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Summary 

The genome of the Gram-positive bacterium Mycoplasma pneumoniae contains only 688 

genes. Consequently, it has lost many genes that are necessary for most of the biosynthetic 

pathways and for many signal perception systems as well. Among the very few regulatory 

proteins retained is the HPr kinase/phosphorylase (HPrK/P) of the phosphoenolpyruvate:sugar 

phosphotransferase system. The HPrK/P de-/phosphorylates the small phosphocarrier protein 

HPr at the regulatory Ser-46 residue in a nutrient-controlled way, triggering a specific gene 

expression program called carbon catabolite regulation. In earlier studies, the HPrK/P and 

HPr of M. pneumoniae were purified and characterized biochemically in terms of HPrK/P 

dependent phosphorylation/dephosphorylation of HPr in vitro. The determination of the 

crystal structure of the HPrK/P and a site-directed mutagenesis study provided the basis for 

the mechanistic understanding of this reaction. 

For the more detailed physiological characterization of the HPrK/P, M. pneumoniae was 

tested in initial experiments for its ability to use those carbohydrates as sources of carbon and 

energy that were predicted to be metabolizable based on the genome sequence. Carbohydrates 

that were found to promote growth of M. pneumoniae were tested for their impact on the in 

vivo HPr phosphorylation pattern. HPr(His~P) which is generated by enzyme I of the 

phosphoenolpyruvate:sugar phosphotransferase system was found in the presence of all tested 

carbohydrates. A strong stimulation of in vivo HPr(Ser-P) synthesis was found when the cells 

were grown in the presence of glycerol. Under this condition, a substantial portion of the 

cellular HPr was also present in the doubly phosphorylated form, HPr(His~P)(Ser-P). Since 

both phosphorylation events are mutually exclusive in other bacteria, kinetic experiments with 

unphosphorylated HPr and the singly phosphorylated forms as substrates for HPrK/P or 

enzyme I dependent phosphorylation were performed. Both enzymes were found to 

phosphorylate the singly phosphorylated HPr although at a slower rate. However, the 

observed reaction rate is sufficient to account for the high intracellular amounts of doubly 

phosphorylated HPr. 

To allow the targeted isolation of gene disruption mutants of M. pneumoniae, a novel 

transposon based strategy called �haystack mutagenesis� was designed. Using this strategy, a 

hprK transposon insertion mutant was isolated and proven to be defective in phosphorylation 

of HPr at Ser-46 in vivo and in vitro. Surprisingly, HPr(Ser-P) dephosphorylation was still 

operative in the hprK mutant. This observation led to the identification of the PP2C type 

protein serine/threonine phosphatase PrpC as the HPr(Ser-P) phosphatase in search. PrpC was 

purified and proven to dephosphorylate HPr(Ser-P) in vitro. The role of PrpC in 
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dephosphorylation of HPr(Ser-P) was confirmed by analysis of in vivo HPr(Ser-P) formation 

in a prpC mutant. Dephosphorylation of HPr(Ser-P) by another protein phosphatase than 

HPrK/P represents a novel regulatory mechanism of carbon catabolite regulation. The finding 

that the expression of the thyA-dhfr-nrdFIE operon is deregulated in the hprK mutant is a first 

hint for HPrK/P mediated control of gene expression in M. pneumoniae. 

Using a proteomic approach, the ackA gene coding for acetate kinase and the ldh gene coding 

for lactate dehydrogenase were identified to be repressed or induced, respectively, in the 

presence of glycerol. The transcriptional start points of both genes were mapped using primer 

extension analysis. To test putative promoter fragments in vivo, a reporter system for M. 

pneumoniae that is based on a promoter-less lacZ gene was developed and used to confirm the 

ackA and the ldh promoter. 

Mycoplasmas use the UGA opal codon to code for tryptophan rather than as a stop codon. 

This has hampered the biochemical analysis of mycoplasma proteins since their codon usage 

first has to be adapted for expression in heterologous hosts. A strategy called multiple 

mutation reaction is presented that allows the simultaneous introduction of up to nine A�G 

transitions. This strategy was used to express the full-length M. pneumoniae glpK gene which 

originally contained 10 UGA codons in Escherichia coli. 
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Zusammenfassung 

Das Genom von M. pneumoniae enthält lediglich 688 Gene, womit ihm die meisten anabolen 

Stoffwechselwege sowie der Großteil der für Bakterien üblichen Mechanismen der 

Signalwahrnehmung und �weiterleitung fehlen. Zu den wenigen erhalten gebliebenen 

Regulatoren gehört die HPr-Kinase/Phosphorylase (HPrK/P) aus dem 

Phosphoenolpyruvat:Zucker-Phosphotransferasesystem. Die HPrK/P phosphoryliert/ 

dephosphoryliert das Phosphocarrier-Protein HPr am Ser-46 in Abhängigkeit von der 

externen Nährstoffversorgung und leitet damit ein spezifisches Genexpressionsprogramm, 

welches als C-Kataboliten-Regulation bekannt ist, ein. In früheren Arbeiten wurden HPr und 

die HPrK/P von M. pneumoniae aufgereinigt und die allosterische Kontrolle der HPrK/P-

abhängigen Phosphorylierung von HPr wurde in vitro charakterisiert. Die Aufklärung der 

Kristallstruktur der HPrK/P und die Einführung ortsgerichteter Mutationen in das Enzym 

lieferten eine erste Basis für das mechanistische Verständnis dieser Reaktion. 

Für die Charakterisierung der physiologischen Rolle der HPrK/P in M. pneumoniae wurden in 

dieser Arbeit zunächst C-Quellen, deren Verwertung anhand der Genomsequenz vorhergesagt 

werden konnte, auf ihre tatsächliche Verwertbarkeit in Wachstumsexperimenten getestet. 

Anschließend wurde der Einfluss derjenigen C-Quellen, in deren Gegenwart M. pneumoniae 

wächst, auf den in vivo Phosphorylierungszustand von HPr untersucht. HPr(His~P), welches 

durch Enzym I aus dem Phosphotransferase-System gebildet wird, konnte unter allen 

Bedingungen nachgewiesen werden. Dagegen wird HPr(Ser-P) nur in Gegenwart von 

Glycerol gebildet. Unter diesen Bedingungen liegt etwa ein Drittel des zellulären HPr 

außerdem in der doppelt phosphorylierten Form vor. Da sich beide 

Phosphorylierungsereignisse in anderen Bakterien gegenseitig ausschließen, wurden 

zeitauflösende Phosphorylierungsstudien mit HPr und seinen einfach phosphorylierten 

Formen als Substrate für die HPrK/P sowie für Enzym I durchgeführt. Es stellte sich heraus, 

dass die einfach phosphorylierten Formen von HPr sowohl von HPrK/P als auch von Enzym I 

mit verringerter Rate als Substrat akzeptiert werden. Anhand dieser Beobachtung konnte die 

vergleichsweise hohe Menge an doppelt phosphoryliertem HPr erklärt werden. 

Für die gerichtete Isolation gewünschter Gendisruptionsmutanten von M. pneumoniae wurde 

eine neuartige, auf der Verwendung eines Mini-Transposons basierende Methode entwickelt. 

Mithilfe dieser Strategie wurde eine Transposon-Insertionsmutante im hprK-Gen isoliert. Die 

hprK-Mutante konnte kein HPr(Ser-P) mehr bilden, weder in vitro noch in vivo. 

Überraschenderweise besaßen Zellextrakte der hprK-Mutante noch die Fähigkeit, HPr(Ser-P) 

zu dephosphorylieren. Diese Beobachtung führte zur Identifizierung der Protein-
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Serin/Threonin-Phosphatase PrpC als neuartiger HPr(Ser-P)-Phosphatase. PrpC wurde 

aufgereinigt und die Dephosphorylierung von HPr(Ser-P) durch PrpC wurde in vitro 

nachgewiesen. Diese Daten wurden durch die Untersuchung des in vivo HPr 

Phosphorylierungszustands in einer prpC Mutante verifiziert. Die Dephosphorylierung von 

HPr(Ser-P) durch eine andere Proteinphosphatase als HPrK/P stellt einen neuartigen 

Mechanismus der Regulation der C-Kataboliten-Regulation dar. Der Befund, dass die 

Expression des thyA-dhfr-nrdFIE Operons in der hprK-Mutante dereguliert ist, weist auf die 

tatsächliche Existenz einer HPrK/P-vermittelten Expressionskontrolle in M. pneumoniae hin. 

Mithilfe von Proteomanalysen wurden das ackA-Gen und das ldh-Gen als in Gegenwart von 

Glycerol reprimierte bzw. induzierte Gene identifiziert. Die Transkriptionsstartpunkte beider 

Gene wurden mittels Primer-Extension-Analyse kartiert. Um Promotorfragmente auch in vivo 

auf ihre Aktivität untersuchen zu können, wurde ein Reportersystem für M. pneumoniae 

entwickelt, welches auf einem promotorlosen lacZ-Gen basiert. Dieses System wurde genutzt, 

um den ldh- und den ackA-Promotor experimentell zu bestätigen. 

Mycoplasmen nutzen das opal-Codon UGA, um für die Aminosäure Tryptophan zu kodieren. 

Diese Eigenschaft verhindert die Expression von Mycoplasma-Genen in heterologen Wirten, 

da das UGA-Codon dort als Stopp-Codon gelesen wird. Mithilfe einer neuartigen Strategie, 

welche die gleichzeitige Einführung von bis zu 9 ortsspezifischen Mutationen in ein DNA-

Fragment erlaubt, wurden 9 UGA-Codons des M. pneumoniae glpK-Gens in einem einzigen 

Schritt in UGG-Codons überführt. Anschließend konnte das glpK-Gen in Escherichia coli 

exprimiert werden. 
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Abstract 

The mollicutes are cell wall-less bacteria that live in close association with their eukaryotic 

hosts. Their genomes are strongly reduced and so are their metabolic capabilities. A survey of 

the available genome sequences reveals that the mollicutes are capable of utilizing sugars as 

source of carbon and energy via glycolysis. The pentose phosphate pathway is incomplete in 

these bacteria, and genes encoding enzymes of the tricarboxylic acid cycle are absent from the 

genomes. Sugars are transported by the phosphotransferase system. As in related bacteria, the 

phosphotransferase system does also seem to play a regulatory role in the mollicutes as can be 

concluded from the functionality of the regulatory HPr kinase/ phosphorylase. In Mycoplasma 

pneumoniae, the activity of HPr kinase is triggered in the presence of glycerol. This carbon 

source may be important for the mollicutes since it is available in epithelial tissues and its 

metabolism results in the formation of hydrogen peroxide, the major virulence factor of  

several mollicutes. In plant-pathogenic mollicutes such as Spiroplasma citri, the regulation of 

carbon metabolism is crucial in the adaptation to life in plant tissues or the insect vectors. 

Thus, carbon metabolism seems to be intimately linked to pathogenicity in the mollicutes. 

  

Introduction 

The mollicutes are a group of bacteria that are defined by the lack of a cell wall. 

Phylogenetically, they are one clade of the Gram-positive bacteria with low GC content of 

their genomic DNA, i. e. the Firmicutes (Ciccarelli et al., 2006). The most important human 

pathogen of this group, Mycoplasma pneumoniae, causes community-acquired respiratory 

infections, but also complications of the central nervous system (Hammerschlag, 2001; 

Waites & Talkington, 2004). Unlike their relatives such as Bacillus spp., Clostridium spp., 

and the lactic acid bacteria, the mollicutes have highly reduced genomes which reflect their 

distinct evolution and their adaptation to a life in close association with eukaryotic hosts 

(Ochman & Davalos, 2006). Indeed, Mycoplasma genitalium is the organism with the 

smallest genome (580 kb) that is capable of independent life on artificial media (Fraser et al., 

1995). The small genomes of the mollicutes are essential to address and consequently to 

answer the question which set of genes may be required for independent life (Glass et al., 

2006; Hutchison et al., 1999). Moreover, the mollicute genomes are an importing starting 

point for synthetic biology, i. e. the artificial creation of simple living cells (Pennisi, 2005). 

In good agreement with the reduced genomes of the mollicutes is also the absence of obvious 

virulence factors. However, the mollicutes do cause harm to their hosts, and in many 

Mycoplasma species this is due to the formation of hydrogen peroxide which is formed 
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mainly during the utilization of glycerol (see below). On the other hand, glycerol seems to be 

an important trigger in M. pneumoniae since the only known regulatory protein modification, 

the phosphorylation of HPr of the phosphotransferase system, is triggered by this carbon 

source (Halbedel et al., 2004).  

With the availability of the complete genome sequences of several mollicutes and the 

advances in the analysis of carbon metabolism and its importance for pathogenicity we feel 

the need to review this rapidly evolving research field. For specific aspects of the metabolic 

pathways in the mollicutes, the reader is referred to earlier reviews (Miles, 1992; Razin et al., 

1998).  

 

Central carbon metabolic pathways in mollicutes 

The reductive evolution of the mollicutes is reflected in their catabolic properties. Of the 

central metabolic pathways, i. e. glycolysis, the pentose phosphate shunt and the tricarboxylic 

acid (TCA) cycle, only glycolysis seems to be operative in most mollicutes. The activity of 

glycolysis in the utilization of glucose was first detected in Mycoplasma mycoides. In 

contrast, the same study revealed the presence of an incomplete glycolytic pathway in 

Ureaplasma urealyticum that did not allow the utilization of glucose (Cocks et al., 1985). The 

pentose phosphate pathway of the molllicutes lacks the oxidative part and may serve only to 

provide the cells with ribose for nucleic acids synthesis (Miles, 1992). The mollicutes are 

capable of oxidizing pyruvate by the pyruvate dehydrogenase (Constantopoulos and 

McGarrity, 1987), however, they do not possess a functional TCA cycle (Miles, 1992). An 

overview of the central carbon metabolic pathways in M. pneumoniae is given in Fig. 1. 

With the availability of several complete genome sequences of mollicutes, the enzymatic 

studies can be complemented by analyses at the genome level. The complete set of genes 

encoding glycolytic enzymes is present in all analyzed species (see Tab. 1) with the exception 

of U. urealyticum which lacks the pgi gene encoding phosphoglucoisomerase. Moreover, U. 

urealyticum contains a gapN gene encoding a NADP-dependent glyceraldehyde 3-phosphate 

dehydrogenase rather than the catabolic gapA found in all other mollicutes. As observed for 

M. genitalium glyceraldehyde 3-phosphate dehydrogenase, the glycolytic kinases of several 

Mycoplasma species have functions in addition to that in glycolysis: These enzymes can use 

not only ADP/ ATP but also other nucleoside diphosphate/ triphosphate couples. Thus, these 

enzymes (phosphofructokinase, phosphoglycerate kinase, pyruvate kinase, and acetate kinase) 

compensate for the lack of the normally essential ndk gene encoding nucleoside diphosphate 

kinase that is required for nucleotide biosynthesis (Pollack et al., 2002). 
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Tab. 1: Organisms included in this analysis 

Organism Reference Acc. No. 

Mycoplasma pneumoniae Himmelreich et al., 1996 NC_000912 

Mycoplasma genitalium Fraser et al., 1995 NC_000908 

Mycoplasma gallisepticum Papazisi et al., 2003 NC_004829 

Mycoplasma capricolum unpublished NC_007633 

Mycoplasma hyopneumoniae J Vasconcelos et al., 2005 NC_007295 

Mycoplasma mobile Jaffe et al., 2004b NC_006908 

Mycoplasma mycoides subsp. mycoides Westberg et al., 2004 NC_005364 

Mycoplasma penetrans Sasaki et al., 2002 NC_004432 

Mycoplasma pulmonis Chambaud et al., 2001 NC_002771 

Mycoplasma synoviae Vasconcelos et al., 2005 NC_007294 

Ureaplasma urealyticum Glass et al., 2000 NC_002162 

Mesoplasma florum unpublished NC_006055 

Phytoplasma asteris Oshima et al., 2004 NC_005303 

 

Glycolysis is not the only source of ATP formation by substrate level phosphorylation in the 

mollicutes. Pyruvate can be oxydized to acetyl-CoA by pyruvate dehydrogenase in all 

mollicutes with the exception of U. urealyticum. Acetyl-CoA can be further catabolized by 

phosphotransacetylase and acetate kinase in an additional substrate level phosphorylation 

resulting in the formation of acetate. An alternative way of pyruvate consumption is its 

reduction to lactate. The ldh gene encoding lactate dehydrogenase is present in all studied 

mollicutes with the exception of U. urealyticum and Phytoplasma asteris. It is interesting to 

note that U. urealyticum does not possess the complete set of glycolytic genes and lacks also 

both enzymes that catabolize pyruvate.  

Of the genes encoding enzymes of the pentose phosphate pathway only those encoding 

ribulose-5-phosphate epimerase,  ribose-5-phosphate isomerase and transketolase are present 

in all genomes of the mollicutes. This equipment is sufficient for the synthesis of pentose 

phosphates for nucleotide biosyntheses. Indeed, the prs gene catalyzing the formation of 

phosphoribosylpyrophosphate (PRPP) from ribose-5-phosphate is present in M. pneumoniae. 

PRPP is then used to synthesize nucleotides (McElwain and Pollack, 1987) (see Fig. 1). 

In agreement with the biochemical analyses, all genes of the TCA cycle are absent from the 

genomes of the mollicutes. The only TCA cycle activity observed in several Mycoplasma 

species, malate dehydrogenase, is attributed to the lactate dehydrogenase encoded by ldh 

(Cordwell et al., 1997; Manolukas et al., 1988). 
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Fig. 1: Central metabolic pathways of M. pneumoniae. Glucose, fructose, and glycerol are transported into the 
cell, phosphorylated and catabolized via glycolysis. Excess carbon is excreted as lactate or acetate. The pentose 
phosphate pathway is incomplete and serves to generate phosphoribosyl pyrophosphate for nucleotide 
biosynthesis.  
DHAP, dihydroxy acetone phosphate; PEP, phosphoenolpyruvate; PRPP, phosphoribosyl pyrophosphate. 

 

A recent study with M. pneumoniae suggested that glucose is the carbon source allowing 

fastest growth of these bacteria. In addition, M. pneumoniae can utilize glycerol and fructose. 

Interestingly, mannitol is not used even though the genetic equipment to utilize this 

carbohydrate seems to be complete. Obviously, one or more of the required genes are not 

expressed or inactive (Halbedel et al., 2004). Genes for the utilization of glycerol are present 

in all Mycoplasma species with the exception of M. synoviae and are not encoded in the 

genomes of the Ureaplasma, Phytoplasma, and Mesoplasma species. In all Mycoplasma 

species that use glycerol, this compound can be transported by the glycerol facilitator encoded 

by glpF. Interestingly, an ABC transporter specific for glycerol is present in M. mycoides (see 

below), M. hyopneumoniae, M. gallisepticum, and M. pulmonis. Genes for fructose utilization 

(encoding a permease of the phosphotransferase system and 1-phosphofructokinase) are 

present in M. pneumoniae, M. genitalium, M. mycoides, M. penetrans, M. capricolum, and 
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Mesoplasma florum. Mannitol utilization genes are present in M. pneumoniae, M. 

hyopneumoniae, M. mycoides, M. pulmonis, and M. capricolum. However, as observed with 

M. pneumoniae, this does not necessarily mean that all these bacteria can utilize mannitol. 

Indeed, the mannitol permease of M. pulmonis is truncated suggesting that it is not active. 

U. urealyticum lacks the genes to use any of the above-mentioned carbohydrates. Instead, 

these bacteria possess a transporter for ribose. After phosphorylation, this sugar can be 

converted to glycerol-3-phosphate and fructose-6-phosphate. 

  

The phosphotransferase system of the mollicutes 

Glucose and  fructose (and mannitol, if catabolized) are transported into the cells by the 

phosphoenolpyruvate:sugar phosphotransferase system (PTS). This system is made up of 

general soluble components and sugar-specific membrane-bound permeases. The general 

components, enzyme I and HPr transfer a phosphate group from phosphoenolpyruvate to the 

sugar permease, which phosphorylates the sugar concomitant to its transport. Glucose 

permeases are present in all sequenced mollicutes species except U. urealyticum and 

Phytoplasma asteris. Spiroplasma citri, a plant pathogen, can transport trehalose in addition 

to glucose by a specific PTS permease. Both glucose and trehalose permeases share a 

common soluble IIA domain that transfers the phosphate group from HPr to the IIB domain 

of the permease and, ultimately, to the incoming sugar (AndrØ et al., 2003) (see below). 

The genes encoding enzyme I and HPr, ptsI and ptsH, are present in all mollicutes except U. 

urealyticum and P. asteris. This is in good agreement with the lack of PTS permeases in these 

species. In the firmicutes (including the mollicutes) HPr cannot only be phosphorylated by 

enzyme I, but is also the target of a regulatory phosphorylation by a metabolite-activated 

protein kinase, HPrK. The gene encoding this kinase is present in all mollicutes that possess a 

PTS with the exception of M. hyopneumoniae and M. synoviae. Interestingly, there is a gene 

encoding HPrK and an HPr homolog in U. urealyticum. The latter lacks the site of 

phosphorylation by enzyme I (His-15) but contains the Ser-46 that is subject to HPrK-

dependent phosphorylation. A similar protein was also found in the genome of Bacillus 

subtilis where the encoded protein has exclusively regulatory functions (Galinier et al., 1997). 

Acholeplasma laidlawii possesses the general PTS components and HPrK, but no sugar-

specific permeases suggesting that the PTS is restricted to regulatory functions in this 

organism (Hoischen et al., 1993). 

The phosphorylation of HPr on Ser-46 in the firmicutes leads to carbon catabolite repression. 

So far, the function of HPrK and of ATP-dependent phosphorylation of HPr have not been 
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studied in the mollicutes due to the lack of appropriate mutant strains. In contrast, much work 

has been devoted to the biochemical characterization of HPrK from M. pneumoniae. Unlike 

its equivalent from other firmicutes but similar to the pathogen Treponema denticola, this 

protein is active at very low ATP concentrations and requires glycerol for in vivo activity 

(Gonzalez et al., 2005; Halbedel et al., 2004; Steinhauer et al., 2002a). As the related 

proteins, it contains an essential Walker motif for ATP binding. Mutations in this region 

severely affected both the kinase and the phosphatase activities of the protein (Steinhauer et 

al., 2002a). Fluorescence studies revealed that the M. pneumoniae HPrK has a significant 

higher affinity for ATP than any other HPrK studied so far. This may explain that it is active 

even at low ATP concentrations (Merzbacher et al., 2004). The M. pneumoniae HPrK was 

crystallized and its structure determined. As observed for homologous proteins, it forms a 

hexamer with the C-terminal domains in the active center. The structures do not give any 

hints related to the different affinities of the HPrK proteins for ATP (Allen et al., 2003; 

Nessler et al., 2003). Another feature that distinguishes HPr phosphorylation in M. 

pneumoniae from that in other firmicutes is the high proportion of doubly phosphorylated 

HPr(His~P)(Ser-P). This HPr species is not formed in the latter bacteria, due to the mutual 

exclusivity of the two phosphorylation events (Deutscher et al., 1984; Reizer et al., 1998). In 

M. pneumoniae, both enzymes that phosphorylate HPr have a relaxed specificity, i. e. they 

phosphorylate both HPr and, to a lesser extent, HPr-P (Halbedel and Stülke, 2005). 
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Abstract 

Although the mycoplasmas have attracted much scientific attention due to the fact that they 

contain the smallest genomes of any independently viable bacterial species, the detailed 

genetic analysis of these bacteria has lagged behind the well-analyzed bacterial model 

organims for a long time. This is caused one the one hand by the use of the UGA codon to 

code for tryptophan instead as the opal stop codon which had often prevented the expression 

of full length Mycoplasma genes in heterologous hosts. On the other hand, insufficient 

efficiency of homologous recombination prevented the targeted disruption of genes in some 

Mycoplasma species. Only recently, smart screening sytems for the use of transposon based 

mutagenesis have been developed to circumvent this problem and to  allow the targeted 

isolation of desired transposon insertion mutants. With the availability of several Mycoplasma 

genome sequences artificial plasmids based on the chromosomal origin of replication were 

constructed that can now be used for complementation studies and for the stable introduction 

of foreign genetic material. In this review, we give an overview on recent developments in 

Mycoplasma genetics that facilitate the genetic manipulation of these interesting organisms. 

 

Introduction 

The mycoplasmas are cell wall-less bacteria characterized by their extremely reduced 

genomes. Besides the lack of a cell wall biosynthesis apparatus, mycoplasmas have lost a 

huge portion of the metabolic and regulatory capacities of an average Gram positive 

bacterium, thus leaving genomes ranging in size from 580 kb (Mycoplasma genitalium) to 

1358 kb (Mycoplasma penetrans) (Fraser et al., 1995; Sasaki et al., 2002). This feature made 

the mycoplasmas a suitable research object for the determination of the minimal gene set 

required for independent life and prompted attempts to create an artificial cell that is modelled 

based on the paradigm of M. genitalium devoid of all non-essential genes (Check, 2002; Glass 

et al., 2006). Since the genes for the tricarboxylic acid cycle and a functional respiration chain 

have been lost from their genomes, energy conservation is restricted to substrate level 

phosphorylation via glycolysis and, in some species, arginine hydrolysis (for review see 

Miles, 1992). As observed for the pathways of the central metabolism, only those regulatory 

systems have been maintained in mycoplasmas during their reductive evolution that are 

thought to be indispensable to survive in their natural environment. Among the very few 

remaining regulators are the heat shock transcription factor HrcA and the metabolite 

controlled HPr kinase/phosphorylase of the phosphoenolpyruvate:sugar phosphotransferase 

system. The two systems are involved  in the regulation of heat shock gene expression and in 
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the regulated modification of the signal transduction protein HPr, respectively (Weiner et al., 

2003; Halbedel et al., 2004; Madsen et al., 2006; Musatovova et al., 2006). As another logical 

consequence of the reduced coding capacity, rather unrelated enzymatic activities were found 

to be combined in single enzymes as it was shown for some glycolytic kinases that had 

acquired nucleoside diphosphate kinase activity to function also in nucleotide metabolism 

(Pollack et al., 2002). 

Beside these interesting peculiarities, the mycoplasmas are pathogens that cause health 

problems in humans and animals. The human pathogen M. pneumoniae colonizes the surfaces 

of the respiratory tract leading to rather uncomplicated and mild infections especially in 

young and elder patients (Jacobs, 1997). In contrast, M. mycoides subsp. mycoides small 

colony variant is the etiological agent of contagious bovine pleuropneumoniae and can cause 

severe infections leading to major losses in african livestocks of cattle (Thiaucourt et al., 

2003). The pathogenicity of several Mycoplasma species was attributed to the production of 

hydrogen peroxide during normal cell metabolism that causes harm to host tissues by 

oxidative damage (Almagor et al., 1984; Pilo et al., 2005). To persistently colonize their 

hosts, mycoplasmas have developed a set of surface exposed adhesins that may undergo phase 

and size variation to efficiently evade the hosts immune system (for review see Razin, 1999). 

The detailed genetic analysis of these organims has been hampered for a long time by the lack 

of genetic tools that (i) allow the efficient expression of UGA containing Mycoplasma genes 

in heterologous hosts for purification and subsequent biochemical analysis, (ii) that allow the 

stable introduction of foreign genetic material into a Mycoplasma cell, and (iii) that allow 

either the targeted construction or the targeted isolation of desired mutant strains. 

During the last few years considerable progress has been made in the field of Mycoplasma 

genetics that made these organims accessible for genetic studies. Here, we will give a 

compact overview on the tools of mycoplasmal genetics that have long been used and those 

ones that have recently been developed. Although similar advances have been made in the 

genetics of spiroplasmas, this subject is outside the scope of this review and for a first 

impression the reader is referred to the excellent review of BovØ et al. (2003). 

 

Heterologous expression of Mycoplasma genes containing UGA codons 

Until the end of the 1970·s the genetic code was considered to be universal. With the 

discovery that UGA codons are used to incorporate tryptophan rather than as opal codons in 

yeast mitochondria and later in the mycoplasmas as well, this dogma had to be abandoned 

(Macino et al., 1979; Yamao et al., 1985). This peculiar characteristic of the genetic code was 
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thought to be the result of an optimization process of the codon usage in response to the low 

genomic G/C content. In a first step the UGA opal codon was not longer used leaving UAA to 

serve as the stop codon of choice besides UAG that occurs with a minor frequency in M. 

pneumoniae (Himmelreich et al., 1996). Secondly, the UGG tryptophan codon was 

sequentially replaced by the released UGA codon to further optimize the G/C content (Jukes 

et al., 1987). However, the occurrence of UGA codons in Mycoplasma genes has often 

prevented their expression in heterologous hosts for detailed biochemical analysis since they 

are read as opal codons instead of tryptophan codons in Escherichia coli and other expression 

hosts. To circumvent this problem a variety of different but rather dissatisfying strategies had 

been employed, including the expression of UGA containing Mycoplasma genes in opal 

suppressor strains of E. coli (Smiley & Minion, 1993) or in Spiroplasma citri which also 

reads the UGA as a tryptophan codon (Stamburski et al., 1991). As long as only few UGA 

codons are present in a mollicute gene, their sequential replacement by standard site directed 

mutagenesis strategies might be taken into consideration (Robino et al., 2005). However, the 

latter approach is time consuming and with an increasing number of UGA codons its 

increasing expenses make it inappropriate. 

Recently, we designed a strategy referred to as multiple mutation reaction (MMR) that allows 

the simultaneous replacement of multiple UGA codons in a single step reaction (Hames et al., 

2005). This strategy is based on the concept of the combined chain reaction (CCR) described 

by Bi & Stambrook (1997) where 5· phosphorylated oligonucleotides containing the desired 

mutations are included in a polymerase chain reaction. During the elongation steps the 

amplification primers are extended and as the mutation primers are designed to hybridize 

more strongly to their targets the elongated amplification primers can then be ligated to the 5· 

ends of the mutation primer by a thermostable DNA ligase yielding a DNA strand that 

contains the desired mutation. Using this principle more than one mutation had been 

introduced simultaneously in ptsG promoter fragments of Bacillus subtilis (Schilling et al., 

2004). In fact, we improved this strategy for the simultaneous introduction of up to 9 A�G 

transitions to replace 9 UGA codons of the M. pneumoniae glpK gene by UGG codons in a 

single step (Hames et al., 2005). We expect that the number of 9 UGA codons does not mark 

the upper limit of simultaneous replacements that can be obtained by MMR. 

 

Transposons 

Since many genetic tools the use of which is well-established in model organisms such as B. 

subtilis or E. coli are unavailable for mycoplasmas, transposons are in common use for a 
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variety of purposes. In combination with smart screening sytems they were used for the 

disruption of genes but also as carriers for the introduction of genetic material into the 

chromosome. For the use in mollicutes the transposons Tn916 and Tn4001 and improved 

derivatives of them were applied. These transposons have originally been isolated from 

Enterococcus faecalis and Staphylococcus aureus, respectively, and were shown to have a 

broad host range (Franke & Clewell, 1981; Lyon et al., 1984). 

The first reports on transposition in mollicutes came from experiments with Mycoplasma 

pulmonis and Acholeplasma laidlawii for which it was demonstrated that Tn916 integrates 

into the chromosome of these organisms (Dybvig & Cassell, 1987). Later the usability of 

Tn916 for transformation of various different Mycoplasma species has also been shown (Cao 

et al., 1994; Voelker & Dybvig, 1996). Tn916 is a conjugative 18 kb transposable element 

that contains the xis-Tn/int-Tn genes for excision/integration followed by the tetM tetracyclin 

resistance determinant and a set of genes (tra) required for intercellular transfer (Clewell et 

al., 1995). The ends of Tn916 are made of imperfect inverted repeats identical in 20 out of 26 

nucleotides (Clewell et al., 1988). Tn916 does not generate target duplications at its 

integration site since it tranposes by an excision/integration mechanism that is based on 

staggered nicks in the donor DNA. Excision from its donor site involves one nick at the 

transposon end and another one in the complementary strand 6 bp away from the transposon 

border thereby generating single stranded 6 bp overhangs. Upon excision the transposon 

religates to form a circular structure with a heteroduplexed 6 bp mismatched so-called 

coupling sequence. Likewise, a 6 bp mismatched heteroduplex is formed upon religation of 

the excision site in the donor DNA. This mismatched joint region can become homoduplexed 

by mismatch repair or replication. Integration of Tn916 can be regarded as the reversal of the 

excision process resulting in heteroduplexed 6 bp junctions at the integration site since these 

sites are only similar but not identical to the coupling sequences and appear to be AT rich. 

(Scott & Churchward, 1995; for review see Clewell et al., 1995). Consequently, integration of 

Tn916 occurs at preferred hot spots making it a less suitable tool for saturating transposon 

mutageneses (Nelson et al., 1997; Scott et al., 1994). Since Tn916 is a conjugative transposon 

it can also be introduced in different Mycoplasma species by conjugation with Enterococcus 

faecalis as the donor (Roberts & Kenny, 1987; Voelker & Dybvig, 1996). 

Tn4001 in turn is a 4.5 kb composite transposon consisting of two identical IS256 elements 

flanking the aac-aphD gene conferring gentamicin/kanamycin/tobramycin resistance. Tn4001 

has been used for the transformation of several Mycoplasma species (Lyon et al., 1984; 

Hedreyda et al., 1993; Mahairas & Minion, 1989). For integration a staggered cut at the 
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acceptor site is made generating 8 bp single stranded overhangs which become double 

stranded upon integration leading to the typical 8 bp direct repeated target duplications (Byrne 

et al., 1989, for review see Mahillon & Chandler, 1998). To increase the stability of 

transposon insertion mutants, mini-transposons on the basis of Tn4001 were constructed that 

have the transposase gene outside the transposable elements to prevent re-excision of the 

transposon after the first transposition event (Pour-El et al., 2002; Zimmerman & Herrmann, 

2005). For further broadening of the application spectrum of Tn4001 the tetM tetracyclin 

resistance marker and the cat gene coding for chloramphenicol acetyltransferase, respectively, 

were introduced in the transposon (Dybvig et al., 2000; Hahn et al., 1999). 

Derivatives of Tn4001 in which unique restriction sites have been introduced can serve as 

carrier vehicles to incorporate genetic material into the chromosome. In Tn4001mod unique 

SmaI and BamHI sites were introduced into one of the IS256 insertion sequences (Knudtson 

& Minion, 1993), a few more unique restriction sites that can be used for the introduction of a 

genetic cargo are present in the multiple cloning site of the mini-transposon present on 

plasmid pMT85 (Zimmerman & Herrmann, 2005). 

 

Plasmids 

The use of tranposons is accompanied by the problem of changes of the genetic context at the 

site of integration that may cause incalculable side effects. To avoid this problem, 

autonomously replicating  plasmids have always been the vehicle of choice. In a few early 

studies the isolation of naturally occuring plasmids from Mycoplasma mycoides subsp. 

mycoides was reported (Bergemann & Finch, 1988; Dybvig & Khaled, 1990). These are small 

cryptic plasmids with a size in the range of 1.7 � 1.9 kb coding for replication functions only 

(Bergemann et al., 1989; King & Dybvig, 1992). Based on one of these plamids, pKMK1, 

two cloning vectors that can be shuttled between Escherichia coli and M. mycoides were 

developed by combination of pKMK1 with plasmids containing E. coli replicons and the tetM 

tetracyclin resistance determinant. For one of these vectors, the E. coli origin of replication 

was lost from the plasmid after a passage in M. mycoides. However, a derivative of the 

resulting plasmid (pIK�) that contains an additional erythromycin resistance gene (pIK�-erm) 

can be stably maintained in the presence of selective pressure over a series of passages as an 

extrachromosomal element making it a suitable tool for the stable introduction of 

heterologous genetic material into M. mycoides and in other mycoplasmas (King & Dybvig, 

1994a; King & Dybvig, 1994b). 
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The further development of artifical plasmid vectors was stimulated when the first genome 

sequences became available that allowed the determination of the origins of replication of 

Mycoplasma chromosomes. Using the chromosomal oriC sequence of M. pulmonis containing 

the dnaA gene coding for the DnaA replication initiation protein and up- and downstream 

located DnaA box regions Cordova et al. (2002) constructed the shuttle vector pMPO1. This 

plasmid can replicate in M. pulmonis at least for several passages and can be used for cloning 

in E. coli. After several rounds of passaging the plasmid tends to integrate into the M. 

pulmonis chromosome at the chromosomal oriC site via homologous recombination. In order 

to increase the stability of oriC plasmids, the dnaA gene was removed from the oriC region of 

the plasmid and replaced by the tetM gene to reduce the extent of identity between the 

chromosomally encoded oriC and the origin of replication on the plasmid. With this plasmid 

(pMPO5) M. pulmonis can readily be transformed and more importantly, no integration of the 

plasmid into the chromosome was observed at least until the 15th broth passage (Cordova et 

al., 2002). Similarily, plasmid replicons have been constructed that contain the oriC 

sequences from M. mycoides subsp. mycoides large colony and small colony type, M. 

capricolum subsp. capricolum, and M. agalactiae (Chopra-Dewasthaly et al., 2005; Janis et 

al., 2005; Lartigue et al., 2003). Again, plasmid maintenance could be improved when the 

length of the oriC regions present on the plasmids was kept to a minimum hampering 

integration of the plasmids via homologous recombination (Chopra-Dewasthaly et al., 2005). 

Remarkably, a certain host-specifity was observed for oriC plasmids of all these species 

making it difficult to predict the oriC of which Mycoplasma will be compatible for driving 

plasmid replication in which Mycoplasma host (Lartigue et al., 2003). Nevertheless, with the 

genome sequence of many mycoplasmas at hand, the construction of stably replicating oriC 

plasmids for any desired Mycoplasma can be expected for the near future. 

 

Targeted gene knockout 

Until very recently, the targeted construction of gene knockout mutants via homologous 

recombination has only been reported in a few mollicutes such as M. genitalium, M. 

gallisepticum, M. pulmonis and Acholeplasma laidlawii (Cao et al., 1994; Cordova et al., 

2002; Dhandayuthapani et al., 1999; Dybvig & Woodard, 1992). The obvious lack of 

homologous recombination in other mollicutes such as M. pneumoniae has been thought to be 

the result of insufficient expression of genes involved in initial recombination and resolution 

of holliday junctions. Indeed, a global survey of expressed genes in M. pneumoniae suggests 

that the ruvAB genes coding for the holliday junction DNA helicase are not expressed. To 
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improve the selection of rare homologous recombination events in Mycoplasma capricolum 

subsp. capricolum, oriC plasmids that can be maintained in the cells over several passages 

have been used. This approach indeed led to the integration of the plasmids into the 

chromosome by homologous recombination between the gene fragment cloned on the plasmid 

and the corresponding site on the chromosome. Once integrated into the chromosome copies 

of the free plasmid were lost after several passages probably as the result of weakened 

selection pressure in the presence of a chromosomal copy of the resistance gene (Janis et al., 

2005). 

Nevertheless, in the absence of homologous recombination the only remaining way to obtain 

gene knockouts is transposon mutagenesis. Due to the randomness of integration it is usually 

necessary to screen large transposon mutant libraries for the loss or gain of some specific 

phenotype to isolate a gene knockout of interest. If no screenable phenotype loss or gain can 

be expected associated with a gene of interest (goi) the only known specific feature of the 

desired gene knockout is the specific DNA junction between the goi and the transposon. 

Based on this idea a strategy now referred to as �haystack mutagenesis� has been designed 

that allows the targeted isolation of any viable transposon insertion strain out of an ordered 

collection of transposon mutants. The consept of haystack mutagenesis is based on a saturated 

transposon mutagenesis to ensure that each dispensable gene is disrupted at a desired 

confidence level. The number of individual transposon mutants n that is needed to have a 

mutant strain in a gene of interest (size g) included in a collection of transposants with a 

minimum probability P can easily be calculated using the following formula: 
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with l as the non-essential genome size. 

Once the required number of transposon mutants has been isolated they are arranged in pools 

of a reasonable size. These pools then can be searched in a PCR screen using a goi specific 

oligonucleotide and another one specific for the transposon to identify that pool that has the 

desired goi-Tn junction included. Subsequently, a similar screen on the level of the individual 

clones of the positive pool will identify the transposon insertion mutant of interest. Based on 

the obtained PCR fragment sizes it can easily be estimated in the initial screens already in 

which part of the goi the transposon had integrated.  
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Fig. 2: Illustration of the workflow in a haystack mutagenesis screen. Abbreviations are as follows: Tn � mini-
transposon, goi � gene of interest. The numbers shown refer to M. pneumoniae. They may require alterations 
with the genome size of the target bacterium. Reference for plasmid pMT85 is Zimmerman & Herrmann, 2005. 
For a detailed description see text. 

 

Using this strategy, we have isolated mutants in the hprK gene coding for the HPr 

kinase/phosphorylase and in the prpC gene coding for a PP2C protein serine/threonine 

phosphatase of M. pneumoniae (Halbedel et al., 2006). In the meantime transposon mutants 

bearing insertions in several other goi·s were isolated as well (our unpublished data). The 

workflow in a haystack mutagenesis screen is depicted in Fig. 2. 

Alternative screening approaches for the isolation of transposon mutants in a goi out of a 

transposon collection are based either on the stepwise identification of single insertion points 

or the screening of huge numbers of individual transposants for the loss of antigenicity 

towards a specific antiserum (Janis et al., 2006; Luo et al., 2006). However, these screening 

methods are both time-comsuming and in the latter case have to be re-adapted for every new 

goi::Tn insertion mutant. Alternatively, transposon mutant libraries can be screened for 

mutants that exhibit an interesting phenotype such as loss of gliding motility (Hasselbring et 

al., 2006). 

 

Reporter sytems 

In the past there has been a couple of studies that have been aimed at the definition of 

mycoplasmal promoters. Usually, they were based on the determination of transcriptional start 
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points using primer extension analysis (Musatovova et al., 2003; Waldo et al., 1999; Weiner 

et al. 2000). Based on a selection of about 20 experimentally defined promoters Weiner et al. 

(2000) developed a promoter matrix for the in silico prediction of M. pneumoniae promoters. 

These seem to consist of conserved -10 boxes but lack obvious -35-boxes. Moreover, 

ribosomal binding sites were not found between the proposed trancriptional start points and 

the start codons of many M. pneumoniae genes. Furthermore, besides such well-established 

regulatory sytems like the HrcA-mediated heat shock response there is only spare information 

on regulation of gene expression in mollicutes. This obvious lack of clarity concerning the 

nature of gene expression/regulation signals in mollicutes can only be answered in 

experiments that make use of promoter reporter systems. For the analysis of mollicute 

expression signals, reporter systems based on the promoter-less lacZ gene or on fluorescent 

proteins have been developed and used. The reporter genes are present either on plasmids or 

are part of transposable elements.  

The first demonstration that the lacZ gene of E. coli encoding �-galactosidase can be 

functionally expressed in mollicutes came from experiments with Acholeplasma oculi 

ISM1499 and Mycoplasma gallisepticum (Knudtson & Minion, 1993). These authors 

constructed a Tn4001 derivative (Tn4001lac) that is present on plasmid pISM2062lac and has 

a promoter-less lacZ gene in one of the IS256 elements with its 5· end in the near vicinity of 

the transposon boarder. The stop codons that were present in all three reading frames of the IR 

sequences of the IS256 were mutated to allow inward directed transcription originating from 

adjacent promoters and the proper expression of translational lacZ fusions. So this transposon 

can be used for the genome-wide identification of promoter sequences (Knudtson & Minion, 

1993). In addition to this a further Acholeplasma promoter probe vector was developed by the 

same authors that is based on a promoter-less lacZ gene present on the integrative plasmid 

vector pISM2050. In front of the lacZ gene multiple restriction sites are located that are 

available for the construction of translational promoter lacZ fusions (Knudtson & Minion, 

1994). Meanwhile, the lacZ gene has been functionally expressed driven by various mollicute 

promoters in Mycoplasma gallisepticum, Mycoplasma pulmonis, Mycoplasma arthritidis, and 

Mycoplasma capricolum as well (Dybvig et al., 2000; Janis et al., 2005; Liu et al., 2000). We 

developed a plasmid (pGP353) that can be used for the insertion of promoter sequences in 

front of a promoter-less lacZ gene which is present on a mini-tranpsoson thus giving single 

and stable insertions. pGP353 was shown to be useful for reporter gene analysis in M. 

pneumoniae and can be expected to be suitable for similar experiments in other mollicutes as 

well (Halbedel & Stülke, 2006). 
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As it was done with the lacZ gene for the analysis of promoter activities, variants of the green 

fluorescent proteins were used to measure expression and/or localization of certain fusion 

constructs. However, in all reported cases the respective fluorescent fusions were constructed 

in standard cloning vectors and subsequently transferred to certain Mycoplasma transposon 

delivery vectors (Balish et al., 2003; Kenri et al., 2004; Zimmerman & Herrmann, 2005). 

Therefore, at the moment there is no plasmid available that can be used to construct and to 

incorporate GFP fusions into Mycoplasma species. 

 

Conclusions 

At present all required tools for the application of standard genetics to mycoplasmas are 

available. The biochemical in vitro analysis of individual proteins is not longer hampered by 

the peculiar genetic code of these organisms. Thus, proteins with properties that make them 

interesting research objects from a scientific point of view or let them appear as possible drug 

targets can be easily studied. Similarily, antigenic surface proteins which are often high 

molecular weight proteins and thus contain a lot of UGA codons can now easily be produced 

in heterologous hosts in sufficient amounts to be tested as vaccine candidates. By use of the 

existing reporter sytems it is possible to refine the mycoplasmal promoter concepts, to 

discover regulatory DNA sequences and, consequently, to unravel those signal transduction 

mechanisms that mediate the adaptive responses seen in a wide variety of DNA microarray 

analyses but that are not yet entirely understood at the molecular level (Madsen et al., 2006; 

Weiner et al., 2003). To confirm in vitro findings with purified proteins also genetically, 

targeted disruption of desired genes can presently be carried out in various representatives of 

the genus Mycoplasma either by homologous recombination or by facilitated screening 

methods such as haystack mutagenesis that should be applicable to any bacterium that is 

deficient in homologous recombination but can be subjected to transposon mutagenesis. 

Finally, gene function can precisely be confirmed by trans-complementation of mutants on 

the basis of oriC plasmids. It is therefore very exciting to notice the future development of 

Mycoplasma molecular biology. 
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C. Aims of this work 

For sensing the presence or absence of readily metabolizable carbon sources and for the 

induction of an adequate gene expression program, bacteria use a signalling pathway known 

as carbon catabolite regulation. In the firmicutes this involves the metabolite controlled HPr 

kinase/phosphorylase (HPrK/P) that phosphorylates the small phosphocarrier protein HPr at a 

serine residue (Ser-46) under conditions of good energy supply. The serine phosphorylated 

HPr then interacts with the pleiotropic transcription factor CcpA to form a complex that binds 

to operator sites of different promoters leading to the activation or repression of respective 

target genes. 

An HPr kinase/phosphorylase is also encoded in the genome sequence of the mollicute 

Mycoplasma pneumoniae. The HPrK/P of M. pneumoniae is functional in terms of 

phosphorylation/dephosphorylation of HPr at the Ser-46 residue. However, its pattern of 

allosteric control suggested that the protein acts as a constitutive HPr kinase in vivo 

(Steinhauer et al., 2002a). This finding was attributed to the low KD value of the HPrK/P for 

ATP (Merzbacher et al., 2004). Interestingly, no ccpA-homologous gene was found in the 

genome sequence of M. pneumoniae, raising the question for what purpose the HPrK/P had 

been retained in this organism. 

In order to further characterize the function of the HPrK/P in M. pneumoniae it was therefore 

intended to analyze its in vivo activity profile. As a prerequisite for these experiments, 

different growth conditions that might be important for M. pneumoniae in its natural habitate 

were to be defined. Based on this information, conditions under which HPr(Ser-P) is formed 

in vivo had to be determined. To analyze the impact of the HPrK/P on the global gene 

expression profile, a hprK knockout strain had either to be constructed or isolated. Since no 

techniques that allow the targeted disruption of genes of M. pneumoniae were known, a 

system suitable for the construction/isolation of any predetermined gene knockout mutant had 

to be designed and to be established first. Once isolated, the hprK mutant should be analyzed 

using two-dimensional polyacrylamide gel electrophoresis to identify genes that are expressed 

in a hprK-dependent manner.  

In a second part of this PhD project such genes with a carbon-source dependent expression 

were to be identified. The more detailed transcriptional analysis of candidates should provide 

the basis for a better understanding of regulatory mechanisms of gene expression in M. 

pneumoniae, which lacks the most of the well-established regulatory systems. 
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In vivo activity of enzymatic and regulatory components  of the 

phosphoenolpyruvate:sugar phosphotransferase system  in Mycoplasma pneumoniae 
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Abstract 

Mycoplasma pneumoniae is a pathogenic bacterium that is highly adapted to life on mucosal 

surfaces. This adaptation is reflected by the very compact genome and the small number of 

regulatory proteins. However, M. pneumoniae possesses the HPr kinase/phosphorylase 

(HPrK/P), the key regulator of carbon metabolism in the Firmicutes. In contrast to the 

enzymes of other bacteria, the HPrK/P of M. pneumoniae is active already at very low ATP 

concentrations suggesting a different mode of regulation. In this work we studied the ability 

of M. pneumoniae to utilize different carbohydrates and their effects on the activity of the 

different PTS components. Glucose served as the best carbon source with a generation time of 

about 30 hours. Fructose and glycerol were also used, but at lower rates and with lower 

yields. In contrast, M. pneumoniae is unable to use mannitol even though the bacterium is 

apparently equipped with all the genes required for mannitol catabolism. This observation is 

probably a reflection of the continuing and ongoing reduction of the M. pneumoniae genome. 

The general enzymatic and regulatory components of the PTS, i. e. Enzyme I, HPr, and 

HPrK/P are present under all growth conditions tested in this study. However, HPrK/P 

activity is strongly increased if the medium contains glycerol. Thus, the control of HPrK/P in 

vivo differs strongly between M. pneumoniae and the other Firmicutes. This may relate to the 

specific conditions on lipid-rich cell surfaces.  

 

Introduction 

Mycoplasma pneumoniae is a pathogen that lives on mucosal surfaces and causes diseases 

such as mild pneumonia, tracheobronchitis, and complications affecting the central nervous 

system, the skin and mucosal surfaces (Jacobs, 1997; Lind, 1983). The parasitic lifestyle of 

this bacterium is reflected by its small and highly compacted genome, its slow growth and its 

reduced metabolic abilities. With only nine regulatory proteins, M. pneumoniae belongs to the 

organisms with the lowest number of regulators studied so far, suggesting a good adaptation 

to constant environments (Dandekar et al., 2000; Himmelreich et al., 1996; Razin et al., 

1998). In addition to regulatory proteins that are thought to act at the DNA level, we 

identified the key regulatory protein of carbon metabolism in Gram-positive bacteria, HPr 

kinase/phosphorylase (HPrK/P) in M. pneumoniae (Nessler et al., 2003; Steinhauer et al., 

2002a). Moreover, HPrK/P activity was detected in other Mollicutes such as M. capricolum, 

M. genitalium and Acholeplasma laidlawii (Hoischen et al., 1993; Zhu et al., 1997).  

HPrK/P controls the activity of the HPr protein of the bacterial phosphoenolpyruvate:sugar 

phosphotransferase system by phosphorylation at a regulatory site, Ser-46. In the Gram-
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positive model organism B. subtilis this phosphorylation interferes with the PEP- and Enzyme 

I-dependent phosphorylation on His-15 of HPr, which is important for the phosphorylation of 

transported sugars (Galinier et al., 1998; Reizer et al., 1998). In addition to its role in sugar 

transport, HPr is the major signal transducer in carbon metabolism in low-GC Gram-positive 

bacteria (now referred to as Firmicutes, Ludwig et al., 2002). In the absence of glucose, HPr 

is present either non-phosphorylated or phosphorylated at His-15. If glucose becomes 

available, a significant part of the cellular HPr pool is phosphorylated on Ser-46, and even 

some doubly phosphorylated HPr(His~P)(Ser-P) was detected (Ludwig et al., 2003; 

Monedero et al., 2001b; for review see Stülke & Schmalisch, 2004). HPr(His~P) is implicated 

in sugar transport and is moreover required for the activation of a class of transcription factors 

and of glycerol kinase in several bacteria (Darbon et al., 2002; Stülke et al., 1998). In 

contrast, HPr(Ser-P) is not able to phosphorylate and thereby activate those enzymes and 

regulators, but acts rather as a cofactor for the transcription regulator CcpA. The CcpA-

HPr(Ser-P)  complex binds to target sequences in the promoter regions of catabolic and 

certain anabolic operons to repress or activate their transcription (Deutscher et al., 1995; 

Ludwig & Klenk, 2001; Warner & Lolkema, 2003). Thus, HPrK/P controls the 

phosphorylation state of HPr and thereby the regulatory activity of this protein. It is therefore 

crucial to study the activity of HPrK/P itself. In B. subtilis, the enzyme is active as a kinase 

under conditions of good nutrient supply which are indicated by high ATP and fructose-1,6-

bisphosphate concentrations. In contrast, phosphorylase activity is triggered by high 

concentrations of inorganic phosphate, which indicate the absence of good carbon sources 

(Galinier et al., 1998; Hanson et al., 2002; Jault et al., 2000; Mason et al., 1981; Reizer et al., 

1998).  

As stated above, several metabolic and regulatory features of the Mollicutes are in good 

agreement with their adaptation to their nutrient-rich mucosal habitats. This was also 

observed when we investigated the properties of M. pneumoniae HPrK/P. While the B. 

subtilis enzyme exhibits by default a phosphorylase activity, the M. pneumoniae protein is 

active as a kinase already at very low ATP concentrations and is barely regulated by fructose-

1,6-bisphosphate (Hanson et al., 2002; Steinhauer et al., 2002a). These differences were 

attributed to the different affinities of B. subtilis and M. pneumoniae HPrK/P for ATP. While 

the former has a Kd value of about 100 � 300 µM, the latter has a Kd value of about 5 µM, 

indicating an at least 20-fold increased affinity (Jault et al., 2000; Merzbacher et al., 2004; 

Pompeo et al., 2003). The high affinity of M. pneumoniae HPrK/P for ATP results in a kinase 

activity as the apparent default state of this protein in vitro (Steinhauer et al., 2002a). Since 
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the M. pneumoniae HPrK/P is the only known enzyme of its class with the inversed default 

activity, we wondered whether the abberant regulation was reflected by the structure of the 

protein. The determination of the crystal structure revealed that the enzyme is composed of 

six identical subunits that are arranged as bilayered trimers. Each subunit is made up of a C-

terminal domain that contains the ATP-binding P-loop motif and an N-terminal domain of so 

far unknown function (Allen et al., 2003; Steinhauer et al., 2002b). The structure of the M. 

pneumoniae HPrK/P is very similar to those of HPrK/Ps from Lactobacillus casei and 

Staphylococcus xylosus suggesting that subtle differences must be responsible for the 

differential activity patterns (Fieulaine et al., 2003; MÆrquez et al., 2002; Nessler et al., 

2003). Although HPrK/P is one of the very few regulatory proteins of M. pneumoniae, it is 

not essential as revealed by an analysis of randomly generated transposon mutants (Hutchison 

et al., 1999).   

According to the genome sequence of M. pneumoniae and the biochemical evidence, these 

bacteria are able to utilize sugars as carbon sources by glycolysis (Dandekar et al., 2000; 

Himmelreich et al., 1996; Miles, 1992). As observed for other Firmicutes, the concentration 

of fructose-1,6-bisphosphate is increased in glycolytically active cells of M. gallisepticum 

(Egan et al., 1986; Mason et al., 1981). Moreover, enzymes of carbon metabolism seem to be 

important for other metabolic pathways as well. This is illustrated by the finding that the 

glycolytic kinases of several Mollicutes are moonlighting in nucleoside metabolism (Pollack 

et al., 2002).  

So far, only very few studies concerning the regulation of carbon metabolism in Mollicutes 

have been reported. However, this problem is important not only for a better understanding of 

the biology of these interesting bacteria but also to improve our knowledge of virulence 

mechanisms of the Mycoplasmas: Recently, the implication of proteins of the 

phosphotransferase system in M. pneumoniae pathogenicity was demonstrated (Zigangirova 

et al., 2003). While the regulatory output of the PTS is well understood in E. coli and in the 

Firmicutes related to B. subtilis, nothing is known about regulatory pathways in M. 

pneumoniae. Among the proteins interacting with the different forms of HPr in B. subtilis, 

only the glycerol kinase is present in  

M. pneumoniae, whereas transcription regulators potentially phosphorylated by HPr(His~P) 

are not found. Similarly, the transcription factor CcpA that interacts with HPr(Ser-P) has no 

counterpart in the Mollicutes (Himmelreich et al., 1997). Thus, the mechanisms of carbon 

regulation, if present, must differ drastically from those studied in B. subtilis and its close 

relatives.  
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In this work, we studied the utilization of different carbohydrates by M. pneumoniae and 

found that glucose was the carbon source allowing the fastest growth. To address the 

relevance of the results obtained with M. pneumoniae HPrK/P in vitro, we analyzed the HPr 

phosphorylation state in vivo. Surprisingly, the enzyme did not exhibit constitutive kinase 

activity but required the presence of glycerol for HPr phosphorylation. The proteins acting on 

HPr, i. e. Enzyme I of the PTS and HPrK/P were constitutively present in cell extracts of M. 

pneumoniae. Thus, a novel mode of control seems to modulate the M. pneumoniae HPrK/P 

activity.  

 

Materials and Methods 

Bacterial strains and growth conditions. Escherichia coli DH5� and BL21(DE3)/pLysS 

(Sambrook et al., 1989) were used for overexpression of recombinant proteins. The cells were 

grown in LB medium containing ampicillin (100 µg ml-1). The M. pneumoniae strain used in 

this study was M. pneumoniae M129 (ATCC 29342) in the 31st  broth passage. M. 

pneumoniae was grown at 37°C in 150 cm2 tissue culture flasks containing 100 ml of 

modified Hayflick medium with the following composition. The basic medium consists of 

18.4 g PPLO broth (Difco), 29.8 g HEPES, 5 ml 0.5% phenol red and 35 ml 2 N NaOH per 

litre. Horse serum (Gibco) and penicillin were included to a final concentration of 20% and 

1000 u/ml, respectively. Carbon sources were added as indicated. For each sugar, several 

individual culture flasks were inoculated with a biomass of 5 mg (wet weight), and one flask 

for each condition was harvested at the indicated timepoints and used to determine the fresh 

weight. For wet weight measurements, cells were washed twice with cold phosphate buffered 

saline (PBS), scraped into 1.5 ml PBS and collected by centrifugation (5 min, 15000 g, 4°C) 

in a 2.0 ml microcentrifuge tube. Supernatants were discarded and the pellets were 

recentrifuged to get rid of all excess liquid. The wet weight of the obtained cell pellet was 

determined by subtraction of the weight of the tube containing the pellet from that of the 

empty tube prior to cell collection.  

Protein purification. His6-HPr (M. pneumoniae), His6-Enzyme I (B. subtilis), and Strep-

HPrK/P (M. pneumoniae) were overexpressed using the expression plasmids pGP217 

(Steinhauer et al., 2002a), pAG3 (Galinier et al., 1997), and pGP611 (Merzbacher et al., 

2004), respectively. Expression was induced by the addition of IPTG (final concentration 1 

mM) to exponentially growing cultures (OD600 of 0.8). Cells were lysed using a french press. 

After lysis the crude extracts were centrifuged at 15,000 g for 30 min. For purification of His-

tagged proteins the resulting supernatants were passed over a Ni2+
 
NTA superflow column (5 
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ml bed volume, Qiagen) followed by elution with an imidazole gradient (from 0 to 500 mM 

imidazole in a buffer containing 10 mM Tris/HCl pH 7.5, 600 mM NaCl, 10 mM �-

mercaptoethanol). For HPrK/P carrying a N-terminal Strep-tag, the crude extract was passed 

over a Streptactin column (IBA, Göttingen, Germany). The recombinant protein was eluted 

with desthiobiotin (Sigma, final concentration 2.5 mM). For the recombinant HPr protein the 

overproduced protein was purified from the pellet fraction of the lysate by urea extraction and 

renatured as described previously (Steinhauer et al., 2002a).  

After elution the fractions were tested for the desired protein using 12.5% SDS PAGE. The 

relevant fractions were combined and dialysed overnight. Protein concentration was 

determined according to the method of Bradford (Bradford, 1976) using the Bio-rad dye-

binding assay where Bovine serum albumin served as the standard.  

Western blot analysis. Purified His6-HPr was used to generate rabbit polyclonal antibodies 

(SeqLab, Göttingen). For Western blot analysis, M. pneumoniae crude cell extracts were 

separated on 12.5% SDS polyacrylamide gels. After electrophoresis, the proteins were 

transferred to a polyvinylidene difluoride membrane (PVDF, BioRad) by electroblotting. HPr 

was detected with polyclonal antibodies raised against HPr of M. pneunomiae. Antibodies 

were visualized by using anti-rabbit IgG-AP secondary antibodies (Promega) and the CDP* 

detection system (Roche Diagnostics).   

In vivo HPr phosphorylation was assayed by Western blot analysis as follows. Bacteria were 

cultivated for 96 h. Cells were washed twice with cold PBS and harvested as described for 

wet weight measurements. Subsequently, cells were resuspended in 500 µl of a solution 

containing 10 mM Tris/HCl pH 7.5 and 600 mM NaCl and disrupted using sonication (3 x 10 

sec, 4°C, 50 W). Cell debris was pelleted by centrifugation (10 min, 15000 g, 4°C) and the 

obtained supernatant served as crude extract. Proteins were separated on non-denaturing 10% 

polyacrylamide gels. On these gels, phosphorylated HPr migrates faster than the non-

phosphorylated protein. HPr(His~P) was dephosphorylated by incubation of the crude extract 

for 10 min at 70°C. After electrophoresis, the proteins were blotted onto a PVDF membrane. 

The different forms of HPr were detected using antibodies directed against M. pneunomiae 

HPr.  

In vitro activity assays of HPrK/P and of Enzyme I. HPrK/P activity assays were carried 

out with 5 µg of freshly prepared cell extracts in 20 µl assay buffer (25 mM Tris/HCl pH 7.5, 

10 mM MgCl2, 1 mM dithiothreitol) using purified His6-HPr (final concentration: 20 µM). 

The concentration of ATP was 0.5 mM. The assays mixtures were incubated at 37°C for 120 

min followed by thermal inactivation of the enzyme (10 min at 95°C).   
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For detection of Enzyme I contained in mycoplasmal cell extracts His6-HPr (20 µM), PEP 

(0.5 mM) and 1 µg cell extract were incubated in 20 µl assay buffer for 30 min at 37°C. When 

indicated the assay mixture was subjected to an additional incubation step at 70°C for 10 min 

to hydrolyze HPr(His~P). The assay mixtures were analyzed on 10% native polyacrylamide 

gels as described previously (Hanson et al., 2002). Proteins were visualized by Coomassie 

staining.  

Northern blot analysis. Preparation of total RNA of M. pneumoniae was carried out as 

described by Weiner et al. (2003). Northern blot analysis was performed according to the 

protocol of Wetzstein et al. (1992). The ptsH Digoxigenin RNA probe was obtained by in 

vitro transcription with T7 RNA polymerase (Roche Diagnostics) using a PCR-generated 

fragment obtained with the primer pair SH1 (5�-

AGAAGATTCAAGTAGTCGTTAAAG)/SH2 (5�-

CTAATACGACTCACTATAGGGAGATGCTTTAATAGCATTTAGTGCCTC). The 

reverse primer contained a T7 RNA polymerase recognition sequence (underlined in SH2). In 

vitro RNA labelling, hybridisation and signal detection were carried out according to the 

manufacturer�s instructions (DIG RNA labeling Kit and detection chemicals; Roche 

Diagnostics).  

 

Results 

Utilization of different carbon sources by M. pneumoniae. The inspection of the genome 

sequence of M. pneumoniae suggested that the bacteria are able to transport and utilize 

glucose, fructose, mannitol, and glycerol as sources of carbon and energy. The genes 

encoding the general components of the PTS, ptsI and ptsH, are present as well as the genes 

for permeases specific for glucose, fructose, and mannitol. The glucose and fructose 

permeases are three-domain enzymes with the domain order CBA and ABC, respectively. In 

contrast, the putative mannitol permease is composed of a CB and a separate A protein 

encoded by mtlA and mtlF, respectively. The GlpF protein is a glycerol facilitator. Moreover, 

M. pneumoniae possesses the enzymes to convert the primary phosphorylation products to 

intermediates of glycolysis (Dandekar et al., 2000; Himmelreich et al., 1996; see Fig. 3). 

Since the growth properties of M. pneumoniae in the presence of different carbon sources 

have not been studied previously, we decided to analyse whether M. pneumoniae can use 

these carbon sources.  
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Fig. 3: Systems for the uptake and catabolism of carbohydrates in M. pneumoniae as predicted from the genome 
sequence (Himmelreich et al., 1996). FruA (MPN078) is the EIIABC component specific for fructose, and PtsG 
(MPN207) the EIICBA component for the uptake of glucose. MtlA (MPN651) and MtlF (MPN653) are the 
putative EIIBC and EIIA proteins for the transport of mannitol, whereas GlpF (MPN043) is the glycerol uptake 
facilitator. The glucose-6-phosphate isomerase PgiB (MPN250) and phosphofructokinase Pfk (MPN302) 
transform glucose-6-phosphate to fructose-1,6-bisphosphate. The 1-phosphofructokinase FruK (MPN079) and 
the mannitol-1-phosphate dehydrogenase MtlD (MPN652) are necessary for the conversion of fructose and 
mannitol to intermediates of glycolysis. The glycerol kinase GlpK (MPN050) and the glycerol-3-phosphate 
dehydrogenase GlpD (MPN051) metabolize glycerol to dihydroxyacetone phosphate.  
 

Precultures were obtained with modified Hayflick medium supplemented with glucose. Cells 

isolated from these cultures were used to inoculate fresh medium containing the different 

carbon sources. A culture without added sugar served as a control. As shown in Fig. 4, only 

slight initial growth resulting from residual glucose was observed in the control culture, and 

growth ceased after two days of incubation. In contrast, cultures incubated in the presence of 

glucose immediately started to grow and growth continued until a biomass of about 50 mg 

wet weight per 100 ml of medium was reached on a surface of 150 cm2. The minimal 

generation time of M. pneumoniae in glucose-supplemented medium was determined to be 

about 30 hrs. With fructose, the bacteria grew as well, however, the yield was significantly 

lower (about 15 mg wet weight per 100 ml of medium on a surface of 150 cm2). In the 

presence of both glucose and fructose, the growth characteristics were similar to those 

observed with glucose. With mannitol, no growth was observed suggesting that M. 

pneumoniae is not able to use this carbohydrate, at least under the conditions employed in this 

study (see Fig. 4A). Glycerol was metabolized by M. pneumoniae, although it seems to be a 

poor substrate as observed for fructose. Again, the addition of glucose and glycerol resulted in 
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higher biomass yields. Thus, among the candidate substrates, glucose was clearly the most 

efficient, fructose and glycerol were utilized, whereas mannitol did not serve as a carbon 

source. 
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Fig. 4: Growth of M. pneumoniae in modified Hayflick medium containing different carbon sources. 100 ml 
medium were inoculated with 5 mg of cells and incubated for 2, 4 or 6 d at 37°C in 150 cm2 cell culture flasks. 
Glucose, fructose, mannitol (A), and glycerol (B) were added to a final concentration of 1% (w/v). Attached cells 
were collected by scraping and growth was monitored by determination of the wet weight of the cell pellets. 
Medium without any additional carbon source served as a negative control. All measurements were done at least 
twice. 

  

Detection of HPr in M. pneumoniae cells. The growth assays demonstrated that M. 

pneumoniae is able to use sugars that are transported by the PTS. Moreover, the functionality 

and important role of PTS components for glucose and fructose utilization was already 

demonstrated in a global mutagenesis study (Hutchison et al., 1999). In Gram-positive 

bacteria, the HPr protein links sugar transport and different regulatory pathways and is thus 

the key protein of the PTS. To study the regulation of HPr synthesis and its modifications in 

M. pneumoniae, we raised rabbit polyclonal antibodies against the His6-tagged M. 

pneumoniae HPr. The amounts of HPr present in the cells after growth with different carbon 

sources were determined by Western blot analysis using crude cell extracts. The antibody 

reacted with a single protein band that corresponds to the size of the native HPr protein (9.5 

kDa, Fig. 5). The His6-HPr used as a control is larger and migrated somewhat slower. As 

judged from these experiments, HPr is constitutively synthesized in M. pneumoniae. The 

cellular amount did not depend on the presence or absence of PTS substrates such as glucose 

or fructose. This suggests that HPr may be not only required for sugar transport but also for 

regulatory purposes.  
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Fig. 5: Western blot analysis of HPr synthesis in M. pneumoniae. Antibodies raised against M. pneumoniae HPr 
were used to determine the total amounts of HPr in cells grown in the presence of glucose (lane 2), glucose and 
fructose (lane 3), fructose (lane 4), glucose and glycerol (lane 5) or glycerol (lane 6). The concentrations of the 
carbon sources were 1 % (w/v). 200 ng of recombinant His6-HPr served as a control (lane 1). His6-tagged HPr is 
somewhat retarded due to its slightly higher molecular weight.  
 

In contrast to most other bacteria, the ptsH and ptsI genes encoding HPr and Enzyme I, 

repectively, are not clustered in M. pneumoniae. The transcription of ptsH was studied by 

Northern blot analysis (Fig. 6). The major transcript corresponded to a 0.32 kb mRNA. In 

addition, two larger minor signals were detected. The 0.32 kb mRNA has the size expected 

for the monocistronic ptsH gene, for which promoter and terminator sequences were predicted 

in silico (Himmelreich et al., 1996; Weiner et al., 2000). The minor signals may result from 

cross-hybridization with 16S rRNA and a very abundant 550 bp RNA. The nature of this 

RNA is so far unknown.  
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Fig. 6: Transcriptional organisation of the ptsH locus (MPN053) of M. pneumoniae. (A) Northern blot. 10 µg of 
total RNA prepared from cells grown in modified Hayflick medium containing 1% (w/v) glucose were separated 
using a 1.5% agarose gel containing 6% formaldehyde. After electrophoresis the RNA was transferred onto a 
nylon membrane and the ptsH mRNA was detected using a Dig-labeled riboprobe specific for ptsH (lane 2). 
Dig-labeled RNA molecular weight marker I (Roche Diagnostics) served as a standard (lane 1).  
(B) Genomic region surrounding the ptsH gene in M. pneumoniae. Indicated promotors are experimentally 
demonstrated (P52) or predicted in silico (Weiner et al., 2000). The position of the riboprobe is indicated by the 
dotted line. The detected ptsH mRNA is schematically shown as a solid arrow.  
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Taken together, our results demonstrate that ptsH is a constitutively expressed monocistronic 

transcription unit. This finding is in good agreement with the previous observation that ptsH 

is one of the highly-expressed M. pneumoniae genes (Weiner et al., 2003).  

In vivo phosphorylation pattern of M. pneumoniae HPr. M. pneumoniae HPr is the target 

of two distinct phosphorylation events. However, the in vivo activity profile of the two 

phosphorylating enzymes, HPrK/P and Enzyme I, has so far not been investigated in any 

Mollicute.  
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fructose glycerol

HPr
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Fig. 7: Western blot for the detection of the different phosphorylation forms of HPr. Crude extracts of M. 

pneumoniae grown in the presence of different carbon sources (1% final concentration) were separated using 
native gels. For each condition tested a parallel aliquot was incubated for 10 min at 70°C to hydrolyze the heat-
labile HPr(His~P). The different HPr species [HPr, HPr(His~P), HPr(Ser-P) and HPr(His~P)(Ser-P)] were 
detected using polyclonal rabbit antibodies raised against M. pneumoniae His6-HPr. 10 µg extract were applied 
to each lane.  

 

To study the in vivo phosphorylation pattern of HPr we made use of the different migration 

behaviour of HPr carrying no, one or two phosphates in native acrylamide gels. Protein 

extracts from M. pneumoniae cells grown in modified Hayflick medium with different carbon 

sources were prepared as described in Materials and Methods, and subjected to native gel 

electrophoresis. The different forms of HPr were detected by Western blot analysis and the 

site of phosphorylation was determined by incubation of an aliquot of the cell extract at 70°C 

prior to electrophoresis. While phosphorylation on His-15 is heat-labile, phosphorylation at 

Ser-46 is not (Fig. 7). In the presence of glucose, essentially all HPr was phosphorylated at 

His-15 as judged from the complete loss of phosphorylation upon heat exposure. Similar 

results were obtained with fructose and a mixture of glucose and fructose. Thus, HPr is 

exclusively phosphorylated by Enzyme I in the presence of glucose or fructose whereas 

HPrK/P has no kinase activity under these conditions. If glycerol was present as a carbon 

source, two phosphorylated forms of HPr were observed, which correspond to singly and 

doubly phosphorylated forms of the protein. As expected, the doubly phosphorylated form 
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disappeared completely after incubation at 70°C due to the heat lability of the His-phosphate. 

Only a small fraction of total HPr was unphosphorylated after heat exposure. These 

observations indicate that HPr was present to about one third as HPr(His~P), HPr(Ser-P), and 

HPr(His~P)(Ser-P), respectively. The addition of glucose to glycerol-growing cells did not 

significantly affect the in vivo phosphorylation pattern of HPr (see Fig. 7). Thus, we may 

conclude that HPrK/P kinase activity is triggered in the presence of glycerol in vivo, and that 

it is not affected by glucose.  

Detection of HPr phosphorylating enzymes in cell extracts of M. pneumoniae. The in vivo 

phosphorylation experiment suggests that Enzyme I was active under all condition studied 

here, whereas HPrK/P kinase activity was only detectable in glycerol-grown cells. Therefore, 

the synthesis or the activity of HPrK/P might be controlled by carbon source availability. To 

differentiate between these two possibilities, we investigated the presence of enzymatic 

activity of HPrK/P in M. pneumoniae cells after growth in modified Hayflick medium with 

different carbon sources. Crude extracts were incubated with HPr and with or without ATP, 

and the reaction mixture was analyzed by native gel electrophoresis (Fig. 8). None of the 

extracts was able to phosphorylate HPr in the absence of ATP. In contrast, all extracts 

contained HPrK/P resulting in the formation of HPr(Ser-P). Judged from these results, 

HPrK/P was present under all conditions. Thus, enzymatic activity rather than expression 

seems to be regulated. 
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Fig. 8: In vitro phosphorylation assay to detect HPrK/P (MPN223) in M. pneumoniae crude extracts. M. 

pneumoniae His6-HPr (20 µM) was incubated with 5 µg of crude extract and 0.5 mM ATP in assay buffer in a 
final volume of 20 µl at 37°C for 120 min. Subsequently, the HPrK/P was heat-inactivated by boiling for 10 min. 
The proteins were analyzed using 10% native PAGE. M. pneumoniae crude extracts were from cells that had 
been cultivated in the presence of different sugars as indicated. The first both lanes are positive controls with M. 

pneumoniae His6-HPr (first lane) and His6-HPr that had been phosphorylated at Ser-46 in vitro (second lane).  
 

If M. pneumoniae cells grow on glucose or fructose, HPr is quantitatively phosphorylated by 

Enzyme I. In contrast, only a portion of HPr is phosphorylated on His-15 if glycerol is present 

in the medium (see Fig. 7). We asked therefore, whether Enzyme I was present in lower 
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amount in glycerol-grown cells. To address this question, we used the cell extracts from 

cultures grown with the different carbohydrates and studied the presence of Enzyme I. This 

was performed by incubating the cell extracts with HPr and PEP as the phosphate donor. To 

control the reaction, we incubated Enzyme I of B. subtilis with M. pneumoniae HPr.  
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Fig. 9: In vitro phosphorylation assay to detect Enzyme I (MPN627) in M. pneumoniae crude extracts. M. 
pneumoniae His6-HPr (20 µM) was incubated with 1 µg of crude extract and 0.5 mM PEP in assay buffer in a 
final volume of 20 µl at 37°C for 30 min. Assay mixtures that had been incubated for additional 10 min at 70°C 
to hydrolyze of the heat-labile HPr(His~P) and samples where PEP had been omitted served as negative controls. 
The proteins were analyzed using 10% native PAGE. The crude extracts were prepared from cells that had been 
cultivated in the presence of different sugars as indicated. The first three lanes are positive controls with M. 
pneumoniae His6-HPr (first lane), in vitro phosphorylated His6-HPr(His~P) using B. subtilis Enzyme I (second 
lane) and the same after 10 min at 70°C (third lane).  

 

As shown in Fig. 9, this resulted in heat-labile phosphorylation of HPr. All cell extracts 

converted HPr to HPr(His~P) in the presence of PEP. In contrast, no HPr phosphorylation 

occurred in the absence of the phosphate donor (Fig. 9). Thus, Enzyme I was present in all 

cell extracts tested. We may therefore conclude that the partial phosphorylation of HPr by 

Enzyme I in glycerol-grown cells might result from the competition of HPrK/P and Enzyme I 

for their common target, HPr.  

 

Discussion 

For growth in artificial media, M. pneumoniae requires the presence of an added 

carbohydrate. Among the carbohydrates tested in this study, glucose allowed the most rapid 

growth. In contrast, fructose and glycerol are poor carbon sources for M. pneumoniae. 

Interestingly, mannitol did not serve as a single carbon source even though the genetic 

information to use this carbohydrate is complete (see Fig. 3). Two possible explanations for 

this finding can be envisioned: the mtlA, mtlF, or mtlD genes required for mannitol transport 

and conversion to fructose-6-phosphate might be poorly expressed. This argument is 


