTCGTATACCAGCCCA Construction of pK18mob2-gdcP-
EGFP Smc00074-C-XbaI-rev ATATTCTAGAAGCCCGCTTCATCAGCGGAA 

smc00074_1167_Hind_f ATATAAGCTTACCGTCATGCAGCACGCCTTTT Construction of pK18mob2-gdcPPAS-
EGFP smc00074_1620_Xba_r ATATTCTAGACAGAAGCGCGTTGTGCAA 

RHE_CH00976-C_Hind_f ATATAAGCTTCAGCTCGAAACCGATCTGCG Construction of pK18mob2-gdcPRe-
EGFP RHE_CH00976-C_Xba_r ATATTCTAGAGGCCCTTTTCGTCAGCGGAAA 

Atu0784-C_Sal_f ATATGTCGACGCAAGGAGCTGTCCCTCGCCTAT Construction of pK18mob2-gdcPAt-
EGFP Atu0784-C_Xba_r ATATTCTAGAAGACGCCCGCTTCGTCGG 

smc02432_H510A_fwd GCCACCGGCGTCGACTGGTCC 
Generation of gdpMH510A 

smc02432_H510A_rev 
GACCAGTCGACGCCGGTGGCCATGCGCGAGAA
GCCGAGGATA 

Smc00074-C-KpnI-fwd ATATGGTACCTTTCCCTCGTATACCAGCCCA 
Construction of pG18mob2-gdcP-
3xFLAG 

gdpM1437-stop-r-Kpn TTCCGGTACCTAGCGGATGCTCTTGCCGTCCTT Generation of gdpM∆LytM 

mCh/egfp-Kpn-r GTACGGTACCTTACTTGTACAGCTCGTCCATG 
Construction of pK18mobsacB-gdcP-
EGFP/-mCherry; amplification of 
3' gdcP fused to egfp 

smc00074-763-r-K_f ATATGGTACCGGGCATCTGCCCCGTCAG  Construction of pK18mobsacB-gdcP-
EGFP/-mCherry; amplification of 
gdcP downstream region smc00074-763-r-S_r ATATCCCGGGATGGCGAAAAACGTGCTG 

smc02432-C717-EcoRI-f ATATGAATTCTTGGCAAGCAATGTCGACTT 
Construction of pK18mobsacB-
gdpM-mCherry; amplification of 
3' gdpM fused to mCherry 

smc02432-774-r-K_f ATATGGTACCCCACACAGCAACGGTATCG Construction of pK18mobsacB-
gdpM-mCherry; amplification of 
gdpM downstream region smc02432-774-r-S_r ATATCCCGGGAGTACATGGAGAAGCATTCGGT 

SMc02432-326-HindIII_fwd ATATAAGCTTGCGCGAGATCTCGATGCG Construction of pK19mob2ΩHMB-
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SMc02432-326-PstI_rev ATATCTGCAGACGTCTGATGGTTGGCGG gdpM 

PT5-BamH-f ATATGGATCCCATATGCTTTCGTCTTCACCTC Construction of pK18mob2-Plac-T5-
gdcP; pWBT-SMc00074 as PCR 
template smc00074-N584-Hind_r ATATAAGCTTACAGGGTGAAGGCGTTGA 

phoAEc+79-f-Xba GTGTTCTAGACCTGTTCTGGAAAACCGGG 
Amplification of phoAEc(AA27-471) 

phoAEcstop-r-Kpn TTCGGGTACCTTATTTCAGCCCCAGAGCGGC 

smc02432-full-N-f  ATATCATATGAGCAGCGATAAGAACATGC Construction of pSRKKm-gdpM1-646-
phoA and pSRKGm-gdpM-mCherry; 
amplification of gdpM(AA1-646) smc02432-C738-XbaI-f  ATATTCTAGACTTGCTTGCGACCTCGTT 

gdpM+198-r-Xba GCCTCTAGACGGAATCGCCAGTTGCTGCCG 
Construction of pSRKKm-gdpM1-66-
phoA; amplification of gdpM(AA1-66) 

gdpM+178-f-Nde GCCTCATATGCGGCAGCAACTGGCGATTCCG 
Construction of pSRKKm-gdpM60-646-
phoA; amplification of gdpM(AA60-646) 

Smc00074-seq-550 ACGCCTACAAGGATACCGTCA gdcPSm sequencing primer 1 

Smc00074-seq-1146 ATCGTGCTCCTGATCGGC gdcPSm sequencing primer 2 

Smc00074-seq-1780 ACAATGTCCTCATCGCGCT gdcPSm sequencing primer 3 

smc03178-657 TCTTCGGCGACCCGGCAATCT SMc03178 sequencing primer 1 

smc03178-1391 CGCTTCCTGGACCAGATTCT SMc03178 sequencing primer 2 

smc02432_679 TTCTATGTCGACCCGCAAC gdpMSm sequencing primer 

RHE_CH00976_seq-395 GAGCGAAGGCTTTGCGCT gdcPRe sequencing primer 1 

RHE_CH00976_seq-1141 CTGATCGGCTTCACCGTCAT  gdcPRe sequencing primer 2 

RHE_CH03752_seq-361 AAGATGACGCTGGCCGCCAA  gdpMRe sequencing primer  

Atu0784_seq-388 CAGCGCATCATCGCCATCA gdcPAt sequencing primer 1 

Atu0784_seq-1141 GTGCTGATCGTGCTGCTGAT gdcPAt sequencing primer 2 

Atu4178_seq-371 CTCACGTCAAGATTCCGCTG  gdpMAt sequencing primer  

PCR1 CGGGCCTCTTCGCTATT standard sequencing primer 1 

PCR2 TTAGCTCACTCATTAGG standard sequencing primer 2 

egfp_rev ACTTCAGGGTCAGCTTGCCGTA standard sequencing primer 3 

405 GATCCGGCAAACAAACCACC standard sequencing primer 4 

456 CGCTCTCCTGAGTAGGACAAA standard sequencing primer 5 
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Table S3. Co-immunoprecipitation revealed putative interaction partners of GdcP (SMc00074).  

 

Cell lysate of exponentially growing Rm2011 GdcP-FLAG liquid culture was cross-linked with 0.1 % 

formaldehyde for 15 min and applied to anti-FLAG antibody-coupled agarose. Enriched proteins were 

identified by mass spectrometry. Identified proteins for Rm2011 harboring the empty vector pWBT were 

removed from the obtained list of candidate interaction partners. MW, molecular weight. 

 

 

 

 

Table S4. Co-immunoprecipitation revealed putative interaction partners of GdpM (SMc02432).  

 

Cell lysate of exponentially growing Rm2011 GdpM-FLAG liquid culture was cross-linked with 0.1 % 

formaldehyde for 15 min and applied to anti-FLAG antibody-coupled agarose. Enriched proteins were 

identified by mass spectrometry. Identified proteins for Rm2011 harboring the empty vector pWBT were 

removed from the obtained list of candidate interaction partners. MW, molecular weight.  
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