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Summary 

1. Summary 
 

Streptococcus pneumoniae (the pneumococcus) is a Gram-positive bacterium 

colonizing as a commensal asymptomatically the upper human respiratory tract. 

The pneumococcal metabolism is perfectly adapted to the environmental 

conditions of the human nasopharynx and its metabolism is therefore 

independent of several physiological pathways such as the respiratory chain, 

tricarbon cycle or gluconeogenesis. In addition, the pneumococcus is auxotrophic 

for certain amino acids and lacks the de novo synthesis pathways for these 

amino acids. Instead, pneumococci take up the necessary nutrients including 

monosaccharides, oligopeptides, or amino acids, which they dissolve from the 

mucus using a variety of exoenzymes. However, under certain conditions 

pneumococci can colonize other human habitats and cause thereby as a 

preferentially human-specific pathogen local infections like otitis media and 

sinusititis, but also life-threatening invasive diseases such as lobar pneumonia, 

meningitis and sepsis. Pneumococcal spread within the host is largely dependent 

on the expression of specific virulence factors and the bacterial ability to adapt to 

new habitats, which is among others, mediated by regulatory proteins. In this 

study two highly conserved pneumococcal regulators, namely the arginine 

metabolism regulator ArgR2 and the redox-sensing regulator Rex, were identified 

and characterized on the molecular level. Importantly, their influence on 

pathophysiological processes was also studied in detail.  

 

In addition to the regulator ArgR2, the pneumococcal genome contains two 

additional ArgR-type-regulators (ArgR1 and AhrC), which are involved in arginine 

metabolism regulation. Previously it was shown for pneumococcal strain D39 that 

ArgR1 and AhrC form a heterohexameric complex, repressing in particular the 

anabolic arginine metabolism genes. This study now indicates that ArgR2 of 

serotype 4 strain TIGR4 acts as a specific activator for the catabolic genes of the 

arginine deiminase system (ADS), a common arginine degradation pathway 

among prokaryotes. The ADS in pneumococci is conserved and consists of the 

arginine deiminase (AD), the catabolic ornithine carbamoyltransferase (cOCT) 

and the carbamatkinase (CK). The three genes encoding theses enzymes are 

expressed in an arc-cluster together with the gene of the arginine-ornithine 

antiporter (ArcD) and a not specifically characterized peptidase (ArcT). By 

employing the electrophoretic mobility shift assay (EMSA) this study 
1 
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demonstrates that ArgR2 binds as a regulator to the promotor sequences of the 

ADS genes and also to the gene arcD, encoding the arginine-ornithine antiporter. 

Deletion of argR2 caused a reduction of the ADS and arcD gene expression in 

TIGR4. In mice infection experiments, isogenic mutants of the arcABCDT genes 

and of the argR2 gene of TIGR4 were used to analyze the influence of the 

mutations on the pneumococcal pathogenicity. The results of acute-pneumonia 

mouse infection model and co-infection experiments, respectively, indicated that 

the arginine-ornithine-antiporter ArcD is the key fitness and virulence determinant 

and essential for pneumococcal dissemination in the various host niches 

including the lung and blood. In contrast, the ADS genes do not play a crucial 

role for the pathogenicity of pneumococci in vivo as shown after intranasal 

infection of mice and co-infection experiments. Strikingly, in direct competition 

with the wild-type, the argR2 mutant exhibits a higher fitness, indicating additional 

regulatory functions of ArgR2. Interestingly, not all pneumococcal strains 

express, like TIGR4, the regulator ArgR2 as shown exemplarily for 

S. pneumoniae serotype 2 strain D39. Nevertheless, D39 expresses the ADS 

constitutively and immunoblot analyses identified a truncated arginine deiminase, 

resulting from an early stop codon within the deiminase gene arcA.  

 

The second regulator present in all pneumococcal genomes and characterized in 

this study is the redox-sensing regulator Rex. The comparison between several 

pneumococcal genomes indicated that Rex is highly conserved in 

S. pneumoniae. By further comparing the deciphered Rex binding motifs in 

S. pneumoniae, a consensus sequence for Rex binding was identified:              

5’-NTTGTGNNANANTTNTNAANNT-3’. The hypothetical Rex binding motifs were 

confirmed by EMSA for the glycolytic genes gapN, pgk and eno. Furthermore, 

Rex binds to DNA motifs preceding the genes encoding the lactate 

dehydrogenase LdH, pyruvate-formate-lyase Pfl, NADH oxidase Nox, PnuC 

(protein involved in NAD metabolism) and Rex. The latter indicates an auto-

regulation of Rex. The interaction with NADH reduces the binding affinity of Rex 

to the regulatory regions of nox, pgk and pnuC, while binding of Rex to the 

regulatory region of gapN was not affected. Northern blot analyses were 

conducted to investigate whether binding of Rex influences the expression of the 

genes gapN, pgk and nadE. The amount of gene specific transcripts (gapN, pgk, 

nadE) was substantially increased for the Rex-deficient mutants in comparison to 

the parental strain under microaerophilic or anaerobic conditions. In contrast, the 

expression of nox and ldh was unaffected by knocking out rex. In many Gram-
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positive bacteria the central glycolytic gene repressor (CggR) has similar target 

genes like Rex in S. pneumoniae. Pneumococci lack CggR. Hence, this study 

suggests that S. pneumoniae modulates the expression of glycolytic enzymes via 

Rex and the NADH/NAD+ ratio. However, a comparison of the extracellular 

metabolites showed no significant differences between D39Δcps and 

D39ΔcpsΔrex cultivated in CDM. Thus, despite repressing the central glycolytic 

enzymes, Rex does not measurably influence the uptake and release of glucose, 

fermentation products and amino acids, respectively. Nevertheless, co-infection 

experiments indicate that the Rex regulator is involved in the pneumococcal 

adaption to different levels of oxygen supply, including anaerobic conditions.  

 

In conclusion, this work identifies the regulator ArgR2 as activator of the 

S. pneumoniae TIGR4 arginine deiminase system and arginine-ornithine 

transporter ArcD, which is needed for uptake of the essential amino acid arginine. 

Although ArgR2 activates ArcD expression and uptake of arginine is required to 

maintain pneumococcal fitness, the deficiency of ArgR2 increases TIGR4 
virulence under in vivo conditions, suggesting that other factors regulated by 

ArgR2 counterbalance the reduced uptake of arginine by ArcD. Thus this works 

illustrates that the physiological homeostasis of pneumococci is complex and that 

ArgR2 plays a key role in maintaining bacterial fitness. Moreover, Rex was 

identified as a regulator of housekeeping genes including genes encoding 

glycolytic enzymes. In vitro studies and gene expression analyses suggested that 

the regulator Rex does not have an influence on the physiology of 
S. pneumoniae. However, a co-infection experiment demonstrated that Rex is 

involved in maintaining pneumococcal fitness and robustness under in vivo 

conditions.  
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Zusammenfasssung 

2. Zusammenfasssung 
 

Streptococcus pneumoniae (der Pneumokokkus) ist ein Gram-positives 

Bakterium, dass als Kommensale asymptomatisch den oberen Respirationstrakt 

des Menschen besiedelt. Der Stoffwechsel der Pneumokokken ist optimal an die 

Umweltbedingungen der menschlichen Nasopharynx angepasst und ist daher 

unabhängig von verschiedenen physiologischen Stoffwechselwegen, wie zum 

Beispiel der Atmungskette, dem Tricarbonzyklus, oder der Gluconeogenese. 

Zusätzlich ist der Pneumokokkus auxotroph für bestimmte Aminosäuren, für die 

ihm die Biosynthesewege fehlen. Stattdessen nehmen Pneumokokken die 

erforderlichen Nährstoffe, einschließlich Monosaccharide, Oligopeptide oder 

Aminosäuren auf, die sie aus der Mucusschicht mit einer Vielzahl von 

Exoenzymen freisetzen. Trotzdem kann S. pneumoniae unter bestimmten 

Bedingungen andere Habitate im Menschen besiedeln und dabei als vorwiegend 

humanspezifisches Pathogen lokale Infektionen des Mittelohrs (Otitis Media) und 

der Nasennebenhöhlen (Sinusitis), aber auch lebensbedrohliche invasive 

Erkrankungen, wie Lungenentzündung (Lobärpneumonie), bakterielle 

Hirnhautentzündung (Meningitis) und Blutvergiftung (Sepsis), verursachen. Das 

Ausbreiten der Pneumokokken im Wirt ist in einem großen Maß von der 

Expression spezifischer Virulenzfaktoren und von der bakteriellen Fähigkeit zur 

Anpassung an neue Lebensräume abhängig, welche unter anderem durch 

regulatorische Proteine gewährleistet wird. In der vorliegenden Arbeit wurden 

zwei hochkonservierte Regulatoren von S. pneumoniae, nämlich der 

Argininmetabolismus Regulator ArgR2 und der „redox-sensing“ Regulator Rex, 

identifiziert und auf molekularer Ebene charakterisiert. Zudem wurde auch ihr 

Einfluss auf pathophysiologische Prozesse eingehend untersucht.  

 

Neben dem Regulator ArgR2 enthält das Genom der Pneumokokken zwei 

weitere Regulatoren des ArgR-Typs (ArgR1 und AhrC), die an der Regulation 

des Argininstoffwechsels beteiligt sind. Bislang konnte für den 

Pneumokokkenstamm D39 gezeigt werden, dass ArgR1 und AhrC einen 

heterohexamerischen Komplex bilden, welcher vor allem die anabolen 

Argininmetabolismusgene reprimiert. Die Ergebnisse dieser Arbeit deuten darauf 

hin, dass ArgR2 in Stamm TIGR4 (Serotyp 4) als spezifischer Aktivator der 

katabolen Gene des Arginin-Deiminase Systems (ADS), ein unter Prokaryoten 

weitverbreiteter Argininabbauweg, wirkt. Das ADS in Pneumokokken ist 

konserviert und besteht aus der Arginin-Deiminase (AD), der katabolischen 
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Ornithin-Carbamoyltransferase (cOCT) und der Carbamatkinase (CK). Die drei 

Gene, die diese Enzyme codieren, werden in einem arc-Cluster zusammen mit 

dem Gen eines Arginin-Ornithin-Antiporters (ArcD) und einer nicht näher 

charakterisierten Peptidase (ArcT) exprimiert. Unter Anwendung der 

Affinitätselektrophorese (EMSA) konnte in dieser Studie gezeigt werden, dass 

ArgR2 als Regulator an die Promotorsequenzen der ADS-Gene und des Gens 

arcD, das für den Arginin-Ornithin-Antiporter kodiert, bindet. Die Deletion von 

argR2 bewirkte in TIGR4 die Reduzierung der Expression der ADS Gene und 

des Antiportergens arcD. In Mausvirulenzstudien wurde unter Verwendung von 

isogenen Mutanten der arcABCDT Gene und des argR2 Gens von TIGR4 der 

Einfluss der Mutationen auf die Pathogenität der Pneumokokken untersucht. Die 

Ergebnisse aus dem Maus‐Infektionsmodell der akuten Pneumonie und aus Co-

Infektionsexperimenten deuteten darauf hin, dass der Arginin-Ornithin-Antiporter 

ArcD in diesem Zusammenhang der bestimmende Faktor für die Fitness und 

Virulenz, sowie entscheidend für die Ausbreitung der Pneumokokken in die 

verschiedenen Wirtsnischen, einschließlich der Lunge und des Blutes, ist. 

Hingegen spielen die Gene des ADS keine wesentliche Rolle für die Pathogenität 

der Pneumokokken in vivo, wie durch die intranasale Infektion von Mäusen und 

in Co-Infektionsexperimenten dargelegt werden konnte. Im direkten Wettbewerb 

mit dem Wildtyp zeigte jedoch die argR2 Mutante eine erhöhte Fitness, was auf 

weitere regulatorische Funktionen von ArgR2 hindeutet. Interessanterweise 

konnte nachgewiesen werden, dass nicht alle Pneumokokkenstämme, wie 
TIGR4, den Regulator ArgR2 exprimieren. Obwohl für den S. pneumoniae 

Serotyp 2 Stamm D39 keine Expression von ArgR2 gezeigt werden konnte, 

wurde das ADS in D39 konstitutiv exprimiert und im Immunoblot konnte eine 

verkürzte Arginin-Deiminase nachgewiesen werden, welche aus einem 

vorzeitigen Stopcodon innerhalb des Arginin-Deiminase Gens arcA resultiert. 

 

Der zweite Regulator, der in allen Pneumokokkengenomen nachgewiesen und 

der in dieser Studie charakterisiert wurde ist der „redox-sensing“ Regulator Rex. 

Der Vergleich von mehreren Pneumokokkengenomen zeigte, dass Rex in 

S. pneumoniae hoch konserviert ist. Durch Vergleich von vorhergesagten Rex 

Bindungsmotiven für S. pneumoniae konnte eine Konsensussequenz für die Rex-

Bindungsstelle identifiziert werden: 5’-NTTGTGNNANANTTNTNAANNT-3’. Die 

hypothetischen Rex-Bindungsmotive konnten für die glykolytischen Gene gapN, 

pgk und eno mittels EMSA bestätigt werden. Außerdem bindet Rex an die 

regulatorischen DNA-Bereiche der Gene, die für die Lactatdehydrogenase LdH, 
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die Pyruvat-Formiat-Lyase Pfl, die NADH Oxidase Nox, PnuC (Protein, welches 

am NAD Metabolismus beteiligt ist) und Rex kodieren. Die letztgenannte 

Wechselbeziehung deutet auf eine Autoregulation von Rex hin. Die Interaktion 

mit NADH reduzierte die Bindungsaffinität von Rex zu den regulatorischen 

Regionen von nox, pgk und pnuC, wohingegen die Bindung von Rex an die 

regulatorische Region von gapN durch NADH nicht beeinflusst wurde. Northern 

Blot Analysen wurden durchgeführt um zu untersuchen, ob die Bindung von Rex 

die Expression der Gene gapN, pgk und nadE beeinflusst. Die Menge an Gen-

spezifischen Transkripten (gapN, pgk, nadE) war für die Rex-Deletionsmutante 

im Vergleich zum Ausgangsstamm unter mikroaerophilen und anaeroben 

Bedingungen deutlich erhöht. Im Gegensatz dazu, war die Expression von nox 

und ldh unabhängig von der Deletion von rex. In vielen Gram-positiven Bakterien 

hat der Repressor CggR („central glycolytic gene repressor“) ähnliche Zielgene 

wie Rex in S. pneumoniae. Pneumokokken fehlt CggR. Übereinstimmend deutet 

diese Studie darauf hin, dass die Expression der glykolytischen Gene in 

S. pneumoniae durch Rex und das NADH/NAD+ Verhältnis reguliert wird. Jedoch 

zeigte der Vergleich der extrazellulären Metabolite keine signifikanten 

Unterschiede zwischen in CDM kultivierten D39Δcps und D39ΔcpsΔrex. Damit 

hat Rex keinen messbaren Einfluss auf die Aufnahme und Freisetzung von 

Glucose, Fermentationsprodukten und Aminosäuren, obwohl es die zentralen 

glykolytischen Enzyme reprimiert. Co-Infektionensexperimente deuteten aber 

darauf hin, dass der Rex Regulator an der Anpassung von Pneumokokken an 

unterschiedliche Sauerstofflevel, einschließlich anaeroben Bedingungen, beteiligt 

ist.  

 

Zusammenfassend wurde in der vorliegenden Arbeit der Regulator ArgR2 als 

Aktivator des S. pneumoniae TIGR4 Arginine Deiminase Systems und des 

Arginin-Ornithin-Antiporters ArcD, welcher für die Aufnahme der essentiellen 

Aminosäure Arginin verantwortlich ist, identifiziert. Obwohl ArgR2 die ArcD 

Expression reguliert und die Aufnahme von Arginin notwendig ist um die Fitness 

der Pneumokokken zu erhalten, steigerte das Fehlen von ArgR2 die TIGR4 
Virulenz unter in vivo Bedingungen, was darauf hin deutet, dass weitere Faktoren 

von ArgR2 reguliert werden, die die verminderte Aufnahme von Arginin durch 

ArcD ausgleichen. Damit verdeutlicht diese Arbeit die Komplexität der 

physiologischen Homöostase von Pneumokokken und die wichtige Rolle von 

ArgR2 an dem Erhalt der bakteriellen Fitness. Außerdem wurde Rex als 

Regulator von „housekeeping“-Genen, einschließlich der Gene, die glykolytische 
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Enzyme kodieren, identifiziert. Obwohl die in vitro Studien und die 

Untersuchungen der Genexpression suggerierten, dass die Physiologie von 

S. pneumoniae stabil ist, zeigten die in vivo Infektionsversuche, dass Rex auch 

an dem Erhalt der Fitness und Widerstandsfähigkeit der Pneumokokken unter in 

vivo Bedingungen beteiligt ist. 
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3. Introduction 

3.1. Streptococcus pneumoniae 

3.1.1. General characteristics 
 

Streptococcus pneumonia, or simply the pneumococcus was discovered in 1875 

by the German physician and microbiologist Edwin Klebs in sputum and lung 

tissue obtained from patients with pneumonia (Kohler and Mochmann, 1988). A 

few years later, in 1880, pneumococci were isolated independently by George 

Miller Sternberg in the United States and Louis Pasteur in France. Not long after 

that, pneumococci were shown to be the cause of pneumonia, meningitis, 

endocarditis, arthritis, and otitis media (Austrian, 1999). Moreover, 

S. pneumoniae, formerly known as Diplococcus pneumoniae, was explored not 

only as a pathogen, but served also as a model for the transmission of virulence 

characteristics within a species. Experiments of Frederick Griffith (1928) and 

Oswald T. Avery, Colin M. MacLeod and Maclyn McCarty (1944) led to the 
discovery that DNA is the carrier of genetic information (Avery et al., 1944; 

Griffith, 1928).  

Taxonomically, S. pneumoniae is classified as a Gram-positive bacterium 

belonging to the Phylum Firmicutes, the class Bacilli, the order Lactobacillales, 

the family Streptococcaceae, the genus Streptococcus and the species 

pneumoniae (Facklam, 2002). Based on a system developed in 1919 by James 

H. Brown (Brown, 1919), streptococci were grouped due to their hemolytic 
properties. S. pneumoniae was categorized as an α-hemolytic species, causing a 

partial hemolysis: the erythrocytes stay intact, but the iron atom within the 

hemoglobin is oxidized due to hydrogen peroxide secreted by pneumococci. As a 

result of this hemolysis blood agar plates covered with pneumococci are stained 

greenish. Other species of the genus Streptococcus have been classified as β- 

and γ-hemolytic. Beta-hemolysis leads to a complete hemolysis of the 

erythrocytes, resulting on blood agar plates in wide, clear areas around bacterial 

colonies, whereas γ-hemolytic species have no hemolysis activity.  

Pneumococci are further subclassified by the chemical composition of their 

capsular polysaccharides. So far, over 94 different capsular serotypes have been 

identified when applying the Danish nomenclature. The capsule is a critical 

virulence factor for colonization and invasive disease. The distribution of 

serotypes within the human population varies with age, time, place and 
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socioeconomic conditions of the patient (Hausdorff et al., 2001; Kumar et al., 

2013; Shainheit et al., 2014).  

The pneumococcal evolution is dominated by genetic recombination. The rate of 

recombination in S. pneumoniae is ten times higher than the rate of mutation. In 

comparison, Neisseria meningitides, which also exist in the normal bacterial flora 

of the nasopharynx, has a five times higher rate of mutation than of 

recombination (Donkor, 2013; Feil and Spratt, 2001). A source of pneumococcal 

interspecies recombination is the mitis group of streptococci (Hanage et al., 

2009). The mitis group includes S. pneumoniae, S. oralis, S. mitis, S. infantis, 

S. sanguis, S. gordonii, S. pseudopneumoniae, S. cristatus, S. oligofermentans, 

S. parasanguinis, and S. peroris (Donkor, 2013). Example of homologous 

recombination within the mitis group of streptococci is the exchange of virulence 

genes such as lytA, nanA, pspA, and pspC (Johnston et al., 2010). The natural 

genetic transformation allows pneumococci the acquisition of pathogenicity 

islands and antibiotic resistance and promotes vaccine escape via capsule 

switching (Johnston et al., 2014). 

 

3.1.2. Pneumococcal Carriage 
 

The human host is the main reservoir of pneumococci. They colonize together 

with other bacterial species like Haemophilus influenza or Moraxella catarrhalis 

the nasopharynx as part of the normal bacterial flora. The distribution of each 

pneumococcal strain among the human population depends on age, genetic 

background, socioeconomic conditions, and geographical area of the individual 

patient (Bogaert et al., 2004). Young children, as the main source for 

transmission of S. pneumoniae to adults, have the highest carriage rates (40-

60%), compared with 12% in older children, 6–10% in adolescents and only 3–
4% in adults (Cardozo et al., 2008; Dagan et al., 1996). In average, adults carry 

pneumococci for approximately 31 days, whereas the estimated time in children 

is 60.5 days, depending on the capsular serotype, the age of the host, 

immunologic exposure, and immune competence (Hill et al., 2010; Turner et al., 

2012). The successful transmission of pneumococci from person-to-person is 

crucial for its survival as a non-spore-forming bacterium, whose only host is 

humans. Respiratory droplets from people with pneumococcal disease or, more 

commonly, healthy individuals carrying the organism in the nasopharynx, mediate 

the transmission (Donkor, 2013). Following acquisition, S. pneumoniae colonizes 
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the nasopharynx of the new host, normally in an asymptomatic manner (Bogaert 

et al., 2004). Considering that the nasopharynx connects the nose, ears, mouth, 

and the lower respiratory tract (Shak et al., 2013), pneumococci can migrate to 

other regions of the host’s nasopharyngeal space: the eustachian tubes to cause 

otitis media, descend the respiratory tract to cause pneumonia, or invade the 

bloodstream through the respiratory epithelium to cause bacteremia or meningitis 

(Mook-Kanamori et al., 2011).  

 

3.1.3. Pneumococcal Diseases 
 

In most cases, pneumococci colonize the mucosal surface of the nasopharynx 

asymptomatically. However, under certain circumstances, S. pneumoniae has the 

potential to transmigrate to the bronchial tree and the pulmonary parenchyma, 

which are thought to be sterile in healthy individuals, and cause serious 

infections. Especially young children under 2 years of age and older people 

(aged 65 and older) are prone for pneumococcal infections because of their 

weakened immune system (Cartwright, 2002).  

In general, pneumococcal diseases can be characterized as non-invasive or 

invasive. Otitis media, nonbacteremic pneumonia, sinusitis and bronchitis are 

examples for non-invasive diseases, which may be caused by pneumococci. A 

large arsenal of virulence factors allows S. pneumoniae the successful adaption 

to different host niches, like the nasopharyx or other parts of the respiratory tract 

and even permit penetration of blood vessels (Orihuela et al., 2004a). In contrast 

to non-invasive diseases, invasive infections are characterized by pathogens 

entering the blood stream. Life-threatening invasive pneumococcal diseases are 

community-acquired pneumonia (CAP), severe CAP, septicemia and meningitis. 

Worldwide, more than 1.5 million humans, including one million children aged 

less than 5 years, die of CAP each year (Gamez and Hammerschmidt, 2012).  
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3.2. Prevention and treatment of pneumococcal 
disease 

 

After a long time of research, pneumococcal vaccines were first developed in the 

mid-1980s. Pneumovax®, the first licensed vaccine developed by Merck, 

contained 23 different capsular polysaccharides (PPSV23). It was designed for 

the application in children at least 2 years of age and adults with a high risk for 

pneumococcal disease (e.g. adults older than 65 years of age). At the time of 

launching in 1983, it protected against serotypes responsible for ~90% of the 

bacteremic pneumococcal diseases in the United States and Europe (Pletz et al., 

2008; Schulz and Hammerschmidt, 2013). In the 2000s, three pneumococcal 

conjugate vaccines, PCV7 (Prevnar®, Wyeth Pharmaceuticals Inc., Philadelphia, 

PA, USA), PCV10 (PHiD-CV; GSK Biologicals, Rixensart, Belgium) and PCV13 

(Prevnar 13®, Wyeth Pharmaceuticals Inc., a subsidiary of Pfizer Inc.) were 

released. For these vaccines capsular polysaccharides of different pneumococcal 

serotypes were conjugated to the highly immunogenic cross-reactive material 

197 (CRM197), a non-toxic diphtheria toxoid protein (Linares et al., 2010; Pletz et 

al., 2008). The new conjugate vaccines differ considerably from the PPSV23 

vaccine in their mode of action. They induce a B- and T-cell response of the 

adaptive immune system, whereas Pneumovax® induced a B-cell-dependent 

immune response (Pletz et al., 2008; Schulz and Hammerschmidt, 2013). As a 

consequence, the number of infections in children under the age of two was 

reduced significantly from 70.3 to 13.1 cases per 100,000 (Kyaw et al., 2006). 

Pneumococcal infections are traditionally treated with the antibiotic penicillin. But 

the widespread and erroneous usage of drugs resulted in antibiotic resistance of 

S. pneumoniae. The first multidrug-resistant strain (serotype 19A) was 

discovered in South Africa in the late 1970s (Jacobs et al., 1978). In recent years, 

the infection rates with serotypes carrying an antibiotic resistance increased 

continuously (Schulz and Hammerschmidt, 2013).  
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3.3. Natural habitat - mucus, blood, cerebrospinal fluid 
 

The natural habitat of Streptococcus pneumoniae is the mucosal surface of the 

upper respiratory tract. The mucosal tissue of the respiratory tract is covered with 

a resident microbial flora, which varies considerably in composition and 

complexity (Linden et al., 2008). The epithelial layers are protected from 

pathogens and toxins by mucus, a complex, hydrophilic mixture of mucin 

glycoproteins (mucins), which is an important part of the innate defense system. 

Mucins are highly glycosylated proteoglycans (≥ 50% carbohydrate, wt/wt). The 

protein backbone exhibits numerous tandem repeats containing proline and 

many serine and/or threonine residues as sites of O-glycosylation (Rose and 

Voynow, 2006). There are two subfamilies of mucins, gel-forming (secreted) and 

cell surface (transmembrane-tethered) mucins (Hattrup and Gendler, 2008). The 

primary function of secreted mucins, produced by goblet cells as a principal 

component of the upper mucus layer, is unloading of foreign material. In contrast, 

cell surface mucins form the apical glycocalyx coat, the first physical barrier 

against the entry of pathogens and other noxious agents into the underlying 

epithelial cells (Linden et al., 2008). 

An important step of the mucin biosynthesis is the O-glycosylation of threonine 

and serine residues. In Golgi, O-glycan chains are synthesized by specific 

glycosyltransferases in a successive manner. Following the transfer of N-

acetylgalactosamine (GalNAc) to a serine or threonine, the chain is elongated by 

addition of several galactose or N-acetylglucosamine (GlcNAc) molecules. Finally 

glycosylation is terminated by addition of fucose, sialic acid (N-acetylneuraminic 

acid; NeuNAc), or sulfate (Fig. 1A) (Rose and Voynow, 2006). Some mucins are 

also N-glycosylated, although O-glycosylation is predominant. An exception is the 

C-mannosylation, which differs from O- and N-glycosylation by a covalent 

attachment of a single α-mannose residue to the indole C2 carbon atom of the 
first tryptophan (Hofsteenge et al., 1994; Perez-Vilar et al., 2004). C-

mannosylation is found among secreted and membrane proteins (mucins, 

thrombospondin, hyaluronidase 1) and may play a role for secretion and 

enzymatic activity (Goto et al., 2014; Ihara et al., 2010; Perez-Vilar et al., 2004).  

S. pneumoniae does not colonize the mucus easily. Only by changing the mucus 

structure actively through exoenzymes, they can improve the colonization. In 

addition, the exoenzymes allow pneumococci to use the mucus as an energy and 

carbon source. About twenty-one cell wall anchored proteins have been 
predicted for pneumococci (Rigden et al., 2003), of which eight are carbohydrate-
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active enzymes (CAZymes). Several studies showed that many proteins involved 

in carbohydrate metabolism are also important for virulence. Six of the eight cell-

wall-attached CAZymes belong to this group, demonstrating the importance of 

host glycan processing for the pneumococcus-host interaction (Chen et al., 2008; 

Hava and Camilli, 2002; Higgins et al., 2009b; Pluvinage et al., 2013; Polissi et 

al., 1998). There are ten extracellular CAZymes including neuraminidases (NanB, 

NanC), β-galactosidase (BgaA), and N-acetylglucosaminidase (StrH), which 

cleave sialic acid (NeuNAc), galactose (Gal), and N-acetylglucosamine (GlcNAc) 

(Fig. 1B) (Burnaugh et al., 2008; King, 2010). The best-studied example for a 

CAZyme is the neuraminidase NanA, which has been shown to be important for 

pneumococcal host colonization, biofilm formation and modification of the 

surfaces of other competing bacteria, as well as evasion of the innate immune 

response (Brittan et al., 2012; Gut et al., 2011; King et al., 2005; Parker et al., 

2009; Shakhnovich et al., 2002). The neuraminidase catalyzes the release of 

terminal sialic acid residues (NeuNAc) from glycoconjugates on the mucosal 

surface.  

 

13 
 



Introduction 

 
Figure 1:  Schema of glycan structure:   

(A) O-glycans structure of cystic fibrosis lung mucins (a) and bronchiectasis lung 
mucins (b) (Rose and Voynow, 2006).  
(B) Schematic representation of the triantennary N-linked glycan structure of human 
α-1 acid glycoprotein. Arrows indicate cleavage sites for pneumococcal 
neuraminidase (NanA, NanB), β-galactosidase (BgaA), and N-acetylglucosaminidase 
(StrH). The N-linked glycan structure depicted here is commonly found in the human 
airways and has been identified on host defense molecules, coating the 
pneumococcal surface in vivo (Burnaugh et al., 2008). 

 

NeuNAc is one of the most important carbohydrates for S. pneumoniae. Multiple 

studies show its outstanding role as a carbon and energy source, receptor for 

adhesion and invasion and molecular signal for promotion of biofilm formation, 

nasopharyngeal carriage, and invasion of the lung tissue (Fig. 2). The 

exoenzymes responsible for cleaving NeuAC from mucin are the three 

neuraminidases/sialidases NanA, NanB and NanC (King, 2010; King et al., 2006; 
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O'Toole et al., 1971; Shakhnovich et al., 2002; Tong et al., 2002; Yesilkaya et al., 

2008). These enzymes differ considerably in structure and function. NanA is a 

first-line virulence factor, whereas NanC has a regulatory role in the release of 

intermediate metabolic compounds acting as sialidase inhibitors (Gualdi et al., 

2012; Xu et al., 2011; Xu et al., 2008). Similar to NanA, NanB metabolizes sialic 

acid as a carbon source from the glucose-free mucosal surfaces (Gualdi et al., 

2012; Yesilkaya et al., 2008). 

 

 
Figure 2  The roles of pneumococcal modification of host sugars (King, 2010). 

 

Pneumococci display several exopetidases on their surface. These include zinc 

metalloproteinases, like the IgA protease and the ZmpB, ZmpC and ZmpD 

proteases. Whereas the substrates for ZmpB and ZmpD are unknown, the 

functions of the IgA and the ZmpC proteases have been studied extensively. The 

IgA protease cleaves human IgA1 in the hinge region, thereby enhancing the 

pneumococcal adherence and colonization of mucosal surfaces. The 

metalloprotease ZmpC cleaves the human matrix metalloprotease 9 (MMP-9), 

which contributes to the virulence of S. pneumoniae in the mouse model (Oggioni 

et al., 2003). Further, ZmpC induces the ectodomain shedding of the 

proteoglycan syndecan-1 in mammary epithelial cells (Chen et al., 2007), of the 

membrane mucin MUC16 from the human ocular surface and of tracheal-

bronchial epithelial cells (Govindarajan et al., 2012). Pneumococci express 

several other hitherto uninvestigated peptidases cleaving oligopeptides from host 
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protein structures as dietary proteins. These oligopeptidases have also been 

found in Streptococcus agalactiae (PepE ortholog SPD_0866 in D39) (Lin et al., 

1996) and Lactococcus lactis (PepF ortholog SPD_1571 in D39) (Tynkkynen et 

al., 1993). 

Under certain circumstances it is also possible that S. pneumoniae penetrates 

the mucosal barrier to enter the blood stream. Up to 95% of the blood volume is 

water, but it is also rich in various nutrients. It contains dissolved proteins (like 

albumins, globulins, and fibrinogen), glucose, clotting factors, electrolytes (Na+, 
Ca2+, Mg2+, HCO3

-, Cl-, etc.), and amino acids (Tab. 1) (Brosnan, 2003; Filho et 

al., 1997; Krebs, 1950). The total concentration of the free amino acids in human 

plasma is ~2.5 mM.  

 
Table 1 Free amino acid concentrations in plasma, muscle and erythrocytes (Filho et al., 

1997) 

 Concentration of aa in 
human plasma [mM] 

Concentration of aa in 
intracellular water of 

human erythrocytes [mM] 

Concentration of aa in 
intracellular water of 
human muscle [mM] 

Alanine 0.316 0.419 2.249 

Arginine 0.086 0.258 0.633 

Asparagine 0.047 0.155 0.266 

Cirtrulline 0.034 0.047 0.170 

Glutamic acid 0.032 0.446 4.015 

Glutamine 0.655 0.758 20.05 

Glycine 0.248 0.544 1.304 

Histidine 0.087 0.12 0.592 

Isoleucine 0.063 0.071 0.068 

Leucine 0.120 0.137 0.133 

Lysine 0.195 0.177 0.994 

Methionine 0.025 0.02 0.041 

Ornithine 0.066 0.271 0.493 

Phenylalanine 0.053 0.062 0.062 

Serine 0.114 0.211 0.584 

Threonine 0.128 0.157 0.571 

Tyrosine 0.060 0.082 0.087 

Valine 0.220 0.248 0.253 

aa – amino acid(s) 

 

Moreover, pneumococci invade the central nervous system (CNS) via the 

bloodstream by crossing the blood-brain barrier. Since the brain is an immune 

privileged organ, the invasion of S. pneumoniae into the CNS causes an influx of 

large numbers of leukocytes. The resulting immune response leads to 
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intracerebral edema and swelling of the meninges. This causes neurological 

damage and even, at worst, the death of the patient (Brouwer et al., 2010; Iovino 

et al., 2013; Koedel et al., 2002; Woehrl et al., 2011). The subarachnoid space 

and the ventricular system around and inside the brain, as well as the spinal cord 

are filled with cerebrospinal fluid (CSF). When entering the CSF, pneumococci 

have to adjust to the nutrient composition, as it differs considerably from other 

body fluids, like the blood (Saunders et al., 2013). 

However, no matter in which niche (mucin, blood, or CSF) pneumococci grow, 

they always require a rich variety of sugars, amino acids and other nutrients. 

 

3.4. Transporter – mediator between the 
environment and bacteria 

 

The acquisition and uptake of essential nutrients is an important aspect for the 

survival of many bacterial pathogens. This is particularly critical for 

S. pneumoniae as it lacks several biosynthetic pathways and expresses others 

only incompletely (Hoskins et al., 2001).  

Sugars are crucial for pneumococcal growth. However, free carbohydrates are 

not easily accessible in the host. Therefore, pneumococci express several 

extracellular enzyme systems, which metabolize polysaccharides and 

hexosamines into monosaccharides. These metabolites can be absorbed by 

uptake systems like the phosphoenolpyruvate (PEP)-dependent 

phosphotransferase systems (PTS) (Tettelin et al., 2001). Genomic analyses 

revealed that, depending on the pneumococcal strain, between 15 and 20 PTS 

are expressed in S. pneumoniae. Altogether 21 different PTS could be identified 

in pneumococci. In addition, the pneumococcal genome contains 7 carbohydrate 

uptake ATP-binding cassette (ABC) transporters, one sodium:solute symporter 

and one permease. Examples of nutrients absorbed by the different transporters 

are listed in table 2. This wide range of substrates emphasizes that pneumococci 

have an exceptionally high demand for the uptake of various carbohydrates 

(Tab. 2) (Bidossi et al., 2012; Tettelin et al., 2001).  
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Introduction 

When infecting a new host, pneumococci first colonize the nasopharynx. Only 

under appropriate conditions, they migrate from the nasopharynx to different 

parts of the human body. Therefore pneumococci have to survive in the 

nasopharynx for a long time, taking advantage of the resources available there. 

The most abundant groups of carbohydrates in the nasopharynx are N- and O-

linked glycans (described in more detail in paragraph 3.3). The most common 

terminal modification in N- and O-linked glycans is sialic acid, which is cleaved 

from the glycan chain by the neuraminidases. For sialic acids’ uptake, the 

pneumococci encode one sodium:solute symporter and two ATP-binding 

cassette (ABC) transporters. Experiments showed that pneumococci grow with 

sialic acid as the sole carbon source (Burnaugh et al., 2008; Marion et al., 2011). 

However, S. pneumoniae is also able to utilize other fermentable carbon 

substrates for growth, which are listed in table 3 (Bidossi et al., 2012).  
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Table 3 Carbon sources utilized by S. pneumoniae (Bidossi et al., 2012) 

  Fermentationa Growthb Doubling time (min) µc 

C3 compounds glycerol + +/2   

C6 compounds ascorbate + + 640 0.06 

fructose +++ +++ 46 0.9 

galactose +++ +++ 61 0.67 

glucosamine +++ +++ 46 0.89 

glucose +++ +++ 32 1.28 

mannose +++ +++ 44 0.95 

GlcNAc +++ +++ 42 0.97 

ManNAc ++ + 241 0.17 

NeuNAc ++ ++ 121 0.32 

α-galactosides melibiose + + 169 0.24 

raffinose ++ +++ 43 0.95 

stachyose +++ +++ 45 0.93 

β-galactosides lactose +++ +++ 42 0.98 

lactulose nd + 282 0.14 

α-glucosides maltose +++ +++ 42 0.99 

maltotriose ++ +++ 46 0.89 

sucrose +++ +++ 39 1.07 

trehalose +++ +++ 45 0.92 

β-glucosides aesculin ++ + 116 0.35 

amygdalin +++ +++ 72 0.57 

arbutin + -   

methyl-β-glucoside +++ ++ 90 0.46 

cellobiose +++ +++ 76 0.54 

gentiobiose +++ +++ 62 0.67 

salicin ++ ++ 93 0.44 

polysaccharides glycogen ++ +++ 62 0.66 

hyaluronate ++ + 139 0.29 

inulin + -   

maltodextrin ++ +++ 38 1.09 

pectin ++ nd   

pullulan +++ nd   

(a) fermentation results are expressed as arbitrary scores evaluating the colour change of the pH 
indicator in CAT medium with 1% sugar, except for NeuNAc. 
(b) growth is reported as arbitrary units for maximal cell concentration. 
(c) growth, doubling time and the constant µ refer to growth in CAT medium with 0.3% sugar. 

 

In addition to sugar-transporters, S. pneumoniae expresses several other 

transport systems, e.g. for DNA, nucleobases, choline, amino acids, 

oligopeptides and glycerol (Hoskins et al., 2001; Tettelin et al., 2001). Like the 

sugars, the amino acids are not freely accessible in the mucus layer. But there 
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are large amounts of host proteins and polypeptides, which can be processed by 

exopeptidases to oligopeptides. These short peptides can then be transported in 

an active process across the membranes. One example of a well-studied ABC 

oligopeptide permease is Ami-AliA, consisting of three oligopeptide-binding 

lipoproteins (AmiA, AliA, and AliB), two transmembrane proteins (AmiC and 

AmiD), and two ABC proteins (AmiE and AmiF). Detailed studies showed that the 

acquisition of polypeptides is important for the colonization of the nasopharynx, 

but not for the virulence during pneumococcal pneumonia (Kerr et al., 2004), 

possibly because in the nasopharynx only polypeptides are available for 

pneumococcal replication, whereas the blood provides free amino acids which 

can be metabolized directly.  

Pneumococci are auxotrophic for seven amino acids: Arg, Cys, His, Gly, Gln, Ile, 

Leu, and Val (Hartel et al., 2012). Because S. pneumoniae is unable to 

synthesize these amino acids de novo, it expresses several ABC-transporters to 

gather them from the environment. Already, six gene clusters distributed 

throughout the genome have been predicted to express putative ABC 
transporters for glutamine uptake (Hartel et al., 2011; Hoskins et al., 2001). 

Virulence studies and phagocytosis experiments showed that a functional uptake 

of glutamine is essential for pneumococcal fitness and virulence, although some 

transporters are less relevant (Hartel et al., 2011). Also for the uptake of 

branched-chain amino acids (LivJHMGF) (Basavanna et al., 2009), methionine 

(MetQ) (Basavanna et al., 2013), arginine (Kloosterman and Kuipers, 2011), 

alanine and glycine (SPD_0408) (Tettelin et al., 2001) specific transporters have 

been described.  
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3.5. Metabolism 

3.5.1. Carbon metabolism 

3.5.1.1. Glycolysis 
 

The glycolysis is a metabolic pathway existing in most eukaryotes resulting in the 

generation of pyruvate, NADH, and a net gain of two ATP per mole of glucose or 

other hexoses (Neves et al., 2002) (Fig. 3). Isotopologue profiling analyses using 

[U-13C6]- and [1,2-13C2]-glucose suggested the glycolysis as the main route of 

glucose catabolism in pneumococci (Hartel et al., 2012). At the beginning of the 

glycolysis, glucose is phosphorylated in an ATP-dependent process, yielding 

glucose-6-phosphate. This reaction can be catalyzed either by the hexokinase or 

the glucokinase, although the former is rarely found in prokaryotes. Like in many 

other bacteria, the phosphorylation of glucose, respectively other hexoses, is 

coupled to its transmembrane transport by PTS.  

 

 
Figure 3 Overview of the glycolysis of S. pneumoniae D39.   

Brown boxes represent the consumed and the green boxes the generated 
metabolites. Blue arrows represent reversible reactions; red arrows irreversible 
reactions.  
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S. pneumoniae expresses all of the genes necessary for the glycolysis (Hoskins 

et al., 2001; Tettelin et al., 2001), however a typical glycolysis operon (gap, pgk, 

tpi, pgm, and eno), as found in the genomes of other Gram-positive bacteria 

(such in S. aureus) is missing. On the other hand, the pfk (spd_0789; 6-

phosphofructokinase) and pyk (spd_0790; pyruvate kinase,) are contiguous, 

whereas ldh (spd_1078) is separated (in contrast to L. lactis) (Karlin et al., 2004). 

Interestingly, some of the glycolysis enzymes are also localized on the 

pneumococcal surface. These multifunctional proteins, also known as non-

classical surface proteins or moonlighting proteins, are the enolase (Eno), 

glyceralaldehyde-3-phosphate dehydrogenase (GAPDH), and the fructose-

bisphosphate aldolase (Fba). They are not only part of the metabolic pathway, 

but act also as adhesins and virulence factors and are therefore involved in 

bacterial virulence (Bergmann and Hammerschmidt, 2006; Henderson and 

Martin, 2011; Schulz and Hammerschmidt, 2013).  

 

3.5.1.2. Pyruvate metabolism 
 

The pyruvate formed during glycolysis plays a central role in the carbon and 
energy metabolism of S. pneumoniae. A number of different enzymes utilize 

pyruvate as a substrate, hence pyruvate is one of the central substrates in 

metabolism: the L-lactate dehydrogenase (Ldh), the pyruvate dehydrogenase 

complex (PDHC), the pyruvate oxidase (SpxB), the pyruvate formate-lyase (PflB), 

and the alanine-synthesizing transaminase (AlaT) (Cocaign-Bousquet et al., 

1996) (Fig. 4).  

 

 
Figure 4 Overview of the pyruvate metabolism of S. pneumoniae D39.   

Brown boxes represent the consumed and the green boxes the generated 
metabolites. Blue arrows represent reversible reactions; red arrows irreversible 
reactions. 
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In other organisms the generated pyruvate is further metabolized in the 

tricarboxylic acid (TCA) cycle. However, the genome of S. pneumoniae contains 

none of the 18 genes and hence, enzymes necessary for TCA and the aerobic 

oxidative pathway are missing (Hoskins et al., 2001). As a consequence, 

pneumococci maintain a fermentative metabolism, even in the presence of 

oxygen. In general, a distinction is made between homolactic and mixed-acid 

fermentation. Pneumococci growing with glucose as the sole carbon source use 

homolactic fermentation, whereas the presence of galactose results in a 
metabolic shift to mixed-acid fermentation (Carvalho et al., 2011; Yesilkaya et al., 

2009).  

During the glycolysis accumulated NADH is recycled to NAD+ by conversion of 

pyruvate to lactate, accomplished by the lactate dehydrogenase. Large amounts 

of lactate are released into the medium and this is the reason why pneumococci 

belong to the lactic acid bacteria (Carvalho et al., 2011; Neijssel et al., 1997; 

Yesilkaya et al., 2009). However, under natural living conditions free glucose is 

missing and thus not available for ATP production in the glycolysis. Instead, the 

mucus mainly contains galactoses and amino sugars.  

In absence of glucose other carbohydrates can be absorbed and metabolized via 

the glycolysis to pyruvate. A large proportion of the pyruvate originating from 

galactose is converted to lactate via the Ldh, similar to the reaction described for 

glucose. However, more than 50% of the pyruvate is cleaved by the pyruvate 

formate lyase (PflB), generating acetyl-CoA and formate. Formate is not further 

metabolized, but acetyl-CoA can be converted into acetate by the 
phosphotransacetylase (EutD) and acetate kinase (AckA), yielding ATP (Fuchs et 

al., 2012). In these reactions the NADH is not recycled to NAD+. Pneumococci 

generate 2 NAD+ molecules by the reduction of acetyl-CoA to ethanol, catalyzed 

by the acetaldehyde dehydrogenase (Adh-b) and the ethanol dehydrogenase 

(AdhA). This implies that the final ratio between acetate, ethanol and formate 

adds up to 1:1:2 (Neijssel et al., 1997). In addition to the PflB, the pyruvate 

dehydrogenase complex (PDHC) converts pyruvate to acetyl-CoA, while 

recycling one NAD+ molecule. Another important aspect of pyruvate metabolism 
is the generation of acetyl-CoA for anabolism, e.g. the biosynthesis of fatty acids. 

A fourth pyruvate dependent enzyme is the pyruvate oxidase (SpxB) which 

decarboxylates pyruvate to acetyl phosphate yielding H2O2 and CO2 (Fig. 4). 

Acetyl phosphate can then be converted to acetyl-CoA by the 

phosphotransacetylase or to acetate plus ATP by the acetate kinase. SpxB is 

only active under aerobic, respectively under micro-aerophilic conditions 
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(Pericone et al., 2002; Spellerberg et al., 1996). The produced amounts of H2O2 

(in the range of mM) are sufficient to kill or inhibit growth of competing bacteria, 

e.g. Haemophilus influenzae and Neisseria meningitidis, at the mucosal surfaces 

of the nasopharynx (Pericone et al., 2000). Since H2O2 also induces 

pneumococcal death and reduces survival under micro-aerophil conditions in the 

stationary phase, spxB is also described as a suicide gene (Regev-Yochay et al., 

2007). Moreover, SpxB influences the membrane composition by modulating the 

fatty-acid biosynthesis F protein (FabF) activity (Benisty et al., 2010; Pesakhov et 

al., 2007) and plays a role in pneumococcal resistance to H2O2 and as a 

virulence factor in colonization and formation of pneumonia, as shown in 

numerous studies (Benisty et al., 2010; Carvalho et al., 2013; Pesakhov et al., 

2007; Regev-Yochay et al., 2007; Spellerberg et al., 1996). Recently, it was 

published that the deletion of spxB leads to an increase in capsule production 

and that SpxB probably acts as an indirect sensor of the environment oxygen 

level. High levels of oxygen in the nasopharynx result in high SpxB activity, which 

restrains the capsule production, facilitating effective colonization. As opposed to 

this, the SpxB activity is reduced in the lung and blood, where oxygen supply is 

very limited. This leads to a thicker capsule that facilitates invasion of the host 

immune system for S. pneumoniae (Carvalho et al., 2011).  

 

3.5.2. Pentose phosphate pathway 
 

Parallel to the glycolysis, the pentose phosphate pathway (PPP) oxidizes glucose 

and generates thereby NADPH and pentoses. However, in contrast to the 

glycolysis the PPP has primarily an anabolic function. In addition to the synthesis 

of pentoses (non-oxidative phase of the PPP), it generates NADPH (oxidative 

phase of the PPP) for anabolism. Interestingly, the genes encoding the PPP 
enzymes are distributed throughout the entire genome. For example, the glnPQ 

gene (glutamine uptake system; SPD1098/1099) is co-transcribed with the zwf 

gene, encoding the glucose-6-phosphate dehydrogenase (Zwf; SPD_1100), 

which catalyzes the first reaction in the oxidative phase of PPP (Brinsmade and 

Sonenshein, 2011; Hartel et al., 2011; Kloosterman et al., 2006).  

Some bacteria, e.g. Pseudomonas and Enterococcus faecalis, have two 

additional enzymes, 6-phosphogluconate dehydratase and 2-keto-3-

deoxyphosphogluconate aldolase, which convert together with a set of enzymes 
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from glycolysis and PPP glucose to pyruvate. This alternative pathway, known as 

Entner–Doudoroff pathway, is absent in S. pneumoniae (Tettelin et al., 2001). 

 

3.5.3. Galactose metabolism and biosynthesis of capsule and 
peptidoglycans 

 

In contrast to glucose the carbohydrate galactose is easily available for 

pneumococci. It is one of the main components of mucin. S. pneumoniae 

expresses extracellular CAZymes cleaving the galactose bound within the mucin 

polysaccharide chains. Following uptake, the galactose is metabolized in two 

different pathways, the tagatose-6-phosphate and the Leloir pathway (Fig. 5). 

The genes of the pneumococcal tagatose-6-phosphate pathway are organized 

into two operons, lac operon-I and lac operon-II. Lac operon-I contains the 

tagatose-6-phosphate pathway genes (lacABCD), whereas lac operon-II consists 

of a lactose-specific PTS (lacEF), a β-galactosidase (lacG) and a transcriptional 

anti-terminator (lacT) (Afzal et al., 2014). The first step of the pathway is the 

transport and simultaneous phosphorylation of lactose or galactose by the 

lactose-specific PTS. Lactose-phosphate is converted by an intracellular β-

galactosidase into galactose-6-phosphate, which is then transformed in tagatose 

6-phosphate by the galactose 6-phosphate isomerase (LacAB). Next, the 

enzymes tagatose 6-phosphate kinase (LacC) and tagatose-1,6-bisphosphate 

aldolase (LacD) form glyceraldehyde 3-phosphate and dihydroxyacetone, which 

are intermediates of the glycolysis (Abranches et al., 2004; Bidossi et al., 2012; 

Carvalho et al., 2011).  
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Figure 5 Galactose metabolism.   

Brown boxes represent the consumed and the green boxes the generated 
metabolites. Blue arrows represent reversible reactions; red arrows irreversible 
reactions. 

 

If galactose enters the cell via an ABC transporter/permease, it is not 

metabolized by the tagatose-6-phosphate pathway, but by the Leloir pathway. 

The genes for this pathway are located in three different operons, which are not 

linked to any ABC transporter (Bidossi et al., 2012). First, intracellular galactose 

is converted to galactose-1-phosphate by the galactokinase (GalK) through 

phosphorylation at the C1 position. Then the hexose-1-phosphate 

uridyltransferase (GalT) transfers one unit UDP from UDP-glucose to galactose-

1-phosphate yielding UDP-galactose and glucose-1-phosphate. Subsequently 

the phosphoglucomutase (Pgm) isomerizes glucose-1-phosphate to glucose-6-

phosphate, which can immediately enter the glycolytic pathway. In the final step 

of the Leloir pathway, UDP-glucose epimerase (GalE) converts the UDP-

galactose into UDP-glucose, which is recycled (Abranches et al., 2004; Holden et 

al., 2003).  

Apart from the metabolization of galactose via the glycolysis for the production of 

energy, the product of the Leloir pathway, glucose-1-phosphate, can also be 

utilized for the synthesis of UDP-glucose by the UTP-glucose-1-phosphate 

uridylyltransferase (or UDP-glucose pyrophosphorylase; GalU; SPD_1919). 

Remarkably, the galU gene is co-transcribed with the gpdA gene encoding for 

another anabolic enzyme, the glycerol-3-phosphate dehydrogenase (GpsA; 

SPD_1918), a key enzyme of lipid biosynthesis (Bonofiglio et al., 2012). UDP-

glucose serves, among others, as an important substrate for the biosynthesis of 
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capsule polysaccharides (Bonofiglio et al., 2012; Yother, 2011). Analysis of the 

amount of capsule produced by S. pneumoniae D39 showed that the production 

was higher in galactose-containing medium compared to glucose-containing 

medium (Carvalho et al., 2011). Morever, the biosynthesis of peptidoglycan 

requires also UDP-glucose (Denapaite et al., 2012). Similar to most of the other 

streptococci, pneumococci also lack the genes for enzymes essential for the 

gluconeogenesis (fbp and pckA) (Fuchs et al., 2012) and depend therefore on 

the uptake of hexoses to form complex polysaccharide structures like 

peptidoglycans and capsule components. 

 

3.5.4. Amino acid metabolism 
 

Although pneumococci have incomplete biosynthetic pathways for several amino 

acids and even lack all genes of the TCA generating the precursors required for 

amino acid metabolism (Hoskins et al., 2001), they are only auxotrophic for 

seven amino acids: arginine, cysteine, histidine, glycine, glutamine, isoleucine, 

leucine, and valine when growing with carbohydrates as the only carbon source 

(Hartel et al., 2012). Isotopologue profiling studies with [U-13C6]-glucose showed 

that absorbed glucose is converted into alanine, aspartate, phenylalanine, serine, 

threonine, and tyrosine (Fig. 6). Interestingly, the carbon atoms in alanine were 

labeled to almost 100%. This is due to a reaction catalyzed by the alanine-

synthesizing transaminase (AlaT), which converts pyruvate derived from 13C-

labeled glucose in a one-step-reaction to alanine (Hartel et al., 2012).  

 

 
Figure 6 Amino acid metabolism.   

Brown boxes represent the consumed and the green boxes the generated 
metabolites. Blue arrows represent reversible reactions; red arrows irreversible 
reactions. 
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In contrast, amino acids phenylalanine and tyrosine were only labeled to a small 

extent, proving in combination with the genome analysis that pneumococci 

synthesize aromatic acids de novo via the shikimate pathway (Hartel et al., 2012; 

Park et al., 2004). Remarkably, for serine synthesis isotopologue profiling 

revealed an unconventional pathway. Normally, 3-phosphoglycerate is converted 

in a three-step-pathway to serine, but the enzymes necessary for these reactions 

do not exist in S. pneumoniae. Instead pneumococci use the serine 

hydroxymethyltransferase (GlyA) to transfer a hydroxymethyl group from 5,10-

Methyltetrahydrofolate (5,10-MTHF) to glycine and generate thereby serine. 

Consequently, glycine is an essential amino acid for growth of pneumococci in 

CDM. However, under normal circumstances GlyA catalyzes the reverse 

reaction, regenerating 5,10-MTHF for the one-carbon-pool (Hartel et al., 2012).  

Due to the lack of TCA pneumococci use an alternative pathway for the 

generation of oxaloacetate, which is used as a precursor for the synthesis of 

multiple amino acids, like aspartate, asparagine, threonine, methionine and 

lysine. The pneumococcal phosphoenolpyruvate carboxylase (Ppc) catalyzes the 

addition of bicarbonate (HCO3
-) to phosphoenolpyruvate (PEP), resulting in 

formation of oxaloacetate and inorganic phosphate. Oxaloacetate is then 

converted by the aspartate aminotransferase (AspC) into aspartate, which is a 

precursor for the biosynthesis of asparagine via the asparagine synthetase 

(AsnA), as well as of threonine, methionine and lysine via different enzymes 

(Basavanna et al., 2013; Fuchs et al., 2012; Hartel et al., 2012). However, the 

absence of the cystathionine gamma-lyase (CTH) prevents the synthesis of 

cysteine.  

Remarkably, pneumococci do not require supplementary lysine to grow in CDM, 

even though the biosynthetic pathway for lysine is incomplete (lacking N-

succinyldiaminopimelate aminotransferase and diaminopimelate epimerase) 

(KEGG database). In contrast, even though the pneumococcal genome includes 

all of the genes required for the biosynthesis of the three branched-chained 

amino acids (BCAAs) isoleucine, leucine, and valine, S. pneumoniae is unable to 

grow without these amino acids in CDM (Hartel et al., 2012). Supposedly, an 

uptake of BCAAs is preferred under in vitro conditions as pneumococci express 

an ABC transporter for BCAAs (LivJHMGF) (Basavanna et al., 2013; Hartel et al., 

2012).  

Histidine and arginine, the two other amino acids with positively charged side 

chains apart from lysine, cannot be synthesized de novo by pneumococci 

(Hoskins et al., 2001). Normally, histidine is generated from ribose and 
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glutamine, however, the enzymes necessary for this pathway are not present in 

the pneumococcal genome. Instead pneumococci absorb histidine from the 

surrounding milieu using transporter(s).  

The human blood plasma contains around 2.5 mM free amino acids, among 

others glutamine as the most frequent amino acid (Brosnan, 2003). Glutamine 

contains two nitrogen atoms and plays therefore a central role in amino acid and 

nitrogen metabolism. The importance of glutamine for pneumococcal growth is 

demonstrated by the fact that six putative glutamine uptake systems were 
annotated in the pneumococcal genome (Hartel et al., 2011). The glutamine 

transporters are encoded by 22 different genes, representing 10% of all 

transporter genes in S. pneumoniae (Hoskins et al., 2001).  

The de novo synthesis of glutamate cannot be performed by pneumococci 

because they lack α-ketoglutarate formed in the TCA. In contrast, S. pneumoniae 

is capable of synthesizing proline from absorbed glutamate, which accumulates 

after several reactions involving aminotransferases. The proline synthesis is 

catalyzed by three enzymes encoded by genes proABC (spd_0822-0824). 

 

3.5.5. Arginine metabolism 
 

The essential amino acid arginine has to be absorbed from the environment as 

well (Hartel et al., 2012). Arginine can be found at a concentration of about 45 µM 

in human plasma (Canepa et al., 2002) as well as in other human tissues, e.g. in 

cerebrospinal fluid (13 µM) (Sethuraman et al., 2006) and in the muscle (>1000 

µM) (Canepa et al., 2002). The arginine concentration decreases during the 

inflammatory response (Albina et al., 1988; Currie et al., 1979) subsequently 

lowering the activity of T- and B-cells (Wu, 2009). In human macrophages 

arginine is important for the biosynthesis of NO, which is toxic for invasive 
microbes (Li et al., 2007). In pneumococci arginine is a precursor for the 

biosynthesis of spermine, a polyamine, which acts directly as a free radical 

scavenger (Chattopadhyay et al., 2003; Ha et al., 1998; Piet et al., 2014). 

Analysis of the pneumococcal genome showed that the complete arginine 

biosynthesis pathway is lacking. Only two arginine biosynthetic genes, argGH 

encoding the argininosuccinate synthetase (ArgG; SPD_0110) and the 

argininosuccinate lyase (ArgH; SPD_0111) were predicted (Kloosterman and 

Kuipers, 2011). It is noteworthy to mention that only 17.6% of 748 clinical strains 

tested were positive for argGH genes. Interestingly, serotype 7F exhibits 
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particularly often the arginine biosynthetic genes (60 of 71 [85%] were positive). 

A recent study found that argGH positive pneumococci are able to absorb 

citrulline available in the host and convert it into arginine. This reaction promotes 

bacterial growth and contributes to virulence (Piet et al., 2014). The produced 

arginine is then converted into polyamines by several enzymes of the spermidine 

biosynthesis pathway. Polyamines have been implicated in oxidative stress 

responses and protection against free radicals (Ha et al., 1998). It was also 

shown that the natural polyamine spermine functions directly as a free radical 
scavenger (Chattopadhyay et al., 2003) and is linked to the fitness, survival and 

pathogenesis of the pneumococcus in host microenvironments (Piet et al., 2014; 

Shah et al., 2011).  

Evolutionary, organisms developed different mechanisms for arginine catabolism. 

These are the arginase pathway, the arginine transamidinase pathway, the 

arginine decarboxylase pathway and the arginine deiminase pathway (Abdelal, 

1979; Blakemore and Canale-Parola, 1976; Broman et al., 1978; Floderus et al., 

1990; Mercenier et al., 1980).  

Various lactic acid bacteria catabolize arginine via the arginine deiminase system 

(ADS). The ADS includes three enzymes, whose genes are commonly arranged 

as an operon. Many ADS operons contain a fourth, respectively a fifth gene 

encoding an arginine-ornithine antiporter and a putative aminopeptidase, 

respectively. However, the order of the genes varies among different bacteria 

(Burne and Marquis, 2000; Dong et al., 2002; Griswold et al., 2004; Gruening et 

al., 2006; Maghnouj et al., 1998; Vander Wauven et al., 1984; Zuniga et al., 

2002). Overall, the ADS yields 1 mol of ornithine and CO2, 2 mol of ammonia and 

1 mol of ATP by substrate level phosphorylation per mol of arginine metabolized 

(Abdelal, 1979; Poolman, 1993). In Halobacterium salinarum the ornithine 

produced by the ADS is exported in exchange for one molecule of arginine in an 

energy-independent manner by the membrane-bound antiporter encoded by 

arcD (Wimmer et al., 2008). 

The ammonia produced by the ADS raises the cytoplasmic pH, thereby 

protecting the cell from potentially lethal effects of an acidic extracellular 

environment. This protection effect was described in oral bacteria, like 

S. sanguis, S. gordonii and S. rattus and partially for the pig pathogen S. suis 

(Burne and Marquis, 2000; Casiano-Colon and Marquis, 1988; Griswold et al., 

2004; Gruening et al., 2006; Nascimento et al., 2009).  

Furthermore, 1 mol of ATP generated out of 1 mol arginine allows the use of 

arginine as the only energy source like e.g. in Pseudomonas aeruginosa. The 
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arginine deiminase pathway ArcA-ArcD is probably required for the optimal 

anaerobic or microaerobic growth and viability of P. aeruginosa within cystic 

fibrosis airways (Hogardt and Heesemann, 2010). It was shown that the arginine 

deiminase of S. suis, which is present on the bacterial surface, is induced by an 

increase in temperature to 42°C and a low-oxygen level (Winterhoff et al., 2002). 

ArcD has been characterized as an arginine transporter in several bacteria 

including S. pneumoniae (Gupta et al., 2013). It plays a role as an arginine 

uptake system and influences the structure of the pneumococcal capsule. This in 

turn has an effect on the pathogenicity of different pneumococcal serotypes. 

However, the molecular basis of how ArcD affects the capsule is not clear yet 

(Gupta et al., 2013). 

 

3.5.6. NAD(P)H metabolism 
 

Nicotinamide adenine dinucleotide (NAD) consists of two nucleotides, adenine 

and nicotinamide (Nam), which are linked by their phosphate groups. A third 

phosphate group can be added by the NAD kinase (SPD_0983) resulting in 

NADP formation. Both the oxidized and the reduced form of nicotinamide 

adenine dinucleotide, abbreviated as NAD(P)+ and NAD(P)H, are essential redox 

cofactors in all living systems. NAD(P)H/NAD(P)+ is involved in the transfer of 

electrons from one reactant to another. By accepting electrons from other 

molecules the oxidized NAD(P)+ is reduced to NAD(P)H, which in turn can donate 

electrons to reduce a substrate (Foster and Moat, 1980). Although the reaction 

mechanisms of NAD+ and NADP+ are similar, these essential cofactors have 

different roles in metabolism. In most cases enzymes exhibit a high level of 

specificity either for NAD+ or NADP+. Normally, prokaryotes synthesize the 

nicotinamide of NAD from aspartate and dihydroxyacetone phosphate de novo 

via glycolysis. However, the in silico and genomics-based reconstruction of the 

NAD metabolic subsystem for the genus Streptococcus showed that all species 

in the group are unable to synthesize the precursor molecule quinolinate de 

novo, as the first two genes (nadA and nadB), responsible for the conversion of 

aspartate to quinolinic acid, are absent. As a consequence pneumococci are 

dependent on salvage of exogenous pyridine precursors, like nicotinamide or 

nicotinic acid (vitamin B3) (Sorci et al., 2013). Pneumococcal CDM is therefore 

supplemented by default with nicotinamide (Hartel et al., 2012; Schulz et al., 

2014). S. pneumoniae has three pathways to obtain NAD (Fig. 7). For one, the 

33 
 



Introduction 

pneumococcal nicotinamide riboside transporter (PnuC; SPD_1640) absorbs 

nicotinamide riboside, which is then converted into NAD via the ribosyl 

nicotinamide kinase (RNK) and the nicotinamide mononucleotide 

adenylyltransferase (NMNAT) (Sorci et al., 2013; Zhu et al., 1989). Another 

pathway is the uptake of nicotinamide (Nm) or nicotinic acid (Na) by the niacin 

transporter (NiaA; SPD_1091). Nicotinamide is converted intracellularly into 

nicotinic acid by the nicotinamide deamidase (PncA; SPD_1411) (French et al., 

2010). PncA is essential for nicotinamide metabolization, but is dispensable for 
growth when nicotinic acid is present in the medium (Sorci et al., 2013). In that 

case, the nicotinic acid phosphoribosyltransferase (PncB; SPD_1251) catalyzes 

the transfer of a phosphoribosyl group to nicotinic acid, yielding nicotinate 

mononucleotide (NaMN). Subsequently, the NaMN adenylyltransferase (NadD; 

SP_1557) forms nicotinate adenine dinucleotide (NaAD), which is then converted 

to NAD by the NAD synthetase (NadE; SPD_1250). The third possible pathway 

to generate NAD proceeds via the uptake of quinolinate, a product of tryptophan 

degradation and a NAD precursor in humans, through an unknown transporter. 

The quinolinate phosphoribosyltransferase (NadC; SPD_1826) can transform 

quinolinate into NaMN, which is then converted via NadD and NadE to NAD. 

Only S. pneumoniae and S. pyogenes are able to utilize quinolinate, because 

they express NadC (Foster and Moat, 1980; Sorci et al., 2013). Interestingly, it 

has been shown that bacterial infections generally induce the indoleamine-2,3-

dioxygenase (IDO), which is involved in tryptophan degradation and may lead to 

the accumulation of quinolinate (Carlin et al., 1989). This might explain why 

avirulent bacterial strains, like S. mitis, S. mutans, S. thermophiles, and S. uberis 

are unable to metabolize quinolinate (Fig. 7) (Sorci et al., 2013).  
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Figure 7 Schematic representation of NAD biosynthetic routes in Streptococcus spp. (Sorci et 

al., 2013)  
Metabolites: Asp, Aspartate; IA, iminoaspartate; Na. nicotinate; NaAD, nicotinate 
adenine dinucleotide; NaMN, nicotinate adenine mononucleotide; Nm, nicotinamide; 
NmR, nicotinamide riboside; NMN, nicotinamide mononucleotide; Qa, quinolinate.   
Genes for enzymes and transporters: nadA, quinolinic acid synthetase; nadB, L-
aspartate oxidase; nadC, Qa phosphoribosyltransferase; pncA, nicotinamide 
deamidase; pncB, nicotinic acid phosphoribosyltransferase; nadE, NAD synthetase; 
RNK, ribosyl nicotinamide kinase; nadR and nadD, bifunctional adenylyltransferase; 
pnuC, family of nicotinamide riboside transporters; niaX, family of niacin transporters. 

 

In general, the redox state of a redox couple is defined by the half-cell reduction 

potential and the reducing capacity of that couple. In one cell several redox 

couples can be found, which are linked with each other. The redox state of the 

cell, also called the redox environment, is a summation of the linked redox 

couples: NADH/NAD+, NADPH/NADP+, and glutathione disulfide/glutathione 

(2GSH/GSSG). Generally, the cellular redox state serves as a criterion for the 

metabolic activities and health of individual cells (Schafer and Buettner, 2001).  

The level of NADH and NAD+ depends on the availability of a carbon source and 

the presence of oxygen (de Graef et al., 1999; Matin and Gottschal, 1976). The 

ratio of NADH/NAD+ influences the activity of several key enzymes of the energy 

and carbon metabolism (such as the glyceraldehyde-3-phosphate 

dehydrogenase and the pyruvate dehydrogenase). The concentration of free 

NAD+ is approximately sevenhundredfold higher in the cytoplasm of mammals as 
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the concentration of free NADH. Whereas the amount of total NAD+ (free and 

bound) is only nearly threefold higher as the amount of total NADH (Williamson et 

al., 1967). For E. coli, the steady-state internal redox state, as reflected by the 

NADH/NAD+ ratio, was determined under fermentative or respiratory conditions. 

The lowest ratio of around 0.05 was reached for cultures grown under aerobic 

conditions with sufficient glucose (low amount of NADH and high amount of 

NAD+). In contrast, for E. coli grown in glucose-limited medium under 

fermentative conditions with addition of fumarate or with addition of nitrate, a ratio 

around 0.6 was measured. The highest ratio (around 0.75) was reached under 

anaerobic conditions without any acceptor (nearly equal amounts of NADH and 

NAD+) (de Graef et al., 1999). However, the concentration of NAD+ is always 

higher than the concentration of NADH, facilitating oxidative reactions in which 

NAD+ plays a role as cofactor. In contrast, the ratio of NADPH/NADP+, promoting 

reductive reactions, is normally greater one, the concentration of NADPH being 

higher than the concentration of NADP+ (Veech et al., 1969) For E. coli, a value 

of around 5.5 was measured intracellularly during exponential growth under 
aerobic and glucose sufficient conditions (Zhang et al., 2013). Consequently, 

NADH/NAD+ and NADPH/NADP+ have different roles in the metabolism. 

NADH/NAD+ is involved in catabolism (oxidation of carbohydrates), whereas 

NADPH/NADP+ functions in cellular anabolism (de Graef et al., 1999; Matin and 

Gottschal, 1976). 

During glycolysis (Fig. 3), the NAD+-specific glyceraldehyde-3-phosphate 

dehydrogenase (Gap or GAPDH) catalyzes the phosphorylation of 

glyceraldehyde-3-phosphate (GAP) to 1,3-bisphosphoglycerate and transfers an 

electron to NAD+ (Kandler, 1983). As a glycolytic enzyme GAPDH is generally 

located in the bacterial cytosol. Some studies further showed that the enzyme is 

also present on the cell surface of different streptococci including S. pneumoniae. 

There, GAPDH is involved in binding various host proteins, such as 

plasmin(ogen), fibronectin, lysozyme, myosin, and actin (Bergmann et al., 2004; 

Gase et al., 1996; Hughes et al., 2002; Jin et al., 2011; Kolberg and Sletten, 

1996; Lottenberg et al., 1992; Pancholi and Fischetti, 1992; Seidler and Seidler, 

2013; Terrasse et al., 2012; Velineni and Timoney, 2013). Especially the binding 

to plasminogen seems to be important for pneumococcal virulence (Bergmann et 

al., 2004).  

In addition, NAD+ is transformed to NADH during the cleavage of pyruvate to 

acetyl-CoA and CO2, a reaction that is catalyzed by the pyruvate dehydrogenase 

complex (PDHC). In turn, many enzymes depend on NADH, like the UDP-
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glucose 4-epimerase (Leloir pathway). Moreover, S. pneumoniae expresses 

enzymes, like the lactate dehydrogenase, the acetaldehyde dehydrogenase or 

the alcohol dehydrogenase, whose main function is to catalyze the recycling of 

NAD+ to NADH.  

In organisms with a functional gluconeogenesis, NAD+ is also important in 

anabolic reactions. Because pneumococci are unable to perform 

gluconeogenesis, these bacteria use NAD+ only in catabolic reactions, with the 

exception of the NADH oxidase (Nox; SPD_1298). In the cytoplasm, Nox 

catalyzes the transformation of NADH to NAD+, but not NADPH to NADP+, 

reducing thereby free oxygen to water. The complete reduction of O2 is crucial, 

as partially reduced O2 can form reactive oxygen species, like superoxide anion 

(O2
-) and hydrogen peroxide (H2O2), which are toxic to cells (Muchnik et al., 2013; 

Yu et al., 2001). Deletion of Nox reduced the adhesion of S. pneumoniae to A549 

epithelial cells in vitro significantly and impaired pneumococcal virulence in the 

intranasal or intraperitoneal challenge models in mice when compared to the 

parental strain (Muchnik et al., 2013; Yu et al., 2001). In addition to its impact on 

adhesion, Nox contributes to the development of an optimal competence for the 

transformation of genetic information (Chapuy-Regaud et al., 2003). Remarkably, 

growth experiments using different oxygen conditions showed that Nox also plays 

a role for the pneumococcal tolerance against O2 (Yu et al., 2001). 
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3.6. Gene Regulation of the metabolism 

3.6.1. General aspects 
 

For the success of S. pneumoniae as a major human pathogen it is necessary 

that pneumococci sense changes in the extracellular environment and respond 

correctly. During an infection pneumococci colonize diverse host niches such as 

the mucosa, the blood, or the cerebrospinal fluid. Thus the bacteria have to adapt 

to the available nutrients and they have to respond to the defensive measures of 

the innate and adaptive immune system. The detection of and reaction to the 

particular danger signals occurs through the complex interactions of diverse 

regulatory factors, e.g. the two-component system (TCS), substrate-specific 

regulators, and small RNAs (sRNAs)(Patenge et al., 2013). sRNAs mediate the 

post-transcriptional gene regulation by binding to the promoter regions of 

particular target genes, influence the transcript stability by interaction, inhibit 

translation, or modulate the protein activity by a direct interaction (Gottesman, 

2004; Mann et al., 2012). In contrast, two-component systems consisting typically 

of a membrane-bound sensor histidine kinase (HK) and a cytoplasmic response 
regulator (RR) protein, influence the levels of gene expression (Trihn et al., 

2013). In this study specific regulators involved in the regulation of the 

pneumococcal metabolism have been analyzed. Unlike two-component 

regulators, these regulators contain both a DNA- binding and a signal recognition 

domain and are therefore so-called stand-alone regulators. The current problem 

is often that the signal that is sensed by the regulator has not been detected, 

however, it has been shown that regulators often interact with intermediates, 

inputs or end-products of metabolic pathways whose key-genes are controlled by 

the regulator. Stand-alone regulators can regulate a small number of genes 

organized in an operon or act as a global regulator, which coordinates many 

genes throughout the genome. Pneumococcal virulence is also regulated in part 

by these “global players” (Caymaris et al., 2010; Patenge et al., 2013; Saskova et 

al., 2007).  

 

3.6.2. CcpA 
 

Bacteria have to adapt constantly to changing growth conditions. Many Gram-

positive bacteria including S. pneumoniae express the transcriptional regulator 

catabolite control protein A (CcpA) for this purpose (Titgemeyer and Hillen, 2002; 
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Warner and Lolkema, 2003). Generally, the preference for glucose as carbon 

source is regulated in pneumococci as well as in B. subtilis and L. lactis through 

CcpA. The CcpA protein acts, depending on the location of its DNA-binding site, 

as a transcriptional repressor or activator. The sequence TGWAANCGNTNWCA 

(the underlined nucleotides are involved in CcpA binding) was identified as 

catabolite responsive element (cre) site (Kaufman and Yother, 2007). If the cre–

site is located within the promoter region or open reading frame, binding of CcpA 

inhibits the interaction and progression of the RNA polymerase, thereby 
repressing transcription (Kim et al., 2005). In contrast, if the cre-site is located 

upstream of the promoter, binding of CcpA enhances transcription (Turinsky et 

al., 1998). The cre-binding affinity can be further advanced through the 

interaction of CcpA with the phosphoprotein HPr (SPD_1040), which is part of 

multi-protein PTS. However, to allow complex formation with CcpA, HPr has to be 

phosphorylated by a fructose-1,6-bisphosphate (FBP) activated kinase at serine 

46 (P-Ser-HPr) (Deutscher et al., 2006). In this way, activity of CcpA as a 

regulator of carbon metabolism is directly linked to carbohydrate uptake and 

glycolysis.  

Catabolite repression in streptococci involves many additional levels of 

regulation. Transcriptome analysis showed that CcpA influences many genes in 

S. mutans (about 9%), S. pneumoniae (up to 19%), S. pyogenes (up to 20%), 

and S. suis (around 13%) (Abranches et al., 2008; Carvalho et al., 2011; 

Shelburne et al., 2008b; Willenborg et al., 2011). For pneumococci it was further 

demonstrated in the CcpA-deficient mutant that the number of upregulated genes 

is higher than the number of downregulated genes indicating that CcpA primarily 

functions as a repressor. Most of the genes repressed by CcpA are involved in 

carbohydrate transport and metabolism. In addition 21 genes encoding (putative) 

transcriptional regulatory proteins, including three two-component systems, and a 

number of genes encoding amino acid transporters, metabolic enzymes, and 

virulence factors are regulated by CcpA (Carvalho et al., 2011). For example, 

CcpA influences the expression of genes in the capsule (cps) locus 

(Giammarinaro and Paton, 2002) and is necessary for pneumococcal 
colonization of the nasopharynx and survival in the murine lungs (Iyer et al., 

2005).  

Studies with CDM containing glucose and galactose showed that pneumococci 

are able to regulate the expression profile of central and carbohydrate-specific 

metabolic genes as well as virulence factor-encoding genes in a carbohydrate-

dependent manner. For instance, in presence of glucose CcpA represses the 
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galactose catabolism, whereas in the absence of glucose the genes of the Leloir 

and the tagatose pathway are expressed and galactose is metabolized (Carvalho 

et al., 2011). These results emphasize that CcpA links metabolism and virulence 

and acts as a global regulator of basic metabolic processes in S. pneumoniae to 

enhance fitness in vivo.  

 

3.6.3. Rex 
 

The Rex regulator is a transcription factor thought to respond to the intracellular 

redox potential. Depending of the NADH/NAD+ ratio, Rex controls (mostly 

negatively) the expression of genes involved in energy metabolism and 

fermentative growth in Gram-positive bacteria. Rex factors have been extensively 
studied in Streptomyces coelicolor (Brekasis and Paget, 2003), Bacillus subtilis 

(Wang et al., 2008), Staphylococcus aureus (Pagels et al., 2010), and 

Streptococcus mutans (Baker et al., 2014). As described before in section 3.5.6., 

NAD+ and NADH play a central role for the redox state of the bacterial cell. These 

coenzymes, in their nonphosphorylated and also in their phosphorylated form, 

function as the most important redox carriers involved in metabolism. During 

carbohydrate catabolism the glycolytic enzymes GAPDH or the pyruvate 

dehydrogenase reduce NAD+ to NADH. The reverse reaction, the reoxidation of 

NADH to NAD+, is linked either to the respiratory electron transport chain or to 

fermentative enzymes such as Ldh (lactate dehydrogenase) and Adh (alcohol 

dehydrogenase).  

The Rex protein consists of two structural domains: an N-terminal domain that 

adopts a winged helix–turn–helix fold interacting with the DNA and a C-terminal 

NADH-binding Rossmann fold domain. The interaction between the C-terminal α-

helices stabilizes the homodimer structure of Rex (Nakamura et al., 2007; 

Sickmier et al., 2005). Studies showed that Rex has a very high affinity to NADH 

and that its affinity to NAD+ is 20,000 times lower (Wang et al., 2008). When Rex 

interacts with NADH it is unable to bind DNA, because the N-terminal domains 

are packed tightly in a compact dimer (Sickmier et al., 2005). However, upon 

DNA binding the NAD+ affinity is increased by a factor of 30, suggesting a 

positive allosteric coupling between DNA binding and NAD+ binding (Wang et al., 

2008). Thus, the Rex protein binds to target sites and represses transcription, in 

case NAD+ is abundant and the NADH/NAD+ ratio is therefore low.  
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In S. coelicolor, Rex controls several respiratory genes, including the cydABCD 

(cytochrome) and rex-hemACD (heme biosynthesis) operons, as well as the 

membrane-bound proton-translocating NADH dehydrogenase operon nuoA-nuoN 

(Brekasis and Paget, 2003). The DNA sequence 5’-TGTGNNCNNNTTCACA-3’ 

was identified as a common Rex-binding DNA motif by site-specific mutagenesis 

and electromobility shift assays (Brekasis and Paget, 2003). Other Rex-binding 

motifs were found in B. subtilis (5’-WWTGTGAANTNNTNNNCAAW-3’, where “W” 

denotes either A or T) (Schau et al., 2004), in S. aureus (5’-

TTGTGAAWWWWTTCACAA-3’) (Pagels et al., 2010), in Thermoanaerobacter 

ethanolicus (5’-ATTGTTANNNNNNTAACAAT-3’) (Pei et al., 2011), and in 

S. mustans (5’-TTGTGAANNNNTTCACAA-3’) (Bitoun et al., 2012). Like in 

S. coelicolor, the Rex ortholog in B. subtilis, also known as YidH, functions as a 

repressor of the respiratory oxidase cytochrome bd (cydABCD) (Larsson et al., 

2005; Schau et al., 2004). Moreover, the regulation of the NADH-linked 

fermentative lactate dehydrogenase (ldh), the type II NADH dehydrogenase 

(ndh), and the formate/nitrite transporter (ywcJ) is linked to Rex (Gyan et al., 

2006; Larsson et al., 2005). The results for S. aureus emphasize that Rex is a 

central regulator of anaerobic metabolism. It controls at least 18 target operons 

that are involved in nitrate/nitrite respiration (nar, nir, nas, hmp), fermentation 

(adhE, adh1, pflBA, ldh1, lctP), and amino acid metabolism (arc, ald1) (Pagels et 

al., 2010). In S. mutans, a high-throughput microarray analysis of a Rex-deficient 

mutant revealed that Rex regulates fermentation pathways, oxidative stress 

tolerance, and biofilm formation in response to the intracellular NADH/NAD+ level. 

Interestingly, in the Rex-deficient mutant more than 32 genes are down-

regulated, indicating that Rex also acts as a transcriptional activator in S. mutans 

(Bitoun et al., 2011).  

 

3.6.4. CodY 
 

In low-GC Gram-positive bacteria CodY functions as a highly conserved global 

regulator (Sonenshein, 2005). In Bacillus subtilis, for instance, CodY is involved 

in the adaptation to nutritional limitation. The CodY regulon contains nearly 200 

genes, which are mostly repressed during exponential growth and only induced 

during nutrient deprivation (Molle et al., 2003). However, CodY controls not only 

the metabolism, but also cellular processes, such as motility, sporulation and 

competence for genetic transformation (Sonenshein, 2005; Sonenshein, 2007). 
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In pathogenic bacteria like S. aureus not only metabolic genes, but also several 

major virulence genes, are regulated by CodY (Roux et al., 2014; Sonenshein, 

2007). In most cases CodY acts as a repressor and reduces the gene expression 

by binding to a specific DNA-sequence located within or in close proximity to the 

promoter region of the target genes (Belitsky and Sonenshein, 2008; den Hengst 

et al., 2005). Further analysis showed that CodY either competes with a positive 

regulator (Belitsky, 2011) or causes early termination of transcription via a 

roadblock mechanism (Belitsky and Sonenshein, 2011). However, CodY also 

acts as an activator and upregulates the expression of some target genes (Molle 

et al., 2003; Preis et al., 2009; Shivers et al., 2006). Interestingly, the DNA-

binding activity of CodY correlates with the intracellular pool of the branched-

chain amino acids (BCAAs; isoleucine, leucine, and valine) and GTP (Brinsmade 

and Sonenshein, 2011; Guedon et al., 2001; Levdikov et al., 2006; Ratnayake-

Lecamwasam et al., 2001; Shivers and Sonenshein, 2004). However, in 

S. pneumoniae, binding of CodY to its 15-bp recognition site is enhanced only by 

BCAAs, but not by GTP (Hendriksen et al., 2008a).  

CodY is essential for pneumococci, a fact that has not been described so far for 

other bacteria. A survival of the CodY deletion mutant is only possible when the 

mutant contains additional mutations (suppressors) in amiC, which encodes a 

part of an oligopeptide permease, and in fatC, which encodes a ferric iron 

permease (Caymaris et al., 2010; Claverys et al., 2000), even though other 

studies showed that the fatC suppressor mutation is not absolutely necessary 

(Hartel et al., 2012). The amiC mutation results in a strong derepression of 

competence development in the pneumococcal strain D39∆codY, possibly 

because CodY functions as the central sensor for amino acid uptake by 

oligopeptide permease AmiC (Caymaris et al., 2010). Also in the closely related 

organism S. thermophiles it was shown that the Ami oligopeptide transporter is 

important for competence formation. It imports the competence-stimulating 

peptide (ComS), which had been secreted to allow processing, back into the 

cytoplasm, thereby triggering the competence (Gardan et al., 2013). 

Transcriptome analysis showed that pneumococcal CodY predominantly 

regulates genes involved in amino acid metabolism and contributes to the early 

stages of infection, i.e. colonization of the nasopharynx (Hendriksen et al., 

2008a). This could explain why pneumonia and bacteraemia models of infection 

showed no significant differences in bacterial loads between the wild-type and 

the CodY-deficient mutant (Caymaris et al., 2010; Hendriksen et al., 2008a).  
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3.6.5. ArgR and AhrC - regulators of arginine metabolism 
 

Many Gram-positive organisms like B. subtilis and L. lactis contain a functional 

arginine biosynthesis pathway (Baumberg and Klingel, 1993) and the possibility 

to catabolize arginine. The bacteria adjust their anabolism and catabolism with 

regulatory proteins. In most cases, transcriptional regulators of the ArgR family 

control the arginine metabolism. Studies with L. lactis show that in presence of 

arginine AhrC binds together with ArgR to ARG boxes in the biosynthetic argC 

promoter, resulting in the repression of arginine metabolism. The 

heterohexameric AhrC/ArgR complex binds also to ARC boxes (ARG box half 

sites) in the catabolic arcA promoter, resulting in the activation of arginine 

catabolism (Larsen et al., 2008). 

Although pneumococci do not contain a complete set of arginine biosynthetic 

genes, three putative ArgR-type regulators have been described: AhrC, ArgR1 

and ArgR2 (Lanie et al., 2007). ArgR1 and AhrC form a heterohexameric 

complex repressing five operons under high arginine concentrations including the 

argGH operon and artPQ/abpA/abpB/aliB genes which are suggested to be 

involved in arginine uptake. In this scenario arginine acts as effector molecule 

and under arginine limitations the operons are derepressed (Kloosterman and 

Kuipers, 2011). 

In P. aeruginosa the expression of the catabolic ADS genes is activated by the 

regulator ANR (anaerobic regulation of arginine catabolism and nitrate reduction) 

under anaerobic conditions. In the presence of arginine, the transcription of AD, 

induced by the ANR, is reinforced additionally by the regulator ArgR (Lu et al., 

1999). The gene encoding the ADS-regulator (Crp/Fnr-family), designated as 

argR/arcR gene, is frequently located close to the arc-gene cluster (Barcelona-

Andres et al., 2002; Dong et al., 2004; Maghnouj et al., 2000). In S. aureus ArcR 

is necessary whenever arginine is the only energy source available (Makhlin et 

al., 2007). The regulation of the ADS in streptococci is highly dependent on 

growth conditions. Arginine induces the AD activity in S. gordonii and S. sanguis. 

Furthermore, the AD expression is subject to carbon catabolite repression (CCR). 

The presence of the repressing sugar glucose lowers the AD activity (Dong et al., 

2004; Ferro et al., 1983). Additionally the regulator ArgR acts as an activator for 

the arcABC operon expression in S. suis (Fulde et al., 2011).  
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3.6.6. GlnR 
 

The control of the nitrogen metabolism is also of major importance for the fitness 

of bacteria, especially for pathogenic bacteria, which strongly depend on their 
specific host niche. For S. pneumoniae and other Gram-positive bacteria it was 

shown that glutamine and glutamate metabolism is regulated by the 

transcriptional regulator GlnR (Castellen et al., 2011; Jenkins et al., 2013; Kaspar 

et al., 2014; Kloosterman et al., 2006). For example, GlnR controls the 

pneumococcal expression of the glnRA (transcriptional repressor, glutamine 

synthetase) and glnPQ-zwf (glutamine/glutamate uptake, glucose-6-phosphate 

dehydrogenase) operons and also the gdhA gene (NADPH-specific glutamate 

dehydrogenase) (Hendriksen et al., 2008b; Kloosterman et al., 2006). Studies 

using a murine pneumonia model showed that several genes of the GlnR regulon 

are required for different functions during pathogenesis, with glnA contributing to 

colonization and survival in the blood and glnP being important for survival in the 

lungs and, probably, efficient transition from the lungs to the blood. Moreover, 

GlnRA is involved in cell colonization, as deletion of the glnRA operon results in 

attenuation of the pneumococcal adherence to human pharyngeal epithelial 

Detroit 562 cells (Hendriksen et al., 2008b). These results emphasize that 

glutamine/glutamate metabolic genes play a crucial and site-specific role in 

pneumococcal virulence. 
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4. Results 

4.1. ArgR2, a regulator of the arginine metabolism 

4.1.1. Bioinformatic analysis of the pneumococcal arginine 
deiminase loci and regulatory genes in pneumococci.  

 

The proteins of the arginine deiminase pathway in S. pneumoniae TIGR4 are 

encoded by the arcABCDT genes, which are located in a gene cluster. 

Bioinformatic analysis (Neural Network Promoter Prediction; 

http://www.fruitfly.org/seq_tools/promoter.html) showed putative promoter 

sequences upstream of the arcA and arcD genes, respectively. Further promoter 

structures were predicted upstream of arcB and arcC. A putative terminator 

sequence (TransTerm HP; http://transterm.cbcb.umd.edu/) was predicted 

downstream of arcT (Fig. 8).  

 

 
Figure 8 Genomic organization of ADS-operons in S. pneumoniae TIGR4 and D39:   

arcA – arginine deiminase (AD), arcB – catabolic ornithine carbamoyltransferase 
(cOCT), arcC – carbamat kinase (CK), arcD – arginine-ornithine antiporter and 
arcT – putative aminopeptidase. The arginine deiminase gene (arcA) of D39 is 
truncated by insertion of a stop codon (TGA). 

 

The deduced 409 amino acids (aa) of the arginine deiminase (AD, ArcA, 

SP_2148) in S. pneumoniae TIGR4 harbors conserved arginine deiminase 

motifs: a long motif from amino acid residues 10 to 20 (SEIGKLKKVML) and 

three shorter conserved motifs from amino acid residues 161 to 164 (FTRD), 218 

to 221 (EGGD) and 272 to 278 (MHLDTVF). All motifs are important for the 

structure and function of the arginine deiminase (Knodler et al., 1998). The 

338 aa of the ornithine carbamoyltansferase (cOTC, ArcB, SP_2150) in TIGR4 
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contain the conserved carbamoylphosphate binding and catalysis (STRTR) motif 

(Houghton et al., 1984). The amino acid sequence of the carbamate kinase (CK 

ArcC, SP_2151) contains no conserved motifs (Dong et al., 2002; Marina et al., 

1998). The analysis of the arginine-ornithine antiporter (ArcD; 503 aa) shows 12 

transmembrane helices 

(http://www.ch.embnet.org/software/TMPRED_form.html). The final gene of the 

ADS gene cluster arcT (sp_2153) encodes a putative peptidase and the 

pneumococcal ArcT protein has over 60% sequence identity with the ArcT of 
S. sanguinis (72%), S. gordonii (72%), S. suis (65%) and S. pyogenes (66%). 

Comparative analyses of arc gene clusters, the anabolic argGH genes and the 

genes encoding regulatory proteins (ArgR1, AhrC, and ArgR2) were performed 

on the basis of the SYBIL-Database (http://strepneumo-

sybil.igs.umaryland.edu/cgi-bin/current/shared/index.cgi?site=strepneumo) 

(Tab. 4).  

 
Table 4 Distribution of arginine metabolism genes in different strains present in the SYBIL 

database.   
argG - argininosuccinate synthetase; argH - argininosuccinase; present (+), 
truncated (o), absent (-) 

 arcA arcBCDT argG argH 

S.p. TIGR4 + + o - 

S.p. D39 o + + + 

S.p. AP200 + + + + 

S.p. BS293 - - - - 

S.p. BS397 - - - - 

S.p. 70585 + + + + 

S.p. CDC1087-00 + + + + 

S.p. Hungary19A6 + + + + 

S.p. JJA + + + + 

S.p. MLV-016 + + + + 

S.p. R6 o + + + 

S.p. SP11-BS70 + + + + 

S.p. SP195 + + o - 

S.p. SP9-BS68 + + o - 

S.p. G54 + + o - 

S.p. SP14-BS69 + + - - 

S.p. SP18-BS74 + + o - 

S. gordonii + + + + 

S. mitis B6 - - + + 
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Genes of the arc gene cluster (arcA-T) are present in the majority of 

pneumococcal genomes. In S. pneumoniae D39, R800 and R6, a stretch of 8 

nucleotides starting at position nt 740 varies from arcA sequences encoding a 

functionally active arginine deiminase, most likely due to nucleotide insertions 

(CTTG) and a substitution of three nucleotides (TGGT to AAGC) (Fig. 8; 

Appendix Seq. 1). These mutations lead to a premature stop codon in the arcA 

gene, resulting in translational termination and hence in a nonfunctional AD 

protein. The genes arcB-T of R6 and D39 are identical to other pneumococcal 

arcB-T genes. Two other strains (S. pneumoniae BS292 and BS293) have 

neither the arc-gene cluster nor the argGH operon (Tab. 4). The regulatory genes 

(argR1, ahrC and argR2) are annotated in all strains analyzed, with the exception 

of S. pneumoniae SP14-BS69 and SP18-BS74, which lack argR2. In addition to 

the genes of the arcA-T cluster described here, pneumococci exhibit the anabolic 

carbamoyl phosphate synthetase (carAB) as well as the catabolic carbamate 

kinase (arcC) (Fig. 9). None of the sequenced strains has all of the 8 arg genes 

for the arginine biosynthetic pathway (argBCDEFGHJ). Interestingly, the 

distribution of the anabolic genes (argGH) varies among pneumococci. These 

genes were only present in eight of 33 pneumococcal strains listed in the SYBIL 

database, among them S. pneumoniae D39 and R6, but not TIGR4 (Tab. 4). 

 

 
Figure 9 Arginine metabolism in S. pneumoniae.  

carAB – anabolic ornithine carbamoyltransferase. ArcA – arginine deiminase (AD), 
ArcB – catabolic ornithine carbamoyltransferase (cOCT), ArcC – carbamat kinase 
(CK), ArcD – arginine-ornithine antiporter and ArcT – putative aminopeptidase, 
argG – argininosuccinate synthetase; argH – argininosuccinase 
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4.1.2. The proteins encoded by arc genes form a regulatory 
unit.  

 

Reverse-transcription PCR analysis was performed to investigate whether the 

arcABCDT genes are co-transcribed. RNA isolated from S. pneumoniae TIGR4 

grown in CDM was used to generate cDNA and PCR products, representing 

gene spanning sequences and intergenic regions between selected arc genes, 

which were amplified with specific primer pairs. The results suggested that the 
genes arcABCDT form a polycistronic operon in S. pneumoniae TIGR4 (Fig. 10).  

 

 
Figure 10 RT-PCR analysis of arc gene cluster regions. Total mRNA was isolated from 

S. pneumoniae grown in THY medium and random primers were used to amplify 
cDNA. Genomic DNA (gDNA) and RNA served as positive and negative control, 
respectively. PCR fragments representing arc genes and intergenic sequences were 
amplified after reverse transcription: FI (arcAB intergenic region), FII (arcBC 
intergenic region), FIII (arcCD intergenic region), FIV (arcDT intergenic region). The 
enolase gene was used as a positive control. 

 

Considering the putative promoter and terminator structures, a complete 

arcABCDT transcript would have a calculated length of about 6.5 kb. However, 

due to the predicted additional promoter and terminator structures, transcripts of 

2.3 kb (arcAB), 3.4 kb (arcABC) or 3.0 kb (arcDT) are also possible. Northern blot 

48 
 



Results 

analysis was conducted with DIG labeled RNA probes homologous to arcA, arcB, 

arcC and arcDT mRNA, respectively, to investigate the transcript lengths. All four 

probes detected specific transcripts of 2.6 kb and 1.6 kb in the TIGR4 wild-type 

strain, which are not consistent with the theoretical calculations (Fig. 11). The 

mutants ΔarcA-C, ΔarcA-T and ΔargR2 lack arcA-C specific transcripts. Similar 

the expression of arcDT was abolished in the mutants ΔarcA-T and ΔargR2 

(Fig. 2B), suggesting a regulation of arcABC and arcDT by ArgR2. The knockout 

in argR1 or ahrC also influenced arcABCDT gene expression (Fig. 11) which 

suggests that ArgR1 and AhrC are involved in the complex regulation of the ADS.  

 

 
Figure 11 Northern blot analysis of arcABCDT transcripts in wild-type (WT) S. pneumoniae D39 

and TIGR4 and in the isogenic TIGR4 arcA-C, arcA-T argR2, argR1, and ahrC 
deletion mutants, respectively.   
Total RNA, isolated from cultures grown in CDM to an OD600nm of 0.4, was hybridized 
with DIG-labeled RNA-probes to arcA (P704, P611), arcB (P933, P934), arcC (P935, 
P936) and arcDT (P705, P613). Methylene blue was used to verify the amount of 
RNA on hybridization membranes. 

 

4.1.3. ArgR2 activates the AD system and arginine uptake in 
TIGR4  

 
Three genes encoding ArgR-type regulatory proteins (argR1, argR2 and ahrC) 

are annotated in the TIGR4 genome (Fig. 12) and, if present, these genes are 

listed in pneumococcal genomes deposited in the SYBIL database (Kloosterman 

and Kuipers, 2011). The amino acid sequence of the nutritional regulators is 
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highly conserved (> 98%) in streptococci and shows also a high homology to 

L. lactis ArgR type regulators. The argR2 genes of S. pneumoniae TIGR4 and 

D39 show a GA-transition at base pair 94 (TIGR4 guanine; D39 adenine), 

resulting in an amino acid substitution at position 31 (E31K) of ArgR2 (TIGR4 

glutamate; D39 lysine) (Appendix Seq. 2). ArgR1 and AhrC form a 

heterohexameric complex with arginine as an effector molecule to ensure optimal 

uptake of arginine from the surrounding milieu (Kloosterman and Kuipers, 2011). 

However, the regulator for the AD system and its impact on arginine uptake by 

the ArcD antiporter was unknown. 

 

 
Figure 12 Genetic regions of the three ArgR-type transcriptional regulators encoded in the 

TIGR4 genome.   
sp_0892: type I restriction enzyme; sp_0893: transcriptional regulator of arginine 
metabolism ArgR2; sp_0894 pepX gene (X-prolyl-dipeptidyl aminopeptidase); 
sp_1200 GTP-binding protein LepA, sp_1201 serine/threonine protein phosphatase; 
sp_1202 DNA repair protein RecN; sp_1203 transcriptional regulator of arginine 
metabolism AhrC; sp_1204 23S rRNA (cytidine1920-2'-O)/16S rRNA (cytidine1409-
2'-O)-methyltransferase; sp_1205 geranyltranstransferase; sp_2075 ABC transporter 
ATP-binding protein/permease; sp_2076 pseudogene; sp_2077 transcriptional 
regulator of arginine metabolism ArgR1; sp_2078 argRS arginyl-tRNA synthetase. 

 

Immunoblot analyses were performed to assess the role of the ArgR type 

regulators on expression of proteins encoded by the AD operon. Expression of 

ArcA, ArcB, ArcC and the three regulatory proteins AhrC, ArgR1 and Arg2 in 

pneumococcal wild-type strains TIGR4 and D39, respectively, was compared to 

their isogenic mutants using specific polyclonal mouse antibodies generated 

against ArcA, ArcB, ArcC, or the regulatory proteins (Fig. 13). The TIGR4 wild-

type expressed all three enzymes of the AD system and all regulator proteins 

were detected. The mutants deficient for ArcA-C and ArcA-T showed no 
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expression of the enzymes. In contrast to the argR1 and ahrC mutants, the 

expression of the catabolic enzymes (ArcA, ArcB and ArcC) was diminished in 

the argR2 mutant, supporting the hypothesis that ArgR2 is a specific activator of 

the AD system and arginine uptake by ArcD. 

 

 
Figure 13 Immunoblot analysis of ArcA, ArcB, ArcC, ArgR2, ArgR1 and AhrC synthesis in 

nonencapsulated pneumococcal strains (TIGR4∆cps and D39∆cps) and isogenic 
regulatory mutants using bacterial whole-cell cytoplasmatic protein lysates.   
Proteins were detected using specific mouse anti-ArcA, ArcB, ArcC, ArgR2, ArgR1 or 
AhrC antisera. Pneumococcal enolase was used as a loading control. The predicted 
molecular masses are: mature ArcA 46.6 kDa in TIGR4, fragmented ArcA’ in D39 
28.3 kDa, ArcB 37.9 kDa, ArcC 33.6 kDa, ArgR2 17.8 kDa, ArgR1 16.2 kDa, and 
AhrC 17.1 kDa. 

 

To characterize the unknown regulatory effects of ArgR2, a transcriptome 

analysis was performed, using a custom made Agilent (SurePrint Technology; 

60mer oligonucleotides) microarray designed on the basis of D39 and TIGR4 

sequences. The results confirmed that ArgR2 regulates gene expression of the 

arc-operon (Tab. 5). Further analyses showed however, that no other important 

virulence factors or factors enhancing bacterial fitness are regulated by ArgR2. 
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Table 5 Summary of DNA microarray analyses of TIGR4Δcps compared with 
TIGR4ΔcpsΔargR2 grown in RPMImodi 

TIGR4 locus Function Gene name Ratio 

sp_0317 Keto-deoxy-phosphogluconate aldolase kdgA 3.63 

sp_0318 2-dehydro-3-deoxygluconokinase kdgK 3.39 

sp_0319 Hypothetical protein - 4.10 

sp_0320 Gluconate 5-dehydrogenase gno 4.33 

sp_0505 type I restriction-modification system subunit S hsdS 3.55 

sp_0893 Transcriptional regulator of arginine metabolism argR2 0.01 

sp_1139 Hypothetical protein - 1.59 

sp_1140 Hypothetical protein - 1.54 

sp_1141 Hypothetical protein - 1.45 

sp_1142 Hypothetical protein - 1.44 

sp_1282 ABC transporter ATP-binding protein - 1.71 

sp_2026 Alcohol dehydrogenase adhE 2.54 

sp_2148 Arginine deiminase arcA 0.14 

sp_2150 Ornithine carbamoyltansferase arcB 0.18 

sp_2151 Carbamate kinase arcC 0.46 

sp_2152 Arginine-ornithine antiporter arcD 0.49 

sp_2153 Putative aminopeptidase arcT 0.42 

The table shows significantly different expressed genes (based on the Bayesian p values) with ratios 
(mutant/wild type) 

 

It is remarkable that the results of protein expression of S. pneumoniae D39 and 

isogenic mutants differed significantly from TIGR4. The immunoblot analyses 

showed a truncated ArcA peptide, probably due to the premature stop codon. 

Full-length ArcB and ArcC proteins were detected in the D39 wild-type and 

remarkably also in the isogenic argR2-mutant. Similar to TIGR4, the deficiency of 

ArgR1 or AhrC had no effect on the expression of the AD system enzymes. 

Importantly, no protein signal could be detected for the regulator ArgR2 in D39, 

although the upstream sequence of argR2 is identical to the TIGR4 sequence 

and the only amino acid exchange (E31K) occurred at position 31. This is of 

particular interest, because the arc genes are expressed in D39 despite lacking 

ArgR2, while arc gene expression in TIGR4 requires the ArgR2 regulator. 

To elucidate whether the absence of ArgR2 in D39 is due to a lack of gene 

expression, RT-PCR analysis was performed. As depicted in figure 14, genome 

amplification with intergenic primers of argR2 resulted in a PCR fragment for 
S. pneumoniae TIGR4, while D39 showed no PCR product suggesting that the 

argR2 gene of D39 is not transcribed. 
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Figure 14 RT-PCR analysis of argR2 expression in TIGR4 and D39. Random primers were 

used to amplify cDNA. gDNA was taken as a positive control and RNA as a negative 
control. 

 

4.1.4. ArgR2 binds to promotor regions of the AD system.  
 
To investigate whether ArgR2 controls the expression of the arc operon by 

binding to the predicted promoter regions of arcA and arcD (Fig. 15), 

electrophoretic mobility shift assays (EMSA) were performed using purified 

recombinant His6-ArgR2 protein. DNA-binding reactions were carried out with a 

437 bp arcA or a 391 bp arcD fragment. As shown in figure 15, both DNA 

fragments were retarded by the addition of His6-ArgR2. The amount of the DNA-

protein complex increased in an ArgR2 concentration-dependent manner. These 

results confirm that ArgR2 acts as specific activator of the genes of the AD 
system. As a negative control, the upstream region of the enolase operon, which 

lacks a putative ArgR2 binding site, was used. 

 

 
Figure 15 Interaction of ArgR2 to putative promoter regions of the arc operon.   

Purified recombinant His-ArgR2 (0.5 to 8 pmol protein) was incubated with the 
437 bp arcA (EMSA_A), 391 bp arcD promotor fragment (EMSA_D), or 307 bp eno 
promotor fragment (EMSA_E, negative control enolase promotor region; DNA: 
0.2 pmol) and interaction was detected using ethidium bromide. 
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4.1.5. Strain-specific expression and regulation of ADS.  
 

Arginine is essential for pneumococcal growth (Hartel et al., 2012). Analysis of 

the growth medium with 1H-NMR indicated that the wild-type TIGR4 strain takes 

up arginine and releases ornithine (Fig. 16A). The analysis of the extracellular 

metabolites showed that the uptake of arginine was significantly reduced in 

TIGR4 lacking a functional ArcD. Moreover, the TIGR4 mutants ∆arcA-C, ∆arcA-

T and ∆argR2 showed no secretion of ornithine into the medium. Importantly, 

uptake of arginine by D39 was 20-fold lower compared to TIGR4 and correlated 

with the lower expression of the AD enzymes. Consequently, ornithine secretion 

was not detected for D39 (Fig. 16A). Pneumococci catabolize glutamine and 

asparagine as the main nitrogen sources, while dispensable glutamate is 

secreted. Strains expressing a functional arginine deiminase system such as 

TIGR4 are additionally able to utilize arginine as nitrogen source. This is 

accompanied by a reduced uptake of glutamine by TIGR4, compared to D39 

expressing a non-functional ADS (Fig. 16B). 
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Figure 16 Impact of the pneumococcal ADS regulator ArgR2 on consumption of nitrogen-rich 

arginine.  
(A) Uptake of arginine and export of ornithine by the TIGR4∆cps and its isogenic 
mutants in CDM. The extracellular concentrations (mM) of arginine and ornithine 
were measured prior to the start of the cultivation (t0) and in the late exponential 
phase (OD600nm = 0.8; t1). Medium without bacteria culture was used as a control.   
(B) Growth curves, nitrogen-rich amino acids consumption and end-products of 
nitrogen metabolism formed by TIGR4∆cps and D39∆cps strains cultured in CDM 
under microaerophilic conditions at 37°C. Culture supernatant samples for substrate 
and end-product analysis by 1H-NMR were harvested at indicated time-points 
represented by bars in the plots. Data of four independent experiments are shown. 

 

The expression of the cytoplasmic ArcA and ArgR2 in 24 different pneumococcal 

strains and serotypes was assessed by immunoblot analysis (Fig. 17A). The 

results indicated the presence of ArcA in all of the analyzed strains. However, 

serotypes 35A (SP37) and 2 (SP51), including D39 and nonencapsulated strains 

R6 (a derivative of D39) and R800, produced only a truncated ArcA protein. 

Interestingly, the non-functional ArcA correlated with low levels or a lack of ArgR2 

expression (Fig. 17B). However, ArgR2 expression was also absent in some 

strains expressing a full-length and functional ArcA protein (for example SP55) 

(Fig. 17A and B). 
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Figure 17 (A) Immunoblot analysis of ArcA and ArgR2 expression in pneumococci. Proteins 

were detected using specific anti-ArcA or ArgR2 antibodies.   
(B) Arginine deiminase (AD) activity was monitored in a colorimetric enzyme assay 
by determination of the produced citrulline. The strains were cultivated in THY 
medium to an OD600nm of 1.0 and 20 µg whole protein extracts were used. 

 

The activity of the arginine deiminase was monitored in a colorimetric enzyme 

assay, measuring the amount of produced citrulline (Fig. 17B). The results 
showed no enzyme activity for D39, TIGR4∆arcAT, TIGR4∆argR2 and serotype 

35A (SP37). In contrast, AD enzyme activity was observed for TIGR4, 
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TIGR4∆argR1, TIGR4∆ahrC, SP55, SP56 and S. gordonii. Taken together, the 

immunoblot and Northern blot analyses, the enzyme activity assay and EMSA 

indicate that ArgR2 is a specific positive transcriptional regulator of the 

pneumococcal arcABCDT operon for some S. pneumoniae strains. 

 

4.1.6. Influence of the AD system, ArcD and ArgR2 on 
pneumococcal colonization and virulence.  

 

To assess the impact of the ADS and its regulator ArgR2 on TIGR4 colonization 

and virulence, the acute mouse pneumonia model was used. Female CD-1 

outbred mice (n = 12) were intranasally infected with 7.5 x 107 wild-type or 

isogenic TIGR4lux∆arcA-C, TIGR4lux∆arcA-T and TIGR4lux∆argR2 

pneumococci. The infection process was monitored in real-time by using a 

bioluminescent optical imaging system (IVIS® Spectrum System). No significant 

differences were observed between the survival time of mice infected with wild-

type or mutant pneumococci deficient for the proteins ArcA-C or regulator ArgR2, 

while the deficiency of ArcD in the arcA-T –mutant attenuated pneumococci 

(Fig. 18A-C).  
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Figure 18 Impact of the ADS enzymes, ArcD antiporter and regulator ArgR2 on pneumococcal 

colonization and virulence in mice.   
(A) Survival of CD-1 mice after intranasal infection with pneumococci. Groups of 
mice (n = 12) were intranasally infected with 7.5 x 107 CFU of S. pneumoniae TIGR4 
wild-type or its isogenic ∆arcA-C, ∆arcA-T and ∆argR2-mutant.   
(B) and (C) Bioluminescent optical imaging of pneumococcal dissemination after 
intranasal infection of CD-1 mice (n = 12). Dissemination of bioluminescent 
TIGR4lux, TIGR4lux∆arcA-C, TIGR4lux∆arcA-T or TIGR4lux∆argR2 was analyzed at 
indicated time points by determination of the luminescence intensity measured with 
the IVIS® Spectrum System. The bioluminescent flux of grouped mice is represented 
in the box whiskers graph (B). 

 

To investigate the effects in more detail, co-infection experiments were 

conducted to directly decipher deficiencies in the in vivo bacterial fitness of the 

mutants and their capability to colonize mice or to cause invasive infections. Mice 

(n = 9) were co-infected intranasally with equal amounts (2.5 x 107 CFU) of the 

mutant strains TIGR4lux∆arcA-C, TIGR4lux∆arcA-T or TIGR4lux∆argR2 and its 

parental strain TIGR4lux (Fig. 19). The ratio of wild-type vs. mutant bacteria was 

calculated 24 and 48 h post-infection by determination of the bacterial load in the 

nasopharynx and airways within each individual mouse. The results of the 

nasopharyngeal and bronchoalveolar lavage showed that the TIGR4 mutants 
∆arcA-C and ∆arcA-T, respectively, were out-competed by wild-type bacteria in 

these host niches. In contrast, the in vivo survival rate of the TIGR4∆argR2 
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mutant was distinctly higher in both habitats compared to the isogenic wild-type 

strain. Importantly, the TIGR4 and D39 mutants deficient in genes of the AD 

system or regulator ArgR2 had no growth defect in complex media or in CDM 

(Appendix Fig. 1). Hence, the in vivo experiments showed that the fitness of the 

TIGR4 ADS-deficient mutants was reduced under infection conditions and that 

the metabolism is coupled to virulence. Why the ArgR2-deficient mutant out-

competed the isogenic TIGR4 wild-type is currently unclear and has to be 

analyzed in more detail. Possibly ArgR2 has additional regulatory effects during 
infection, which could not be detected in the in vitro microarray analysis 

presented earlier. 

 

 
Figure 19 Intranasal co-infection of mice with bioluminescent TIGR4lux together with 

TIGR4lux∆arcA-C, TIGR4lux∆arcA-T or TIGR4lux∆argR2. Groups of CD-1 mice (n = 
9) were infected with 2.5 x 107 CFU of the wild-type and one of the isogenic 
pneumococcal mutants. At indicated time points mice were sacrificed and bacterial 
loads in the nasopharynx (NP: nasopharyngeal lavage) and airways (BAL: 
bronchoalveolar lavage) were counted after plating the bacteria on blood agar plates. 
CI values lower than 1 indicated a higher growth of wild-type bacteria. 

 

A previous study (Gupta et al., 2013) showed that the deletion of the arcD gene, 

encoding for the arginine-ornithine antiporter, negatively effected capsule (CPS) 

production. To verify this observation, all mutants of D39 and TIGR4 were 

analysed using a flow cytometry based approach that was recently used to show 

differences in L,D-carboxypeptidase deficient pneumococci (Abdullah et al., 

2014). The results show only a slight reduction in CPS for the mutant lacking a 

functional ArcD in D39. In contrast, no effect on CPS production was observed 

for the TIGR4 mutant lacking ArcD (Fig. 20).  
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Figure 20 Changes of capsular polysaccharide (CPS) amount induced by deletion of arcA-C, 

arcA-T, argR2 and arcD.  
The relative amount of serotype 4 CPS (A) or of serotype 2 CPS (B) was measured 
by flow cytometry using an anti-serotype 4 specific antiserum respectively an anti-
serotype 2 specific antiserum and a goat anti-rabbit IgG coupled Alexa-Fluor-488. As 
a negative control was used a nonencapsulated TIGR4 and D39. Shown are results 
of a representative experiment. 

 

4.1.7. Influence of the AD system and regulator ArgR2 on 
pneumococcal phagocytosis by macrophages.  

 

To investigate whether the ADS protects pneumococci against phagocytosis by 
macrophages or improves intracellular survival, nonencapsulated TIGR4∆cps 

pneumococci and the isogenic mutants ∆arcA-C, ∆arcA-T, ∆argR2, ∆argR1 and 

∆ahrC were incubated for 30 min with J774 macrophages. After killing the 

extracellular bacteria the number of internalized and recovered pneumococci was 

determined. The phagocytosis rate of TIGR4∆cps and its isogenic ∆arcA-C 

mutant was not significantly altered. However, the deletion of all genes of the AD 

operon (∆arcA-T mutant) increased the internalization of pneumococci in 

macrophages significantly. In contrast, mutations of the regulatory proteins 

ArgR2 (∆argR2) and AhrC (∆ahrC) decreased the rate of phagocytosis 

significantly (Fig. 21). The latter results may provide an explanation why the 

ArgR2-deficient mutant out-competed the wild-type under in vivo conditions.  
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Figure 21 Deficiency of arginine uptake and arginine metabolism regulator ArgR2 interferes 

with pneumococcal phagocytosis. J774A.1 murine macrophages were infected with a 
multiplicity of infection of 50 pneumococci of strain TIGR4 or its isogenic arcA-C, 
arcA-T or argR2 mutant.   
(A) Viable and recovered intracellular pneumococci were determined by colony 
counting 30 min post-infection by applying the antibiotic protection assay. Shown are 
the mean values and standard deviations of three independent experiments 
performed in triplicate. *, P < 0.05; ***, P < 0.001.   
(B) Immunofluorescence microscopy of host cell-attached and intracellular 
pneumococci. J774A.1 murine macrophages were infected for 5, 30, or 60 min with 
pneumococcal strain TIGR4 or its arcA-T or argR2 mutant. Intracellular pneumococci 
were stained with Alexa568 (red), while adherent bacteria appear yellow (Alexa488 
and Alexa568). Bars represent 10 µm. 
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4.2. The redox-sensing protein Rex 

4.2.1. Characterization of the Rex encoding gene locus in 
S. pneumoniae 

 

The redox-sensing regulator Rex, containing a DNA-binding and a NAD-sensing 

domain, was identified in the phyla Firmicutes, Thermotogales, Actinobacteria, 

Chloroflexi, Deinococcus-Thermus, and Proteobacteria. In silico analysis of 

pneumococcal genomes indicated a broadly conserved Rex ortholog. Sequence 

alignments on the DNA and protein level showed that Rex is highly conserved 

and present in all S. pneumoniae strains with a high sequence identity (Tab. 6).  

 
Table 6 Comparison of amino acid sequence of rex in different sequenced pneumococcal 

and other Gram-positive bacterial genomes. 

Organism Gene  Homology  Identities 

S. pneumoniae D39  spd_0976  100 %  100 %  

S. pneumoniae TIGR4  sp_1090  100 %  99,5%  

S. pneumoniae ssp.  rex 100 %  99,5-100%  

S. pseudopneumoniae  SPPN_05270  99,5%  99,1 %  

S. gordonii  SGO_1228  98,6 %  87,8 %  

S. sanguinis  SSA_1216  96,7 %  84,1 %  

S. suis  SSUST3_1096  94,8 %  78,3 %  

S. thermophilus  Str1463  94,7 %  78,6 %  

S. agalactiae  SAG1100  93,2 %  76,2 %  

S. equi subsp. equi  SEQ_1138  93,2 %  73,2 %  

S. mutants  SMU_1053  92,7 %  81,0 %  

S. pyogenes  Sps0980  92,3 %  72,2 %  

Enterococcus faecalis  EF2638  82,6 %  49,3 %  

Bacillus subtilis  BSU05970  81,4 %  45,7 %  

Staphylococcus aureus  SAOUHSC_02273  75,2 %  44,3 %  

Streptomyces coelicolor  SCO3320  66,3 %  35,1 %  

 

The Rex protein in strain D39 consists of 213 aa and shares more than 45% 

sequence identity to the Rex protein of B. subtilis. In D39 and TIGR4 Rex is 

encoded by a 642 bp open reading frame designated spd_0976 and sp_1090, 

respectively (Appendix Seq. 3). Directly upstream of the D39 rex gene two 

hypothetical genes with unknown function (spd_0977, spd_0978) and a class V 

aminotransferase (spd_0979) were identified. Downstream rex is flanked by a 

gene encoding a putative class I glutamine amidotransferase (spd_0974) 

(Fig. 22). For detailed sequence comparison between the different pneumococcal 
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strains see appendix (Appendix Tab. 1). Bioinformatic analysis (Neural Network 

Promoter Prediction; http://www.fruitfly.org/seq_tools/promoter.html) revealed 

putative promoter sequences directly upstream of the rex gene (Appendix 

Tab. 2). A putative terminator sequence (TransTerm HP; 

http://transterm.cbcb.umd.edu/) was predicted downstream of the class V 

aminotransferase gene (spd_0979). 

 

 
Figure 22 Schematic representation of the rex gene locus based on the sequence of 

S. pneumoniae. spd_0974: putative class I glutamine amidotransferase; spd_0977 
and spd_0978: genes with unknown function; spd_0979: class V aminotransferase; 
spd_0980: ribose-phosphate pyrophosphokinase; spd_0981: putative adenylate 
cyclase. 

 

To elucidate the genomic organization and operon structure of the rex locus, 

Northern blotting was performed. The transcriptional analysis using 

S. pneumoniae D39 as wild-type and a Rex-deficient isogenic mutant revealed 

two rex-specific transcripts of 1.8 kb and 3 kb (Fig. 23). The size of the smaller 

transcript suggests that the Rex encoding gene is co-transcribed with the gene 

spd_0974.  

 

 
Figure 23 Northern blot analysis of rex transcripts in S. pneumoniae D39Δcps and in the 

isogenic rex-mutant (D39ΔcpsΔrex). 
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4.2.2. Rex binds to promotor regions of glycolytic genes 
 

Previous studies showed for several Gram-positive bacteria that Rex targets a 

broad range of gene promotors. This includes promotor sequences of genes 

encoding proteins involved in the central carbon metabolism, hydrogen 

production, fermentation, biofilm formation or stress tolerance response (Bitoun 

et al., 2012; Ravcheev et al., 2012). To determine the target genes of 

pneumococcal Rex, the PRODORIC® database (http://prodoric.tu-bs.de/) was 

used, which aims to systematically organize information on prokaryotic gene 

expression and integrates this information into regulatory networks (Munch et al., 

2003). A typical binding motif of Rex was detected in the upstream regulatory 

regions of genes playing a role in the glycolysis, fermentation, NAD metabolism 

or virulence when the Virtual Footprint software was applied (http://prodoric.tu-

bs.de/vfp/) (Tab. 7).The Rex target sequence of B. subtilis was used as a 

reference for an alignment analysis, revealing finally a consensus binding 

sequence for pneumococcal Rex: 5’-WTTGTGNNANANTTNTNAANNT-3’. It is 

striking that especially the first 5 nucleotides (TTGTG) are essential for binding 

and are found in all examined promoter regions.  

 
Table 7  Characterized Rex binding sites in S. pneumoniae 

Gene Description Positiona Rex binding motif EMSA 

rex redox-sensing 

transcriptional repressor 

11 

39 

GTTGTGATTTTGTGAAAGATAA 

ATTGTGAAAAAATCAACAAAAA 

Shift 

pgk phosphoglycerate kinase 56 CTTGTGAAATCTTTCCTTATAT Shift 

gapN glyceraldehyde-3-

phosphate 

dehydrogenase 

74 CTTGTGAAAATAATCTCAAAAA Shift 

eno enolase 82 

362 

TTTGTGCAACTTTTCCTTAACT 

TTTGTGAAGATTTCACCAACTA 

Shift 

ldh L-lactate dehydrogenase 171 ATTGTGAAATGAGGCATTTATT  

pfl pyruvate formate-lyase 97 

124 

234 

TTTGTGCTAAAAATTAGAGAGT 

TTTGTGTGTTACTGTTAAACTC 

GTTGTGACTCAGTTATTAGTAT 

Shift 

nox NADH oxidase 175 TTTGTGAAAATTCTAACTTTAT Shift 

pnuC nicotinamide 

mononucleotide 

transporter 

123 TTTGTGAACTACTTAACAAATA Shift 

nadE NAD synthetase 111 GTTGTGGGATGAGTATAAGCGT No shift 

 Consensus sequence  NTTGTGNNANANTTNTNAANNT  
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To investigate whether Rex binds upstream of the genes named in table 7 and is 

possibly involved in regulating their expression, we performed EMSAs using the 

regulatory regions of rex, pgk, gapN, eno, ldh, pfl, nox, pnuC, and nadE (Fig. 24). 

The three predicated binding sites for rex could be identified upstream of the rex 

gene. The formation of stable Rex–DNA complexes resulted in three distinctly 

shifted DNA bands (Fig. 24A). The EMSA performed with the promotor fragments 

of the genes encoding enzymes for glycolysis and fermentation (Ppgk; PgapN; 

Peno; Pldh; and Ppfl) showed also markedly shifted DNA bands when Rex was 

used at a concentration of 10 pmol. For the Pnox fragment, a shift in a DNA–Rex 

binding complex was detected, supporting our hypothesis that a Rex binding site 

is also present in the promotor region of the gene encoding the NADH oxidase, 

which contributes to virulence. Moreover the promotor fragment of the gene 

encoding PnuC, an enzyme of the NAD anabolism, interacted with Rex. The 

bioinformatic analysis further identified a Rex binding motif for the upstream 

region of NadE, an enzyme of the NAD anabolism. However, binding of the 

purified Rex protein was not observed to the nadE promotor region (Fig. 24B).  
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Figure 24 Analysis of Rex binding sites by electrophoretic mobility shift assays (EMSAs).  

(A) Purified Strep-tagged Rex (10 pmol protein) was incubated with different 
promotor regions: Prex (282 bp); Ppgk (253 bp); PgapN (296 bp); Peno (307 bp); 
Pldh (406 bp); Ppfl (383 bp); Pnox (266 bp); and PpnuC (250 pb)  
(B) The nadE regulatory region showed no binding in the presence of 0.25 to 8 pmol 
Rex protein.  
(C) The amount of the DNA-protein complex for the regulatory region of pgk, gapN, 
ldh and nox increased in an Rex concentration-dependent manner. 

 

The EMSAs showed that the regulatory regions seem to have unequal binding 

affinities to Rex. Strong binding affinities can be assumed for PgapN and Pnox. A 

first DNA band shift was observed for the nox regulatory region at a 

concentration of 1 pmol Rex and for gapN already at a concentration of 0.5 pmol 

Rex. A distinct DNA band shift occurred for Ppgk with 2 pmol Rex. No binding 

was detected for Pldh in the presence of Rex when using a range from 0.5 to 

8 pmol Rex.  

Other studies revealed that the DNA binding affinity of Rex is influenced by 

NADH and NAD+ (Gyan et al., 2006; Pagels et al., 2010; Wang et al., 2008). The 

ratio of NADH/NAD+ is an important indication of the redox state of a cell 
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reflecting thereby the metabolic activity and the health of a cell. In B. subtilis Rex 

is allosterically activated by binding of NAD+ and inhibited by interaction with 

NADH (Gyan et al., 2006; Wang et al., 2008). Hence, the influence of NADH and 

NAD+ on the DNA binding activity of pneumococcal Rex to upstream regulatory 

regions of different genes (nox, gapN, pgk, and pnuC) was analyzed (Fig. 25). 

Rex was incubated with different concentrations of NAD+ (1 to 5 mM) and NADH 

(1 to 2 mM) in presence of the DNA representing the regulatory regions. The 

presence of NADH inhibited binding of Rex to the regulatory region of the genes 
pgk, pnuC and nox, encoding the phosphoglycerate kinase, nicotinamide 

mononucleotide transporter and NADH oxidase, respectively. In the presence of 

NAD+ the binding affinity of Rex for the upstream regulatory regions of gapN 

increased, whereas the presence of NADH did not influence the shift of gapN 

(Fig. 25). These results suggest that Rex exhibits a stronger affinity to the gapN 

binding sequence than to the binding sequences upstream of pgk, pnuC and nox. 
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Figure 25 Influence of NAD+ and NADH on the affinity of Rex to several DNA motifs. EMSAs 

were performed with PCR products of the upstream regions of nox, gapN, pgk and 
pnuC (0.1 pmol), which were incubated with purified Rex protein (10 pmol) and 
different concentrations of NAD+ and NADH. After separation in native 
polyacrylamide gels, the DNA was visualized by ethidium bromide staining. 0.2 pmol 
BSA was used as a negative control. 

 

Recovering the Rex-binding activity to the pgk binding site by adding a 5-fold 

higher concentration of NAD+, compared to NADH, was not possible. Most likely, 

higher concentrations of NAD+ are needed to recover the DNA binding. These 

results revealed that NAD+ and NADH modulate the DNA binding activity of Rex 

and thus, that the Rex binding activity strongly depends on the relative 

concentrations of NADH and NAD+. 
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4.2.3. Rex represses genes encoding fermentation enzymes 
 

To elucidate whether the loss-of-function of Rex influences the expression of the 

genes targeted by Rex, Northern blot analyses were performed. Pneumococci 

were cultivated in RPMImodi under microaerophilic and anaerobic conditions and 

at OD 0.35 bacteria were lysed to purify the total RNA. DIG labeled RNA probes 

homologous to nadE, pgk, gapN, ldh, and nox mRNA, respectively, were 

generated and the lengths and intensities of the transcripts in the wild-type and 

Rex-deficient mutant were investigated. Staining of the RNA with methylene blue 

was conducted to verify that equal amounts of total RNA were plotted. 

Under microaerophil and anaerobe conditions the pgk-specific probe detected 

only a single distinct transcript (1300 bp) in both strains, suggesting a 
monocistronic organization of pgk (1196 bp). The results showed a considerable 

increase in gene expression in the Rex deletion mutant under microaerophilic 

conditions and the effect was also observed under anaerobic conditions, 

however, the increase was less pronounced (Fig. 26A). 

The gapN-specific probe detected a transcript with a size of 1400 bp under 

microaerophil and anaerobe conditions and, similar to pgk gene expression, the 

loss-of-function mutation of rex positively influenced gapN expression under both 

selected oxygen conditons (Fig. 26B). Because the gapN-gene is 1425 bp long 

the detected transcript size indicated a monocistronic transcription of gapN by 

pneumococci.  
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Figure 26 Transcriptional analysis of Rex-regulated genes. Total RNA was isolated from 

D39∆cps (wt) and D39∆cps∆rex cultured under microaerophil and anaerobic growth 
conditions in CDM. Three micrograms of total RNA were used for Northern blot 
experiments.  
(A) pgk probe; (B) gapN probe; (C) nadE probe; (D) ldh probe; and (E) nox probe.  

 

The nadE-specific RNA probe detected transcripts of 2500 bp and 1500 bp. 

Under microaerophil conditions the rexA-mutant D39ΔcpsΔrex showed a third 

signal at 4800 bp. The deletion of Rex also increased nadE expression under 

microaerophil and anaerobe conditions significantly (Fig. 26C). The genetic 

organization within the nadE gene locus suggests an operon structure consisting 

of the nadE and the downstream spd_1259 gene. The bicistronic transcript has a 

calculated size of 1600 bp. However, the two other transcripts identified by 

Nothern blotting suggested further polycistronic transcripts consisting of nadE, 

spd_1259 and other co-transcribed genes (Fig. 26C). 
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Although Rex binds to promotor regions of ldh and nox, the rex-mutant showed 

no altered expression of the ldh or nox gene under microaerophilic conditions 

(Fig. 26D and E). The ldh probe showed a transcript of approximately 1800 bp 

while the nox probe revealed a transcript of approximately 2600 bp. Whereas ldh 

(987 bp) is transcribed as a monocistronic mRNA, the nox transcript consists of 

three genes (nox 1138 bp; spd_1297 [pyridoxal biosynthesis lyase] 876 bp; 

spd_1296 [glutamine amidotransferase subunit] 582 bp).  

In conclusion, lack of Rex in D39ΔcpsΔrex increases the gene expression of 

nadE, gpk and gapN (Fig. 26), indicating that Rex acts as a repressor for these 

genes. In contrast, the expression of ldh and nox, also targeted by Rex, is not 

influenced under the tested conditions. 

 

4.2.4. The influence of Rex on extracellular metabolites 
of pneumococci  

 

Pneumococci encounter different host niches in humans and these host niches 

differ in particular in temperature and oxgen levels. As a facultative anaerobe 

bacterium S. pneumoniae is able to grow under low oxygen and anaerobic 

conditions. However, growth experiments in complex medium THY under 

anaerobic conditions revealed that the absence of oxygen impairs growth in 

comparison to microaerophilic conditions (Fig. 27). Interestingly, RexA-deficiency 

had no influence on the growth behavior of D39Δcps irrespectively of the oxygen 

levels.  
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Figure 27 Growth behavior of S. pneumoniae D39Δcps and the isogenic D39ΔcpsΔrex mutant 

under microaerophilic and anaerobic conditions cultured at 37°C and 5% CO2 in THY 
complex medium. 

The de novo biosynthesis of different amino acids is closely linked to the 

glycolysis and, according to the EMSA and Northern blots, influenced by the Rex 

regulator. Results of previous isotopologue studies (Hartel et al., 2012) 

suggested that the carbon metabolism and glucose utilization is robust and that 

loss-of-function mutations of CodY, PavA, or glucose-6-phosphate 

dehydrogenase (Zwf) did not affect the proportion of absorbed and de novo 

synthesized amino acids in S. pneumoniae. To assess the role of Rex in the 

metabolism of pneumococci and to show further the influence of available oxygen 

levels, isotopologue profiling was employed. The isotopologue profiles of 

nonencapsulated D39 and isogenic rex-mutants were compared under 

microaerophilic and anaerobic growth conditions. The results demonstrated 

similar levels of amino acid labeling for both strains (Fig. 28). Interestingly, the 

cultivation of pneumococci under anaerobic conditions showed only an effect for 

the amino acids aspartate and threonine. The de novo biosynthesis of both 

amino acids is reduced by 10% for aspartate and 5% for threonine compared to 

microaerophilic conditions. Their biosynthesis was shown to depend on the PEP 

carboxylase, an enzyme which converts PEP in the presence of CO2 to 

oxaloacetate. Most likely, the reduced de novo biosynthesis rate is the result of a 

low CO2 concentration in the culture media, which is devoid of O2. 
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Figure 28 Impact of Rex deficiency on pneumococcal fitness and 13C-labeled isotopologue 

profiles of amino acids after growth in RPMImodi supplemented with [U-13C6]-glucose. 
(A) Growth behavior of S. pneumoniae D39Δcps and the isogenic D39ΔcpsΔrex 
mutant under microaerophilic and anaerobic conditions cultured at 37°C and 5% CO2 
in THY complex medium.  
(B) Graph depicts the absolute 13C enrichment (%) of 13C-labeled amino acids of 
pneumococcal ∆rex mutant compared to the isogenic wild-type D39∆cps after 
cultivation of bacteria in CDM supplemented with 55.5 mM [U-13C6]glucose in the 
absence or presence of oxygen. 

 

EMSA and Northern blot experiments suggested that the redox-sensing regulator 

Rex acts as a repressor and binds to a specific nucleotide motif directly upstream 

of genes encoding particular glycolytic enzymes. To analyze if the regulation of 

glycolytic enzymes by Rex influences bacterial growth, pneumococci were 

cultured in THY complex medium, RPMImodi and CDM, respectively, containing 

glucose or galactose as the sole energy source (Fig. 29). However, growth differs 
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only slightly in the stationary phase when pneumococci were cultured in THY or 

RPMImodi. The rex-mutant showed a decelerated rate of autolysis compared to the 

parental strains S. pneumoniae D39∆cps. In contrast, growth of the rex-mutant 

and isogenic parental strain did not differ in CDM irrespective of the carbon 

source (Fig. 29).  

 

 
Figure 29 Growth experiments of S. pneumoniae D39Δcps, as well as the corresponding Rex-

deficient mutant, in different media: THY (A), RPMImodi (B), CDM with glucose (C) 
and with galactose (D) 

 

Also the analysis of the growth behavior of TIGR4∆cps and the corresponding 

Rex-deficient mutant in different media detected no significant variation (Fig. 30). 
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Figure 30 Analysis of growth behavior of Rex-deficient S. pneumoniae TIGR4Δcps mutant and 

the corresponding wild type in different media: THY (A), RPMImodi (B), CDM with 
glucose (C) and with galactose (D) 

 

As the absence or presence of Rex had not significantly affected pneumococcal 

growth, its influence on pneumococcal metabolism was analyzed in-depth. 
Therefore the extracellular metabolites of D39∆cps and its isogenic rex-mutant 

D39∆cps∆rex were analyzed to assess the physiological consequences of a Rex 

deficiency when pneumococci were cultivated under microaerophilic conditions 

with glucose as the main carbon source (growth curves: Appendix Fig. 2). 

Various extracellular metabolites, including glucose, amino acids and 

fermentation products (lactate, acetate, ethanol, formate), were measured at the 

start of the cultivation, during the log-phase and in the stat-phase (Fig. 31). 
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Figure 31 Extracellular metabolites were detected and quantified by 1H-NMR.   

The metabolite concentrations (in mM) of D39∆cps and its isogenic Rex-deficient 
mutant D39∆cps∆rex are shown at different stages of bacterial growth. (A) Glucose 
and fermentation products. (B) Amino acids. 

 

Remarkably, the extracellular metabolite profiles of D39∆cps and the Rex-

deficient mutant showed only moderate differences. Both the uptake and the 
export of amino acids was very similar between the D39∆cps and the Rex-

deficient mutant (Fig. 31A). The detected high levels of secreted lactate are 

typical for the homofermentative glucose metabolism of lactic acid bacteria 

lacking a complete TCA cycle. In contrast, formate, acetate and ethanol were 

measured only in low concentrations (Fig. 31B). This indicates that pneumococci 

metabolize galactose, unlike glucose, heterofermentative. In both cases lactate is 

the major end product, but the degradation of galactose also results in 

considerable amounts of formate, acetate and ethanol (Appendix Fig. 4).  

Although Rex acts as a repressor on genes of the glycolysis and hence is able to 

modulate the levels of metabolic enzymes in a NADH/NAD+ dependent manner, 

these results suggest that the metabolism of pneumococci is very robust 

considering that only minor changes in the secretion of fermentation products 

and the concentration of amino acid were observed.  
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4.2.5. Biofilm formation and oxidative stress resistance of 
pneumococci are independent of Rex 

 

Streptococcus mutans, the primary causative agent of dental caries, alters its 

transcriptome upon Rex-deficiency, leading to an increased susceptibility to 

oxidative stress, aberrations in glucan production, and poor biofilm formation 

(Baker et al., 2014; Bitoun et al., 2012; Bitoun et al., 2011). Pneumococci have 

also the ability to form biofilms on abiotic and biotic surfaces playing an important 
role for the colonization of the host (Yadav et al., 2012). The effect of Rex-

deficiency on pneumococcal biofilm formation was analyzed by applying a static 

biofilm assay followed by crystal violet staining (Merritt et al., 2005). The 

nonencapsulated S. pneumoniae D39∆cps and isogenic rex-mutant were 

cultivated for 12 h or 24 h in 24-well plates. After staining the attached bacteria 

with crystal violet, the biofilms were quantified by measuring the absorbance at 

595 nm. The biofilm formation reached a maximum after 12 h and the biofilm 

density was reduced by approximately 50% at 24 h of cultivation, compared to 

12 h. However, no significant differences were measured between D39∆cps and 

the Rex-deficient mutant (Fig. 32A and B), suggesting that Rex plays no role 

during biofilm formation under the selected conditions. Although the immunoblot 

analysis of Rex showed that the expression of Rex is highest in bacteria from the 

12 h incubated biofilm. The amount of Rex in plantonic cultivated pneumococci is 

lower (Fig. 32C). The lower amounts of Rex in biofilms cultivated 24 and 36 h is 

accompanied by the observation that pneumococcal biofilms degrade after long-

term cultivation.  
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Figure 32 Biofilm formation of the nonencapsulated S.  pneumoniae strains D39 and the Rex-

deficient mutant.   
The strains were grown in RPMImodi for 12 h respectively for 24 h at 37°C and 5% 
CO2. Biofilm formation was visualized (A) and quantified (B) by staining with crystal 
violet. OD595nm shown the mean ± standard error of at three independent 
experiments. (C) Immunoblot analysis of Rex synthesis in D39Δcps and isogenic 
regulatory mutants using bacterial whole-cell lysates of pneumococcal biofilms after 
12, 24 and 36 h incubation in a 96 well in RPMImodi at 37°C and 5% CO2. Whole-cell 
lysates of planktonic cultivated pneumococci was used as a control. Rex was 
detected with specific mouse anti-Rex antiserum. Pneumococcal enolase was used 
as a loading control.  

 

To elucidate the morphology of the pneumococcal biofilm, pneumococci were 

cultivated 12 h or 24 h on coverslips in a 96 well plate. After fixation and labeling 

with Alexa Fluor® 488 antibody, immunofluorescence microscopy showed that the 

D39 strains had formed dense biofilms in which the pneumococci were even 

partly arranged one above the other after 12 h of incubation (Fig. 33). The biofilm 

showed only minor gaps. In contrast, the density of the biofilm was significantly 

reduced after 24 h of incubation. Only island-like aggregations of bacteria with 

large gaps in between could be observed at that point. Often the pneumococci 

coupled together chain-like. However, no phenotypic differences could be 

determined between D39Δcps and the Rex-deficient mutant. Also  
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Figure 33 Immunofluorescence microscopy of biofilms of D39Δcps and D39ΔcpsΔrex cultivated 

for 12 or 24 h.   
The pneumococci were labeld with Alexa Fluor® 488 antibody. Representative 
images are shown. Bar size: 10 µm. 

 

The skill to form biofilms is less developed in TIGR4Δcps as in D39Δcps. The 

TIGR4 biofilm is not as stable as that of D39 and does not cover the whole 

surface of the coverslip. For TIGR4Δcps, the microscopic pictures showed after 

12 h in most areas a morphology characterized by extensive three-dimensional 

structures with deep layers of bacteria embedded and surrounded by an 

amorphous matrix (Fig. 34). Such a structure could not be observed neither for 
the Rex-deficient TIGR4 mutant nor for the both D39 strains. TIGR4ΔcpsΔrex 

covered the surface with a simple monolayer of bacteria. However, these results 

have to be verified in additional experiments.   
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Figure 34 Immunofluorescence microscopy of biofilms of TIGR4Δcps and TIGR4ΔcpsΔrex 

cultivated for 12 or 24 h.   
The pneumococci were labeld with Alexa Fluor® 488 antibody. Representative 
images are shown. Bar size: 10 µm. 

 

Resistance against oxidative stress is an important feature to escape the innate 

immunity of the host or to encounter a host niche occupied by other bacteria. 

During pneumococcal infections immune cells such as neutrophils are activated, 

which results in release of reactive oxygen species (ROS) or reactive nitrogen 

species (RNS). ROS oxidize sensitive amino acids such as cysteines or 

methionines thereby causing dysfuntions of surface proteins or intracellular 

proteins. In addition, the S. pneumoniae enzyme pyruvate oxidase (SpxB) 

generates large amounts of H2O2 (2 mM) (Yesilkaya et al., 2013). In a recent 

study the extracellular oxidative resistance mechanism of pneumococci was 

identified (Saleh et al., 2013). S. mutans deficient for Rex was shown to be more 

susceptible against oxidative stress as the wild-type (Bitoun et al., 2012). In order 

to assess the impact of Rex on oxidative stress resistance, pneumococci lacking 

a functional Rex were incubated with various amounts of hydrogen peroxide and 

growth of the rex-mutant was compared to the isogenic parental strain D39∆cps. 

Both strains showed a similar sensitivity against low and high concentrations of 

H2O2 and thus, Rex seems not to be involved in oxidative stress resistance 

(Fig. 35). 
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Figure 35 Oxidative stress response.   

Nonencapsulated D39 and isogenic pneumococcal rex-mutant were treated for 30 
min with various concentrations of H2O2. Survival was determined by plating and 
determination of the CFU. Data are represented as a mean of three independent 
experiments. 

 

4.2.6. Pneumococcal fitness and virulence are modulated by 
Rex 

 

To analyze the in vivo impact of the regulator Rex, the acute experimental 

pneumonia mouse infection model was employed. CD-1 outbred mice (n = 12) 

were intranasally infected with 1.0 x 107 bioluminescent pneumococci of the 
virulent pneumococcal wild-type strain D39luxor its isogenic Rex-deficient mutant 

(D39luxΔrex). The influence of Rex on pneumococcal spread into the lungs and 

transmigration of the respiratory barrier into the bloodstream was monitored in 

real-time by using biolumincent pneumococci and measuring the 

bioluminescence with the bioimaging system IVIS Spectrum (Caliper, USA).  

Already 32 h post-infection, mice infected with the wild-type strain D39lux 

showed first signs of pneumonia and bacteria in the lungs, whereas the lung 
infection of mice infected with the rex-mutant D39luxΔrex started first 40 h post–

infection. The bioluminescence intensity increased for both groups, indicating 

multiplication of wild-type and mutant bacteria in the lungs and blood (Fig. 36A 

and C). These results suggest a moderate impairment of the mutant D39luxΔrex 

to colonize the nasopharynx and spread into the lungs and blood, respectively, 

compared to the wild–type D39. Pneumococcal growth is slightly attenuated, 

probably due to alterations in fermentation gene expression (Fig. 36A). 

Importantly, mice showing clear signs of infected lungs showed at the latest 64 h 
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post-infection symptoms of a severe pneumonia, which resulted in an invasive 

pneumococcal disease and bacteremia (Fig. 36C). The survival rate was also 

determined and showed, in concordance with the bioimaging and calculation of 

the bioluminescence of the individual mice, a moderate but not significant 

attenuation of the rex-mutant (Fig. 36A).  
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Figure 36 Impact of the redox-sensing regulator Rex on pneumococcal infections in mice.   

Outbred CD-1 mice (n = 12) were intranasally infected with 1 x 107 CFU of 
S. pneumoniae D39 wild-type or its isogenic ∆rex-mutant. (A) and (B) Bioluminescent 
optical imaging of pneumococcal dissemination after intranasal infection of CD-1 
mice (n = 12). Dissemination of bioluminescent D39lux or D39lux∆rex was analyzed 
at indicated time points by determination of the luminescence intensity measured 
with the IVIS® Spectrum System. The bioluminescent flux of grouped mice is 
represented in the box whiskers graph (B).   
(C) Kaplan-Meier plot showing the survival of CD-1 mice after intranasal infection 
with pneumococci.  
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The increase in mouse survival after infection was not significant with a p-value 

of 0.4368 (Fig. 36A). It has to be mentioned here that in this particular experiment 

the group infected with the wild-type D39lux showed lower infection rates and 

hence higher survival rates as observed in earlier experiments (Saleh et al., 

2014; Saleh et al., 2013). 

To reduce the deviation in the in vivo experimental setup caused by the variation 

between individual mice, the impact of Rex on colonization and pneumonia was 

analyzed, using a competitive colonization and infection model. Outbred CD-1 

mice (n=11 per group and time point) were intranasally co-infected with equal 

numbers of S. pneumoniae D39lux and D39luxΔrex (each 2.5 x 106 CFU). The 

bacterial load was then determined 24 and 48 h post-infection by recovering the 

bacteria from the nasopharynx and respiratory airways. The changes in CFU of 

the mutant and wild-type over time were calculated. Therefore the recovered 

bacteria were plated on blood agar plates containing antibiotics to individually 

select both strains and the CFU was counted. The calculated competitive indexes 

(CIs) from the bacterial loads of the nasopharynx (NP), bronchoalveolar lavage 

(BAL), lungs or blood, showed clear differences between the wild-type and 

mutant. The rex-mutant was time-dependently out-competed by the wild-type in 

the lower airways (BAL), lung tissue, and blood, indicated by the lower CFU of 

the mutant in the BAL (CI=0.8 at 24 h and 0.6 at 48 h), lung (CI=0.5 at 24 h and 

0.2 at 48 h) and blood (CI=0.1 at 24 h and 0.2 at 48 h). These results suggest 

that Rex is required for invasive infections (Fig. 36). In contrast, the efficiency of 

nasopharyngeal colonization seems to be independent of Rex, because similar 

amounts of both strains were determined 24 h post infection and the average CI 

was therefore 1.0 (Fig. 37). Remarkably, 48 h post-infection the CFU of the rex-

mutant exceeded that of the wild-type in the nasopharynx (CI of 1.4), which might 

cause the spread of the wild-type bacteria in the lower airways (Fig. 37).  

Taken together, while the wild-type and rex-mutant were equal in their ability to 

colonize the nasopharynx, the absence of Rex impairs pneumococcal spread to 

the lower airways and attenuates pneumococcal growth.   
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Figure 37 Intranasal co-infection of mice with bioluminescent D39lux and D39lux∆rex.   

Two groups of CD-1 mice (n = 11) were infected with 2.5 x 106 CFU of the wild-type 
and rex mutant. At indicated time points (24 h or 48 h), mice were sacrificed and 
bacterial loads in the nasopharynx (NP: nasopharyngeal lavage), airways (BAL: 
bronchoalveolar lavage), lung tissue and blood were counted after plating the 
bacteria on blood agar plates. CI values lower than 1 indicate a higher growth of wild-
type bacteria than of the mutant. 
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5. Discussion 

5.1. Pathophysiology and metabolism: 
understanding the life of pneumococci 

 

“Know your enemy” (derived from Sun Tzu's The Art of War) – this implies 

nowadays the necessity to study comprehensively the pathogen and its 

interactions with the host from any perspective. The high-throughput OMICs 

technologies enable the analysis of complex systems and importantly, these 

methodologies allow quantitative measurements on a global scale. In addition to 

genome or transcriptome studies, further OMICs technologies are used to 

provide comprehensive data of the proteome, metabolome, interactome, fluxome, 

lipidome, inflammasome and other ‘omes’. The simultaneous application of the 

OMICs technologies for one biological sample is highly advantageous and can 

show the biological activities at various levels (DNA, RNA, protein, metabolites 

and cellular location) (Kennedy and Poland, 2011; Schmidt and Volker, 2011; 

Schulz and Hammerschmidt, 2013). 

In order to understand the life of pneumococci and their strategies to successfully 

adapt to the various host conditions, a basic understanding of the bacterial 

metabolism and stress or starvation response is essential. These adaptive 

processes are strongly associated with changes in the transcriptome, proteome 

and metabolome. The metabolism of bacteria is excellently adapted to their host 

niches and the conditions within this (micro-)environment. This is particularly 

apparent for human-specific pathogens like pneumococci, which have a low 

potential to survive outside of the host.  

The mechanisms of how the pneumococcus makes the transition from a 

commensal to a pathogen with high virulence potential has not been fully 

elucidated so far. It is known that the local innate and adaptive immune response 

has an important regulatory role during colonization and subsequent invasive 

infections (Ghaffar et al., 1999). The infection process is accompanied by 

translocations of tissue barriers and adaptation of pneumococci to different host 

niches. Pneumococci have evolved various successful strategies to colonize 

humans and to evade host innate immune attack mechanisms (Gamez and 

Hammerschmidt, 2012; Kadioglu et al., 2008). The repertoire of virulence factors 

that are – with the exception of the toxin pneumolysin - displayed on the 

pneumococcal cell surface and the host susceptibility are the key factors 

determining the clinical outcome of pneumococcal infections. On the one hand 
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pneumococci are endowed with a multitude of factors that contribute to the 

pathogenic potential and strikingly, these factors are involved in subversion of 

host immunity, adoption of host-protein functions to promote adhesion to and 

invasion into host cells (Gamez and Hammerschmidt, 2012; Kadioglu et al., 

2008; Voss et al., 2012). On the other hand pneumococci have to adapt to 

different host milieus since the various host environments encountered by 

pneumococci differ in the availability of nutrients e.g. amino acids, oxygen and 

pH value. Hence, a prerequisite for the maintenance of mucosal surface 

colonization or dissemination and survival within the various host environments 

is, when considering the physiology of the microorganism, the ability of 

pneumococci to adapt to the various host conditions and available nutrients. In 

fact, pneumococci produce a whole set of transporters involved in the uptake and 

metabolism of sugars and amino acids, including classical phosphotransferase 

systems, ATP-binding cassette (ABC) transporters, and ion gradient-driven 

transport (Fig. 38) (Hoskins et al., 2001; Tettelin et al., 2001). The importance of 

genes encoding enzymes involved in metabolic processes or ABC transporters 
for pneumococcal fitness and virulence has been demonstrated e.g. by global 

transcription analysis (Hava and Camilli, 2002; Hava et al., 2003; Lau et al., 

2001; Marra et al., 2002; Obert et al., 2006; Orihuela et al., 2004a; Orihuela et 

al., 2004b; Polissi et al., 1998).  
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Figure 38 Schematic composition of the cell envelope and the central carbon metabolism of 

Streptococcus pneumoniae.   
A pneumococcal vaccine could be based on immunogenic domains of various 
surface antigens: e.g. CBP, Enolase, FBA, GAPDH, GlnP, MalX, NanA, PcsB, PiaA, 
PiuA, PsaA. The biosynthesis of the cell wall and the biochemical reactions in the 
cytoplasm are catalyzed by essential enzymes, which in turn represent promising 
targets for new anti-infectiva.  
Acd: Aspartate-semialdehyde dehydrogenase; CBP: choline binding protein; FBA: 
fructose-bisphosphate aldolase; GlnP: Glutamine transporter; GAPDH: glycerol-3-
phosphate dehydrogenase; GlyA: Serine hydroxymethyltransferase; MalX: 
Maltooligosaccharide transporter; NanA: Salidase; Pca: Carbon anhydrase; PcsB: 
protein required for cell wall separation; PiaA and PiuA: Iron ABC Transporter; PsaA: 
Manganese ABC Transporter. 

 

Although the prevention of pneumococcal diseases greatly progressed during the 

last decade due to newly launched and advanced vaccines, the treatment of 

pneumococci is still difficult as antibiotic resistances increase. In this context, 

“Know your enemy” (derived from Sun Tzu's The Art of War) also means to 

reveal weak spots of pneumococci, which offer some worthwhile attack points for 

agents that weaken or completely destroy the fitness of this pathogen. The 

bacterial metabolism contains a plethora of biosynthetic pathways and ABC 

transporters for essential metabolites which can be used as targets for anti-

infectiva. The identification of novel substances and the development of 

innovative therapies are the main focus of current research as antibiotic 

resistances increase and former treatment options become invalid.  
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5.2. Regulation of the arginine deiminase system by 
ArgR2 interferes with arginine metabolism and 
biological fitness of Streptococcus pneumoniae  

 

Pneumococci are auxotrophic for arginine and thus arginine is one of the amino 

acids that cannot be synthesized de novo and has to be taken up by specific 

transporter systems (Hartel et al., 2012; Kloosterman and Kuipers, 2011). The 

complete biosynthetic pathway is lacking in all so far sequenced pneumococcal 

genomes. However, the genes encoding the argininosuccinate synthetase (ArgG) 

and the argininosuccinase (ArgH) have been found in some pneumococcal 

genomes, e.g. in S. pneumoniae D39 (Kloosterman and Kuipers, 2011; Piet et 

al., 2014) but not e.g. in TIGR4. These enzymes catalyze the conversion of 

citrulline to arginine. Mouse models of meningitis and pneumonia showed that 

ArgG/ArgH-deficient pneumococci are attenuated in their ability to grow out in the 

lung, blood, and cerebrospinal fluid, respectively (Piet et al., 2014). The genes 

encoding the catabolic arginine deiminase system (ADS) are present in almost all 

pneumococci and the ADS has further been described in other streptococcal 

species such as S. suis as well, where it covers a broad spectrum of functions. 

The ADS consists of three enzymes, namely the arginine deiminase, the 

ornithine carbamoyltransferase and the carbamate kinase and catalyzes the 

conversion of arginine to ornithine under the release of ammonia and carbon 

dioxide, while simultaneously generating ATP. In contrast to other prokaryotic 

organisms such as P. aeruginosa (Hogardt and Heesemann, 2010) and 

S. aureus (Makhlin et al., 2007), it seems unlikely for group A streptococci, like 

Streptococcus suis and S. pneumoniae, that the ADS will provide energy and 

metabolic intermediates as its main function. For several streptococci, such as 

oral bacteria and S. pyogenes, the release of ammonia plays an important role in 

bacterial adaptation to an acidic environment (Burne and Marquis, 2000; 

Casiano-Colon and Marquis, 1988; Degnan et al., 2000; Griswold et al., 2004; 

Nascimento et al., 2009). Importantly, the enzymes of the ADS are still active at a 

very low environmental pH (Ryan et al., 2009). However, pneumococci cultured 

under acid conditions (pH 5.5) did not show an improved survival compared to 

isogenic arcA-C mutants, which are unable to produce ammonia as the end 

product of the catabolism of arginine by the ADS. Hence, the produced levels of 

ammonia are most likely not sufficient to alter the environmental pH or acidic 

conditions in phagocytic compartments. 
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The regulation of the arginine metabolism is generally performed by ArgR-type 

regulators, of which the pneumococcal genome encodes three: AhrC, ArgR1, und 

ArgR2. In S. pneumoniae D39, ArgR1 and AhrC form a heterohexameric 

complex, which is bound to the effector molecule arginine. Under arginine rich 

conditions this complex directly represses in a cooperative way five operons 

encoding amino acid transporters, and it has been suggested that AbpA, AbpB, 

and ArtPQ, located in three of the five operons, form an arginine uptake unit. In 

addition, the transporter AliB, required for growth in medium containing peptides 

(in particular Arg-Pro-Pro and Arg-Pro-Pro-Gly-Phe) as the sole source of 

arginine, is also controlled by ArgR1/AhrC (Kloosterman and Kuipers, 2011). 

Importantly, ArgR1 and AhrC have no impact on the catabolic arcABCDT operon 

of the ADS in the pneumococcal strain D39 (Kloosterman and Kuipers, 2011) and 

differences in arginine uptake have not been measured. In L. lactis the 

ArgR/AhrC complex represses in the presence of arginine the three arginine 

biosynthetic operons, argCJDBF, gltS-argE, and argGH, while activating the 

catabolic arcABD1C1C2TD2-yvaD operon (Larsen et al., 2004; Larsen et al., 

2005; Larsen et al., 2008). Also in other organisms like E. coli (Maas, 1994), 

P. aeruginosa (Gardan et al., 1997; Park et al., 1997a; Park et al., 1997b), 

B. subtilis (Dennis et al., 2002; Miller et al., 1997), L. plantarum (Nicoloff et al., 

2004), and E. faecalis (Barcelona-Andres et al., 2002), ArgR-type regulators are 

mediators of arginine metabolism and thus influence the expression of arginine 

biosynthetic and catabolic genes.  

This study shows that TIGR4 but not D39 produces the ArgR2 regulator, which 

activates the ADS operon in TIGR4 lacking ArgGH. In TIGR4 and other 

pneumococci, ArgR2 is required for optimal arginine uptake via the arginine-

ornithine antiporter ArcD and, interestingly, mouse co-infections suggesting that 

ArgR2 also regulates additional genes. 

This study further shows for the first time that in S. pneumoniae TIGR4 and 

probably other pneumococcal strains ArgR2 positively regulates the expression 

of the ADS including the arginine-ornithine antiporter ArcD, which is essential for 

arginine uptake from the extracellular milieu. In addition, ArcD is essential for full-

virulence of TIGR4 while the enzymes of the ADS only have a minor impact on 

pneumococcal fitness under in vivo conditions. Strikingly, a deficiency of ArgR2 

has a detrimental effect despite down regulation of the ADS suggesting that 

ArgR2 regulates other genes important for bacterial fitness or virulence and 

compensating the defect of the ADS.  
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Immunoblot and Northern blot analysis demonstrated that ArgR2 is an activator 

of ArcABCDT expression in S. pneumoniae TIGR4 (Fig. 11 and 13). The ArgR2-

deficient TIGR4∆argR2 have a significant decrease both in arc-gene and protein 

expression. The in silico analysis and RT-PCR suggested that the arcABCDT 

genes form an operon. However, the transcript length of 2.6 kb and 1.6 kb 

observed by Northern blot analysis may point to a degradation by RNase(s) or 

alternatively, that the genes of the arc operon are not transcribed as a single 

transcriptional unit. The phenomenon of the inconsistent size of mRNA 

transcripts has previously also been observed for S. suis ((Fulde et al., 2011), 

personal communication). To draw reliable conclusions of the transcript size, 

further studies such as EMSA were performed. The results of the EMSA with 

fragments of the arcABC promoter and recombinant ArgR2 revealed that ArgR2 

interacts with the arcABC promoter under in vitro conditions (Fig. 15). The ArgR-

type transcriptional regulators influence the gene expression by binding to so-

called ARG operator sites upstream of the target genes. ARG operator sites 

consist of pairs of 18 bp palindromic sequences (called ARG-boxes). For E. coli a 

consensus sequence was characterized: 5’-TnTGnATwwwwATnCAnA-3’ 

(conserved residues in upper-case type: n, any nucleotide: w, A or T) (Maas, 

1994). Similar sequences have been described for other microorganisms 

(Cherney et al., 2008; Garnett et al., 2008; Makarova et al., 2001). Even though 

the typical ARG-Box could not be determined for the promotor region of arcA and 

arcD, these genes are regulated by ArgR2. 

Similar to pneumococci, S. suis also contains three ArgR-type regulators. The 

regulator ArgR exhibiting a high sequence homology to the pneumococcal 

ArgR2, was identified by microarray and qRT-PCR analysis to regulate the S. 

suis arc-operon (Fulde et al., 2011). In streptococcal species such as S. rattus 

(Griswold et al., 2004) and S. gordonii (Dong et al., 2004; Liu et al., 2008) the 

expression of the arc genes is also ArgR2 dependent, suggesting that ArgR2 or 

its orthologues are specific regulators of ADS operons.  

Immunoblot analyses of selected pneumococcal strains showed a high 

heterogeneity in the expression of ArcA and ArgR2. In TIGR4 the arc-operon is 

regulated by ArgR2 while in other strains the levels of ArgR2 and ArcA do not 

correlate, suggesting a strain specific regulation of the ADS in pneumococci. It is 

also still unclear whether ArgR2 regulates itself or whether ArgR2 is regulated by 

unknown stimuli. Comparing the pneumococcal strains TIGR4 with D39, R6, 

SP37, SP51, and R800, respectively, several differences in the ADS and the 

ArgR-type regulators have been identified in this study. Although the regulator 
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ArgR2 is the most important activator of the ADS in TIGR4, its expression could 

not be detected or was extremely low in this strains (Fig. 13 and 17A). Despite 

the lack or the low levels of the regulatory protein ArgR2, D39 and the other 

strains show a constitutive expression of the enzymes of the ADS (AD, OCT, CK) 

(Fig. 13). In this respect it is important to mention that the gene encoding the AD 

has a premature stop codon in these strains and they consequently lack a 

functional AD (Fig. 17B). Previous transcriptome analysis demonstrated that the 

D39 arc-operon is repressed by CcpA, which can be de-repressed under carbon 

limitation, allowing probably the use of arginine as an alternative energy source 

(Carvalho et al., 2011; Kloosterman and Kuipers, 2011). However, the growth of 

TIGR4 wild-type and its isogenic arcA-C mutant strains was not significantly 

different when cultured in CDM with low glucose and in the presence of 

increasing concentrations of arginine.  

The deficiency of enzymes of the ADS and also the deficiency of ArgR2 did not 

impair full-virulence of TIGR4 in the acute mouse pneumonia model (Fig. 18A), 

whereas the lack of a functional ArcD antiporter attenuated TIGR4. However, co-

infection experiments indicated that the absence of ADS enzymes reduced the 

fitness of TIGR4 because the wild-type out-competed TIGR4∆arcA-C in the 

nasopharynx and lungs. Similar to the acute pneumonia model, the TIGR4∆arcA-

T is significantly attenuated, highlighting the importance of the antiporter ArcD for 

a proper fitness and virulence of TIGR4 and probably also other pneumococcal 

strains. According to the metabolome analysis performed in this study and a 

recent publication, the antiporter ArcD is the major pneumococcal arginine 

uptake system and essential in strains lacking ArgGH like TIGR4 (Gupta et al., 

2013). Additionally, it has to be mentioned here that the antiporter ArcD requires 

ornithine for its functional activity and that the ADS is the only source for ornithine 

in pneumococci. The lack of the ArcD transporter affected capsule expression in 

S. pneumoniae D39, which results in significantly enhanced phagocytosis and 

attenuation of D39 under in vivo conditions (Gupta et al., 2013). However, when 

measuring the relative amount of capsular polysaccharide (CPS) by flow 

cytometry using anti-serotype 2 or anti-serotype 4 specific antiserum (Fig. 20) 

(Abdullah et al., 2014), the mutant D39ΔarcA-T generated in this study and 

lacking a functional ArcD showed only a slightly reduced amount of CPS 

compared to the isogenic wild-type D39 (geometric mean fluorescence intensity 
(GMFI) values: D39: 389; D39ΔarcA-T: 269; D39ΔarcA-C: 327; D39ΔargR2: 408; 

D39Δcps: 76). Importantly, the mutant of TIGR4ΔarcA-T produces similar 

amounts of CPS compared to the isogenic wild-type TIGR4 (GMFI values: 
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TIGR4: 342; TIGR4ΔarcA-T 356; TIGR4ΔarcA-C: 346; TIGR4ΔargR2: 285; and 

TIGR4Δcps: 141). Hence, the effect seems to be strain dependent and if there is 

any reduction of CPS this is only to a minor degree, compared to the 

nonencapsulated phenotypes. 

The analysis of extracellular metabolites of pneumococci cultured in CDM 

showed that the arginine uptake of TIGR4 is 20-fold higher compared to D39, 

suggesting that uptake of arginine is highly reduced in pneumococci lacking a 

functional degradation pathway for arginine, like D39 (Fig. 16A). Because there is 

no link between arginine metabolism and alterations of the cell wall composition, 

the results of this study and of Gupta et al. (Gupta et al., 2013) may imply that 

ArcD has another, yet not identified, function, which affects linkage of the 

capsular polysaccharide to the pneumococcal cell wall. As a secondary effect 

virulence of pneumococci is impaired in D39. The function of ArcT as a Xaa-His 

dipeptidase is based on in silico analysis and is not experimentally proven. 

However, arcT is present in pneumococci and other streptococcal genomes and 

it has been shown to be essential in a chinchilla otitis media model (Gupta et al., 

2013; Hitzmann et al., 2013).  

Strikingly, the ArgR2-deficient TIGR4∆argR2 has a higher virulence potential 

than the wild-type, indicated by its ability to out-compete the wild-type from the 

nasopharynx and lung (Fig. 19). This suggests that ArgR2 regulates other genes, 

which encode important proteins for bacterial fitness and virulence and thereby 

compensates maybe the defect of the ADS and ArcD. Phagocytosis assays 

(Fig. 21) indicated a higher uptake of the mutant TIGR4∆arcA-T compared to its 

isogenic wild-type. In contrast, uptake of the argR2-mutant was reduced 

compared to TIRG4. However, an accelerated or decelerated killing of 

intracellular pneumococci was not detected, suggesting that the impaired 

colonization of the mouse lower airways by ADS-deficient pneumococci is due to 

their higher uptake rates by professional phagocytes. In contrast, the argR2-

mutant may overgrow the wild-type because of its reduced phagocytosis. To 

explore a potential effect of the ArgR2-deficiency on the transcriptome of TIGR4 

and to identify further genes regulated by ArgR2, microarray analysis was 

performed. The results confirmed the down-regulation of the arcABCDT gene 

expression (ratios mutant/ wild-type of 0.19, 0.17, 0.46, 0.42, and 0.38, 

respectively) and the absence of an argR2 transcript (ratio 0.01) in the mutant 

TIGR4ΔargR2 (Tab. 5). Other down-regulated genes were not identified. 

Importantly, only a few genes were up-regulated in the argR2-mutant such as the 

genes encoding the AdhE (alcohol dehydrogenase) or SP_1282 (ABC 
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transporter ATP-binding protein) and the kdgA, kdgG, and gno genes encoding 

for enzymes of the 2-keto-3-deoxy-gluconate (KDG) metabolism. These 

differentially regulated genes do probably not enhance pneumococcal virulence. 

Hence, further studies are needed to decipher other potential targets of ArgR2. 

In conclusion, this study identified ArgR2 as a key regulator for the ADS of 

S. pneumoniae TIGR4 and it can be assumed that this also applies for other 

pneumococcal strains. The regulation of the pneumococcal ADS seems to be 

strain dependent as indicated by the differences between TIGR4 and D39. 

Importantly, ArcD encoded by the arc-operon has been identified as a major 

arginine transporter being essential for full-virulence. Finally, the increased 

fitness of the argR2-mutant under in vivo conditions pointed to additional 

regulatory functions of ArgR2. These additional genes targeted by ArgR2 have to 

be identified in further studies to unravel the other regulatory functions of ArgR2 

and understand the higher virulence potential of TIGR4∆argR2. 
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5.3. The redox-sensing protein Rex, a transcriptional 
regulator of glycolytic enzymes in 
Streptococcus pneumoniae 

 

The glycolysis is the key pathway of the pneumococcal metabolism, which is 

generally rather simple as pneumococci lack the gluconeogenesis, the TCA cycle 

and several biosynthetic pathways (Carvalho et al., 2011; Fuchs et al., 2012; 

Hartel et al., 2012). As a consequence, S. pneumoniae is restricted in the de 

novo biosynthesis of the amino acids arginine, cysteine, histidine, glycine, 

glutamine, isoleucine, leucine, and valine. In contrast, other amino acids, which 

can be converted from glucose, can be synthesized de novo by pneumococci, 

including alanine, asparate and threonine (Hartel et al., 2012). Interestingly, the 

organization of the glycolytic genes is very unusual in S. pneumoniae. Rather 

than being arranged in a typical glycolysis operon (gap, pgk, tpi, pgm, and eno), 

as it can be found in the genomes of other Gram-positive bacteria, the genes 

encoding the glycolytic proteins are dispersed throughout the pneumococcal 
genome. Only pfk (spd_0789) and pyk (spd_0790) are organized in one operon 

(Karlin et al., 2004). The five genes gapA, pgk, tpi, pgm and eno encode for 

enzymes, which catalyze the interconversion of the triose phosphates from 

dihydroxyacetone-phosphate to phosphoenolpyruvate. In silico analyses showed 

that most of these scattered genes (gap, pgk, tpi, pgm, eno, fba) carry a Rex 

binding motif in their regulatory region. The Rex protein was first described in 

Thermus aquaticus (Du and Pene, 1999) and is a repressor of central carbon and 

energy metabolism genes in several Gram-positive bacteria (Ravcheev et al., 

2012).  

During the glycolysis NADH is created, resulting in a transient increase in the 

intracellular concentration of NADH. Therefore, the glycolysis is important for the 

balance of the NADH/NAD+ redox state (Somerville and Proctor, 2009). For 

instance, this balance can be disturbed by changes in the availability of nutrients 

or an increased oxidative stress. Several Gram-positive bacteria like 

S. coelicolor, T. aquaticus, B. subtilis, L. monocytogenes, and S. aureus use the 

redox sensor Rex to monitor the NADH/NAD+ redox state and adapt thereby to 

altered redox environments (Brekasis and Paget, 2003; Somerville and Proctor, 

2009). 

The genome comparisons indicated that Rex is highly conserved in 

S. pneumoniae. By comparing the deciphered Rex binding motifs in 

S. pneumoniae, a consensus sequence for Rex binding could be identified: 5’-
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NTTGTGNNANANTTNTNAANNT-3’ (Tab. 7). The hypothetical Rex binding 

motifs were confirmed by electrophoretic mobility shift assay (EMSA). The 

upstream regions of the glycolytic genes gapN, pgk and eno were amplified and 

the resulting DNA fragments (250-400 bp) were tested for their ability to interact 

with Rex. All of the three analyzed DNA fragments bound to Rex (Fig. 24A). In 

addition to the glycolytic genes, binding of Rex to the upstream sequences of ldh 

and the putative promoter region of pfl was detected. Ldh is the lactate 

dehydrogenase and the main enzyme for the fermentation of lactic acid by 

different bacteria, while Pfl, the pyruvate-formiate-lyase, is a key enzyme of 

heterofermentative fermentation. Interestinggly, pneumococci encode two Pfl 

enzymes (Pfl and PflB) (Yesilkaya et al., 2009). Analysis of deletion mutants 

deficient in either Pfl or PflB showed that only PflB is active in pneumococci, as 

only the deletion of PflB had an influence on growth (Appendix Fig. 3). 

Remarkably, the regulatory region of pneumococcal pflB does not contain a Rex 

binding motif, unlike the pflB of S. aureus, while the regulon analysis detected 

three potential Rex binding sites for the gene of the enzymatic inactive Pfl. 
In this study, it was shown that Rex binds also to the rex regulatory region, 

indicating an auto-regulation of the redox-sensing regulator Rex (Fig. 24A). This 

auto-regulation has also been described for S. coelicolor (Brekasis and Paget, 

2003). Furthermore, the promotor region of pnuC, a gene encoding a protein 

involved in NAD metabolism, and the regulatory region of nox, encoding for the 

NAD-depending enzyme NADH oxidase, were identified as Rex targets by 

EMSA.  

Several studies demonstrated that the DNA affinity of the Rex regulator is 

influenced by binding of the cofactors NAD+ or NADH, respectively. Whereas 

NADH impairs the interaction between the regulator and the DNA, resulting in 

derepression of the regulatory region, binding of NAD+ to the Rex regulator 

enhances the interaction of Rex with its target-DNA (Brekasis and Paget, 2003; 

Ravcheev et al., 2012; Wang et al., 2008). Based on these studies, the influence 

of NAD+ and NADH, respectively, on the binding behavior of the pneumococcal 

Rex regulator was analyzed. The interaction with NADH reduces the binding 
affinity of Rex to the regulatory regions of nox, pgk and pnuC, whereas binding of 

Rex to the regulatory region of gapN was not affected. In contrast, an enhanced 

interaction between the gapN promotor region and Rex was demonstrated after 

increasing the NAD+ concentration to 2 mM. GapN (NADP+-dependent 

glyceraldehyde-3-phosphate dehydrogenase) is involved in a glycolysis variant in 

which energy is conserved as NADPH rather than as ATP and which links the 
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originally catabolic glycolysis to anabolism. NADPH is an important substrate in 

anabolism and is needed, for instance, for fatty acid biosynthesis (Eckhardt et al., 

2013) and the regeneration of the reduced form of glutathione (GSH) (Lu and 

Holmgren, 2014). 

Northern blot analyses were conducted to investigate whether binding of Rex 

influences the expression of the genes gapN, pgk and nadE.  RNA of 

pneumococcal strains D39Δcps and D39ΔcpsΔrex, TIGR4Δcps and 

TIGR4ΔcpsΔrex, all cultivated under microaerophil or anaerobe conditions in 

RPMImodi to mid-log-phase, was used in these studies. The amount of gene 

specific transcripts (gapN, pgk, nadE) was substantially increased for the Rex-

deficient mutants in comparison to the isogenic wild-type under both conditions 

(Fig. 26). Interestingly, the nadE gene was influenced by Rex, even though no 

Rex-DNA-complex had been detected by EMSA. A reversal of the repression 

under anaerobe growth conditions, as described for some Rex-regulated genes 

in S. aureus (Pagels et al., 2010), was not detected for pneumococcal nadE, 

gapN and pgk. The expression of nox and ldh was unaffected by the deletion of 

rex.  

The glycolysis is regulated by the central glycolytic gene repressor (CggR), also 

called GapR (Doan and Aymerich, 2003; Purves et al., 2010). Although the 

glycolysis is one of the most widely conserved metabolic pathways (Doan and 

Aymerich, 2003), the general genomic organization of the glycolytic genes in 

S. pneumoniae differs clearly from other Gram-positive bacteria. In B. subtilis and 

in S. aureus the genes encoding for enzymes catalyzing the central part of the 

glycolysis (gap, pgk, tpi, pgm, and eno) are transcribed in a hexacistronic operon, 

called the gap operon, together with CggR, the central glycolytic gene repressor. 

In the presence of a glycolytic carbon source, the expression of the gap operon is 

induced, resulting in the expression of the glycolytic enzymes. CggR recognizes 

a unique DNA target sequence in front of the gap operon comprising two direct 

repeats. Fructose-1,6-bisphosphate (FBP), an early product of glycolysis, was 

identified as the inducer of CggR. It decreases the repressor affinity of CggR for 

DNA-binding sites and induces the expression of the gap operon (Doan and 

Aymerich, 2003; Zorrilla et al., 2007). Remarkably, FBP also induces CcpA-

dependent catabolite repression (or activation) (Doan and Aymerich, 2003).  

Pneumococci lack CggR and the gap operon and, moreover, the genes encoding 

glycolytic enzymes are distributed randomly over the genome (Ravcheev et al., 

2012). However, the regulatory regions of the genes representing members of 

the gap operon in other bacterial species but are separated in pneumococci, 
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exhibit a binding motif for the repressor Rex. In contrast to CggR, Rex is unable 

to bind metabolites of the glycolysis, which function as effectors like FBP. Instead 

the gene regulation occurs by binding of NAD+ or NADH, i.e. the intracellular 

redox-state is measured and the outcome determines the level of regulation. 

Hence pneumococci modulate the expression of glycolytic enzymes via the 

availability of Rex, allowing to adapt their metabolism to phases of anabolism or 

energy generation, which in turn depends on the growth phase. 

The decelerated and alleviated growth of pneumococci under anaerobic 

conditions compared to microaerophilc conditions is not only due to the absence 

of oxygen (Fig. 27). Pneumococcal replication (proliferation) is probably also 

affected by the removal of carbon dioxide, which is important for the biosynthesis 

of aspartate and threonine. Relatively lower amounts of de novo synthesized 

aspartate and threonine have been detected under anaerobic conditions by 

isotopologue profiling when [U-13C6]glucose was used as carbon source 

(Fig. 28B). In contrast to the differing growth rates measured, the deficiency of 

Rex did not impair growth in THY, irrespectively whether microaerophilic or 

anaerobic conditions were applied (Fig. 27). Furthermore, pneumococcal growth 

of D39Δcps or TIGR4Δcps, respectively, and their isogenic rex-mutants is similar 

in CDM containing either glucose or galactose as sole carbon source (Fig. 29), 

indicating that Rex is not linked with catabolite repression in pneumococci. 

Pneumococci ferment glucose primarily to lactate in a heterofermentative 

manner, wheras galactose is metabolized to lactate, ethanol, acetate and formate 

(Appendix Fig. 4). Surprisingly, genes involved in these two types of fermentation 

are mostly regulated by CcpA. However, additional regulatory mechanisms are 

also involved in the regulation and overlay the influence of CcpA partially 

(Carvalho et al., 2011).  

In contrast, growth experiments carried out in RPMImodi medium demonstrated a 

significant difference between D39Δcps and D39ΔcpsΔrex, which was 

independent of the presence of oxygen (Fig. 28A). Strikingly, the Rex-deficient 

mutant reached a higher OD600nm compared to the isogenic parental strain 

D39Δcps. This suggests that Rex represses genes, attenuating the optimal 

pneumococcal growth capacity. A comparison of the extracellular metabolites by 
1H-NMR showed no significant differences between D39Δcps and D39ΔcpsΔrex 

cultivated in RPMImodi (Fig. 31). Thus, despite repressing the central glycolytic 

enzymes, Rex does not measurably influence the uptake and release of glucose, 

fermentation products and amino acids, respectively.  
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The EMSA experiments showed that Rex binds to the promoter of the nox gene, 

encoding the NADH oxidase (Nox), which reduces free oxygen to water, 

catalyzing thereby the transformation of NADH to NAD+ (Muchnik et al., 2013; Yu 

et al., 2001) (Fig. 24A). Nox has an influence on different parts of the 

pathophysiology of S. pneumoniae as adhesin, a component of the oxygen stress 

defense or a factor for the optimal development of genetic competence (Chapuy-

Regaud et al., 2003; Muchnik et al., 2013; Yu et al., 2001).  

In the presence of oxygen, pneumococcal survival depends on the development 

of active defense mechanisms against oxygen and oxidative stress. Like 

S. mutans (Bitoun et al., 2012), S. pneumoniae is a facultative anaerobe 

bacterium lacking catalase, cytochrome oxidases, and a complete electron 

transport chain. Reactive oxygen species (ROS), like superoxide anions (O2
−), 

hydroxyl radical (HO•) and hydrogen peroxide (H2O2), are produced during one-

electron transfer reactions to O2. By modifying cellular macromolecules such as 

proteins, lipids, carbohydrates and nucleotides, the ROS damage the bacterial 

cell. In S. pneumoniae, oxygen and ROS are scavenged through an array of 

cytoprotective enzymes, including the superoxide dismutase (SodA), the NADH 

oxidase (Nox), the thioredoxin reductase (TrxA), and the alkylhydroperoxide 

reductases (AhpCF) (Auzat et al., 1999; Paterson et al., 2006; Paterson and 

Mitchell, 2006; Yesilkaya et al., 2000). These enzymes were also found in 

S. mutans (Bitoun et al., 2012). However, S. pneumoniae is furthermore 

equipped with the glutathione reductase (Gor) and the TrxA (Hajaj et al., 2012; 

Hiller et al., 2007; Potter et al., 2012). In S. mutans, Rex is involved in biofilm 

formation and oxidative stress tolerance (Bitoun et al., 2012; Bitoun et al., 2011). 

In contrast, in S. pneumoniae D39 Rex is neither necessary for the formation of 

biofilms, nor for the tolerance to oxidative stress, as D39Δcps and D39ΔcpsΔrex 

do not differ in their ability to form biofilms and resist extracellular oxidative stress 

(Fig. 32 and 35). However, the analysis of of TIGR4Δcps and TIGR4ΔcpsΔrex 

biofilm formation by immunofluorescence microscopy detected a noticeable 

difference. The biofilm of TIGR4Δcps has an extensive three-dimensional 

structures and the bacteria were embedded in an amorphous matrix, whereas the 
biofilm formed by TIGR4ΔcpsΔrex was only a monolayer. Generally, TIGR4 is not 

a good biofilm former like D39 and a quantitative analysis of the biofilm did not 

show significant difference between the parental strain of TIGR4 and the Rex-

deficient mutant (Appendix Fig. 5). However, further studies will have to be 

conducted to analyze the function of Rex on the biofilm morphology in more 

detail.  
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Recently it was demonstrated that the alcohol dehydrogenase AdhE, which might 

contribute indirectly to pneumococcal virulence and produces acetaldehyde and 

NADH in the presence of ethanol, is repressed by binding of Rex to the 

regulatory region of the adhE gene (Luong et al., 2015). Similar as in S. aureus 

(Pagels et al., 2010), Rex represses the pneumococcal adhE expression by 

binding to the adhE promoter, competitively modulated by NADH and NAD+ 

(Luong et al., 2015). Two conserved putative Rex binding motifs have been 

identified in front of the adhE gene (5’-CTTGTGAAAAAATTAACAAAGG-3’; 5’-

TTTGTGAAATGTTTATGAAACT-3’). Additionally, it was demonstrated that Rex 

binding to the adhE promoter decreased after ethanol treatment. Thus, ethanol 

increases AdhE expression by diminishing Rex binding to the adhE promoter 

(Luong et al., 2015).  

To assess the effect of Rex on bacterial fitness and virulence under in vivo 

conditions the acute pneumonia model was applied. However, the infection 

studies revealed that the loss-of-function mutation of the repressor Rex did 

neither attenuate nor enhance pneumococcal virulence (Fig. 36). However, the 
co-infection experiments with D39lux and D39luxΔrex showed that the Rex-

deficiency impairs pneumococcal fitness. The effect is not perceptible in the 

nasopharynx, but differences become obvious in the lower airways of the host 

and during invasive infections (Fig. 37). In the blood, the wild-type strain 

outcompeted the rex-mutant strain. It can be hypothesised that the oxygen partial 

pressure influences growth of the pneumococcal rex-mutant. In the nasopharynx, 

where the oxygen partial pressure is high, the lack of the regulator Rex has no 
effect. The rex-mutant and isogenic parental strain colonized this host niche in a 

1:1 ratio, whereas in the blood, where the oxygen partial pressure is low, the 

Rex-deficiency is a considerable disadvantage and attenuates pneumococci and 

hence, favors outgrowth of the parental strain in co-infection experiments. This 

indicates that the Rex regulator is involved in the pneumococcal adaption to 

various levels of oxygen including anaerobic conditions.  

In conclusion, this study identified the redox-sensing regulator Rex as a 

repressor for several pneumococcal genes involved in the glycolysis and NAD 

metabolism. The additional genes targeted by Rex have to be identified in further 

studies (Transcriptome analysis) to understand the role of Rex in genetic 

regulatory network of pneumococci. 
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6. Materials and methods 

6.1. Materials 

6.1.1. Laboratory strains, primers, plasmids, proteins and 
antibodies 

 

Table 8 S. pneumoniae wild-type strains 

Strain  Description Source 

P34 serotype 1 ATCC 33400 

P35 serotype 2 NCTC 7466 

P37 serotype 35A NCTC 10319 

P39 serotype 3 ATCC 6303 

P41 serotype 5 ATCC 6305 

P51 serotype 2 ATCC 11733 

P52 serotype 1 ATCC 12213 

P53 serotype 1 Statens Serum Institute 

P54 serotype 3 Statens Serum Institute 

P55 serotype 4 Statens Serum Institute 

P56 serotype 6A Statens Serum Institute 

P57 serotype 6B Statens Serum Institute 

P58 serotype 8 Statens Serum Institute 

P59 serotype 7F Statens Serum Institute 

P60 serotype 9V Statens Serum Institute 

P63 serotype 19F Statens Serum Institute 

P64 serotype 23F Statens Serum Institute 

P139 R6, nonencapsulated (Tomasz and Hotchkiss, 1964) 

P173 R800, nonencasulated, derived 

from R36A 

(Holmes et al., 2001) 

P257 D39, serotype 2 NCTC 7466 

P261 TIGR4, serotype 4 (Tettelin et al., 2001) 

P309 G54, serotype 19F (Dopazo et al., 2001) 
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Table 9 E.coli strains 

Strain  Description Source 

DH5α ∆(lac)U169 endA1 gyrA46 hsdR17 ϕ80∆(lacZ)M15 

recA1 relA1 supE44 thi-1 

Novagen 

BL21(DE3) E. coli host for protein expression Invitrogen 

 

Table 10 S. pneumoniae mutant strains 

Strain  Description Source 

PN111 D39∆cps::Kmr (Jensch et al., 2010) 

PN149 D39lux (Jensch et al., 2010) 

PN259 TIGR4∆cps::Kmr This study 

PN315 TIGR4lux This study 

Arginine Metabolism 
PN321 D39∆cps∆arcA-T::Ermr This study 

PN322 TIGR4∆cps∆arcA-T::Ermr This study 

PN323 D39∆cps∆argR2::Ermr This study 

PN324 TIGR4∆cps∆argR2::Ermr This study 

PN325 D39∆cps∆argR1::Ermr This study 

PN326 TIGR4∆cps∆argR1::Ermr This study 

PN327 D39∆cps∆ahrC::Ermr This study 

PN328 TIGR4∆cps∆ahrC::Ermr This study 

PN363 D39∆cps∆arcA-C::Ermr This study 

PN364 TIGR4∆cps∆arcA-C::Ermr This study 

PN376 TIGR4lux∆arcA-T::Ermr This study 

PN377 TIGR4lux∆argR2::Ermr This study 

PN378 D39lux∆arcA-T::Ermr This study 

PN379 D39lux∆argR2::Ermr This study 

PN421 TIGR4∆cps∆ply::Cmr This study 

PN422 TIGR4∆cps∆ply∆arcA-C::Ermr This study 

PN423 TIGR4∆cps∆ply∆arcA-T::Ermr This study 

PN424 TIGR4∆cps∆ply∆argR2::Ermr This study 

PN498 TIGR4lux∆arcA-C::Ermr This study 

PN499 D39lux∆arcA-C::Ermr This study 

Redox-sensing Regulator Rex 
PN306 D39∆cps∆rex::Ermr This study 

PN429 D39lux∆rex::Ermr This study 

PN460 TIGR4∆cps∆rex::Ermr This study 
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Pyruvate formate lyase (Pfl/PflB) 
PN425 D39∆cps∆pfl::Ermr This study 

PN426 D39∆cps∆pflB::Specr This study 

PN427 D39∆cps∆pfl::Ermr∆pflB::Specr This study 

Cm, chloramphenicol; Erm, erythromycin; Km, kanamycin; r, resistant; Spec, 
Spectinomycin 
 

Table 11 Plasmids used in this study 

Plasmid* Description Source 
pGEM-T 
Easy 

Cloning vector for PCR products; Ampr Promega 

pET28  a T7-based protein expression vector carrying an 
N-terminal His tag, Kmr 

Novagen 

pASK-IBA5 protein expression vector carrying an N-terminal 
Strep tag, Ampr 

IBA, Göttingen 

pTP1 pET28 expression vector with a TEV protease (Saleh et al., 2013) 
Arginine Metabolism 
pGEM695 pGEM-T easy derivative vector with the 

subcloned 5’ and 3’-end homolog fragments of 
arcA 

This study 

pGEM696 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
arcA interrupted by ermB resistance gene 
cassettes for mutagenesis 

This study 

pGEM611 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
arcC 

This study 

pGEM612 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
arcC interrupted by ermB resistance gene 
cassettes for mutagenesis 

This study 

pGEM905 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
arcA-C interrupted by ermB resistance gene 
cassettes for mutagenesis 

This study 

pGEM615 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
arcT 

This study 

pGEM707 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
arcT interrupted by ermB resistance gene 
cassettes for mutagenesis 

This study 

pGEM719 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
arcA-T interrupted by ermB resistance gene 
cassettes for mutagenesis 

This study 

pGEM699 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
argR2 

This study 

pGEM700 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
argR2 interrupted by ermB resistance gene 
cassettes for mutagenesis 

This study 

pGEM703 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
ahrC 

This study 
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pGEM704 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
ahrC interrupted by ermB resistance gene 
cassettes for mutagenesis 

This study 

pGEM708 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
argR1 

This study 

pGEM709 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
argR1 interrupted by ermB resistance gene 
cassettes for mutagenesis 

This study 

pGEM868 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of ply 
interrupted by cat resistance gene cassettes for 
mutagenesis 

This study 

pET698 arcA for protein expression and mouse 
immunization 

This study 

pET883 arcB for protein expression and mouse 
immunization 

This study 

pET885 arcC for protein expression and mouse 
immunization 

This study 

pET702 argR2 for protein expression and mouse 
immunization 

This study 

pET706 ahrC for protein expression and mouse 
immunization 

This study 

pET711 argR1 for protein expression and mouse 
immunization 

This study 

Redox-sensing Regulator Rex 
pGEM712 pGEM-T easy derivative vector with the 

subcloned 5’ and 3’-end homolog fragments of 
rex 

This study  

pGEM713 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
rex interrupted by ermB resistance gene 
cassettes for mutagenesis 

This study 

pASK692 rex for protein expression This study 
Pyruvate formate lyase (Pfl/PflB) 
pGEM865 pGEM-T easy derivative vector with the 

subcloned 5’ and 3’-end homolog fragments of pfl 
This study 

pGEM866 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of pfl 
interrupted by ermB resistance gene cassettes for 
mutagenesis 

This study 

pGEM880 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
pflB 

This study 

pGEM881 pGEM-T easy derivative vector with the 
subcloned 5’ and 3’-end homolog fragments of 
pflB interrupted by spec resistance gene cassette 
aad9 for mutagenesis 

This study 

(*) Combination of vector and plasmid collection number 
Amp, ampicillin; Cm, chloramphenicol; Km, kanamycin; Erm, erythromycin; Spec, 
spectinomycin; r, resistant 
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Table 12 Primers used in this study 

Purpose Primer Sequence Description 
aad9 (Specr) T97 CCCGGGGAAATTTTGATATCGATG

GATCCGAATTCTTTTCGTTCGTGA
ATACATG 

Primer for 
mutagenesis; 
BamHI 

T98 CCCGGGGTTTTAAAGATATCGATA
AGCTTGAATTCAATTAGAATGAAT
ATTTCCC 

Primer for 
mutagenesis, 
HindIII 

ermB (Ermr) T99 CCCGGGGAAATTTTGATATCGATG
GATCCGAATTCGACGGTTCGTGTT
CGTGCTG 

Primer for 
mutagenesis; 
BamHI 

T100 CCCGGGGAAATTTTGATATCGATA
AGCTTGAATTCCCGTAGGCGCTAG
GGACCTC 

Primer for 
mutagenesis, 
HindIII 

Arginine Metabolism 
pGEM695; 
pGEM696; 
pGEM611; 
pGEM612; 
pGEM905; 
pGEM615; 
pGEM707; 
pGEM719; 
pGEM699; 
pGEM700; 
pGEM703; 
pGEM704; 
pGEM708; 
pGEM709 

M9 (arcA_fwd) CCTCTCAGAATGCTACTCTCC Primer for 
mutagenesis 

M10 (arcA_rev) GCACCTGTTACGAGCAAGCTG Primer for 
mutagenesis 

M17 (arcC_fwd) CACATGTTCTCATCACTGAA Primer for 
mutagenesis 

M18 (arcC_rev) GTCCCCTGTACCAACTCCCG Primer for 
mutagenesis 

M23 (arcT_fwd) CTTCCCAGAAGGCGCAATGC Primer for 
mutagenesis 

M24 (arcT_rev) GGAAAAACATATGCAGCC Primer for 
mutagenesis 

M55 
(arcA_rev_invPC
RBamHI ) 

GAAGACCTGAATTGGATCCGAAGA
CATGTAT 

Primer for 
mutagenesis; 
BamHI 

M56 
(arcA_fwd_invPC
RHindII ) 

GAACGTGAAGAAGCTTAATCGCTG
TTCGATATTCG 

Primer for 
mutagenesis, 
HindIII 

M59 
(arcC_rev_invPC
RBamHI) 

GGGTCAGAAGAAAGGATCCCATTT
CCTCCCAAAGCTAC 

Primer for 
mutagenesis; 
BamHI 

M60 
(arcC_fwd_invPC
RHindIII) 

CCAAAAGTAGAAGCAGCTAAAGCT
TTTGTCAATGGTCGTCC 

Primer for 
mutagenesis, 
HindIII 

M63 
(arcT_rev_invPC
RBamHI) 

TTGAGTACTGAAGGATCCGAAATC
AAGGTT 

Primer for 
mutagenesis; 
BamHI 

M64 
(arcT_fwd_invPC
RHindIII) 

GTGCCGTTCTAGAAGCTTTGTACC
GTGCTATGG 

Primer for 
mutagenesis, 
HindIII 

pGEM699; 
pGEM700 

P586 
(SP_0893frw KO) 

GATAACTTCGGTGGGCAAGA Primer for 
mutagenesis 

P587 
(SP_0893rev KO) 

GCAATTCCGAGATTGGTTCG Primer for 
mutagenesis 

P588 
(SP_0893invPCR
_rev) 

GTAGTGGATCCGCGTATAAGTTGG
TGGCG 

Primer for 
mutagenesis; 
BamHI 

P589 
(SP_0893invPCR
_fwd) 

CTGTCTTATCAAGCTTGAAGATGC
AGATAC 

Primer for 
mutagenesis, 
HindIII 

pGEM703; 
pGEM704 

P590 
(SP_1203fwd) 

GATAACTTCGGTGGGCAAGA Primer for 
mutagenesis 

P591 
(SP_1203rev) 

GCAATTCCGAGATTGGTTCG Primer for 
mutagenesis 

P594 CGATTGGATCCTCTGTCACCAATC Primer for 
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(SP_1203invPCR
_rev) 

TTC mutagenesis; 
BamHI 

P595 
(SP_1203invPCR
_fw) 

GCCAGAAGCTTGAAGTCTAGCAGA
GGAAATC 

Primer for 
mutagenesis, 
HindIII 

pGEM708; 
pGEM709 

M27 (argR_fwd) GTGACAAGCTATCTCCGATAACAG Primer for 
mutagenesis 

M28 (argR_rev) CTGAGTCCGATGAACATACTGG Primer for 
mutagenesis 

M65 
(argR_rev_invPC
RBamHI) 

ATTAACTGATGAGGATCCCTTTTT
CTCATA 

Primer for 
mutagenesis; 
BamHI 

P595 
(SP_2077invPCR
_fwd) 

GGAAGATCGATTGCTAGATTTGAT
GAAAG 

Primer for 
mutagenesis, ClaI 

pGEM867; 
pGEM868 

P370 CGGGATCCGCAAATAAAGCAGTAA
ATGAC 

Primer for 
mutagenesis 

P721 GACTCTAGAGGATCCCCGGGTCAA
CAGACACTCATCCACATTC 

Primer for 
mutagenesis 

P913 CTATTTGGGGATCGATTCTCTATC
CTCAGG 

Primer for 
mutagenesis 

P1121 GCGTCTACGCTGACTGTATA Primer for 
mutagenesis 

pET698 P596 
(SP_2148fwd) 

GGGCGCTAGCTCTTCACATCCAAT
TCAGGTC 

S primer for ArcA 
expression vector; 
NheI 

P597 
(SP_2148rev) 

GCGGCCAAGCTTACACTTCTTCAC
GTTC 

AS primer for 
ArcA expression 
vector; HindIII 

pET883 P726 
(SP_2150fwd) 

GGGCGCTAGCACAAATTCAGTATT
CCAAGG 

S primer for ArcB 
expression vector; 
NheI 

P727 
(SP_2150rev) 

GCGGCCAAGCTTATACTTTAGGAA
TATAAAG 

AS primer for 
ArcB expression 
vector; HindIII 

pET885 P728 
(SP_2151fwd) 

GGGCGCTAGCGCAAATCGTAAAAT
TGTAG 

S primer for ArcC 
expression vector; 
NheI 

P729 
(SP_2151rev) 

GCGGCCGAGCTCTTATCCTTTTTC
AATAATTG 

AS primer for 
ArcC expression 
vector; SacI 

pET702 P584 
(SP_0893fwd) 

GGGCGCTAGCAATAAATCAGAACA
CCGCCAC 

S primer for 
ArgR2 expression 
vector; NheI 

P585 
(SP_0893rev) 

GCGGCCAAGCTTATTCTTCAAAGA
AAAATG 

AS primer for 
ArgR2 expression 
vector; HindIII 

pET706 P592 
(SP_1203fwd) 

GGGCGCTAGCAATAAAAAAGAGAG
ACTTG 

S primer for AhrC 
expression vector; 
NheI 

P593 
(SP_1203rev) 

GCGGCCAAGCTTACCAATTTTTTA
CTTG 

AS primer for 
AhrC expression 
vector; HindIII 

pET711 P552 
(SP_2077fwd) 

GGGCGCTAGCAGAAAAAGAGATCG
TCATCAG 

S primer for 
ArgR1 expression 
vector; NheI 

P553 
(SP_2077rev) 

GCGGCCAAGCTTACTTATCTTTCA
TCAAATC 

AS primer for 
ArgR1 expression 
vector; HindIII 

RT-PCR M56 GAACGTGAAGAAGCTTAATCGCTG
TTCGATATTCG 

S primer for RT-
PCR FI 

106 
 



Materials and methods 

M10 GCACCTGTTACGAGCAAGCTG AS primer for RT-
PCR FI 

M58 GCTACACTTGGTAAGCTTTATATT
CCTAAAGTATAATTTTAG 

S primer for RT-
PCR FII 

M59 GGGTCAGAAGAAAGGATCCCATTT
CCTCCCAAAGCTAC 

AS primer for RT-
PCR FII 

M60 CCAAAAGTAGAAGCAGCTAAAGCT
TTTGTCAATGGTCGTCC 

S primer for RT-
PCR FIII 

P558 CAATAATACGGTGTAAGATGAAGG
CATC 

AS primer for RT-
PCR FIII 

M62 CCTTCTTCTCCTTGGAAGCTTCCT
TCCATTCCTATAAAA 

S primer for RT-
PCR FIV 

M22 GCCAATCTGCTTCATCACCTGATG
G 

AS primer for RT-
PCR FIV 

P522 CTCGTTACGGTGGTCTTGGT S primer for RT-
PCR Enolase 

P523 GTAGTCAGCAGCAGCACGAG AS primer for RT-
PCR Enolase 

P584 GGGCGCTAGCAATAAATCAGAACA
CCGCCAC 

S primer for RT-
PCR of argR2 

P585  GCGGCCAAGCTTATTCTTCAAAGA
AAAATG 

AS primer for RT-
PCR of argR2 

Northern 
Blot 

P611 
(NB_arcA_fwd) 

TGCCGGACTATCTTGAAAGG S primer for arcA 
probe 

P704 
(NBarcA_T7) 

CTAATACGACTCACTATAGGGAGA
AGCAAATTCAAAGGCCAAAA 

AS primer for 
arcA probe 

P933 
(NB_arcB_fwd) 

GTCTTTCAGCTCACTTGAAAG S primer for arcB 
probe 

P934 
(NB_arcB_T7) 

CTAATACGACTCACTATAGGGAGA
GCACCTGTTACGAGCAAGC 

AS primer for 
arcB probe 

P935 
(NB_arcC_fwd) 

GTTGAAACAGCTAAGCATCTTG S primer for arcC 
probe 

P936 
(NB_arcC_T7) 

CTAATACGACTCACTATAGGGAGA
CGCCAGCCACGGCCAGCATC 

AS primer for 
arcC probe 

P613 
(NB_arcD_fwd) 

CAGCGCAACTATGGGTATCA S primer for 
arcDT probe 

P705 
(NB_arcD_T7) 

CTAATACGACTCACTATAGGGAGA
ACGCGCTTTTTGAACTGAAT 

AS primer for 
arcDT probe 

EMSA P952 GAGCATCTTCCAAGAAAGG arcA promoter 
region 

P1136 CAGATCCAAGTGATAACCAG arcA promoter 
region 

M60 CCAAAAGTAGAAGCAGCTAAAGCT
TTTGTCAATGGTCGTCC 

arcD promoter 
region 

P558 CAATAATACGGTGTAAGATGAAGG
CATC 

arcD promoter 
region 

P964 ATAGCGTCTTTGCTCATCCG enolase promoter 
region 

P965 TTCAAGTGTTGGGTTACCGC enolase promoter 
region 

Redox-sensing Regulator Rex 
pGEM712; 
pGEM713 

M33 (Rex3delfwd) CTAAGGTTGGTAACTATGAACTG Primer for 
mutagenesis 

M34 (Rex4delrev) CATGAGCCACAACTTTTAAATTTG
G 

Primer for 
mutagenesis 

M37 
(rex_rev_invPCR
BamHI) 

CGTACGGTCGCTGGATCCATACCG
ATAGCC 

Primer for 
mutagenesis; 
BamHI 

M38 
(rex_fwd_invPCR
HindIII) 

CAAGTGAACTCCAAAGCTTCCTCT
ACTTCATG 

Primer for 
mutagenesis, 
HindIII 
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pASK692 M35 
(Rex5PPBamHIfw
d) 

GCGCGCGCGGATCCCTGAAAGATA
AACAGTTTGCTATTCC 

S primer for Rex 
expression vector; 
BamHI 

 M36 
(Rex6PPHindIIIre
v) 

GCGCGCGCAAGCTTATCCTCTTTT
CGCATGAAGTAG 

AS primer for Rex 
expression vector; 
HindIII 

EMSA PN962 AGTTTATCAGGGTCTGGTCG rex promoter 
region 

 PN963 CAATGGCCTCTGCAATTTGC rex promoter 
region 

 PN964 ATAGCGTCTTTGCTCATCCG eno promoter 
region 

 PN965 TTCAAGTGTTGGGTTACCGC eno promoter 
region 

 PN966 TCAAACCACATTAGCCTCGC gapN promoter 
region 

 PN967 AGCTTCAGTCTGAGTCATGG gapN promoter 
region 

 PN968 TCAAGATGTTCCATCCGACC nadE promoter 
region 

 PN969 CTTCTTCTCCTTCACCAAGG nadE promoter 
region 

 PN970 ACATTGCCTTGGAGTACACC pfl promoter 
region 

 PN971 ATCCTTTCAGTAAGGCTGCC pfl promoter 
region 

 PN972 AGCTGATGCTAATGAAGCCC pgk promoter 
region 

 PN973 TGAAGTCAACACGAACGAGG pgk promoter 
region 

 PN974 TAGAGCCCAATTTCGTCTGC pnuC promoter 
region 

 PN975 ATAGACTTTCGGACGCAACG pnuC promoter 
region 

 PN1137 GCCCTTACATTTCATTTTCATG nox promoter 
region 

 PN1138 GCGTGGTTAGCACCGACTAC nox promoter 
region 

 PN1221 TCTCGAACATCAGGAAGAGC ldh promoter 
region 

 PN1222 GCTCTTGTGCAATTCCTTGG ldh promoter 
region 

Northern 
Blot 

PN1050 AGAGGCCATTGGGATTGATT S primer for rex 
probe 

 PN1011 CTAATACGACTCACTATAGGGAGA
GAACGACCACGTCTTTTGGT 

AS primer for rex 
probe 

 PN1021 TGATGAGGCTATGCAAGCTG S primer for gapN 
probe 

 PN1024 CTAATACGACTCACTATAGGGAGA
ACCTTGTGTTGGTGGCTTC 

AS primer for 
gapN probe 

 PN1008 TTGATGCCCAGGAAGAAATC S primer for nadE 
probe 

 PN1010 CTAATACGACTCACTATAGGGAGA
GCAAGGGCATACTGAGCAAT 

AS primer for 
nadE probe 

 PN1018 CCATCGTAGTTTTGCCCAGT S primer for pnuC 
probe 

 PN1020 CTAATACGACTCACTATAGGGAGA
GCGACAAACTCCTGCTTTTC 

AS primer for 
pnuC probe 

 PN1012 GGGAAATCAAGCTTCTTCCA S primer for pfl 
probe 

 PN1013 CTAATACGACTCACTATAGGGAGA AS primer for pfl 
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GGATTTGCATTTTCGGCTAA probe 
 PN1028 TCCTCGTTCGTGTTGACTTC S primer for pgk 

probe 
 PN1029 CTAATACGACTCACTATAGGGAGA

TGCTTTTTCAACGTTTGCTG 
AS primer for pgk 
probe 

 PN1188 TTCGCTACAGGTTCTACACC S primer for nox 
probe 

 PN1189 CTAATACGACTCACTATAGGGAGA
TTACCGTCACCTTCGATTGC 

AS primer for nox 
probe 

 PN1219 GCTCAATACTCTGACTGTGC S primer for ldh 
probe 

 PN1220 CTAATACGACTCACTATAGGGAGA
AGTACCTGAACCGATAACGC 

AS primer for ldh 
probe 

Pyruvate formate lyase (Pfl/PflB) 
pGEM865; 
pGEM866 

P917 (pfl_fw) TGGTGTTCATGGACAATCGG Primer for 
mutagenesis 

P918 (pfl_rev) ATAGATGGCATGGCGAAAGC Primer for 
mutagenesis 

P920 
(pfl_f_invPCR 
ClaI) 

CAACCCAAGATCGATTTATAGGAC
GTACTG 

Primer for 
mutagenesis; ClaI 

P921 
(pfl_r_invPCR 
BamH) 

CTGTCTGGATCCTTGTTCTTGCTA
CTTCTG 

Primer for 
mutagenesis, 
HindIII 

pGEM880; 
pGEM881 

P976 
(pfl_spd0420_fw) 

AGCTTCCTTGGAACTCATGG Primer for 
mutagenesis 

P977 
(pfl_spd0420_rev) 

GATGAGTATCAGAGAGCAGG Primer for 
mutagenesis 

P978 
(pfl_iP_BamHI_ 
rev) 

GTCAAGGATCCCTTGTGCTTCAAC
AACTGTC 

Primer for 
mutagenesis; 
BamHI 

P979 
(pfl_iP_HindIII_f) 

CTTTCAAGCTTTGATGCCTTGGAT
GCATTG 

Primer for 
mutagenesis, 
HindIII 

 

6.1.2. Eukaryotic cell lines and cell culture medium 
 

Table 13 Eukaryotic cell lines 

Cell line Source Reference 

A549 ATCC CCL-185, adherent alveolar epithelial 

cells (Typ II Pneumocytes) from human lung 

carcinoma 

(Giard et al., 1973) 

J774A.1 murine macrophages (BALB/c) (DSMZ, 

Braunschweig, Germany) 

(Ralph et al., 1975) 
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Table 14 Cell culture medium 

Cell line Medium 

J774 RPMI1640 with 2 mM Glutamin (PAA, Laboratories GmbH), 10% FBS 

(PAA, Laboratories GmbH) 

A549 DMEM (Dulbecco’s Modified Eagle Medium) with 1 g/l Glucose (PAA), 

10% FBS (PAA, Laboratories GmbH), 2 mM Glutamin 

 

Table 15 Cell culture supplements 

Supplement Component and origin 

FBS Fetal Bovine Serum “Gold” (PAA, Laboratories GmbH) 

Gentamicin 10 mg/ml Gentamicin (Sigma) 

Penicillin 100 Units/ml Penicillin (PAA, Laboratories GmbH) 

Trypsin/EDTA 0.5 mg/ml Trypsin, 0.22 mg/ml EDTA (PAA, Laboratories GmbH) 

 

6.1.3. Pharmacological and immunomodulatory substances 
 

Table 16 Pharmacological and immunomodulatory substances 

Substance Origin 

Ketamin, Ketanest S Pfizer Pharma; Provet AG 

Xylazin, Rompun®  Provet AG 

Isofluran CP® Baxter 

Sevofluran Abbott 

freund’s adjuvant (complete and incomplete form) Sigma 

 

6.1.4. Recombinant proteins 
 

Table 17 Recombinant proteins 

Protein E. coli strain Condition of expression Purification 

His6-ArcA BL21 (DE3) 1 mM IPTG/30°C/2 h His-Tag in Äkta purifier 

His6-ArcB BL21 (DE3) 1 mM IPTG/30°C/2 h His-Tag in Äkta purifier 

His6-ArcC BL21 (DE3) 1 mM IPTG/30°C/2 h His-Tag in Äkta purifier 

His6-ArgR1 BL21 (DE3) 1 mM IPTG/30°C/2 h His-Tag in Äkta purifier 

His6-ArgR2 BL21 (DE3) 1 mM IPTG/30°C/2 h His-Tag in Äkta purifier 

His6-AhrC1 BL21 (DE3) 1 mM IPTG/30°C/2 h His-Tag in Äkta purifier 

StrepTag-Rex DH5α 200 µg/l AHTC/30°C/2 h Strep-Tag in Äkta purifier 
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6.1.5. Antibodies 
 

Table 18 Antibodies 

Antibody Dilution Source 

Rabbit anti‐S. pneumoniae IgG 1:50 Eurogentec 

Rabbit anti‐α‐enolase serum 1:500 Eurogentec 

Mouse anti‐α‐enolase serum 1:1000 AG Hammerschmidt 

Goat anti-mouse, HRP (horse radish peroxidase) 

conjugated 

1:2000 Dianova 

Goat anti-rabbit, HRP (horse radish peroxidase) 

conjugated 

1:2000 Dianova 

Alexa Fluor 488 Goat anti-rabbit IgG 1:300 Life Technologies 

Alexa Fluor 568 Goat anti-rabbit IgG 1:300 Life Technologies 

Alexa Fluor 488 Goat anti-mouse IgG 1:300 Life Technologies 

Alexa Fluor 568 Goat anti-mouse IgG 1:300 Life Technologies 

Mouse anti‐ArcA (α‐SP_2148) 1:1000 This study 

Mouse anti‐ArcB (α‐SP_2148) 1:1000 This study 

Mouse anti‐ArcC (α‐SP_2148) 1:1000 This study 

Mouse anti‐ArgR1 (α‐SP_2077) 1:1000 This study 

Mouse anti‐ArgR2 (α‐SP_0893) 1:1000 This study 

Mouse anti‐AhrC (α‐SP_1203) 1:1000 This study 

Mouse anti-Rex (α‐SP_1203) 1:1000 This study 

Rabbit anti-serotype 2 specific serum 1:500 Statens Serum 

Institute, Denmark 

Rabbit anti-serotype 4 specific serum 1:500 Statens Serum 

Institute, Denmark 

 

6.1.6. Molecular biology reagents 
 

Table 19 Molecular biology reagents 

Product Manufacturer or company 

5-bromo-4-chloro-3-indolyl phosphate (BCIP)  Roth 

Acetyl Phosphate  Sigma 

Acrylamide-(bis-)acrylamide ready mix  Roth 

Agarose  Roth 

Ampicillin sodium salt  Roth 

Anhydrotetracycline (AHTC) Sigma 

Bradford Reagent  Sigma 
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BSA (bovine serum albumin, fraction V)  Roth 

Coomassie Brilliant Blue R-250  Roth 

CSP‐1 (Competence Stimulating Peptide 1, 

EMRLSKFFRDFILQRKK)  

AnaSpec 

CSP‐2 (Competence Stimulating Peptide 2, 

EMRISRIILDFLFLRKK) 

AnaSpec 

D-(+)-Fucose  Sigma 

EDTA (Ethylenediaminetetraacetic acid)  AppliChem 

Erythromycin  Sigma 

Ethidium bromide  Roth 

Guanidine hydrochloride (GuHCl)  AppliChem 

Imidazole  Sigma, Merck 

IPTG (isopropyl--D-thiogalactopyranoside)  AppliChem 

Peptone from casein Roth 

PMSF (phenylmethylsulfonylfluoride) AppliChem, Roth 

Ponceau red S staining solution  Sigma 

TEMED  Roth 

Todd Hewitt Broth  Roth 

X-Gal (5-bromo-4-chloro-3-indoxyl--D-

galactopyranoside)  

AppliChem 

Yeast extract  Roth 

β-mercaptoethanol AppliChem 

 

6.1.7. Molecular biology kits 
 

Table 20 Molecular biology kits 

Kit Manufacturer or Company 

DIG RNA Labeling Kit (SP6/T7)  Roche 

GeneMATRIX Universal RNA Purification Kit Roboklon 

LIVE/DEAD® BacLight™ Bacterial Viability Kits Invitrogen 

OneStep RT-PCR Kit  QIAGEN 

pGEM‐T‐Easy‐Vektor System Promega 

RNeasy mini kit  QIAGEN 

Wizard Plus SV Miniprep DNA Purification System  Promega 

WizardSV Gel and PCR Clean-Up System  Promega 

Zymoclean Gel DNA Recovery Kit  ZYMO RESEARCH 
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6.1.8. Molecular biology enzymes 
 

Table 21 Molecular biology enzymes 

Enzyme Manufacturer or Company 

Paq500 DNA polymerase Agilent Technologies 

Pfu recombinant DNA polymerase  Fermentas 

Pfu recombinant DNA polymerase T. Pribyl, AG Hammerschmidt 

Taq DNA polymerase  New England BioLabs 

Taq DNA polymerase T. Pribyl, AG Hammerschmidt 

T4 DNA ligase  New England BioLabs 

RQ1 RNase-free DNase  Promega 

RNase A  QIAGEN 

Mutanolysin  Sigma 

Lysozyme  Sigma 

Hyaluronidase Type IV‐S Sigma 

Pronase E  Merck 

Tobacco Etch Virus (TEV) Protease  Promega 

 

Table 22 Restriction enzymes 

Enzyme  Manufacturer or Company 

BamHI  G↓GATCC New England BioLabs 

ClaI AT↓CGAT New England BioLabs 

EcoRI  G↓AATTC New England BioLabs 

HindIII  A↓AGCTT New England BioLabs 

NdeI  CA↓TATG New England BioLabs 

NheI  G↓CTAGC New England BioLabs 

PstI  CTGCA↓G New England BioLabs 

SacI  G↓TCGAC New England BioLabs 

SalI  GAGCT↓C New England BioLabs 

SmaI  CCC↓GGG New England BioLabs 

 

6.1.9. Reagents and buffers 
 

Table 23 Antibiotics 

Antibiotics Concentration E. 
coli in μg/ml 

Concentration S. pneumoniae 
in μg/ml 

Dissolved in 

Ampicillin 100 100 dH2O 
Erythromycin 250 5 70% Ethanol 
Kanamycin 50 200 dH2O 
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Spectinomycin 100 50 dH2O 
Antibiotics Stock solution Concentration for antibiotic protection assay 
Penicillin 10000 Units/ml 100 Units/ml 
Gentamicin 10 mg/ ml 0.1 mg/ml 
 

Table 24 DNA, RNA and protein ladder 

DNA, RNA and protein 
ladder 

DNA, RNA and protein ladder size (bp 
or kDa) 

Company 

1 kb DNA Ladder 10000, 8000, 6000, 5000, 4000, 3500, 

3000, 2500, 2000, 1500, 1000, 750, 

500, 250 (bp) 

Fermentas 

RNA Molecular Weight 
Marker I DIG‐labeled 

6948, 4742, 2661, 1821, 1517, 1049, 

575, 438, 310 (bp) 

Roche 

PageRuler™ Prestained 
Protein Ladder 

170, 130, 100, 70, 55, 40, 35, 25, 15, 10 

(kDa) 

Fermentas 

PageRuler™ Unstained 
Protein Ladder 

200, 150, 120, 100, 85, 70, 60, 50, 40, 

30, 25, 20, 15, 10 (kDa) 

Fermentas 

 

Table 25 Buffers and solutions 

Buffers and solutions Composition 

for cell biology  

Moviol-Solution 20 g Moviol 4-88 was dissolved in 80 ml PBS by 

continuous stirring. The 40 ml Glycerin was added 

and mixed overnight, Solution was then 

centrifuged at 26,000 x g and the supernatant was 

used in assays 

Paraformaldehyde (PFA) heat 37 % PFA in PBS with continuous stirring at 

70°C, add dropwise 0.1 M NaOH till the 

paraformaldehyde completely dissolves. Aliquots 

of the filtered solutions were stored at -20°C 

PBS 37 mM NaCl, 2.7 mM KCl, 80 mM Na2HPO4, 

1.8 mM 

KH2PO4, pH 7.4 

PBS/EDTA 10 mM PBS, 2 mM EDTA pH 7.5 

Poly-D-Lysin 10 μg/ml in 1 x PBS 

Saponin solution 1% Saponin in cell culture medium, sterile filtered 

DIF –Fixation solution 3.7 % PFA in 1 x PBS 

for molecular biology  
6x DNA loading dye 0.25% Bromphenolblue, 0.25% Xylencyannol, 40 

% Sucrose in H2O 
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EDTA-solution 0.5 M in dH2O, pH 8.0 

Ethidiumbromid solution 100 μl EtBr stock solution in 200 ml dH2O 

IPTG-Stock 1 M IPTG in H2O 

Plasmid-Miniprep. Solution I 50 mM Tris-HCl (pH 7.5), 10 mM EDTA, 0.1 mg/ml 

RNase 

Plasmid-Miniprep. Solution II 0.2 N NaOH, 1% SDS 

Plasmid-Miniprep. Solution III 3 M Sodium acetate, pH 4.8 

50 x TAE-Buffer 2 M Tris, 0.6 M EDTA, 0.57% Acetic acid 

TE (Tris/EDTA) 10 mM Tris-HCl, 1 mM EDTA, pH 8.0 

X-Gal 0.2 g 5-Brom-4-Chlor-3-indolyl-β-D-

galactopyranosid in 10 ml Dimethylformamid 

(DMF) or in 10 ml DMSO 

for DNA isolation  
TES buffer 50 mM Tris-HCl, 5 mM EDTA, 10 mM NaCl 

TAE buffer (20x) 800 mM Tris, 500 mM EDTA, 2.28% glacial acetic 

acid, 1 d dH2O 

Lysozyme solution 5 mg/ml lysozyme in TES buffer 

Mutanolysin solution 2500 U/mL mutanolysin in dH2O 

Pronase E 5 mg/ml in dH2O (30 min preincubation at 37°C) 

RNase 5 mg/ml in TES  

N-lauroylsarcosine solution 10% N-lauroylsarcosine in dH2O 

Sodium acetate solution 3 M sodium acetate, pH 5.2 

for Protein purification, SDS-PAGE und Western-Blot 
Protein sample buffer 6 ml dH2O, 4 ml stacking gel buffer pH 6.8, 4 ml 

10% SDS, 4 ml glycerol, 2 ml β‐mercaptoethanol, 

a spatula tip of bromphenol blue 

Resolving gel buffer 1.5 M Tris, 1 l dH2O, pH 8.8 

Stacking gel buffer 0.5 M Tris, 1 l dH2O, pH 6.8 

SDS solution 10% SDS, 100 ml dH2O 

APS solution 10% APS, 10 ml dH2O 

10x running buffer 230 mM Tris, 1.52 M glycine, 1% SDS 

Transfer buffer 5.8 g Tris, 2.9 g Glycine, 0.37 g SDS, 200 ml 

methanol added to 1000 ml with dH2O 

Coomassie-stain 50% Ethanol, 5.8% acetic acid, 0.2% Coomassie 

Brilliant Blue™ R250 

Coomassie-destainer 40% Ethanol, 10% acetic acid in dH2O 

for chemiluminescence reagent  
Solution A 250 mM lumino in DMSO 

Solution B 90 mM p-coumaric acid 

Solution C 1 M Tris-HCl, pH 8.5 
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6.1.10. Bacterial culture media 
 

Table 26 Nutrient media 

Microorganism Growth medium Composition 

E. coli LB medium 1% Bacto‐tryptone, 0.5% yeast extract, 

0.5% NaCl, pH 7,5 

 LB agar plates 1% Bacto‐tryptone, 0.5% yeast extract, 

0.5% NaCl, 1.5% agar, pH 7,5 

S. pneumoniae Blood agar plates 23 g/l peptone, 5 g/l NaCl, 14 g/l agar, 

6.5% sheep blood, pH 7.4 (Oxoid, Wesel) 

 THY medium 36.4 g/l THB (Todd Hewitt Broth), 0.5% 

yeast extract  

 CDM medium 6.2.1.3. 

 RPMImodi 6.2.1.3. 
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6.2. Methods 

6.2.1. Working with bacteria 

6.2.1.1. E. coli culture conditions 
 

E. coli strains used in cloning procedures were cultured on Luria-Bertani (LB) 

agar or in LB broth containing the appropriate antibiotics at 37°C (Tab. 23). 

 

6.2.1.2. Transformation of E. coli 
 

Chemically competent E. coli cells were generated with the standard protocol of 

the CaCl2 method. 80 µl-aliquots of competent cells stored at -80°C were thawed 

slowly on ice. Approximately 100 ng vector DNA was added to the competent 

cells and the mixture was then incubated on ice for 30 min. Subsequently the E. 

coli cells were heated to 42°C for 60 sec, followed by a brief incubation on ice for 

2 minutes. After adding 800 μl of LB medium without antibiotics, the bacterial 

suspension was shaken at 37°C for 1 h. Finally, 50 – 150 μl of the transformed 

bacteria were platted onto LB agar plates in the presence of appropriate 

antibiotics for selection of transformed bacteria. lones were isolated, subcultured 

and screened by plasmid preparation, PCR, sequencing or southern blot for 

correct transformation. 

 

6.2.1.3. Chemical defined media for S. pneumoniae 
 

Classical CDM  
The stock solutions (Tab. 27) were prepared and stored at RT (SL 4; 5; 6a; 6b; 

6c), at 4°C (SL 1a; 1b; 1c) and at -20°C (SL 2a; 2b; 3a; 3b). After combining the 

different stock solutions (Tab. 28), the CDM was sterile filtered into a sterile 

bottle. The CDM can be stored at 4°C for 2-3 days or freezed at -20°C for months 
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Table 27 Stock solutions of the CDM 

Solution Components Volume 
[ml] 

Concentration 
[g/l] 

Note 

SL 1a FeSO4 x 7 H2O 50 0.504 resolve while adding 

1 N HCl at 55°C  (FeNO3)2 x 9 H2O  0.106 
SL 1b K2HPO4 50 20  
 KH2PO4  100  

SL 1c MgSO4 x 7 H2O 50 70  
 MnSO4 x H2O  558  
SL 2a alanine, asparagine 

acid, asparagine, 

glutamine acid, 

glycine, isoleucine, 

leucine, lysine, 

proline, hydroxy-

proline, serine, 

valine 

500 2 each  

 glutamine, 

threonine 

 4 each  

SL 2b arginine, histidine, 

methionine, 

phenylalanine, 

tryptophan, tyrosine 

500 2 each resolve at 55°C while 

adding 0.1 N HCl 

SL 3a p-aminobenzoic 

acid 

500 0.02 1. resolve all 

components except of 

biotin and folic acid 

2. adjust the pH of the 

solution to 6.9 

3. resolve biotin in a 

small volume of PBS 

4. resolve folic acid in 

5 ml 2.5 NaOH 

5. assemble the three 

solutions 

 biotin  0.02 

 folic acid  0,08 

 nicotinamide  0.1 

 nicotinamide 

adenine 

dinucleotide 

 0.25 

 pantothenate 

calcium salt 

 0.2 

 pyridoxal  0.1 

 pyridoxamine 2HCl  0.1 
 thiamine 

hydrochlorid 

 0.1 

 vitamin B12  0.01 
SL 3b riboflavin 400 0.04  
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SL 4 glucose or 

galactose 

500 100 sterile filtration 

SL 5 adenine 500 4 resolve first in 200 ml 

2 N HCl at 55°C  uracil  4 
SL 6a CaCl2 x 2 H2O 500 0.2 sterile filtration 

 choline chloride  0.2  
SL 6b NaH2PO4 x H2O 500 27.2 sterile filtration 
 Na2HPO4 x 2 H2O  32  
 NaC2H3O2 x 3 H2O  25  

SL 6c cystine 20 50 resolve in 20 ml 1 N 

HCl 

 

Table 28 Composition of 1 l CDM 

Solution Per liter (ml) 

dH2O 508 

SL 1a 10 

SL 1b 10 

SL 1c 10 

SL 2a 50 

SL 2b 50 

SL 3a 10 

SL 3b 40 

SL 4 100 

SL 5 10 

SL 6a 100 

SL 6b 100 

SL 6c 2 

 

RPMImodi 
RPMI1640 with glutamine (PAA Laboratories) was supplemented with 30.5 mM 

glucose, 0.65 mM, uracil, 0.27 mM adenine, 1.1 mM glycine, 0.24 mM choline 

chloride, 1.7 mM NaH2PO4 x H2O, 3.8 mM Na2HPO4 x 2 H2O, and 27 mM 

NaHCO3. For preparation two stock solutions were used (Tab. 29). 0.5 l 

RPMI1640 with glutamine was first mixed carefully with 40.54 ml buffer solution 

and then with 5 ml adenine/uracil solution. For 13C isotopologue labeling 

experiments the RPMImodi was modified (Tab. 30). 
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Table 29 Supplements of RPMImodi 

Solution Components Volume 
[ml] 

Concentration 
[g/l] 

Note 

Adenine/uracil 
solution 

adenine 100 0.4 resolve in 40 ml 

1 N HCl at 90°C; 

store at RT; reheat 

to 90°C before use  

uracil  0.8 

Buffer 
solution 

glucose 1000 74 sterile filtration and 

storage at 4°C  NaHCO3  24.7 

 glycine  1.11 

 choline chloride  0.456 

 NaH2PO4 x H2O  3.195 

 Na2HPO x 2 H2O  9.22 

 

Table 30 13C isotopologue labeling experiments with RPMImodi 

13C-source RPMI1640 Supplements 

[U-13C6]-glucose RPMI1640 powder with L-

glutamine, without glucose and 

NaHCO3 for 1 l  

(Sigma R1383-1L) 

81.08 ml buffer solution 

without glucose, 2 g 

NaHCO3, 10 ml 

adenine/uracil solution 

and 6 g [U-13C6]-glucose, 

fill up with dH2O to 1 l 

[U-13C5]-glutamine RPMI1640 without L-glutamine 

(0.5 l) (PAA) 

40.54 ml buffer solution, 

5 ml adenine/uracil 

solution and 150 mg     

[U-13C5]-glutamine 
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Table 31 Supplements of RPMImodi 

Solution Compostion Volume 
[ml] 

Concentration 
[g/l] 

Note 

Adenine/uracil 
solution 

adenin 100 0.4 resolve in 40 ml 

1 N HCl at 90°C; 

stored at RT; 

before use reheat 

at 90°C 

uracil  0.8 

Buffer 
solution 

glucose 1000 74 sterile filtration and 

storage at 4°C  NaHCO3  24.7 
 glycine  1.11 
 choline chloride  0.456 
 NaH2PO4*H2O  3.195 

 Na2HPO4*2 H2O  9.22 

 

Table 32 13C isotopologue labeling experiments with RPMImodi 

13C-source RPMI1640 Supplements 

[U-13C6]-glucose RPMI1640 powder with L-

glutamine, without glucose and 

NaHCO3 for 1 l  

(Sigma R1383-1L) 

81.08 ml buffer solution 

without glucose, 2 g 

NaHCO3, 10 ml 

adenine/uracil solution 

and 6 g [U-13C6]-glucose 

and fill up to 1 l 

[U-13C5]-glutamine RPMI1640 without L-

glutamine(0.5 l) (PAA) 

40.54 ml buffer solution, 

5 ml adenine/uracil 

solution and 150 mg     

[U-13C5]-glutamine 

 

6.2.1.4. Pneumococcal culture conditions 
 

For long term storage, the bacterial cultures were stored in a 20 % (v/v) glycerol 

solution at -80°C. Pneumococci were reactivated from the -80°C stock culture by 

incubated at 37°C and 5% CO2 on blood agar for 6-8 h. Then, the incubation was 

repeated on blood agar for 6-10 h depending on the strain (TIGR4 6 h; D39 and 

other strains 10 h). The different pneumococcal strains and their isogenic 

mutants were cultured in THY medium, in CDM or RPMImodi. Pneumococcal 
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mutants were cultured in the presence of the appropriate antibiotics (Tab. 23). 

Depending of the pneumococcal strain, growth medium and the experiments the 

pnumococci were harvested to different OD600nm or growth phase. S. pneumoniae 

was subcultivated (metabolism analysis 6.2.7.) for some experiments. 

For cultivation under anaerobic conditions the pneumococci was subcultivated in 

hungate tubes (17 ml) with THY or RPMImodi media wich were treated with 

nitrogen to remove the oxygen. The inoculations of the subculture as well as the 

final culture were performed by using steril injection syringes. Samples could also 

be taken with steril injection syringes. The final culture was incubated airtight 

bottles (125 ml, 250 ml) with a gum fastening. 

 

6.2.1.5. Transformation of S. pneumoniae 
 

The naturally transformable pneumococci acquire their competence at a distinct 

OD. In order to induce competence, THY medium was inoculated with bacteria at 

a starting OD600nm of 0.03-0.04 and incubated at 37°C. Once the culture reaches 

the OD600nm of 0.1 to 0.12, 0.2 ml bacterial suspension is obtained and incubated 

with 1 μg CSP-1 (D39) or CSP-2 (TIGR4) for 10 min at 37°C. Then, 0.5 to 5 μg 

DNA was supplemented to the bacteria culture. After a cold shock on ice for 10 

minutes the bacterial suspension was incubated first for 30 min at 30°C, followed 

by a 90 min incubation at 37°C. Finally the bacterial suspension was plated onto 

blood agar plates, in presence of appropriate antibiotic, and was incubated 

overnight at 37°C. The following day, positive colonies were isolated and further 

screened for integrity of the inserted DNA sequence. 

 

6.2.1.6. Biofilm formation 
 

For the crystal violet attachment assay (Merritt et al., 2005) S. pneumoniae was 

cultured statically in 24-well plates (Greiner Bio-One) in 1 ml RPMImodi. Therefor, 

the pneumococci were cultivated twice on blood agar plates (6.2.1.4). Then, 

10 ml RPMImodi were inoculated at a level of OD600nm 0.1 (107 CFU/ml). The 

wells were filled with 1 ml culture medium. After 12 h, 24 h or 36 h incubation at 

37°C and 5% CO2, non-attached bacteria and culture supernatants were 

removed. The wells were washed once with 1 ml PBS and 40 µl crystal violet 

solutions (0.4% m/v) were added for 15 minutes. Then, wells washed twice with 

PBS and dried at room temperature. After photographic documentation 1 ml 96% 
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ethanol was added to the biofilms. The absorbance of the resuspended biofilm 

was measured at 595 nm. 

 

6.2.1.7. Hydrogen peroxide killing assays 
 

The method of pneumococcal survival under oxidative condition with hydrogen 

peroxide (H2O2) w as described previously (Johnston et al., 2004; Saleh et al., 

2013). First, wild-type pneumococci and Rex-deficient mutants were cultured in 

THY broth at 37°C to mid-log phase (OD600nm 0.6). 10 ml of this culture was 

treated for 30 min with 0.1 and 10 mM H2O2. Untreated pneumococci were used 

as a control. Serial dilutions were plated onto blood agar plates to determine the 

CFU which were counted after overnight incubation at 5% CO2 and 37°C. 

 

6.2.2. Eukaryotic cell lines  

6.2.2.1. Cell culture conditions, maintenance and cryo-
conservation  

 

All of the eukaryotic cell lines were cultured in sterile tissue culture flasks 

containing cell line specific media at 37°C and 5% CO2. When the cells reached a 

confluency of 75 to 80 %, they were splitted. To detach the cells, attached cells 

were treated with pre-warmed Trypsin-EDTA (37°C) for 5 min at 37°C and 5% 

CO2. The detached cells were then sedimented by centrifugation at 700 rpm for 

5 min and subsequently resuspended in pre-warmed cell culture specific media 

(37°C). Finally, the cells were diluted 1:6 or 1:10 with media and transfered into 

new tissue culture flasks and subcultivated at 37°C and 5% CO2. 

 

6.2.2.2. Freezing of cell lines 
 

Eukaryotic cells can be stored in liquid nitrogen for a long time. Therefore the 

cells were detached as described above and centrifuged at 700 rpm for 5 min. 

The sedimented cells of one 25 cm² tissue culture flask were resuspended in 

2 ml cell culture specific media containing 10% FBS and 10% DMSO. For the 

storage of cell lines special cryo-vials were used. In each of the vials 0.9 ml of the 

cell suspension and 0.1 ml DMSO were transferred. The cells were slowly cooled 

(1°C per min) to -80°C using storage boxes filled with isopropanol to prevent 
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formation of intracellular ice-crystals. 24 h later, the cryo-vials were stored in the 

cell culture tank containing liquid nitrogen. 

 

6.2.2.3. Thawing of cell lines from liquid nitrogen storage 
 

For thawing cell lines stored in cryo-vials at -195°C (liquid nitrogen), the cell 

suspension was resuspended in 1 ml of pre-warmed cell culture medium to dilute 

the DMSO. The suspension was then conveyed in a 15 ml tube containing 5 ml 

pre-warmed cell culture medium and centrifuged at 700 rpm for 5 min. The cell 

sediment was diluted in 1 ml medium and splitted 1/3 and 2/3 into two 25 cm2 

tissue culture flasks containing 18 ml cell culture medium each. The cells were 

cultivated by incubating the flasks at 37°C and 5 % CO2. 

 

6.2.2.4. Estimation of cell number using the Neubauer 
count chamber 

 

To obtain constant conditions for the infection assay, the number of cells has to 

be determined. Therefore one drop of cell suspension was added on the top of 

the Neubauer count chamber covered by a cover-slip and the number of cells in 

the central largest square was counted using a light microscope. Subsequently 

the approximate number of cells per ml of suspension could be calculated by 

multiplying the number of cells counted in the large square with 104 (the volume 

of the large square is 10-4 ml). 

 

6.2.3. Phagocytosis experiments and antibiotic protection 
assays 

 

Phagocytosis experiments were performed with J774A.1 murine macrophages 

(DSMZ, Braunschweig, Germany). Macrophages were incubated for 30 min with 

a multiplicity of infection (MOI) of 50 bacteria per cell and subsequently the 

number of intracellular and recovered viable pneumococci was quantified by the 

antibiotic protection assay.  

Two days before the start of the experiment the 96-wells were inoculated with 

2 x 104 cells. After 48 h incubation the confluent monolayers of macrophages in 

96-well cell culture plates were infected with pneumococci. After 30 min of 
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incubation, wells were washed three times with RPMI1640 with 2 mM glutamine 

supplemented with 1% FBS to remove unbound pneumococci. To kill 

extracellular bacteria, each well was treated with 50 µl media containing 1% FBS, 

gentamicin (100 mg/ml) and penicillin G (100 units/ml) for 1 h. After washing with 

media/1% FBS, the intracellular pneumococci were recovered by a saponin-

mediated eukaryotic cell lysis (1% w/v) for 10 min at 37°C in 5% CO2. To 

determine the number of recovered and viable intracellular pneumococci, the 

suspension was diluted and plated onto blood agar plates. All experiments were 

performed at least three times in triplicate. 

 

6.2.4. Immunofluorescence microscopy of host cell-attached 
and intracellular pneumococci 

 

J774A.1 murine macrophages were cultivated in 24-well cell culture plates with 

glass coverslips and infected with pneumococci at a MOI of 25 bacteria per cell 

for 5, 30, or 60 min. After incubation, unbound bacteria were removed and the 

infected host cells were fixed with 3.7% paraformaldehyde on the glass 

coverslips. Adherent bacteria were stained using anti-pneumococcal antibodies 

and secondary goat anti-rabbit Alexa-488 and Alexa-568. Intracellular 

pneumococci were stained with Alexa-568 after permeabilisation with Triton-X-

100 (0.1%). Immunofluorescence microscopy was performed with a fluorescence 

microscope (Zeiss Axio-Observer.Z1 with VisiGrid, Coolsnap HQ) and images 

were acquired the VisiView® Imaging software (Visitron Systems GmbH, 

Puchheim, Germany).  

 

6.2.5. Working with DNA and RNA 

6.2.5.1. Isolation of chromosomal DNA from 
S. pneumoniae 

 

A standard phenol/chloroform extraction method was used for isolation and 

purification of chromosomal DNA from S. pneumoniae. After addition of 1 ml 

lysozyme solution (5 mg/ml) and 1 h incubation at 37°C in water bath, the 

suspension was mixed with 100 µl RNase solution (5 mg/ml) and incubated for 

15 min at 37°C. A treatment with 50 µl Pronase E (5 mg/ml) for 30 min destroyed 

the protein structures of the bacteria and the incubation with 500 µl N-

Lauroylsarcosine lyzed definitely the pneumococci after 1 h incubation at 37°C. 
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Subsequently the samples are mixed with 2 ml phenol. After mixing, the mixture 

was centrifuged (4000xg for 15 min) and two distinct phases were formed, 

because the phenol was immiscible with water. The aqueous supernatant was 

transfer in new 15 ml tube and mixed carefully with 2 ml Phenol-chloroform-

isoamyl alcohol (25:24:1). Centrifugation was repeated and the aqueous phase 

was collected in a 900 µl portions in 2 ml vials. After addition 90 µl sodium 

acetate solution (3 M, pH 5.2) and 900 µl isopropanol, the solution was incubated 

at -20°C. The ice cold mixture was centrifugated (13000xg for 15 min at 4°C). 

The DNA sediment was washed with ice cold ethanol (96%) and the 

centrifugation step was repeated. The supernatant was discraded and the DNA 

was dried at 37°C in the heating block. Finally the DNA was resolved 100 µl 

dH2O. The concentration of DNA obtained was photometrically determined using 

NanoDrop® ND-1000 (Peq Lab System) and stored at -20°C. 

 

6.2.5.2. Isolation of plasmid DNA from E. coli 
 

A 10 ml overnight culture, cultivated at 37°C and 120 rpm in the incubator shaker 

was used for plasmid DNA isolation. The plasmids were extracted by 

conventional minipreps or according to the Wizard® Plus SV Minipreps DNA 

Purification System (Promega) protocol. The concentration was determined 

spectrophotometrically using a NanoDrop® ND-1000 (Peq Lab System). 

 

6.2.5.3. PCR 
 

PCR amplifications were carried out in 25 or 50 µl volumes with the Taq DNA 

polymerase or the Pfu DNA polymerase and reactions were subject to 30 cycles 

of denaturation at 95°C, primer annealing for 0.5 min, and elongation at 72°C. 

The annealing temperatures depended on the used primers and the extension 

time depended on the length of the expected PCR product. PCR products were 

purified using the Wizard® SV Gel and PCR Clean-Up System (Promega) and 

plasmids were extracted according to the Wizard Plus SV Minipreps DNA 

Purification System (Promega) protocol. Oligonucleotides were synthesized by 

Eurofins MWG Operon (Germany). 
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6.2.5.4. Construction of plasmids for mutagenesis and 
pneumococcal transformation. 

 

Pneumococcal mutants deficient for genes of the ADS operon or regulatory 

genes argR1, argR2, and ahrC, respectively, were generated by insertion 

deletion mutagenesis as described (Hartel et al., 2012). The genes including 

upstream and downstream sequences were amplified by PCR using the indicated 

primer combinations (Tab. 12). The DNA fragment for arcA was amplified by PCR 

using TIGR4 chromosomal DNA as template and primers M9/M10. Similar arcC 

was amplified with M17/M18, arcT with M23/M24, argR2 with P586/P587, ahrC 

with P590/P591, and argR1 with M27/M28. The PCR products were cloned into 

the pGEM-T easy vector (Invitrogen), resulting in plasmids pGEM695 (arcA), 

pGEM611 (arcC), pGEM615 (arcT), pGEM699 (argR2), pGEM703 (ahrC), and 

pGEM708 (argR1), respectively. The recombinant plasmids harboring the desired 

DNA-inserts were used as templates for inverse PCR reactions with primer pairs 
M55/M56 for arcA, M59/M60 for arc, M63/M64 for arcT, P588/P589 for argR2, 

P594/P595 for ahrC, and M65/P595 for argR1. The deleted gene sequences 

were replaced with the erythromycin resistance gene cassette ermB, amplified by 

PCR using primers T99 and T100 and plasmid pJDC9 (Chen and Morrison, 

1988) as template. This resulted in plasmids pGEM696 (arcA::ermB), pGEM612 

(arcC::ermB), pGEM707 (arcT::ermB), pGEM700 (argR2::ermB), pGEM704 

(ahrC::ermB), and pGEM709 (argR1::ermB) which were used to transform 

pneumococci and generate mutants. The integrity of the antibiotic resistance 

gene cassettes in pneumococcal mutants was verified by PCR. In addition, 

immunoblots with specific antibodies generated against recombinant proteins of 

the ADS or regulators indicated the successful mutagenesis.  

The construction of the Rex-, and Pfl- and PflB-deficient mutant was performed in 

a similar manner. In brief, the DNA fragments for rex, pfl and pflB was amplified 

by PCR using D39 chromosomal DNA as template and primers M33/M34 (rex), 

P917/M918 (pfl) or P976/P977 (pflB). After subcloning in pGEM-T easy vector 

(Invitrogen) resulting in plasmids pGEM712 (rex), pGEM865 (pfl) or pGEM880 

(pflB) inverse PCR reactions were performed with primer pairs M38/37 for rex, 

P920/P921 for pfl, P978/P979 for pflB. The deleted gene sequences were 

replaced with the erythromycin resistance gene cassette ermB (for rex and pfl) or 

with the spectinomycin resistance gene cassette aad9 (for pflB). This resulted in 

plasmids pGEM713 (rex::ermB), pGEM866 (pfl::ermB), and pGEM881 

(pflB::aad9) which were used to transform pneumococci. 
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6.2.5.5. RNA preparation, Northern blot analysis and cDNA 
synthesis.  

 

The pneumococci were cultivated in THY (ADS experiments) or RPMImodi (Rex 

experiments) to OD600nm 0.4. Pneumococcal RNA for the ADS experiments was 

purified using the RNeasy Mini Kit, including a DNase digestion step using the 

RNase-Free DNase Set (Qiagen) as described (Hartel et al., 2012). An exception 

was the RNA for the transcriptome analysis (6.2.5.6.). The RNA for the Rex 

experiments was isolated with the GeneMATRIX Universal RNA Purification Kit ( 

). RNA concentrations were determined by measuring the A280nm/A260nm 

absorption ratio using the NanoDrop® ND-1000 (PeqLab).  

Total RNA samples (3 to 5 µg per lane) were electrophoretically separated in 

denaturing agarose gels (1.2%) and vacuum transferred to Hybond-N+ nylon 

membranes (Amersham Biosciences). RNAs were cross-linked to the 

membranes by UV incubation and stained with methylene blue, followed by 

overnight hybridizations with DIG-labeled RNA probes at 68°C. Hybridization 

signals were detected using anti-DIG–alkaline phosphatase, Fab fragments, and 

CDP-Star (Roche Applied Sciences). DIG-labeled RNA probes for specifc 

mRNAs were generated using the DIG RNA Labeling Kit (SP6/T7) (Roche). The 

oligonucleotides used for generation of probes are listed in Table 12.  

Reverse transcription was performed to synthesize cDNA. Five to 10 µg of total 

RNA was incubated with 10 nmol dNTPs in 20 µl RNase free water for 5 min at 

65°C, kept on ice for 1 min and then 4 µl First strand Buffer (5x), 1 µl random 

primers (pd(N)6; GE Healthcare), 1 µl DTT (0.1 M), 1 µl RNasin (Promega) and 

1 µl SuperScript® III Reverse Transcriptase (Invitrogen) were added to amplify 

the cDNA. The cDNA was employed as template in the PCR reactions and 

control PCRs were conducted with genomic DNA and total RNA as template. 

 

6.2.5.6. Transcriptome analysis 
 

Total RNA was isolated from log phase grown S. pneumoniae (OD600nm=0.38). In 

brief, cells were harvested by centrifugation of 24 ml culture volume with 12 ml 

frozen killing buffer (20 mM TRIS [pH7.5], 5 mM MgCl2, 20 mM NaN3) and 

immediately frozen in -70°C cold ethanol. For mechanical cell disruption, the 

bacterial pellet was transferred into a precooled Teflon disruption vessel filled 

with liquid nitrogen. After disruption by means of a Mikro-Dismembrator 
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(Sartorius), the resulting frozen powder was resupended in 4 ml lysis solution 

(4 M guanine thiocyanate, 25 mM sodium acetate [pH 5.2], 0.5% N-

laurylsarcosinate). RNA extraction was performed using acid 

phenol/chloroform/isoamyl alcohol (25:24:1) and chloroform/isoamyl alcohol, and 

RNA precipitation was carried out using isopropanol. To remove residual DNA, 

the RNA solution (100 μl) was treated with 2 μl RQ1 RNase free DNase 

(Promega) for 30 min at 30 °C and column-purified (RNA Clean-Up and 

Concentration Kit, Norgen). RNA concentration was determined with a NanoDrop 

1000 and quality control of RNA was performed with an Agilent 2100 

Bioanalyzer. 

The further processing of the samples was carried out by research group Völker 

(Interfaculty Institute for Genetics and Functional Genomics, Department of 

Functional Genomics, Ernst-Moritz-Arndt University, Greifswald, Germany). 

Synthesis of fluorescently labeled cDNA was performed as described by 

Charbonnier et al. (Charbonnier et al., 2005) with minor modifications. After 

synthesis and purification, 400 ng of Cy3-labeled cDNA were hybridized to 

custom made microarrays following Agilent’s protocols for array processing and 

data extraction. The microarray contained 60-mer oligonucleotides of all 

annotated protein-coding genes of S. pneumoniae R6 as described previously 

(McKessar and Hakenbeck, 2007) and TIGR4. In addition primers for the 

detection of ncRNAs (Acebo et al., 2012; Kumar et al., 2010) were included in the 

microarray. For each gene two 60-mer oligonucleotides were selected. In this 

study, samples from four independent growth experiments were analyzed. 

Normalized probe intensities were subjected to Student's t-test and considered 

significantly different between argR mutant and wild type when the false 

discovery rate corrected p-value was ≤ 0.05. Expression ratios of differentially 

expressed genes were calculated as the mean probe ratios (argR mutant vs. 

wild-type). 

 

6.2.6. Working with proteins 

6.2.6.1. Production and purification of recombinant proteins 
 

Recombinant ArcA, ArcB, ArcC, ArgR1, ArgR2 and AhrC were produced as His-

tagged fusion protein in E. coli with the pET 28 TEV plasmid system (Novagen). 

Genes were amplified with deleted translation initiation codons by PCR from 

chromosomal DNA from TIGR4 with specific oligonucleotide primers and 
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incorporated restriction sites (Tab. 12). PCR products were restricted by NheI 

and HindIII (NEB), and the fragments were cloned into similarly digested 

pET28TEV expression vectors (Saleh et al., 2013) and verified by sequencing 

(Eurofins, Hamburg). The resulting plasmids pET28arcA, pET28arcB, 

pET28arcC, pET28argR1, pET28argR2 and pET28ahrC were transformed into 

E. coli strain BL21 (DE3) (Novagen). For over-expression of recombinant 

proteins, the strains were grown in LB at 30°C to an OD600nm of 0.8 and then 

induced with 1.0 mM IPTG (isopropyl-β-D-thiogalactopyranosid). After 2 h of 

induction, the bacteria were harvested by centrifugation at 4000xg for 10 min. 

The resulting bacterial sediments were resuspended in 10 ml of binding buffer 

(20 mM NaH2PO4, 500 mM NaCl, 20 mM Imidazol, pH 7,4) with PMSF (1 mM), 

DNase and lysozyme (100µg/ml) and subsequently incubated on ice for 30 min. 

After ultrasonication (4x30 sec with 30 sec pause, 50% intensity), the 

suspensions were sedimented by centrifugation at 12,000xg for 30 min at 4°C. 

The N-terminally His6-tagged proteins (His6-ArcA, His6- ArcB, His6-ArcC, His6-

ArgR1, His6-ArgR2, His6-AhrC) in the supernatant were purified by affinity 

chromatography using His-Trap Ni-NTA columns (GE Healthcare) according to 

the instructions of the manufacturer.  

Recombinant Rex was produced as a Strep-tagged fusion protein in E. coli with 

the pASK-IBA5 plasmid system (IBA, Göttingen, Germany). Therefore, the 

translation initiation codons of the rex gene were deleted and rex was amplified 

by PCR from chromosomal D39 DNA with specific oligonucleotide primers 

containing incorporated restriction sites. The PCR product was restricted by 
BamHI and HindIII (NEB), and the fragment was cloned into a similarly digested 

pASK-IBA5 expression vector and verified by sequencing (Eurofins, Hamburg). 

The resulting plasmid pASK-IBA5rex was transformed into E. coli strain DH5α 

(Novagen). For over-expression of recombinant protein, the strains were grown in 

LB at 30°C to an OD600nm of 0.5 in shaking flasks. Protein expression was 

induced with 200 µg/l anhydrotetracycline (AHTC). After 2 h of induction, the 

bacteria were harvested by centrifugation at 4000xg for 10 min. Bacterial pellets 

were resuspended in 100 mM Tris/HCl pH 8.0, 150 mM NaCl, 1 mM EDTA 

containing PMSF (1 mM) and Dnase I. Cells were lysed using ultrasonication 

(4x30 sec with 30 sec pause, 50% intensity) and the suspension was sedimented 

by centrifugation at 15,500xg for 30 min at 4°C. The supernatant was mixed with 

5 µg/ml avidin and incubated for 30 min on ice. After repeating the centrifugation, 

the strep-tagged Rex protein was purified by affinity chromatography using 

StrepTrap HP 1 ml columns (GE Healthcare) according to the instructions of the 
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manufacturer. The puffer for elution had following composition: 100 mM Tris/HCl 

pH 8.0, 150 mM NaCl, 1 mM EDTA, 2 mM Desthiobiotin. 

 

6.2.6.2. Production of protein-specific polyclonal antisera 
 

The antisera for the different proteins were purified from 6 to 8 week old female 

CD-1 mice (Charles River Laboratories, Sulzfeld, Germany). The immunization of 

the CD-1 mice took place in closed laboratory mouse cages (Tecniplast) under 

S2 conditions in the animal facility of the Friedrich Loeffler Institute for Medical 

Microbiology in Greifswald in accordance with the declaration for care and usage 

of animals (LALLF M-V permit no. 7221.3‐1.1‐006/09 and 7221.3‐1.1‐019/11). 

The animal experiments were approved by the ethics committee at the University 

of Greifswald and the Landesamt für Landwirtschaft, Lebensmittelsicherheit und 

Fischerei Mecklenburg – Vorpommern (LALLFV M-V, Rostock, Germany). By 

intraperitoneal injection with 100 µl of the protein in a 1:1 emulsion, composed of 

50 µg of the recombinant protein and freund’s adjuvant (complete form, Sigma) 

the mice were immunized. To boost the antibody production of the mice, an 

emulsion, composed of the protein (25 µg) and freund’s adjuvant (incomplete 

form, Sigma) was intraperitoneally injected on day 14 and 28. Isolation of the 

mouse serum took place in the sixths week by puncture of the disclosed heart. 

The serum was separated from the cellular parts of the blood by centrifugation 

(60 min, 700 rpm, RT) and stored at -20°C or used for purification of the IgG 

antibodies by affinity chromatography. The purification of the IgG-antibodies was 

performed by binding to protein A-sepharose 4B (Sigma) after equilibration of the 

column with PBS pH 7.2. For the elution of the antibodies 0.1 M glycine/HCL-

buffer (pH 3.0) was used. 

 

6.2.6.3. Protein estimation via Bradford assay 
 

The concentration of the isolated proteins was estimated spectrometrically by 

applying the Bradford assay (Bradford, 1976). Therefore, 5 μl protein sample was 

diluted with 495 µl H2O. After adding 500 μl Bradford reagent and mixing 

carefully, the solution was incubated for 15 min at room temperature. Finally, the 

absorbance at 595 nm was determined spectrophotometrically. Parallel a 

standard curve of 0.5 to 10 μg/ml BSA (Bovine Serum Albumin) was used to 

extrapolate the protein concentration in the samples. 
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6.2.6.4. Preparation of bacterial lysates 
 

Pneumococci were cultured in THY, CDM or RPMImodi to late exponential growth 

phase (THY: OD600nm 1.0 and CDM: OD600nm 0.8, and RPMImodi: OD600nm 0.6), 

harvested by centrifugation and washed once with PBS. The bacteria were 

resuspended in H2O and lysed by ultrasonication (4x30 sec with 30 sec pause, 

50% intensity) on ice or with 3 lysis cycles of Precellys 24 (Bertin Technologies) 

at 6800 rpm for 30 sec at 4°C with a pause of 10 min. The lysate was 

centrifuged and the supernatant was used for further investigation. The protein 

content was determined with the Bradford protein assay. 

 

6.2.6.5. SDS-PAGE  
 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) is 

used to separate proteins according to their molecular weights (Laemmli, 1970). 

A polyacrylamide gel consists of a 4% stacking gel and a 12 to 15% resolving 

gel, depending on the molecular weights of the proteins of interest.  

For sample preparation, the protein extracts (20 µg) were mixed with an equal 

volume of SDS-sample buffer and with a protein loading dye (0.5 M Tris/HCl (pH 

6.8), 10% glycerol, 10% SDS, 5% β-mercaptoethanol ,0.05% bromophenolblue 

dye) and subsequently incubated at 95°C for 10 min. Afterwards the samples 

were loaded onto the gel. At first the electrophoresis was performed at 100 V and 

after 15 min the voltage was increased to 120 V. 

The proteins present in the resolving gel of the SDS page were stained with 

Coomassie Brilliant Blue. Therefore, the polyacrylamide gels were incubated in a 

Coomassie Brilliant Blue solution overnight. After removing redundant coomassie 

by washing the gel several times, the gel was documented and stored in water. 

 

6.2.6.6. Western Blot analysis 
 

The proteins separated by SDS-PAGE can be transferred to a nitrocellulose 

membrane using a semidry blotting system (Bio-Rad). The gel and the 

membrane were laid between two thick Whatmann paperss and the proteins 

were transferred under the influence of an electric field of 15 V for 1 h from the 
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gel onto the membrane. Afterwards, the membrane was blocked with 3% skim 

milk (Roth) in TBS/0.5% Tween 20 for 60 min. Subsequently, the membrane was 

washed three times with TBS/0.5% Tween 20 and incubated with mice-derived 

polyclonal anti-protein antisera (1:1000) for 60 min (or overnight) at RT. A goat 

anti-mouse IgG peroxidase conjugate (Dianova; 1:5000) was used as secondary 

antibody after washing the membrane three times with TBS/0.5% Tween 20 . 

After 60 min of incubation, unbound antibody was removed by washing twice with 

TBS/ 0.5% Tween 20 and once with TBS. To detect antibody bound to the 

protein of interest, the membrane was incubated with 5 ml chemiluminescence 

reagent (mixture of 2 ml solution A, 0.89 ml solution B, 20 ml solution C and 

177.11 ml dH2O) and 5 µl H2O2 and subsequently analyzed using a ChemoCam 

imager (Intas). Rabbit-derived polyclonal anti-enolase antisera (1:500) and goat 

anti-rabbit IgG peroxidase conjugate (1:2000) was used as loading control. 

 

6.2.6.7. Flow cytometry 
 

Pneumococci were cultured in 30 ml THY to OD600nm of 0.35 to 0.4. After 

sedimentation and washing with PBS/0.5% FBS (fetal bovine serum; PAA 

Laboratories, Cölbe, Germany) the bacteria were resuspended in 1 ml of 

PBS/0.5% FBS. To measure the relative amount of capsular polysaccharide, 

1 x 108 bacteria were incubated with the serotype 2 or serotype 4 specific 

antiserum (Statens Serum Institute, Denmark) (1:500 dilution in PBS) for 30 min 

at 4°C. After twice washing steps with PBS/0.5% FBS the samples were stained 

with secondary goat anti-rabbit IgG coupled Alexa-Fluor-488 (Life Technologies). 

After 30 min incubation at 4°C the bacteria were washed twice with PBS/0.5% 

FBS and then fixed using 1% PFA/0.5 % FBS/PBS overnight at 4°C. Flow 

cytometry was conducted with the FACS Calibur (BD Biosciences, Franklin 

Lakes, USA) and the CellQuestPro Software 6.0. (BD Biosciences) was used for 

data acquisition, while analysis of the data was performed with the Flowing 

Software 2.5.0 (Turku Centre for Biotechnology, Turku, Finland). 

 

6.2.6.8. Enzymatic activity of the arginine deiminase (AD)  
 

S. pneumoniae was grown in THY medium at 37°C in 5% CO2. The AD enzyme 

activity was measured by monitoring the production of citrulline from arginine as 

previously described (Degnan et al., 1998; Oginsky, 1957). Briefly, 100 µg protein 
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extract from bacteria grown in THY medium was incubated for 2 h at 37°C in a 

0.1 M potassium phosphate buffer containing 10 mM arginine (500 µl). After 

adding 250 µl of a mixture of H2SO4 and H3PO4 (1:3, vol/vol) and 31.3 µl of a 3% 

diacetyl monoxime solution, the suspension was heated for 15 min to 99°C. The 

relative level of citrulline was determined colorimetrically at a wavelength of 

490 nm and served as a read out for the AD activity. 

 

6.2.6.9. Electrophoretic mobility shift assay (EMSA)  
 

DNA fragments of several promotor regions were amplified by PCR with specific 

primer pairs (Tab. 12). The promotor sequences (0.2 pmol) were incubated with 

different concentrations of recombinant protein in binding buffer (for ArgR2: 

10 mM Tris-HCl, pH 7.5, 0.5 mM DTT, 5% v/v, glycerol, 200 mM KCl, 5 mM 

MgCl2, 2.5 mM CaCl2; for Rex: 20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 3% 

Ficoll400, 0.5 mM DTT, 150 mM NaCl) for 30 min at room temperature. Protein–

DNA complexes were electrophoretically separated in a native 5% 

polyacrylamide gel and visualized by ethidium bromide staining. 0.2 pmol of a 

promotor sequence without a binding motif was used as a negative control. 

 

6.2.7. Metabolism analysis 

6.2.7.1. Determination of extracellular metabolites.  
 

To analyze the uptake and secretion of metabolites by pneumococci, bacteria 

were defrost and incubated twice for 6-10 h on blood agar plates. Then, the 

pneumococci were subcultured for 2 h in CDM or in RPMImodi to a starting 

OD600nm of 0.08. The final culture was incubated at 37°C and at different time 

points, 2 ml medium was taken, filtered through a 0.2 µm sterile filter (Sarstaedt 

AG, Nürnberg, Germany) and frozen directly with liquid nitrogen until analysis. 

The further processing of the samples was carried out by the research group Lalk 

(Institute of Biochemistry, Ernst-Moritz-Arndt-Universität, Greifswald). 1H-NMR 

analysis was performed as described (Dorries and Lalk, 2013). In brief, 400 µl of 

the sample was mixed with 200 µl of a sodium hydrogen phosphate buffer 

(0.2 mol/l, pH 7.0), containing 1 mmol/l trimethylsilyl propanoic acid made up with 

50% D2O. A Bruker AVANCE-II 600 NMR spectrometer operated by 

TOPSPIN 3.1 software was used for analysis (both from Bruker Biospin, 
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Rheinstetten, Germany). Qualitative and quantitative data analysis was carried 

out with AMIX® (Bruker Biospin, Rheinstetten, Germany). 

 

6.2.7.2. 13C Isotopologue labeling experiments  
 

Firstly, pneumococci (D39Δcps and isogenic mutants) were incubated overnight 

at 37°C and 5% CO2 on blood agar for 10 h. Secondly the pneumococci were 

cultured in a preculture (50 ml), starting with OD600nm of 0.07, to an OD600nm of 

0.4. For the labeling experiment, 500 ml RPMImodi supplemented with 41.6 mM 

(7.5 g/l) of [U-13C6]-glucose was inoculated with pneumococci from the preculture. 

All of the experiments with [13C]-glucose were performed in the absence of [12C]-

glucose. The optical density was measured in regular intervals and 

pneumococcal growth was stopped at mid-log phase, i.e. an OD600nm of 0.5. To 

eliminate the possibility of contamination, a defined aliquot of bacteria was 

incubated on blood agar plates and monitored for contamination after 14 h at 

37°C and 5% CO2. Pneumococci were killed with 10 mM sodium azide and 

sedimented at 4000 x g at 5°C for 10 min. The supernatant was discarded and 

the bacteria were washed with 40 mM Tris/HCl pH 7.4, and bacteria were 

autoclaved at 120°C for 20 min.  

The further processing of the samples was carried out by the research group 

Eisenreich (Lehrstuhl für Biochemie, Technische Universität München). The 

bacterial cells were resuspended in 6 M hydrochloric acid and heated to 105°C 

for 24 h under an inert atmosphere. The hydrolysate was placed on a cation 

exchange column of Dowex 50Wx8 (H+ form, 200–400 mesh, 5 x 10 mm) that 

was washed with 70%-methanol in water and developed with 4 M ammonium 

hydroxide. An aliquot of the eluate was dried with a stream of nitrogen, and the 

residue was dissolved in 50 µl of water-free acetonitrile. A mixture of 50 µl of N-

(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide containing 1% tert-

butyldimethylsilylchloride (Sigma) was added. The mixture was kept at 60°C for 

30 min. The resulting N-(tert-butyldimethylsilyl) (TBDMS)-amino acids were then 

analyzed by GC/MS. 

GC/MS analysis was performed with GC-QP2010 Plus (Shimadzu, Duisburg, 

Germany) equipped with a fused silica capillary column (Equity TM-5; 30 m x 

0.25 mm, 0.25 µm film thickness; SUPELCO, Bellefonte, PA). The mass detector 

works with electron impact ionization at 70 eV.  
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For sample analysis, an aliquot (1 µl) of a solution containing TBDMS amino 

acids was injected in a 1:10 split mode at an interface temperature of 260°C and 

a helium inlet pressure of 70 kPa. The column was developed at 150°C for 3 min 

and then the temperature increased with 10°C/min to a final temperature of 

280°C that was held for 3 min. Data was collected using the LabSolutions 

software (Shimadzu, Duisburg, Germany). Selected ion monitoring data was 

acquired at a 0.3-s sampling rate. Samples were analyzed at least three times. 

The overall 13C excess and the relative contribution of isotopomers were 
computed according to (Lee et al., 1991). 

 

6.2.8. In vivo murine infection models for S pneumoniae 

6.2.8.1. Ethics Statement 
 

The animal experiments conducted in this study are in strict accordance with the 

guidelines of the ethics committee at The University of Greifswald, the German 

regulations of the Society for Laboratory Animal Science (GVSOLAS) and the 

European Health Law of the Federation of Laboratory Animal Science 

Associations (FELASA). The experiments were approved by the Landesamt für 

Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg – 

Vorpommern (LALLFV M-V, Rostock, Germany) and the LALLFV M-V ethical 

board (LALLF M-V permit no. 7221.3‐1.1‐006/09 and 7221.3‐1.1‐019/11). All 

efforts were made to minimize suffering and ensure the highest ethical standards. 

 

6.2.8.2. Housing of mice 
 

The mice were kept in closed laboratory mouse cages (Tecniplast) under S2 

conditons in the animal cote of the Friedrich Loeffler Institute of Medical 

Microbiology, Greifswald. Mice were ordered from Charles River, Sulzfeld, 

Germany and lived in groups of 3-4 individuals. Prior to the experiments, mice 

were adapted for 1 to 2 weeks to the new environment. 
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6.2.8.3. The acute pneumonia mouse model  
 

CD1 female outbred mice (Charles River, Sulzfeld, Germany), 8-10 weeks of 

age, were used in infection experiments. Pneumococci were cultured in THY 

supplemented with 10% fetal bovine serum (FBS) to an OD60nm 0.35, washed 

once with 0.5% PBS/1% FBS and diluted in PBS/1%FBS to get infection doses of 

7.5 x 107 CFU per 10 µl for TIGR4 or 1.0 x 107 CFU per 10 µl for D39. Prior to 

intranasal infections, mice were anesthetized by intraperitoneal injections of 100 

mg*kg-1 ketamine (Ketanest S; Pfizer Pharma, Karslruhe, Germany) and 2% 

xylazine (Rompun®; Provet AG, Lyssach, Germany) as described (Saleh et al., 

2014; Saleh et al., 2013). The animals were scuffed, with the nose held upright, 

and 20 µl bacterial suspensions (10 µl bacteria and 10 µl hyaluronidase (90 U)) 

was administered intranasally by adding a series of small droplets into the 

nostrils of the mice to involuntarily inhale. The infection dose was confirmed by 

the determination of CFU on blood agar plates.  

Tracking of bioluminescent pneumococci distribution in real time was performed 

by the IVIS® Spectrum Imaging System (Caliper Life Sciences) (Hartel et al., 

2011; Jensch et al., 2010). Therefore the animals were anesthesized at certain 

times post infection for several days and the measurement was run. Every 

measurement took place for one minute with a medium binning factor. The 

evaluation of the recordings and the quantification of the emitted photons was 

performed with the LivingImage® 4.1 software package (Caliper Life Sciences) 

(Saleh et al., 2014). 

 

 

6.2.8.4. Quantification and evaluation of the 
bioluminescence 

 

Bioluminescence intensity of mice, infected with bioluminescent S. pneumoniae 

was quantified using the LivingImage® 4.1 software package (Caliper Life 

Sciences). Therefore the infected mice were anesthetized and photographed as 

described in (6.2.8.3). For evaluation of the bioluminescence intensity for each 

mouse, the region of interest (ROI) was selected on the recorded image 

(normally the whole body). The software quantitates the total photon emission 

(photons/s) and calculates the average radiance (photons/s/cm2/sr) of the 

selected area. This procedure was repeated for all the mice within the group.  
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Data was displayed in a box whisker graph, as the data variation is often high 

within a group. Therefore the data (average radiance (photons/s/cm2/sr) for each 

mouse and time point), obtained from the LivingImage® 4.1 software, was saved 

as an excel file and the values were transferred to the Prism 5.01 software 

(GraphPad).  

 

6.2.8.5. Co-infection 
 

In competition infection experiments, 2.5 x 107 CFU of wild-type TIGR4 

respectively 2.5 x 106 CFU of wild-type D39 and mutant bacteria 

(TIGR4lux∆arcAC, TIGR4lux∆arcAT or TIGR4lux∆argR2 respectively 

D39lux∆rex) were mixed in a 1:1 ratio. The CFU was determined in the 

nasopharynx and bronchi after intranasal infection at pre-chosen time intervals 

(24 h, 48 h) post-infection and as described previously (Hermans et al., 2006; 

Jensch et al., 2010). Briefly, mice were sacrificed and the trachea was dissected. 

One milliliter of sterile PBS/0.5% FBS was passed through the nasopharynx or 

inserted into the lung with the inserted trachea cannula and collected after 

passage (Kerr et al., 2002). The output of mutant versus wild-type bacteria was 

determined on selective blood agar plates (Oxoid, Basingstoke, UK) containing 

kanamycin and/or erythromycin. The competitive index (CI) was calculated as the 

ratio of mutant to wild-type output CFU divided by the mutant to wild-type input 

CFU. A value of 1 indicates identical output CFU of wild-type and mutant 

bacteria, while CI values lower than 1 indicated a higher output of wild-type 

bacteria. 

 

6.2.9. Graphical presentation and Statistical analysis 
 

The data presented in this study was expressed as mean values ± corresponding 

standard deviations of at least three independent experiments, if not labeled 

otherwise. For statistical analysis, the 2-tailed unpaired Student´s t-test 

(GraphPad Prism 5.01, GraphPad) was used. The Kaplan‐Meier survival curves 

were compared with the Log‐rank‐test. In all analyses, p values of < 0.05 were 

considered statistically significant.   
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8. Appendix 

8.1. Supplementary data 
 
Appendix sequence 1  arcA 
>arcA from S. pneumoniae TIGR4 (sp_2148) 
ATGTCTTCACATCCAATTCAGGTCTTCTCAGAAATTGGGAAACTGAAAAAAGTTATGTTG 

CACCGTCCAGGCAAGGAGTTAGAAAACTTGTTGCCGGACTATCTTGAAAGGCTTCTTTTT 

GATGATATTCCTTTCTTGGAAGATGCTCAAAAAGAACATGATGCATTTGCCCAAGCTCTT 

CGCGATGAAGGAATTGAGGTTCTCTACCTAGAACAACTCGCTGCTGAATCATTGACCTCT 

CCAGAAATCCGCGATCAATTTATCGAGGAATACTTAGACGAAGCCAACATCCGTGATCGT 

CAAACCAAGGTTGCTATTCGTGAATTGCTTCACGGCATCAAGGACAACCAAGAATTGGTT 

GAAAAAACAATGGCTGGGATTCAAAAAGTTGAATTGCCAGAAATTCCTGACGAAGCTAAA 

GATCTAACTGACTTAGTTGAATCAGAGTATCCATTTGCAATTGACCCGATGCCAAACCTC 

TATTTCACTCGCGACCCATTTGCAACAATTGGAAACGCCGTATCGCTTAACCACATGTTT 

GCAGACACTCGTAACCGTGAAACACTCTACGGTAAGTATATCTTCAAATACCACCCAATC 

TATGGCGGAAAAGTGGATTTGGTCTACAACCGTGAAGAAGATACGCGTATCGAAGGTGGA 

GACGAGTTAGTTCTTTCTAAAGACGTCCTTGCAGTAGGTATCTCTCAACGTACAGACGCA 

GCTTCTATCGAAAAACTTTTGGTCAACATCTTCAAGAAAAATGTTGGCTTCAAGAAAGTT 

TTGGCCTTTGAATTTGCTAACAACCGTAAATTCATGCACTTGGATACTGTCTTCACTATG 

GTAGACTATGACAAGTTCACTATTCACCCAGAAATCGAAGGCGACCTTCACGTTTACTCA 

GTTACTTACGAAAACGAAAAACTTAAAATCGTTGAAGAGAAAGGTGACTTAGCTGAACTT 

CTTGCTCAAAACCTTGGTGTAGAAAAAGTTCATTTGATTCGTTGCGGTGGTGGCAATATC 

GTAGCAGCTGCGCGTGAACAATGGAACGACGGTTCTAACACTTTGACCATCGCACCTGGT 

GTGGTAGTTGTTTATGACCGCAATACCGTGACCAATAAGATTTTGGAAGAATACGGGCTT 

CGCTTGATTAAGATTCGCGGAAGTGAATTGGTTCGGGGCCGTGGTGGACCTCGTTGTATG 

TCTATGCCATTTGAACGTGAAGAAGTGTAA 

>arcA from S. pneumoniae D39 (spd_1975) 
ATGTCTTCACATCCAATTCAGGTCTTCTCAGAAATTGGGAAACTGAAAAAAGTTATGTTG 

CACCGTCCAGGCAAGGAGTTAGAAAACTTGTTGCCGGACTATCTTGAAAGGCTTCTTTTT 

GATGATATTCCTTTCTTGGAAGATGCTCAAAAAGAACATGATGCATTTGCCCAAGCTCTT 

CGCGATGAAGGAATTGAGGTTCTCTATCTAGAACAACTCGCTGCTGAATCATTGACCTCT 

CCAGAAATCCGCGATCAATTTATCGAGGAATACTTAGACGAAGCCAACATCCGTGATCGT 

CAAACCAAGGTTGCTATTCGTGAATTGCTTCACGGCATCAAGGACAACCAAGAATTGGTT 

GAAAAAACAATGGCTGGGATTCAAAAAGTTGAATTGCCAGAAATTCCTGACGAAGCTAAA 

GATCTAACTGACTTAGTTGAATCAGAGTATCCATTTGCAATTGACCCGATGCCAAACCTC 

TATTTCACTCGCGACCCATTTGCAACAATTGGAAACGCCGTATCGCTTAACCACATGTTT 

GCAGACACTCGTAACCGTGAAACACTCTACGGTAAGTATATCTTCAAATACCACCCAATC 

TATGGCGGAAAAGTGGATTTGGTCTACAACCGTGAAGAAGATACGCGTATCGAAGGTGGA 

GACGAGCTAGTTCTTTCTAAAGACGTCCTTGCAGTAGGTATCTCTCAACGTACAGACGCA 

GCTTCTATCGAAAAACTTTCTTGAAGCCAACATCTTCAAGAAAAATGTTGGCTTCAAGAA 
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AGTTTTGGCCTTTGAATTTGCTAACAACCGTAAATTCATGCACTTGGATACTGTCTTCAC 

TATGGTAGACTATGACAAGTTCACTATTCACCCAGAAATCGAAGGCGACCTTCACGTTTA 

CTCAGTTACTTACGAAAACGAAAAACTTAAAATCGTTGAAGAGAAAGGTGACTTAGCTGA 

ACTTCTTGCTCAAAACCTTGGTGTAGAAAAAGTTCATTTGATTCGTTGCGGTGGTGGCAA 

TATCGTAGCAGCTGCGCGTGAACAATGGAACGACGGTTCTAACACTTTGACCATCGCACC 

TGGTGTGGTAGTTGTTTATGACCGCAATACCGTGACCAATAAGATTTTGGAAGAATACGG 

GCTTCGCTTGATTAAGATTCGCGGAAGTGAATTGGTTCGGGGCCGTGGTGGACCTCGTTG 

TATGTCTATGCCATTTGAACGTGAAGAAGTGTAA 

>ArcA from S. pneumoniae TIGR4 
MSSHPIQVFSEIGKLKKVMLHRPGKELENLLPDYLERLLFDDIPFLEDAQKEHDAFAQAL 

RDEGIEVLYLEQLAAESLTSPEIRDQFIEEYLDEANIRDRQTKVAIRELLHGIKDNQELV 

EKTMAGIQKVELPEIPDEAKDLTDLVESEYPFAIDPMPNLYFTRDPFATIGNAVSLNHMF 

ADTRNRETLYGKYIFKYHPIYGGKVDLVYNREEDTRIEGGDELVLSKDVLAVGISQRTDA 

ASIEKLLVNIFKKNVGFKKVLAFEFANNRKFMHLDTVFTMVDYDKFTIHPEIEGDLHVYS 

VTYENEKLKIVEEKGDLAELLAQNLGVEKVHLIRCGGGNIVAAAREQWNDGSNTLTIAPG 

VVVVYDRNTVTNKILEEYGLRLIKIRGSELVRGRGGPRCMSMPFEREEV 

>ArcA’ from S. pneumoniae D39 
MSSHPIQVFSEIGKLKKVMLHRPGKELENLLPDYLERLLFDDIPFLEDAQKEHDAFAQAL 

RDEGIEVLYLEQLAAESLTSPEIRDQFIEEYLDEANIRDRQTKVAIRELLHGIKDNQELV 

EKTMAGIQKVELPEIPDEAKDLTDLVESEYPFAIDPMPNLYFTRDPFATIGNAVSLNHMF 

ADTRNRETLYGKYIFKYHPIYGGKVDLVYNREEDTRIEGGDELVLSKDVLAVGISQRTDA 

ASIEKLS* 

 
Appendix sequence 2  argR2 
>argR2 from S. pneumoniae TIGR4 (sp_0893) 
ATGAATAAATCAGAACACCGCCACCAACTTATACGCGCTCTTATCACAAAAAACAAGATT 

CATACACAGGCTGAGTTGCAAGCCCTTCTTGCTGAGAACGACATTCAAGTAACCCAGGCA 

ACCCTCTCACGCGACATCAAAAATATGAACCTATCAAAAGTCCGCGAAGAAGATAGCGCT 

TATTATGTTCTTAACAATGGTTCCATCTCAAAATGGGAAAAACGTCTCGAACTCTACATG 

GAAGACGCCCTTGTCTGGATGCGCCCAGTTCAACACCAAGTCCTACTAAAAACCCTTCCT 

GGACTGGCTCAATCCTTTGGTTCTATCATTGATACTTTGAGCTTCCCTGACGCTATCGCT 

ACCCTTTGTGGTAATGATGTCTGTCTTATCATCTGTGAAGATGCAGATACTGCTCAAAAG 

TGCTTTGAAGAACTGAAAAAATTCGCCCCACCATTTTTCTTTGAAGAATAA 

>argR2 from S. pneumoniae D39 (spd_0786) 
ATGAATAAATCAGAACACCGCCACCAACTTATACGCGCTCTTATCACAAAAAACAAGATT 

CATACACAGGCTGAGTTGCAAGCCCTTCTTGCTAAGAACGACATTCAAGTAACCCAGGCA 

ACCCTCTCACGCGACATCAAAAATATGAACCTATCAAAAGTCCGCGAAGAAGATAGCGCT 

TATTATGTTCTTAACAATGGTTCCATCTCAAAATGGGAAAAACGTCTCGAACTCTACATG 

GAAGACGCCCTTGTCTGGATGCGCCCAGTTCAACACCAAGTCCTACTAAAAACCCTTCCT 

GGACTGGCTCAATCCTTTGGTTCTATCATTGATACTTTGAGCTTCCCTGACGCTATCGCT 

ACCCTTTGTGGTAATGATGTCTGTCTTATCATCTGTGAAGATGCAGATACTGCTCAAAAG 
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TGCTTTGAAGAACTGAAAAAATTCGCCCCACCATTTTTCTTTGAAGAATAA 

>ArgR2 from S. pneumoniae TIGR4 
MNKSEHRHQLIRALITKNKIHTQAELQALLAENDIQVTQATLSRDIKNMNLSKVREEDSA 

YYVLNNGSISKWEKRLELYMEDALVWMRPVQHQVLLKTLPGLAQSFGSIIDTLSFPDAIA 

TLCGNDVCLIICEDADTAQKCFEELKKFAPPFFFEE 

>ArgR2 from S. pneumoniae D39 
MNKSEHRHQLIRALITKNKIHTQAELQALLAKNDIQVTQATLSRDIKNMNLSKVREEDSA 

YYVLNNGSISKWEKRLELYMEDALVWMRPVQHQVLLKTLPGLAQSFGSIIDTLSFPDAIA 

TLCGNDVCLIICEDADTAQKCFEELKKFAPPFFFEE 

 
Appendix sequence 3  rex 
>rex from S. pneumoniae TIGR4 (sp_1090) 
GTGAAAGATAAACAGTTTGCTATTCCAAAAGCTACAGCAAAAAGACTCTCTCTCTACTAT 

CGAATTTTTAAGAGATTTCATGCAGAAAAGATTGAACGTGCCAACTCTAAGCAAATTGCA 

GAGGCTATCGGTATTGATTCAGCGACCGTACGTCGTGATTTTTCCTATTTTGGTGAACTT 

GGTCGTCGTGGTTTTGGCTATGATGTCAAAAAACTAATGACATTTTTTGCCGATTTGCTC 

AATGACAACTCTATTACCAATGTCATGCTGGTTGGTATTGGAAATATGGGCCATGCCCTT 

CTCCACTACCGCTTCCACGAACGTAACAAGATGAAGATTATCATGGCCTTTGACCTAGAC 

GACCATCCTGAAGTCGGTACCCAAACTCCTGACGGGATTCCCATTTACGGGATTTCTCAG 

ATCAAGGATAAAATCAAGGATGCTGATGTGAAGACTGCTATCCTAACTGTTCCCAGCGTC 

AAGTCACAAGAGGTTGCTAATCTCTTGGTTGATGCTGGTGTGAAAGGAATTCTCAGTTTT 

TCACCAGTCCATCTGCATTTACCAAAAGACGTGGTCGTTCAGTATGTCGATTTGACAAGT 

GAACTCCAAACCCTCCTCTACTTCATGCGAAAAGAGGATTAG 

>rex from S. pneumoniae D39 (spd_0976) 
GTGAAAGATAAACAGTTTGCTATTCCAAAAGCTACAGCAAAAAGACTCTCTCTCTACTAT 

CGAATTTTTAAGAGATTTCATGCAGAAAAGATTGAACGTGCCAACTCTAAGCAAATTGCA 

GAGGCCATTGGGATTGATTCAGCGACCGTACGTCGTGATTTTTCCTATTTTGGTGAACTT 

GGTCGTCGTGGTTTTGGCTATGATGTCAAAAAACTAATGACATTTTTTGCCGATTTGCTC 

AATGACAACTCTATTACCAATGTCATGCTGGTTGGTATTGGAAATATGGGCCATGCCCTT 

CTCCACTACCGCTTCCACGAACGTAACAAGATGAAGATTATCATGGCCTTTGACCTAGAT 

GACCATCCTGAAGTCGGTACCCAAACTCCTGACGGGATTCCCATTTACGGAATTTCTCAG 

ATCAAGGATAAAATCAAGGATACTGATGTGAAGACTGCTATCCTAACTGTTCCCAGCGTC 

AAGTCACAAGAGGTTGCTAATCTCTTGGTTGATGCTGGTGTGAAAGGAATTCTCAGTTTT 

TCACCAGTCCATCTGCATTTACCAAAAGACGTGGTCGTTCAGTATGTCGATTTGACAAGT 

GAACTCCAAACCCTCCTCTACTTCATGCGAAAAGAGGATTAG 

>Rex from S. pneumoniae TIGR4 
MKDKQFAIPKATAKRLSLYYRIFKRFHAEKIERANSKQIAEAIGIDSATVRRDFSYFGEL 

GRRGFGYDVKKLMTFFADLLNDNSITNVMLVGIGNMGHALLHYRFHERNKMKIIMAFDLD 

DHPEVGTQTPDGIPIYGISQIKDKIKDADVKTAILTVPSVKSQEVANLLVDAGVKGILSF 

SPVHLHLPKDVVVQYVDLTSELQTLLYFMRKED 
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>Rex from S. pneumoniae D39 
MKDKQFAIPKATAKRLSLYYRIFKRFHAEKIERANSKQIAEAIGIDSATVRRDFSYFGEL 

GRRGFGYDVKKLMTFFADLLNDNSITNVMLVGIGNMGHALLHYRFHERNKMKIIMAFDLD 

DHPEVGTQTPDGIPIYGISQIKDKIKDTDVKTAILTVPSVKSQEVANLLVDAGVKGILSF 

SPVHLHLPKDVVVQYVDLTSELQTLLYFMRKED 

 
Appendix table 1 Promoter predictions for the upstream sequence of the rex gene with 

score cutoff 0.80 (http://www.fruitfly.org/seq_tools/promoter.html). 

Start End Score Promoter Sequence 

-111 -56 0.94 ATTTTTTACATCAAAACTAAGATTTTTCTTAGTTTTTTCTTATTTTTGTT 

-59 -14 1.00 TTTTTGTTGATTTTTTCACAATGTTTCTATAAAATAGAAGAATAGAAAGG 

-51 -6 1.00 GATTTTTTCACAATGTTTCTATAAAATAGAAGAATAGAAAGGTTGTGATT 

Start and end point relative to the start codon. 
Putative transcription start shown in bold red font. 

 
Appendix table 2 Transcription terminator prediction of the downstream region of the 

rex-sp_0974 locus (TransTerm HP; http://transterm.cbcb.umd.edu/). 

Start  Score Sequence 

+291 -5.5 GGGGATAAAAAACAA  GAGCACC  TGGT  GGCACTC  TATCTCAATACTCAA 

Start point relative to the stopcodon of sp_0974 

 

 
Appendix figure 1 Growth experiments of S. pneumoniae D39Δcps, as well as the corresponding 

arcA-C, arcA-T, argR2, ahrC and argR1 mutants, in RPMImodi. 
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Appendix figure 2 Growth curves of S. pneumoniae D39Δcps and D39ΔcpsΔrex in RPMImodi 

(determination of extracellular metabolites). 
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Appendix figure 3 Growth experiments of S pneumoniae D39Δcps, D39ΔcpsΔpfl, D39ΔcpsΔpfl 

and D39ΔcpsΔpflΔpflB in CDM with glucose (A) and with galactose (B) 

 

 
Appendix figure 4 Comparison of the fermentation products of D39Δcps cultivated with glucose 

or galactose as the sole carbon source in CDM.  
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Extracellular metabolites were detected and quantified by 1H-NMR dependent 
on the OD600nm. 

 

 
Appendix figure 5 Biofilm formation of the nonencapsulated S. pneumoniae strains TIGR4 and 

the Rex-deficient mutant.   
The strains were grown in RPMImodi for 12 h respectively for 24 h at 37°C and 
5% CO2. Biofilm formation was visualized by staining with crystal violet. 
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8.2. Laboratory equipments 
 

Laboratory Device Manufacturer or distributor 

Agarose gel (horizontal) electrophoresis chambers Biometra 

Allegra TM X-15R centrifuge  Beckman Coulter, Inc. 

AllegraTM X-12 centrifuge  Beckman Coulter, Inc. 

Autoclave (steam sterilizer AD 400)  Zirbus 

Biofuge pico centrifuge  Heraeus 

Biophotometer plus  Eppendorf 

Bunsen burner (gas profi 1)  Wartewig 

Cell disruption ultrasound machine  Bandelin Sonopuls 

Chemolumineszenz Imager (CHEMOCAM 

R163200) 

INTAS 

FACS machine (BD FACSCalibur)  Becton Dickinson, Bioscience 

Film cassette  Dr. Goos-Suprema 

Fine-scale analytical balance  Sartorus 

Freezer (-80°C, ultra low temperature freezer)  New Brunswick Scientific 

Freezer  Privilege Öko 

French Press (French pressure cell press)  SLM Aminco 

Gel Documentation (camera / printer)  INTAS 

Heating block (Thermomixer 5436)  Eppendorf 

Helper pipetting device  Brand 

HisTrapTM FF crude  Pharmacia 

Hybridization oven (OV5)  Biometra 

Ice maker (AF80)  Scotsman 

Incubation mixer (Polymax 1040)  Heidolph 

Incubation roller (RM5)  Assistent 

Incubator (bacteria, 37°C) Berlin VEB Laborageräte 

Incubator (bacteria, 37°C, 5% CO2)  Thermo Scientific 

Laminar flow cabinets (Hera-safe)  Heraeus Instruments 

Lightbox  RexMessinstrumentebau GmbH 

Magnetic mixer (with heat block, MR 3001)  Heidolph 

Mikro-Dismembrator Sartorius 

Micropipettes (P20, P100, P200, P1000)  Gilson 

Microscopes  Nikon Eclipse TS100 

Microwave oven (intellowave)  LG 

Mono Q column  Pharmacia 

NanoDrop® ND-1000 (Spectrophotometer)  PeqLab 

PCR thermocycler (T3 Thermocycler)  Biometra 

pH Meter Mettler  Toledo 
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Photometer Ultraspec 1000  Pharmacia Biotech 

PowerPac 300 and PowerPac 3000  Bio-Rad 

Precellys 24  Bertin Technologies 

Refrigerators  Liebherr 

Scanners  Hewlett Packard 

SDS-PAGE (vertical) chambers  Bio-Rad 

Semi-Dry Trans-Blot SD  Bio-Rad 

Speed-Vac (RVC 2-25)  Christ 

Timers  Roth 

Ultracentrifuge (RC5C)  Sorvall Instruments 

Vortexer  Janke & Kunkel 

Water bath ultrasound machine  VWR 

Water bath GFL 

 

8.3. Laboratory consumables 
 

Product Manufacturer or distributor 

Centrifuge tubes (12 ml)  Grainer 

Conical test tubes (15 ml and 50 ml) Sarstedt 

Cotton swabs  Saviour 

Disposable pipettes (sterile, 5 ml, 10 ml, 5 ml)  Sarstedt 

Gloves (Peha-soft)  Hartmann 

Nitrile gloves (Nitra-Tex EP)  Ansell 

Nitrocellulose membrane (Protran)  Whatman Protran 

Parafilm  Pechiney, Hartenstein 

PCR tubes (0.2 ml)  Sarstedt 

Petri dishes for bacteria culture  Sarstedt 

Pipette tips (10 μl, 200 μl, 1000 μl)  Sarstedt 

Plastic cuvettes (1.5 ml, 10 x 4 x 45 mm)  Sarstedt 

Scalpel and blades  Schreiber 

Slides and cover slides  Roth 

Sterile filters  Sarstedt 

Vials (0.5 ml, 1.5 ml, 2.0 ml)  Sarstedt 

Whatman filter paper  Whatman Protran 

X-ray films  Fujifilm 
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8.4. Chemicals 
 

Chemical Manufacturer or Company 

Acetic acid  Roth 

Ammonium persulfate (APS)  Roth 

Ammonium sulfate  Fluka 

Anhydrotetracycline (AHTC) IBA Göttingen 

Benzaldehyde  Fluka 

Bromophenol  Merck 

Calcium chloride  Sigma 

Chloroform  AppliChem, Merck 

Ethanol  Biochemistry Institute, Greifswald 

Ficoll400 Sigma 

Fixative solution  AGFA 

Formaldehyde (37%)  Roth 

Glucose  Roth 

Glycerin  Roth 

Glycine  Roth 

Hydrochloric acid  Roth 

Hydrogen peroxide Roth 

Isopropanol  Roth 

Magnesium chloride hexahydrate  Fluka 

Methanol  Biochemistry Institute, Greifswald 

Moviol  Aldrich 

Na2HPO4 x 2H2O (sodium pyrophosphate)  AppliChem 

NaH2PO4 x H2O (sodium dihydrogen 

phosphate)  

AppliChem 

Nitro blue tetrazolium salt (NBT)  Roth 

N-lauroylsarcosine (10%)  Sigma 

Paraformaldehyde (PFA)  Merck 

Phenol  Roth 

Phenol-chloroform-isoamyl alcohol 

(25:24:1)  

Roth 

Potassium acetate  AppliChem 

Potassium chloride  Merck, Roth 

Rubidium chloride (RbCl)  AppliChem 

SDS  AppliChem 

Skimmed milk powder  Roth 

Sodium acetate  Merck 

Sodium chloride  Roth 
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Sodium hydroxide  Merck 

Sucrose  Roth 

Tris (tris-(hydroxymethyl)-aminomethane)  AppliChem 

Tween-20  Sigma 

Urea  Merck 

 

8.5. Software 
 

Software Software producer / source 

Adobe Acrobat 9.5.5 Pro Adobe Systems 

Adobe Design Standard CS5 Adobe Systems 

Adobe Reader 9.3 Adobe Systems 

CellQuestPro Software 6.0 BD Bioscience/ Mac Intosh 

ChemoCam Imager  INTAS 

EndNote X4  Thomson Wintertree software 

GraphPad Prism 5.01 GraphPad 

Flowing Software 2.5.0  Turku Centre for Biotechnology, Finland 

INTAS GDS®, Geldokumentationssystem INTAS 

Living Image IgorPro 4.1 software package Caliper Life Sciences 

Micro plate reader Tecan, Crailsheim, Deutschland 

MS Office 365 Professional  Microsoft 

NanoDrop‐1000 3.5.2 peQLab 

Omega 1.10 BMG Labtech 

Serial Cloner 2.6.1 http://serialbasics.free.fr/html 

Simple Reads Varian  Microsoft 

Unicorn 5.11 GE Healthcare 

VisiView® Visitron Systems GmbH 
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8.6. Abbreviations 
 
α  anti 

ADS Arginine Deiminase System 

Amp  ampicillin 

bp  base pair 

°C  degree Celsius 

CDM chemically defined media 

CFU  colony Forming Units 

Cm chloramphenicol 

CO2  carbon dioxide 

Conz.  concentration 

CPS  capsule polysaccaride 

CSP  competence stimulating peptide 

Ctrl  control 

dH2O  distilled Water 

DMEM  dulbecco’s Modified Eagle Medium 

DMSO  dimethyl sulfoxide 

DNA  deoxyribonucleic acid 

EDTA  ethylenediaminetetraacetic acid 

e.g.  example 

EMSA electrophoretic mobility shift assay 

Erm  erythromycin 

et al.  and others 

FACS  fluorescence-activated cell sorting 

FBS  fetal bovine serum 

g  gram 

GMFI  geometric mean fluorescence intensity 

GSH glutathion 

h  hour 

Ig  immunoglobulin 

IPTG  isopropyl β-D-1-thiogalactopyranoside 

kb  kilobase 

kDa  kilo Dalton 

L  litre 

LB  muria bertani 

m  milli (10-3) 

M  molar (mol/l) 

mg  milligram 

ml  millilitre 

171 
 



Appendix 

min  minute 

MOI  multiplicity Of Infection 

MW  molecular weight 

n  nano 

NaCl  sodium chloride 

nm  nanometer 

n.s.  not significant 

OD  optical density 

%  percent 

PAGE  polyacrylamide gel electrophoresis 

PBS  phosphate buffer salaine 

PFA  paraformaldehyde 

PMSF  phenylmethylsulphonylfluoride 

RNS reactive oxygen species 

ROS reactive nitrogen species 

rpm  revolution per minute 

RT  room temperature 

SDS  sodium dodecyl sulfate 

sec  seconds 

S. p.  Streptococcus pneumoniae 

SSC  side scatter 

TEMED  Tetramethylethylenediamine 

THY  Todd Hewitt media with 0.5 % yeast extract 

TRIS  Tris-(hydroxymethyl)-aminomethane 

TRIS-HCl  Tris-(hydroxymethyl)-aminomethane-hydrochloride 

μ  micro 

U  units 

μg  microgram 

μl  microlitre 

V  volts 

Vol  volume 

v/v  volume percent 

WT  wild-type 

w/v  weight per volume 

w/w  weight percent 
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8.7. List of figures 
 

Figure 1:  Schema of glycan structure:    
Figure 2  The roles of pneumococcal modification of host sugars (King, 2010). 
Figure 3 Overview of the glycolysis of S. pneumoniae D39.    
Figure 4 Overview of the pyruvate metabolism of S. pneumoniae D39.  
Figure 5 Galactose metabolism.   
Figure 6 Amino acid metabolism.   . 
Figure 7 Schematic representation of NAD biosynthetic routes in 

Streptococcus spp. (Sorci et al., 2013)   
Figure 8 Genomic organization of ADS-operons in S. pneumoniae TIGR4 

and D39:    
Figure 9 Arginine metabolism in S. pneumoniae.  
Figure 10 RT-PCR analysis of arc gene cluster regions.  
Figure 11 Northern blot analysis of arcABCDT transcripts in wild-type (WT) 

S. pneumoniae D39 and TIGR4 and in the isogenic TIGR4 arcA-C, 
arcA-T argR2, argR1, and ahrC deletion mutants, respectively.    

Figure 12 Genetic regions of the three ArgR-type transcriptional regulators 
encoded in the TIGR4 genome.   

Figure 13 Immunoblot analysis of ArcA, ArcB, ArcC, ArgR2, ArgR1 and AhrC 
synthesis in nonencapsulated pneumococcal strains (TIGR4∆cps 
and D39∆cps) and isogenic regulatory mutants using bacterial 
whole-cell cytoplasmatic protein lysates.    

Figure 14 RT-PCR analysis of argR2 expression in TIGR4 and D39. 
Figure 15 Interaction of ArgR2 to putative promoter regions of the arc operon.    
Figure 16 Impact of the pneumococcal ADS regulator ArgR2 on consumption 

of nitrogen-rich arginine.   
Figure 17 (A) Immunoblot analysis of ArcA and ArgR2 expression in 

pneumococci. (B) Arginine deiminase (AD) activity was monitored in 
a colorimetric enzyme assay by determination of the produced 
citrulline.  

Figure 18 Impact of the ADS enzymes, ArcD antiporter and regulator ArgR2 
on pneumococcal colonization and virulence in mice. 

Figure 19 Intranasal co-infection of mice with bioluminescent TIGR4lux 
together with TIGR4lux∆arcA-C, TIGR4lux∆arcA-T or 
TIGR4lux∆argR2.  

Figure 20 Changes of capsular polysaccharide (CPS) amount induced by 
deletion of arcA-C, arcA-T, argR2 and arcD. 

Figure 21 Deficiency of arginine uptake and arginine metabolism regulator 
ArgR2 interferes with pneumococcal phagocytosis. 

Figure 22 Schematic representation of the rex gene locus based on the 
sequence of S. pneumoniae.  

Figure 23 Northern blot analysis of rex transcripts in S. pneumoniae D39Δcps 
and in the isogenic rex-mutant (D39ΔcpsΔrex). 

Figure 24 Analysis of Rex binding sites by electrophoretic mobility shift assays 
(EMSAs).   

Figure 25 Influence of NAD+ and NADH on the affinity of Rex to several DNA 
motifs.  
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Figure 26 Transcriptional analysis of Rex-regulated genes. 
Figure 27 Growth behavior of S. pneumoniae D39Δcps and the isogenic 

D39ΔcpsΔrex mutant under microaerophilic and anaerobic 
conditions cultured at 37°C and 5% CO2 in THY complex medium. 

Figure 28 Impact of Rex deficiency on pneumococcal fitness and 13C-labeled 
isotopologue profiles of amino acids after growth in RPMImodi 
supplemented with [U-13C6]-glucose.  

Figure 29 Growth experiments of S. pneumoniae D39Δcps, as well as the 
corresponding Rex-deficient mutant, in different media: THY (A), 
RPMImodi (B), CDM with glucose (C) and with galactose (D) 

Figure 30 Analysis of growth behavior of Rex-deficient S. pneumoniae 
TIGR4Δcps mutant and the corresponding wild type in different 
media: THY (A), RPMImodi (B), CDM with glucose (C) and with 
galactose (D) 

Figure 31 Extracellular metabolites were detected and quantified by 1H-NMR.   
. 

Figure 32 Biofilm formation of the nonencapsulated S.  pneumoniae strains 
D39 and the Rex-deficient mutant.   

Figure 33 Immunofluorescence microscopy of biofilms of D39Δcps and 
D39ΔcpsΔrex cultivated for 12 or 24 h. 

Figure 34 Immunofluorescence microscopy of biofilms of TIGR4Δcps and 
TIGR4ΔcpsΔrex cultivated for 12 or 24 h.   

Figure 35 Oxidative stress response. . 
Figure 36 Impact of the redox-sensing regulator Rex on pneumococcal 

infections in mice.  
Figure 37 Intranasal co-infection of mice with bioluminescent D39lux and 

D39lux∆rex. . 
Figure 38 Schematic composition of the cell envelope and the central carbon 

metabolism of Streptococcus pneumoniae.  
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8.8. List of tables 
 

Table 1 Free amino acid concentrations in plasma, muscle and erythrocytes 
(Filho et al., 1997) 

Table 2 Pneumococcal carbohydrate uptake systems (Bidossi et al., 2012). 
Table 3 Carbon sources utilized by S. pneumoniae (Bidossi et al., 2012) 
Table 4 Distribution of arginine metabolism genes in different strains present 

in the SYBIL database.  
Table 5 Summary of DNA microarray analyses of TIGR4Δcps compared 

with TIGR4ΔcpsΔargR2 grown in RPMImodi 
Table 6 Comparison of amino acid sequence of rex in different sequenced 

pneumococcal and other Gram-positive bacterial genomes. 
Table 7  Characterized Rex binding sites in S. pneumoniae 
Table 8 S. pneumoniae wild-type strains 
Table 9 E.coli strains 
Table 10 S. pneumoniae mutant strains 
Table 11 Plasmids used in this study 
Table 12 Primers used in this study 
Table 13 Eukaryotic cell lines 
Table 14 Cell culture medium 
Table 15 Cell culture supplements 
Table 16 Pharmacological and immunomodulatory substances 
Table 17 Recombinant proteins 
Table 18 Antibodies 
Table 19 Molecular biology reagents 
Table 20 Molecular biology kits 
Table 21 Molecular biology enzymes 
Table 22 Restriction enzymes 
Table 23 Antibiotics 
Table 24 DNA, RNA and protein ladder 
Table 25 Buffers and solutions 
Table 26 Nutrient media 
Table 27 Stock solutions of the CDM 
Table 28 Composition of 1 l CDM 
Table 29 Supplements of RPMImodi 
Table 30 13C isotopologue labeling experiments with RPMImodi 
Table 31 Supplements of RPMImodi 
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