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1 Summary  

Streptococcus pneumoniae (S. pneumoniae; the pneumococcus) is a Gram-positive, 

aerotolerant, and opportunistic bacteria, which colonizes the upper respiratory tract of 

human. S. pneumoniae can further migrate to other sterile parts of the body, and causes local 

as well as fatal infections like, pneumonia, septicaemia and meningitis. Due to incomplete 

amino acid pathways, pneumococci are auxotrophic for eight different amino acids including 

glutamine and arginine. The pneumococcus has adapted to the various host environmental 

conditions and a number of systems are dedicated for the transport and utilization of nutrients 

such as monosaccharides, amino acids and oligopeptides. 

In this study the amino acid metabolism was characterised by 15N-isotopologue profiling in 

two different pneumococcal strains, D39 and TIGR4. Efficient uptake of a labelled amino acids 

mixture of 15N-labelled amino acids showed that S. pneumoniae has a preference for the 

amino acids transport instead of a de novo biosynthesis. It is known that glutamine (Gln) 

serves as main nitrogen source for S. pneumoniae. The 15N-labelled Gln used in this study 

demonstrated an efficient 15N-enrichment of Glu, Ala, Pro and Thr. Minor enrichment was 

seen for the amino acids Asp, Ile, Leu, Phe, Tyr, and Val. Remarkably, labelled Gly and Ser could 

be determined in strain TIGR4, whereas for strain D39 these two labelled amino acids were 

not detected. This confirms earlier studies with 13C-labelled glucose, which showed the 

biosynthesis of Ser out of Gly. Strain TIGR4 was able to grow in chemically-defined medium 

depleted of Gly confirming that Gly can be synthesized out of serine by the action of the 

enzyme serine hydroxymethyltransferase (SHMT). 

The transcriptional regulator GlnR controls the Gln and Glu metabolism in S. pneumoniae. 

Hence, the impact of the repressor GlnR on amino acids metabolism was also studied. An 

increased 15N-enrichment was determined for Ala and Glu in both used pneumococcal strains, 

while an increased level of Pro was only measured in the isogenic glnR-mutant of D39cps. 

Arginine can also serve as nitrogen source in strain TIGR4. The arginine deiminase system 

metabolizes Arg into ornithine, carbamoyl phosphate and CO2 by the generation of 1 ATP and 

2 mol NH3. Because of the truncation of the arcA gene strain D39 lacks arginine deiminase 

activity and has thus no functional ADS system. When 15N-Arg was added for growth, only in 

strain TIGR4, thirteen (13) labelled amino acids were detected with the highest enrichment 
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for Ala, Glu and Thr. Genes coding for the enzymes of the arginine metabolism and for arginine 

uptake are regulated by the activator ArgR2 in strain TIGR4. Inactivation of ArgR2 was not 

accompanied by an enrichment of labelled amino acids, when the argR2-mutant was grown 

with 15N-labelled Arg indicative of the important role of ArgR2. 

The bicistronic operon arcDT encoding the arginine/ornithine transporter ArcD and a putative 

peptidase ArcT belong to the peptidase family M20. The in silico comparison of structures 

revealed a significant homology of ArcT to PepV of L. delbrueckii and to Sapep of S. aureus 

known as carboxypeptidase. ArcT was heterologously expressed in E. coli and purified under 

reducing conditions. An enzymatic reaction was established and several dipeptides like Ala-

Arg, Arg-Ala, and Ala-Asp were used as substrates. In addition, the dependency on divalent 

cations was analysed. Cleavage of the dipeptide Ala-Arg was detected in the presence of Mn2+ 

as cofactor under reducing conditions. Reduced peptidase activity was observed when Zn2+ 

was added. No cleavage of the tripeptide Ala-Ala-Arg could be shown indicating that ArcT acts 

as dipeptidase with the preference to the Arg residue at the C-terminal end. 

Bacterial meningitis caused by S. pneumoniae was studied in an in vivo proteomic analysis. In 

a mouse meningitis model S. pneumoniae was isolated from the cerebrospinal fluid (CSF) by a 

filter extraction step. The MS analysis identified AliB and ComDE only from CSF isolated 

pneumococci indicating that these proteins are expressed under infection conditions. Mice 

infected with D39 wild-type and isogenic aliB, comDE and aliB-comDE double knockout 

mutants showed significantly less number of pleocytosis in the CSF and lower bacterial load in 

the blood compared to the wild-type. The results indicate that AliB and ComDE play an 

important role during meningitis.  

Phenotypic characterization was carried out to identify differences between the wild-type and 

the aliB-, comDE- and aliB-comDE double mutants. Oxidative stress conditions were induced 

by the application of hydrogen peroxide or paraquat during growth in a chemically-defined 

medium similar to the CSF. No alteration in growth and survival of these mutants compared 

to the wild-type was observed suggesting that oxygen radicals play not an important role 

during the progression of meningitis. In addition, no differences of AliB expression was 

detected in the ComDE deficient D39. No impact of aliB and comDE-mutation on the 

expression of different virulence factors like pneumolysin or proteins involved in capsular 

biosynthesis was detected.  
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In vitro proteome analysis was performed to compare the wild-type to the AliB, and ComDE 

deficient D39 in the early and mid logarithmic growth phase. More than 70 % of theoretically 

expressed proteins were identified. In the aliB-mutant 33 proteins were differentally 

expressed in the early growth phase and 50 proteins differed during mid log growth. For the 

comDE mutant 24 and 11 proteins differed in expression in these two growth phases. 

Interestingly, high level of AliA expression was identified in all samples. The aliB-mutant had 

a decreased abundance of the proteins resembling an oligopeptide ABC transporter (AmiA, 

AmiC, AmiD, AmiE). In addition, another ABC transporter for iron transport encoded by 

spd_1607 to spd_ 1610 was higher expressed in the aliB-mutant. In the ComDE deficient 

mutant lower abundance of the Ami transporter sytem was identified. An increased 

abundance of proteins involved in the pyrimidine metabolism (PyrF, PyrE, PyrDb, PyrB and 

PyrR) was recognized only in the early growth phase of the comDE-mutant. These analyses 

demonstrate the marginal changes in protein synthesis during growth of S. pneumoniae. 

These studies demonstrated the adaptation of the proteome of S. pneumoniae to different 

growth conditions and the impact of regulatory proteins on the availability of carbon and 

nitrogen sources 
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2 Zusammenfassung  

Streptococcus pneumoniae ist ein Gram positives, aerotolerantes und opportunistisches 

Bakterium, dass die oberen Luftwege des Menschen besiedelt. Es kann in tiefere 

respiratorische und normalerweise sterile Wirtskompartimente vordringen und schwere 

Infektionen, wie eine Lungenentzündung, Sepsis oder eine Meningitis verursachen. 

Pneumokokken haben keine kompletten Biosynthesewege für acht verschiedene 

Aminosäuren, darunter die für Glutamin und Arginin. S. pneumoniae kann sich den 

verschiedenen Wirts spezifischen Umgebungsbedingungen anpassen und besitzt eine Vielzahl 

spezifischer Transportsysteme zur Aufnahme von Nährstoffen wie Monosaccharide, 

Aminosäuren und Oligopeptide. 

Der Aminosäure Metabolismus wurde in zwei verschiedenen S. pneumoniae Stämmen D39 

und TIGR4 durch 15N-Markierungsexperimente untersucht. Eine effiziente Aufnahme einer 

markierten Aminosäure Mixtur von 15 verschiedenen Aminosäuren ergab eine Präferenz für 

die Aufnahme von Nährstoffen gegenüber der de novo Biosynthese. Bei S. pneumoniae haben 

bisherige Studien gezeigt, dass Glutamin als Haupt Stickstoffquelle dient. Der Einsatz von 15N-

markierten Glutamin ergab einen effizienten Einbau der Markierung in die Aminosäuren Glu, 

Ala, Pro. Daneben konnten auch die Aminosäuren Asp, Ile, Leu, Phe, Thr, Tyr und Val mit einer 

geringeren Markierungsrate detektiert werden. In Stamm TIGR4 wurden zusätzlich auch Serin 

und Glycin als markierte Aminosäure gefunden. Diese Ergebnisse bestätigten auch 

vorhergehende Markierungs-Experimente mit 13C-markierter Glucose, die zeigten, dass Serin 

aus Glycin in D39 synthetisiert wird. Das Wachstum vom Stamm TIGR4 in einem chemisch- 

definierten Medium ohne Glycin zeigte, dass Glycin aus Serin synthetisiert werden kann. Die 

Synthese wird katalysiert durch die Serin Hydroxymethyltransferase.  

Der Regulator GlnR kontrolliert den Glutamin und Glutamat Metabolismus in S. pneumoniae. 

Der Einfluss des Repressors GlnR auf den Aminosäure Metabolismus wurde in dieser Arbeit 

ebenfalls untersucht. Die Inaktivierung von GlnR in den S. pneumoniae Stämmen D39 und 

TIGR4 führte zu einer erhöhten Markierungsrate von Ala und Glu und in D39 zusätzlich zu einer 

erhöhten Markierung von Pro. 

Arginin stellt ebenso eine N-Quelle in Stamm TIGR4 dar. Das ADS System kann Arginin in 

Ornithin, Carbamoyl-P und CO2 umwandeln. Dabei wird 1 ATP und 2 Mol NH3 generiert. Der 

Pneumokokken-Stamm D39 hat ein unvollständiges arcA Gen und damit kein funktionelles 
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ADS. Das Wachstum von TIGR4 mit 15N markierten Arg ergab eine Markierung von 13 

Aminosäuren. Dabei wurden die höchsten Einbauraten bei Ala, Glu und Thr detektiert. Die 

Gene, die für den Arginin Metabolismus kodieren werden durch den Aktivator ArgR2 im 

Stamm TIGR4 reguliert. Die Inaktivierung von ArgR2 führte zu keiner Markierung von 

Aminosäuren bei bakteriellem Wachstum in Gegenwart von 15N markierten Arginin.  

Das bicistronische Operon arcDT kodiert für einen Ornithin/Arginin Transporter (ArcD) und 

einer möglichen Peptidase (ArcT), die Ähnlichkeiten zur Peptidase Familie M20 aufweist. Die 

Computer unterstützten Sequenzanalysen und Strukturvergleiche zeigten eine signifikante 

Homologie zu der Peptidase PepV aus L. delbrueckii und zu der Carboxypeptidase Sapep aus 

S. aureus. ArcT wurde heterolog in E. coli exprimiert und unter reduzierenden Bedingungen 

isoliert. Die enzymatische Aktivität wurde mit verschiedenen Dipeptiden, wie Ala-Arg, Arg-Ala 

oder Ala-Asp als Substrat untersucht. Zusätzlich wurde die Enzymaktivität in Gegenwart von 

divalenten Kationen wie Mn2+ oder Zn2+ als Kofaktoren bestimmt. Die Spaltung von Ala-Arg 

mit Mangan im Ansatz konnte nachgewiesen werden. Mit Zink als Kofaktor wurde eine 

reduzierte Peptidase Aktivität erhalten. Das Tripeptid Ala-Ala-Arg wurde unter den gewählten 

Bedingungen nicht gespalten. Das bedeutet, dass ArcT eine Dipeptidase darstellt mit einer 

Präferenz für Arginin am C-Terminus.  

Die während einer Pneumokokken-Meningitis exprimierten Proteine wurden durch in vivo 

Proteomanalysen nach Isolierung der Pneumokokken aus dem Liquor cerebrospinalis (CSF) im 

exerimentellen Maus-Meningitis-Modell analysiert. Die Pneumokokken wurden nach 

Isolierung durch einen 2-Schritt Filter Extraktionsschritt von den eukaryotischen Zellen isoliert 

und einer massenspektrometrischen Analyse unterzogen. Dabei wurde AliB als Oligopeptid-

Bindungsprotein und ComDE als regulatorisches Protein der Kompetenzentwicklung nur in 

den Proben aus dem CSF identifiziert. Die Mutation von aliB oder comDE bzw. generierte 

Doppelmutanten wiesen im experimentellen Meningitis Modell eine erniedrigte Anzahl an 

Pneumokokken im Blut auf im Vergleich zum Wildtyp. Diese Ergebnisse zeigen, dass AliB und 

ComDE eine wichtige Rolle bei der Entwicklung einer Pneuokokken-Meningitis spielen.  

Eine phänotypische Charakterisierung der Mutanten mit einer Defizienz in AliB, ComDE oder 

beiden Systemen wurde durchgeführt, um Unterschiede zwischen dem Wildtyp und der aliB, 

comDE und der Doppelmutante zu finden. Ein oxidativer Stress wurde durch Zugabe von 

Wasserstoffperoxid oder Paraquat während des Wachstums in einem chemisch definierten 
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Medium induziert. Keine Veränderung im Wachstum oder eine verminderte Überlebensrate 

der Mutanten gegenüber dem Wildtyp konnte identifiziert werden. Dies lässt vermuten, das 

AliB und ComDE voraussichtlich bei der oxidativen Stressresistenz während einer 

Pneumokokken-Meningitis keine entscheidende Rolle spielen. Die Expression von AliB war 

unverändert in der ComDE Mutante. Ebenso wurde kein Einfluß der aliB oder comDE Mutation 

auf die Expression verschiedener Virulenzfaktoren, wie Pneumolysin oder Proteine, die an der 

Kapslebildung beteiligt sind, gefunden. 

In vitro Proteom Analysen wurden durchgeführt, um die Expression in zwei verschiedenen 

Wachstumsphasen (frühe- und mittlere logarithmische Phase) in den beiden Mutanten mit 

dem Wildtyp zu vergleichen. Über 70 % aller möglichen exprimierten Proteine konnten 

identifiziert werden. Bei der aliB Mutante wurden 33 Proteine in der frühen log Phase 

unterschiedlich exprimiert und 50 Proteine wurden in der mittleren log Phase unterschiedlich 

exprimiert. Bei der comDE Mutante waren es 24 bzw. 11 Proteine, die unterschiedlich 

exprimiert wurden. Interessanterweise wurde eine erhöhte AliA Expression in allen Proben 

identifiziert. Geringere Mengen von AmiA, AmiC, AmiD und AmiE, die Bestandteil eines 

Oligopeptid ABC Transporters darstellen, wurden in der aliB Mutante detektiert. Zusätzlich 

wurde eine höhere Menge eines weiteren möglichen Fe3+ ABC Transporters, kodiert durch die 

Gene spd_1607 - spd_1609, in der aliB Mutante gemessen. Die comDE Mutante wies eine 

geringere Menge von Proteinen des Ami Oligopeptid ABC-Transporters auf. Eine höhere 

Menge von Proteinen, die den Pyrimidin Metabolismus katalysieren (PyrF, PyrE, PyrDb, PyrB 

und PyrR) wurde nur in der frühen log Phase in der comDE Mutante festgestellt. Die Analysen 

zeigen auch die Veränderungen der Proteinsynthese während des logarithmischen 

Wachstums von S. pneumoniae. Mit diesen Studien konnte gezeigt werden, wie sich S. 

pneumonaie an verschiedene Wachstumsbedingungen durch Veränderung des Proteoms 

anpassen kann, und welchen Einfluß regulatorische Proteine auf die Verwertung verfügbarer 

Kohlenstoff- und Stickstoffquellen haben. 
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3  Introduction 

3.1 General overview 

Microorganisms are the most disperate and abundant form of life on earth. They can exist in 

all ecological environment and have adopted remarkably to various environmental conditions. 

They can survive in all parts of atmosphere, underground and deep in oceans. They can exist 

under harsh conditions, such as in salt lakes, from glaciers to hot waters and in acidic 

conditions like e.g. in the human stomach (Imshenetsky et al., 1978;Marshall and Warren 

1984;Madigan and Oren 1999;Pathom-aree et al., 2006). 

Microorganisms like bacteria can live in close association with other organisms and may have 

a positive impact such as mutualism or commensalism or have a negative effect in the form 

of parasitism or opportunistic pathogens, such as Streptococcus pneumoniae. Many bacteria 

are harmless and are the most obvious microbial component of the normal bacterial flora in 

a healthy human. They can live on the surface tissues, such as skin and mucous membrane. 

However, several bacterial pathogens cause human diseases by crossing the physical barriers 

and can be transmitted via the skin, saliva, water, air and others routes. Streptococcus 

pneumoniae is an opportunistic pathogen belonging to the genus streptococcus, which 

includes others human pathogens such as group A Streptococci like S. pyogenes, S. agalactiae, 

S. sanguinis, S. bovis, S. mitis, S. mutants. 

 

3.2 Streptococcus pneumoniae 

3.2.1 General characterization 

S. pneumoniae is a Gram-positive, non-spore forming and non-motile bacteria. S. mitis and                                      

S. pseudopneumoniae are the nasopharyngeal commensals and the most closely related 

species of S. pneumoniae (Fraser et al., 2007;Kilian et al., 2008;Denapaite et al., 2010). Based 

on haemolytic characterization, species of the streptococci were classified into alpha (α), beta 

(β), and gamma (γ) species. Alpha-haemolytic (incomplete or partial haemolysis) species, such 

as S. pneumoniae, cause oxidation of iron in haemoglobin molecules within the erythrocytes, 

producing dark and greenish (biliverdin) colour on blood agar plate. Beta-haemolytic species 

causes complete lysis of the erythrocytes in the media and can develop wide and clear areas 

over the bacterial colonies on blood agar plate such as S. agalactiae. It is important to mention 
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that so far 97 different serotypes are known from S. pneumoniae, based on the classification 

of CPS (Song et al., 2013;Geno et al., 2015). The capsular polysaccharides are an important 

structure of the pneumococcus providing protection against the immune system (Fig 3.1) (Jin 

et al., 2009;Calix and Nahm 2010;Hyams et al., 2010;Calix et al., 2012).  

 

 

 

 

 
 

 

 

 

 
Figure 3.1.  Field emission electron microscopy (FESEM) of Streptococcus pneumoniae   
  (Hess et al., 2017) 
 
 
 

3.3 Pneumococcal diseases 

3.3.1 Non-invasive pneumococcal infections  

Being an opportunistic microorganism the pneumococcus is able to cause primary infections, 

escaping through the nasopharynx to other body parts (Bogaert et al., 2004). S. pneumoniae 

can cause local infections like otitis media and bronchitis (Boccalini et al., 2017).                                 

S. pneumoniae also cause Community-acquired pneumonia (CAP), which acquired outside of 

hospital surrounding, is frequently circulating in the community. Upper respiratory infections 

are prominent risk factors for acute otitis media, where the inflation of the infected fluid in 

the middle ear occurs. Pneumococci frequently cause otitis media, detected in 28%-55% of 

the middle ear cases. H. Influenzae and S. pyogenes were also frequently isolated species from 

the middle ear. Sinusitis is the inflammation of the sinus, a hollow air space within bones 

surrounding the nose blocked with mucus that leads to sinusitis. 
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3.3.2 Invasive pneumococcal infections  

S. pneumoniae can cause fatal disease like pneumonia, bacteremia and meningitis. Invasive 

pneumococcal infections are more frequent in children (<2 years) than elders (>65 years) and 

those underlying comorbidities are at more risk (Muley et al., 2017). Pneumococcal 

pneumonia is generally caused by inhaling the pneumococci to the lungs. Failure of the 

alveolar macrophages to clear the infection causes multiplication of the bacteria. Higher 

bacterial loads, lower phagocytic activity, which proceeds through multiple steps, causes 

pneumonia (Jambo et al., 2010). Pneumonia accounts for about 20% of deaths in children 

(O'Brien et al., 2009;Jambo et al., 2010). 

Bacteremia is caused by the translocation of pneumococci from the nasopharynx to the sterile 

body site blood (Obaro and Adegbola 2002;Cobo et al., 2012). It was reported that case fatality 

rate due to pneumococcal bacteremia is 20% (Balakrishnan et al., 2000). Approximately 50% 

of the death from bacteremia occurs in the initial phase of disease (Paolucci et al., 2010).  

 

3.3.2.1      Meningitis 

Meningitis is usually caused by bacterial infections of the cerebrospinal fluid. It often occurs 

after bacteremia, but it can also occur directly through the olfactory tissue with a starting 

point in the nasopharynx during carriage (van Ginkel et al., 2003). Several meningitis patients 

were reported suffering previously on pneumonia or otitis media (Ostergaard et al., 2005). 

About 8-15% patients die within 1-2 days of symptom onset and approximately 10-20% of the 

survivors are in the risks of permanent damage such as brain damage, loss of hearing and 

learning disabilities (Oordt-Speets et al., 2018). The endothelial cells form a defensive barrier, 

where the cells separate the blood from the brain tissue compartment. S. pneumoniae cross 

the blood-brain barrier via human platelet-activating factor receptor and the barrier loses its 

integrity and permit pneumococcal invasion of the CSF (Bermpohl et al., 2005;Weber and 

Tuomanen 2007;Goonetilleke et al., 2010).  

Examination of the CSF is preferred for the early diagnosis of bacterial meningitis (Nudelman 

and Tunkel 2009;Li et al., 2017). It was described that the WBCs count in the CSF is a fast and 

useful technique for the early diagnosis of bacterial and non-bacterial meningitis (Agueda et 

al., 2013). Increased cells counted in the cerebrospinal fluid (CSF) are an important sign of 

expecting bacterial meningitis (Hase et al., 2014).  
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Normal CSF in an adult may contain up to five (5) leukocytes per mm3, however, this count 

may vary up to 20 leukocytes in newborns (Ahmed et al., 1996;Seehusen et al., 2003). It was 

determined that about 87% of the patients correspond to bacterial meningitis contain more 

than 1000 WBCs and 99% of the patients normally have >100 WBCs per mm3. However, in 

contrast, patients with viral meningitis have less than 100 WBCs per mm3 (Seehusen et al., 

2003). However, the increased leukocyte counts may also occur in several other conditions 

such as intracerebral haemorrhage, malignancy, and others inflammations (Seehusen et al., 

2003). 

Even though advances in diagnosis, treatment and vaccination against infectious diseases, 

meningitis is still a vital cause of infection and mortality and deaths, particularly in juvenile 

(Levy et al., 2009;Agueda et al., 2013;Li et al., 2017). An estimated 4100 cases of bacterial 

meningitis and 500 deaths were estimated each year during 2003-2007 in the USA (Thigpen 

et al., 2011). In contrast, in developing countries the burden of the disease is still higher 

(Brouwer et al., 2010). In neonates, mostly S. agalactiae, E. coli, or L. monocytogenes causes 

bacterial meningitis, whereas S. pneumoniae and Neisseria meningitidis are involved in 

causing bacterial meningitis in children and adults (Brouwer et al., 2010). Together, broad-

based use of the vaccine Hib against H. influenza and the conjugate vaccine PCV7 against           

S. pneumoniae has significantly reduced meningitis cases globally, including in the non-

vaccinated population (Tsai et al., 2008;Tin Tin Htar et al., 2013;Oordt-Speets et al., 2018). 

 

3.4 Pneumococcal surface proteins  

The cell surface proteins are the key factors for the fitness and virulence during infection in       

S. pneumoniae. Likewise, virulence and fitness, the pneumococcal surface exposed proteins 

play a crucial role in uptake of nutrients and resolve bacterial adhesion to host cells (Bergmann 

and Hammerschmidt 2006;Mitchell and Mitchell 2010;Voss et al., 2012;Pribyl et al., 2014). 

Pneumococcal expressed protein have been distrubted in different classis (Bergmann and 

Hammerschmidt 2006;Pribyl et al., 2014;Kohler et al., 2016). 

The sortase-anchored proteins are covalently cell wall anchored proteins. Genome analysis 

have shown that about 20 sortase-anchored proteins, each consisting a C-terminal LPxTG 

motif are encoded by S. pneumoniae (Hammerschmidt 2006;Nobbs et al., 2009).                                 

S. pneumoniae produces sortase-anchored proteins which is involved in colonization and 
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dissemination (Dalia et al., 2010;Brittan et al., 2012). The highly conserved pneumococcal 

protein PavB contributes in colonization (Jensch et al., 2010).  

The pneumococcal cell wall is decorated with choline-binding proteins (CBP). The CBPs are a 

proteins family which existing also in several others species in addition to all pneumococcal 

strain. Genome analysis indicated that pneumococci contain about 13-16 different CBPs 

(Maestro and Sanz 2016). The CBPs play important role in the central metabolic process 

(Hakenbeck et al., 2009). 

Several CBPs are involved in pneumococcal virulence such as LytA, LytC, PspC, PspA including 

CbpD and CbpG (Hakenbeck et al., 2009;Gamez and Hammerschmidt 2012;Perez-Dorado et 

al., 2012). LytA is highly conserved in pneumococci and important for pneumococcal virulence 

(Martner et al., 2008;Eldholm et al., 2009). LytB is considered to play role in the development 

of vaccine against pneumococci (Maestro and Sanz 2016). Inactivation of the LytC has reduced 

pneumococcal colonization (Gosink et al., 2000). The CbpD played several important 

physiological functions (Guiral et al., 2005;Kausmally et al., 2005;Perez-Dorado et al., 2010). 

CbpF is the most abundantly expressed protein on the pneumococcal cell wall. It acts as a 

regulator for LytC while showing no catalytic activity (Molina et al., 2009). 

Arginine-ornithine antiporter, ArcD which is associated with AD system, involved in the 

transport of arginine into the cell and release ornithine extracellularly (Gupta et al., 

2013;Schulz et al., 2014). Another transmembrane protein GlnHP is required for the uptake of 

essential amino acid, glutamine from the host surrounding, which is controlled by 

transcriptional regulator GlnR protein (Kloosterman et al., 2006;Hendriksen et al., 2008). 

 

3.4.1 Pneumococcal lipoproteins 

Lipoproteins comprise a major portion among the surface proteins of pneumococci. 

Lipoproteins have diverse functional activities in S. pneumoniae. Lipoproteins have functions 

in nutrients uptake (Kohler et al., 2016), protein folding, resistance against oxygen species, 

antibiotic resistance, enzyme activity and maintenance of the cell shape (Alloing et al., 

1994;Sutcliffe and Russell 1995;Andisi et al., 2012;Saleh et al., 2013;Pribyl et al., 2014;Kohler 

et al., 2016). Importantly, a large fraction of lipoproteins are a component of ABC transporter, 

which play important role in the uptake of various nutrients like sugars, amino acids, metal 

ions, and oligopeptides (Kohler et al., 2016).  
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3.4.2 Pneumococcal ATP-binding cassette (ABC) transporter lipoproteins 

ABC transporters are essential for various important functions such as nutrients 

transportation in the form ions, antibiotics, amino acids, sugar molecules, larger molecules 

such as oligosaccharides, and a high molecular weight proteins and pheromones as well 

(Higgins 1992;Hoskins et al., 2001;Saleh et al., 2013;Pribyl et al., 2014;Kohler et al., 

2016;Culurgioni et al., 2017). The ABC transporter mainly consists of two transmembrane 

domains (TMDs), also called permeases, which play role in the uptake of various molecules 

and ions across the membrane. Two nucleotide-binding domains (NBDs) as ATPases, which 

hydrolyze ATP for energy. The ABC uptake system additionally uses extracytoplasmic 

substrate-binding proteins (SBPs) that scavenge the substrate and hand over to the 

translocator. The SBPs determines substrate specificity and is determined as lipoprotein in 

microorganisms (Davidson et al., 2008;Pribyl et al., 2014;Kohler et al., 2016). 

Based on a large-scale bioinformatics analysis of S. pneumoniae, up to 30-35 lipoproteins 

associated to ABC transporter were predicted (Pribyl et al., 2014;Kohler et al., 2016). 

Importantly, the ABC transporter systems are and their SBPs essential for the recruitment of 

essential nutrients from the external environment. Well known SBPs include PsaA, PiaA, PiuA, 

PitA and AdcA which are involved in the uptake of metal ions, while MalX is crucial for sugar 

uptake and PstS is important in the uptake of inorganic compounds (Schulz and 

Hammerschmidt 2013;Kohler et al., 2016). For the transport of amino acids and oligopeptides, 

the pneumococcal surface is decorated with MetQ, GlnHP and Ami-AliA/AliB proteins (Kerr et 

al., 2004;Hartel et al., 2011). 

The ABC transporter systems for iron uptake are crucial for the fitness and virulence of                 

S. pneumoniae (Brown et al., 2001;Brown et al., 2002;Ogunniyi et al., 2012). The only 

oligopeptide uptake transporter is the Ami system and strikingly, different SBPs such as AmiA, 

AliA and AliB are known. The Ami system is crucial to overcome the deficiency of different 

amino acids and manage pneumococcal fitness. The Ami permeases encoded by the 

amiACDEF operon are AmiC and AmiD, while AmiE and AmiF are the and two ATPases. The 

genome analysis has shown that AmiA and AmiC to AmiF (sp_1891 to sp_1887) are located in 

an operon. In contrast, aliA and aliB are located somewhere else in the genome of                            

S. pneumoniae (Kerr et al., 2004). It has been described that inactivation of either amiA or aliA 

affects adherence (Cundell et al., 1995;Kerr et al., 2004). Moreover, the Ami-AliA/AliB 
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oligopeptide complex is important for the pneumococcal colonization, however, there is no 

evidence for their role causing pneumococcal pneumonia (Kerr et al., 2004). It was shown that 

the Ami-AliA/B operon can sense the environmental signal, as a result bacteria to react and/or 

adapt to the environmental changes accordingly (Claverys et al., 2000;Kerr et al., 2004). 

Recently, it was determined that AmiA-AliA/AliB also involved to determine the pneumococcal 

phenotype (Nasher et al., 2018). It was further assumed that Ami-Ali transport system is 

involved in competence regulation (Claverys et al., 2000;Kerr et al., 2004). The transformation 

efficiency was reduced up to 90% in PlpA (permease-like protein) deficient mutant, which has 

a similiraty of 80% to AmiA (Pearce et al., 1994). The reduced competence behaviour of the 

aliB-mutants strain suggested that sensing of the oligopeptides may have a pivotal role in 

activating competence (Alloing et al., 1996;Claverys et al., 2000). 

 

3.5 Two-component regulatory systems (TCS) 

The TCS are able to regulate diverse cellular functions such as chemotaxis, osmoregulation, 

and competence, which are important for bacterial survival (Appleby et al., 1996;Szurmant 

and Ordal 2004;Gomez-Mejia et al., 2018). S. pneumoniae produces 13 TCS and one orphan 

response regulator (Lange et al., 1999;Paterson et al., 2006;Gomez-Mejia et al., 2018). The 

TCS signalling mechanism is present in both eukaryotes and prokaryotes. They enable the 

organisms to feel and counter to external stimuli (Klumpp and Krieglstein 2005;Ulrich and 

Zhulin 2010;Ortet et al., 2015;Zschiedrich et al., 2016). TCS are widely spread in bacteria and 

in lower eukaryotes like Dictyostelium discoideum and Saccharomyces cerevisiae (Chang and 

Meyerowitz 1994;Loomis et al., 1997). The TCS consists of cytosolic DNA binding response 

regulator (RR) and sensory protein histidine kinase (HK), which is associated with the 

membrane (Appleby et al., 1996;Hoch 2000;Hendriksen et al., 2007;Gomez-Mejia et al., 2018).  

The activation of the TCS depends on a phosphotransferase reaction, which occurs between 

HK and a RR (Hoch 2000). Upon sensing the external signal, the HK is activated and 

phosphorylated, which is later conveyed to aspartate of the response regulator and leads to 

the conformational changes in the regulatory protein, which then perform its specific 

regulatory functions (Stock et al., 2000;Walthers et al., 2003;Gomez-Mejia et al., 2018;Gomez-

Mejia et al., 2018).  
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3.5.1 Two-component system-12 (TCS12) 

The two-component system (TCS12) is associated with competence machinery cells and is 

studied in detail in S. pneumoniae (Johnsborg and Havarstein 2009;Cortes et al., 2015). The 

TCS12 is composed of ComD and ComE. When the CSP accumulates and reaches to a certain 

concentration on the cell surface, the sensory protein (HK) ComD senses the CSP and is 

phosphorylated. In turn, it transfers the phosphoryl group and activates ComE, which in 

response trigers other factors of the competence system (Johnsborg and Havarstein 

2009;Cortes et al., 2015;Gomez-Mejia et al., 2018). After the activation of transcriptional 

regulator ComX, several other genes that are important for DNA uptake, stress response and 

bacteriocin production are activated (Lee and Morrison 1999;Peterson et al., 2004;Pinas et 

al., 2008;Cortes et al., 2015). 

Over 200 CSP-responsive genes were recognized in the microarray analysis in S. pneumoniae 

(Peterson et al., 2004). The study further revealed that CSP responsive genes were presented 

about 6% of the genome, showing an extensive impact of competence on the cell 

(Dagkessamanskaia et al., 2004;Peterson et al., 2004). In addition, a large fraction of the genes 

identified was shown not being responsible for transformation (Peterson et al., 2004). 

However, regarding a relation between competence and virulence, several genes were 

upregulated, such as autolysin lytA, htrA, cbpD and genes encoding stress response proteins 

(Hava and Camilli 2002;Ibrahim et al., 2004;Peterson et al., 2004;Cortes et al., 2015).  

It was also demonstrated that ComC did not directly affect CSP responsive genes. In contrast, 

they are regulated indirectly by the induction of ComX which is involve in regulating the 

function of late competence genes(Luo and Morrison 2003;Luo et al., 2004;Claverys et al., 

2006;Paterson et al., 2006). It was further described that ComDE is critical for virulence in 

pneumococci (Bartilson et al., 2001). It was further analysed in serotype 3 pneumococci that 

ComB of the ComAB transport system contributes to virulence (Lau et al., 2001). Interestingly, 

ComDE of Streptococcus aureus and B. subtilis are also involved in competence (Fagerlund et 

al., 2014;Wolf et al., 2016). 
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3.6 Microbial metabolism 

3.6.1 Overview 

During the life cycle microorganisms frequently face different environmental conditions of the 

host and for their survival, organisms have to adapt to these conditions. The genome of 

microorganisms contains all the genes, which code for enzymes required to perform the 

biochemical reactions of de novo synthesis in the bacterium. In these reactions, the available 

nutrients are converted into a building block of life, such as lipids, amino acids and nucleotides 

and other cofactors required for the various biochemical reactions. Nutrients available for the 

metabolism are take-up by specific transporters and converted into intermediates and utilized 

in the de novo biosynthesis of amino acids or capsule polysaccharides by the gain of ATP and 

NADH. 

 

3.6.2 Nitrogen metabolism 

Glutamine and arginine are the main nitrogen donors in the cell. The enzyme committed for 

the processing of glutamine and glutamate is called GOGAT. This enzyme is responsible for 

the synthesis of glutamate from glutamine (Lapujade et al., 1998;Larsen et al., 

2006;Commichau et al., 2008;Gunka and Commichau 2012;Viljoen et al., 2013). The regulation 

of nitrogen metabolism specifically glutamine synthesis and ammonium assimilation occurs 

by GOGAT, which has been described in various Gram-positive bacteria (Amon et al., 2010). 

However, due to lack of glutamate synthetase, GOGAT is not present in S. pneumoniae.  

Pneumococci reside in the mucosal layer of the respiratory tract of healthy human carriers. 

During their life cycle, S. pneumoniae adapt to the various host environment such as available 

carbon source, temperature, oxygen or pH, to ensure physiological fitness and expression of 

virulence factors (Hartel et al., 2012). The adaptation of S. pneumoniae to these changes 

requires a large number of transporters for the uptake of essential carbohydrates and amino 

acids in the respective host niche. Several studies have been carried out showing the 

importance of transport systems for carbohydrates or amino acids for pneumococcal fitness 

and virulence (Lau et al., 2001;Hava and Camilli 2002;Obert et al., 2006;Hartel et al., 2011). So 

far it is assumed that glutamine serves as main N-source in S. pneumoniae. Annotation of the 

genome revealed six different glutamine transporters, among which the ABC transporter 

GlnHPQ encoded by spd_1098/1099 is the main glutamine transporter (Hartel et al., 2011) 



 
 INTRODUCTION
                                                

 
19 

 

(Fig 3.2). Furthermore, two of the ABC transporters (spd_gln0411/0412 and spd_1098/1099) 

are crucial for pneumococcal virulence(Hartel et al., 2011). 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.2.  Pneumococcal substrate specific transporters  
Colour codes: red- multidrug and peptide exporter, yellow-carbohydrates, blue- 
cations, green- anions and amino acids, Purple- nucleosides, purines and pyrimidines, 
white- other substrates (Hoskins et al., 2001). 

 
 

 

3.6.3 Amino acids metabolism 

S. pneumoniae is adapted to different conditions in the host by the stimulation of regulatory 

networks (Kloosterman et al., 2008;Carvalho et al., 2011;Kloosterman and Kuipers 2011). A 

number of dedicated systems are available to transport and utilize available nutrients by           

S. pneumoniae (Fig 3.3) (Kloosterman et al., 2006;Hendriksen et al., 2008;Jacobsen et al., 

2011;Neef et al., 2011;Schulz and Hammerschmidt 2013). 
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Figure 3.3. Schematic composition of the cell wall envelop and immunogenic domains of 
different surface antigens  

  CBP-choline binding protein, PcsB-protein required for cell wall separation, PsaA-SBP 
of the manganese ABC transporter, PiaA-SBP of iron ABC transporter system Pia, MalX-
maltooligosaccharide transporter (Schulz and Hammerschmidt 2013) 

 
 

 

S. pneumoniae is deficient for several metabolic pathways such as Entner-Doudoroff pathway, 

electron transport chain and tricarboxylic acid cycle. Genome analysis revealed that all the 

necessary genes for TCA cycle do not exist in the pneumococcal genome (Hoskins et al., 

2001;Hartel et al., 2012;Schulz et al., 2014). Thus, the important intermediate oxaloacetate is 

generated by the action of PEP-carboxylase out of phosphoenolpyruvate and bicarbonate 

(HCO3-). Oxaloacetate is important for the biosynthesis of several amino acids like threonine, 

lysine, methionine, asparagine and aspartic acids (Fuchs et al., 2012;Hartel et al., 2012). Due 

to incomplete amino acid biosynthetic pathways for several amino acids, S. pneumoniae can 

only grow in a CDM, when the amino acids arginine, histidine, glutamine, cysteine, glycine, 

and the branch chain amino acids like leucine, isoleucine, and valine are supplied (Hartel et 

al., 2012). No irregularity was observed during the growth in CDM deficient for threonine, 

serine and asparagine indicating that these polar amino acids were not necessary for the 

pneumococcal growth (Hartel et al., 2012).  

Branch chain amino acids (BCAA) can be taken up by a specific ABC transporter encoded by 

livJHMGF (Kim et al., 2017). Interestingly, genes are present in the the pneumococcal genome, 

even though pneumococci are unable to grow in vitro without BCAA supplemented in CDM. 

This advocate that uptake of BCAA is preferred through ABC transporter rather than de novo 

biosynthesis (Kim et al., 2017). Isotopologue profiling with [U-13C6]-glucose determined that 
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the amino acids alanine, aspartate, phenylalanine, serine, threonine, and tyrosine were 

derived from the 13C-labelled glucose in strain D39 (Hartel et al., 2012). In comparison to 

alanine (100% 13C-labelled), phenylalanine and tyrosine were labelled to a lower quantity 

(Hartel et al., 2012). Because of lacking the complete set of genes required for respiration, S. 

pneumoniae produces its energy particularly through fermentation (Paixao et al., 2015). 

Because of lack of enzymes for the biosynthesis of cysteine, S. pneumoniae restrain from de 

novo biosynthesis. Surprisingly, S. pneumoniae does not need additional lysine for in vitro 

growth. Nevertheless, an incomplete pathway for the biosynthesis of lysine is available (Hartel 

et al., 2012). Beside lysine, histidine and arginine cannot be synthesized de novo due to lack 

of enzymes (Hartel et al., 2012). The 13C-labelling experiments have shown that strain D39 

synthesize serine out of glycine. This reaction is catalysed by the serine-

hydroxymethyltransferase (SHMT/GlyA) by transfer of hydroxymethyl group from N5, N10-

methylenetetrahydrofolate (5, 10-MTHF) to glycine. In general, serine is synthesized from 3-

phosphoglycerate in a multiple step reaction. However, in D39 and other pneumococcal 

strains these enzymes are absent (Hartel et al., 2012).  

Several studies have shown that carbon and nitrogen are important for bacterial virulence. 

The link between pneumococcal metabolism and virulence has been determined previously 

(Hendriksen et al., 2008). Metabolism of leucine, isoleucine and valine (BCAA) plays a vital role 

in bacterial virulence. For example, inactivation of ilvC involved in the biosynthesis of BCAA 

showed a significant attenuation of virulence of S. pneumoniae compared to the isogenic wild-

type (Kim et al., 2017). Inactivation of the galactose catabolic pathway showed reduced 

colonization and virulence in mouse infection models (Fig 3.4) (Paixao et al., 2015). 
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Figure 3.4.  Metabolic profiling of carbon metabolism in S. pneumoniae using [U-13C6]-

glucose  
An overview of de novo synthesis of amino acids in S. pneumoniae D39. White boxes-
important intermediates and product, red box-incorporation of 13C-labeled from [U-
13C6]-glucose, blue box-no significant, gray box-amino acids could not be detected with 
GC-MS (Hartel et al., 2012). 

 
 
 

3.6.3.1 Arginine metabolism 

3.6.3.1.1 Arginine metabolism and its regulation  

Different transcriptional regulators, namely ArgR1, ArgR2 and AhrC, are described to play a 

key role in the regulation of arginine metabolism in S. pneumoniae (Kloosterman and Kuipers 

2011;Schulz et al., 2014). Previous studies have shown that ArgR1 together with AhrC forms a 

heterohexameric complex. ArgR1/AhrC responds to high arginine concentrations, thereby 

repressing genes and operons involved in amino acids transport such as abpA, abpB, artPQ, 

aapA, virulence gene encoding oligopeptide binding protein aliB and arginine biosynthetic 

gene argGH in S. pneumoniae D39. Binding of the regulatory ArgR1/AhrC complex to the 
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corresponding promoters occurs in the presence of arginine (Fig 3.5) (Kloosterman and 

Kuipers 2011).  

The distribution of ArgR type regulators differs among various bacteria. S. pneumoniae contain 

three ArgR-type regulators, whereas in L. lactis only ArgR and AhrC are present and in                    

B. subtilis and E. coli AhrC and ArgR regulators are present, respectively. Moreover, it is 

speculated that ArgR-type regulators have an impact on DNA modification (Larsen et al., 

2005;Kloosterman and Kuipers 2011). During the progressions of life, microorganisms have 

evolved their metabolism, specifically arginine catabolism by adapting different metabolic 

pathways (Abdelal 1979;Schulz et al., 2014). 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3.5 Overview of the arginine metabolism in S. pneumoniae  

In high arginine conditions, ArgR1 and AhrC form a heterohexameric complex, and 
binds to the promotors of five operons. In arginine, limiting condition repressing effect 
is relieved and lead to increased arginine uptake via ArtPQ- AbpA/AbpB and Ami/AliB 
(Kloosterman and Kuipers 2011).  

 
 
 
Catabolism of arginine is realized in various pathogenic bacteria and in pneumococcal strain 

TIGR4 by the arginine deiminase system (ADS). Previous studies have shown that the ADS is 

encoded by arcA, arcB, and arcC genes organized in an operon that is positively regulated by 

ArgR2 (Schulz et al., 2014). The enzymes for the ADS consist of the arginine deiminase (AD), 

which converts arginine to citrulline that is further metabolized by catabolic ornithine 
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carbamoyltransferase (cOCT). This enzyme converts citrulline into carbamoyl-phosphate and 

releasing ornithine as a byproduct, which is further processed by the carbamate kinase (CK). 

This results in release of NH3, CO2 and gain of 1 ATP (Griswold et al., 2004;Fulde et al., 

2014;Schulz et al., 2014). In contrast, strain D39 encodes an truncated ArcA and thus a non-

functional arginine deiminase (Fig 3.6) (Schulz et al., 2014). 

Adjacent to the ADS encoding genes (arcA-C), arcDT are present in S. pneumoniae, which are 

also under control of ArgR2 (Schulz et al., 2014). ADS enzymes are also described in several 

other microorganisms of the genera Pseudomonas, Clostridium, Bacillus and Streptococcus 

(Burne and Marquis 2000;Maghnouj et al., 2000;Lu et al., 2006;Cugini et al., 2013;Nascimento 

et al., 2013;Fulde et al., 2014;Schulz et al., 2014). Organization of the arc gene cluster differs 

among different bacteria (Fulde et al., 2014).  

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 3.6.  Organization of arc genes cluster in pneumococcal strain TIGR4 and D39. 

Arginine deiminase (arcA), ornithine carbamoyl transferase (arcB), carbamate kinase 
(arcC), arginine ornithine antiporter (arcD), putative aminopeptidase (arcT). A 
premature stop codon (TGA) is inserted in arcA of D39 and produces a truncated and 
nonfunctional ArcA (Schulz et al., 2014). 

 
 
 
Inactivation of the ArgR2 regulator in TIGR4 reduces the expression of the arcA-T gene cluster, 

indicating that ArgR2 is necessary for activation of ADS and ArcDT expression. In TIGR4, the 

transcriptional regulator ArgR2 regulate the arc-gene cluster. In contrast to TIGR4, D39 wild-

type and argR2-mutants showed constitutive expression of the truncated nonfunctional 
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arginine deiminase (ArcA) and complete ArcB and ArcC proteins, independent of active ArgR2, 

suggesting that regulation of ADS is strain specific (Schulz et al., 2014). 

The de novo biosynthesis of arginine is not possible in S. pneumoniae because of the 

incomplete set of genes encoding the necessary enzymes. Strain D39 can express argGH genes 

coding for argininosuccinate synthetase and argininosuccinate lyase. In this way arginine can 

be synthesized from intermediates citrulline and aspartate. In contrast, the TIGR4 genome 

does not contain the corresponding genes argGH (Kloosterman and Kuipers 2011;Schulz et al., 

2014). Nevertheless, the pneumococcal strain expressing arginine anabolic genes are 

competent to get citrulline from the host environment and proceed into arginine via 

argininosuccinate (Piet et al., 2014;Schulz et al., 2014).  

 

3.6.3.1.2    Impact of arginine metabolism on pneumococcal virulence 

An essentail aspect of arginine is the production of bactericidal metabolite nitric oxide, 

synthesized by arginine in the human macrophages during pneumonia (Li et al., 2007). 

However, nitric oxide in excess may also harmful for the host tissues (Bergeron et al., 

1999;Wink et al., 2011). Arginine is a precursor for spermidine biosynthesis, which is non-

essential for growth of pneumococci in CDM lacking polyamine, however, inactivation of 

spermidine significantly delayed the onset of autolysis (Piet et al., 2014;Potter and Paton 

2014). In general, de novo biosynthesis of arginine consists of the conversion of citrulline to 

arginine catalysed by argininosuccinate synthase and argininosuccinate lyase, respectively  

(Gordhan et al., 2002;Haines et al., 2011). In S. pneumoniae the ArgGH are involved in arginine 

biosynthesis which is important for fitness and virulence of S. pneumominae specifically in 

pneumococcal meningitis. Mouse meningitis models have shown attenuation in the 

cerebrospinal fluid (CSF) of pneumococcal strains deficient for argGH genes (Piet et al., 2014). 

Moreover, arginine and citrulline metabolism also support infection in S. pyogenes (Cusumano 

et al., 2014). 

Different studies have investigated the link of arginine metabolism and its regulation in several 

other pathogenic bacteria regarding virulence like M. tuberculosis, L. monocytogenes, L. 

pneumophila and M. bovis (Talaue et al., 2006;Ryan et al., 2009;Hovel-Miner et al., 

2010;Gogoi et al., 2016;Xiong et al., 2016). It was described previously that the ADS enzymes 

specifically the arginine metabolism is important for virulence (Fulde et al., 2014), However in 
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the in vivo mouse infections, the ADS had not shown a significant role in the pathogenicity of                            

S. pneumoniae (Schulz et al., 2014). The AD system is an energy generating system in form of 

ATP and provides NH3 as a nitrogen source. Apart from energy production in ADS, ammonia 

raises the pH and supports the cell in protection against acid stress environment of the host. 

This phenomenon was described earlier for other microorganism such as S. gordonii, S, rattus, 

S. sanguis and S. Suis (Gruening et al., 2006;Nascimento et al., 2009;Fulde et al., 2011;Fulde 

et al., 2014;Schulz et al., 2014). The ADS has been described in different studies in 

Streptococcus spp, Staphylococcus spp, and L. monocytogenes including parasites such as 

Giardia lamblia (Curran et al., 1995;Degnan et al., 1998;Ryan et al., 2009;Cheng et al., 

2013;Fulde et al., 2014;Lindgren et al., 2014;Schulz et al., 2014). Arginine deiminase (ArcA) 

inhibits the immune cell proliferation in S. pyogenes (Degnan et al., 1998). 

 

3.6.3.1.3     Arginine-ornithine antiporter (ArcD)  

The mechanism for arginine degradation varies in bacteria (Fulde et al., 2011). The arginine 

deiminase pathway consists of three metabolic steps. In brief, enzyme arginine deiminase 

encoded by arcA, metabolize arginine to citrulline, while releasing ammonia. The catabolic 

ornithine carbamoyltransferase encoded by arcB catalyses citrulline and produce ornithine 

and carbamoyl-P. In the final step the carbamate kinase (CK; encoded by arcC), catalyses the 

transfer of phosphate from carbamoyl-P yielding ATP, ammonia, and CO2 (Gupta et al., 

2013;Schulz et al., 2014). This pathway is widely distributed in other bacteria, providing energy 

and necessary elements such as carbon and nitrogen in the cell (Cunin et al., 1986;Griswold et 

al., 2004;Gruening et al., 2006;Fulde et al., 2014). 

A transcriptional regulator ArgR has been studied to regulate the expression of ADS (Schulz et 

al., 2014). In most of the microorganisms, the membrane protein ArcD and putative peptidase 

ArcT are linked with the arginine deiminase system (Zuniga et al., 1998;Dong et al., 2002;Fulde 

et al., 2014). ArcD is a transmembrane protein containing several transmembrane helices 

(Bourdineaud et al., 1993;Fulde et al., 2014;Schulz et al., 2014) and was first described in 

Pseudomonas aeruginosa (Verhoogt et al., 1992). ArcD plays an essential role in the AD 

pathway by transfer of arginine-ornithine across the membrane, where the substrate arginine 

is taken up and the byproduct ornithine is secreted via arginine-ornithine antiporter (Verhoogt 

et al., 1992;Gupta et al., 2013;Noens et al., 2015;Noens and Lolkema 2017). No metabolic 
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energy is required during the substrate transportation across the bacteria membrane as long 

as the ATP generated during the catalytic pathway of ADS is used for other metabolic purposes 

(Noens et al., 2015).   

Similar to other bacteria, S. pneumoniae also contain arginine-ornithine antiporter ArcD and 

putative peptidase ArcT encoded by the ADS gene cluster. The ArcD sequence in pneumococci 

has shown 12-transmembrane helices. EMSA studies indicated that the transcriptional 

regulator ArgR2 binds to the promoter sequences of arcABC genes and arcDT genes, thereby 

acting as an activator for the arc gene cluster. ArgR2 deletion has reduced the expression of 

the arc genes in strain TIGR4 (Schulz et al., 2014). Moreover, unlike TIGR4, several other 

pneumococcal serotypes including strain D39 could not express the ArgR2 regulator, however, 

the immunoblot analyses showed a constitutive expression of the ADS enzymes (Schulz et al., 

2014). In the extracellular metabolome analysis, it was described that the uptake of arginine 

is approximately 20-fold higher in TIGR4 compared to D39 containing a nonfunctional ADS 

(Schulz et al., 2014).  

The mouse pneumonia and co-infection models showed that the arcD deletion mutant 

contributes to virulence and fitness of S. pneumoniae (Schulz et al., 2014). Several STM 

reseach have shown that many genes are involved in nutrient uptake and utilization (Gupta et 

al., 2013). Apart from virulence and nutrient uptake, it was also demonstrated that the arcD-

mutant has an impact on pneumococcal capsule and that arcDT are critical in chinchilla otitis 

media (OM) (Gupta et al., 2013). 

 

3.6.3.1.4    Putative peptidase ArcT 

The final gene of the arc gene cluster in S. pneumoniae is arcT (sp_2153). ArcT has been 

depicted as a member of the M20 protein family. It was suggested that the cytosolic protein 

ArcT has a peptidase activity, which might provide arginine from the oligopeptides, supplied 

by oligopeptide transporters of the Ami system (Alloing et al., 1994;Fulde et al., 2014). 

However, the functional activity of pneumococcal ArcT as a peptidase has not been 

experimentally proven. Peptidases are enzymes that hydrolyze peptide bonds of the 

oligopeptides and generate amino acids, which are used in the biosynthesis of other amino 

acids and proteins. Thus, these peptidases play a role in metabolic pathways. 
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Dipeptidases are not only involved in the breakdown of proteins but their lack impairs growth 

as shown for pepV-mutant (Hellendoorn et al., 1997). The dipeptidase PepV was shown to act 

on a variety of dipeptides, therefore, PepV was characterized as unspecific dipeptidase (Jozic 

et al., 2002). The dipeptidase PepV of Lactobacillus delbrueckii is related to the acetylornithine 

deacetylase and succinyl-diaminopimelate desuccinylase and represents a peptidase of the 

M20 family of clan MH (Jozic et al., 2002).  

Depending on the cleavage site, peptidases have been classified into endopeptidases (acts on 

the internal bond of the protein) or exopeptidases. The exopeptidase can be an 

aminopeptidase and/or carboxypeptidase and depending on the enzyme hydrolyze residues 

of the N-terminal or C-terminal. However, the putative peptidase ArcT in S. pneumoniae has 

so far not been characterized neither as an amino peptidase nor as a carboxypeptidase. 

Generally, the metal ion in metallopeptidases are zinc, manganese, cobalt, nickel and copper 

(Jozic et al., 2002;Girish and Gopal 2010). In some of M20 protein family, two metal ions act 

co-catalytically (Javid-Majd and Blanchard 2000).  

Homologues of the M20 protease family have a diverse range of reactions (Girish and Gopal 

2010). A member of the M20 family proteins is the well characterized aminopeptidase of 

Aeromonas proteolytica and Streptomyces griseus (Chevrier et al., 1996;Greenblatt et al., 

1997). The functional members of this family contain both non-peptidases and peptidases. 

Thus, they include N-acetylornithine deacetylases, releasing acetyl and L-ornithine, and 

succinyl diaminopimelate desuccinylases, which hydrolyzes N-succinyl-L, L-diaminopimelic 

acid and form succinate and LL-C, 6-diaminoheptanedioate (DAP, component of bacterial cell 

wall) and peptidase (Lin et al., 1988;Javid-Majd and Blanchard 2000;Girish and Gopal 2010). 

 

3.6.3.2 Glutamine metabolism 

3.6.3.2.1    Glutamine metabolism and its regulation in S. pneumoniae 

In general, synthesis of nucleic acids and proteins requires amino acids to provide nitrogen, 

through direct amination or transamination. Inorganic nitrogen is preliminarily reduced to 

ammonia, which is then included in the organic compounds. However, in some bacteria 

ammonium is generated during catabolism of purines and urea is used as a nitrogen source 

(Berg and Jorgensen 2006;Doroshchuk et al., 2006). Bacteria behave differently in utilizing 

amino acids, amino sugars, urea, and purines as nitrogen sources (Berg and Jorgensen 
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2006;Sonenshein 2008). These pathogenic bacteria have adopted their metabolism according 

to the available nutrients. The glutamine synthesis is a universal reaction in which the 

substrates glutamate and ammonium are converted by the enzyme glutamine synthetase 

(GlnA). Glutamate can be synthesized by catalysing the substrate 2-oxoglutarate and 

ammonium by the enzyme glutamate dehydrogenase (GdhA). By a reverse reaction, GdhA 

catalyses also the synthesis of 2-oxoglutarate and this result in release of ammonia (Fig 3.7).  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.7. Biosynthesis of glutamine and glutamate 
  GlnA-glutamine synthetase, GdhA-glutamate dehydrogenase, NADPH-nicotinamide 
  adenine dinucleotide, 2-OG- 2-Oxoglutarate, ADP-Adenosine diphosphate, ATP-
  Adenosine triphosphate 

 
 
 
The regulation of nitrogen metabolism differe in microorganisms.  In Gram-negative bacteria 

such as E. coli, the TCS like NtrBC systems regulate the genes involved in nitrogen metabolism 

(Wray et al., 1998;Doroshchuk et al., 2006;Yang et al., 2018). In Gram-positive bacteria such 

as B. subtilis, nitrogen metabolism is controlled by MerR family transcriptional regulatory 

proteins GlnR and TnrA (Sonenshein 2008). Another nutritional regulator, CodY, supports in 

the nitrogen supply to optimize bacterial growth (Slack et al., 1995;Shivers et al., 2006;Amon 

et al., 2010). The MerR protein family regulator TnrA works properly under nitrogen-limited 

conditions, where TnrA regulates the genes involved in nitrogen metabolism (Belitsky et al., 

2000;Wray et al., 2000;Yoshida et al., 2003;Sonenshein 2008). In the presence of a sufficient 

nitrogen source such as glutamine, GlnR repress its own glnRA operon, which is involved in 

nitrogen metabolism (Brown and Sonenshein 1996). GlnR is active under excess nitrogen 
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conditions, while TnrA becomes active in nitrogen-limited conditions. The GlnR-DNA complex 

regulates its own (GlnR) transcription and transcription of GlnA (Fisher and Wray 2002;Fisher 

and Wray 2009) 

The intracellular metabolome analysis via HPLC-MS and GC-MS in S. pneumoniae under 

defined growth conditions identified about 80 intracellular metabolites (Leonard et al., 2018). 

Interestingly, in the metabolic profile, high amounts of purine and pyrimidine nucleotides and 

fructose-1, 6-bisphosphate among other intracellular metabolites were detected (Leonard et 

al., 2018). 

In S. pneumoniae glutamine and glutamate have a vital role in the distribution of nitrogen that 

is used in many important biochemical reactions. This includes the regulation of glutamine 

synthetase (GlnA) activity, which catalyses the synthesis of glutamine from glutamate and 

ammonium. S. pneumoniae contain six putative glutamine uptake systems, which are encoded 

by 22 different genes (Hoskins et al., 2001;Hartel et al., 2011). However, the GlnHPQ 

transporter, which is encoded by spd_1098/99 is the main glutamine transporter in 

pneumococcal strain D39 (Hartel et al., 2011). 

Glutamine metabolism in S. pneumoniae is controlled by regulatory protein GlnR, which 

regulates its own expression and the adjacent gene glnA encoding the glutamine synthetase. 

The GlnR also regulates glnHPQ, which involved in glutamine uptake and gdhA, which encodes 

glutamate dehydrogenase and is involved in glutamate synthesis. The zwf gene which form an 

operon with glnPQ is involved in PPP also regulated by GlnR (Kloosterman et al., 2006;Hartel 

et al., 2011). GlnR is regulated by glutamine synthetase (GlnA), as the GlnR regulon is 

expressed in a glnA-mutant (Fig 3.8) (Kloosterman et al., 2006). Remarkably, apart from the 

regulation by GlnR, the expression of glutamate dehydrogenase GdhA is also under the control 

of Cody (Hendriksen et al., 2008)  

Glutamine acts as a precursor for the biosynthesis of pyrimidine nucleotides. The 

transcriptome analysis of glnR- and glnA- mutants in pneumococcal strain D39 showed that 

the genes (sp_1275, sp_1276, sp_1277, and sp_0954) that are involved in the pyrimidine 

biosynthesis, were upregulated. However, no GlnR operator was described in the promoter 

sequence of these genes. Hence, the upregulation is most likely due to the indirect effect of 

the altered glutamine and glutamate levels in the cell (Kloosterman et al., 2006). It was further 

shown that a higher ammonium concentration in the codY-mutant is due to the higher 
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concentration of intracellular GdhA. The GdhA converts glutamate into 2-oxoglutarate and 

ammonia (Hendriksen et al., 2008). 

 

 

 

 

 

 

 

 

Figure 3.8:  Pneumococcal GlnR-regulon  
In high concentration of glutamine, glutamate and ammonium, transcriptional 
regulator GlnR controlles the glnRA and glnPQ-zwf operons and gdhA gene. 
Intracellular GlnA is important to regulate glutamine concentration by converting 
glutamate to glutamine (Hendriksen et al., 2008), modified). 

 
 
 

3.6.3.2.2     Impact of glutamine metabolism on pneumococcal virulence 

The pathophysiology of S. pneumoniae dependent on availability of nutrients in the host 

(Schulz and Hammerschmidt 2013;Leonard and Lalk 2018). The murine pneumonia model of 

S. pneumoniae showed that the genes, which are involved in glutamine metabolism, also play 

a role in different pathogenic activities. The glutamine synthetase GlnA is important in 

colonization. The permease GlnP is crucial in migration of the pneumococci from lungs to the 

blood. However, GlnR is not required for virulence in S. pneumoniae (Hendriksen et al., 2008). 

Detailed studies have shown that the co-inactivation of transcriptional regulators GlnR and 

CodY has a strong impact on pneumococcal cell wall physiology and induced an increased 

sensitivity against β-lactam antibiotics (Johnston et al., 2015).  

Glutamine metabolism plays an significant role in the activation of virulence factors in 

different bacterial pathogens such as Salmonella typhimurium (Klose and Mekalanos 1997) 

group B streptococci (Tamura et al., 2002), Mycobacterium tuberculosis (Tullius et al., 2003) 

and L. monocytogenes (Haber et al., 2017). The influence of nitrogen metabolism on virulence 
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is also well studied in S. aureus. Biosynthesis of glutamine and glutamate are critical to provide 

intracellular nitrogen (Gustafson et al., 1994;Stranden et al., 1996). In S. pyogenes GlnR, which 

regulate glnA and glnPQ, is crucial for bacterial colonization (Amon et al., 2010).  

 

3.6.4 Carbon metabolism 

3.6.4.1    Overview 

Nutritional uptake and metabolism are of significant importance for bacterial survival and 

growth. Different studies have evaluated that the bacterial metabolism in vivo behaves 

differently from the bacteria cultured in vitro in a defined culture chemical medium (CDM) 

(Munoz-Elias and McKinney 2006). As such carbon metabolism is of great importance for the 

bacterial existence (Iyer et al., 2005). Pathogenic bacteria mostly rely on carbon to produce 

energy and important intermediates for their survival (Carvalho et al., 2011).  

In most bacterial species the central carbon metabolism is controlled by a carbon catabolite 

repression (CCR) mechanism (Lulko et al., 2007;Carvalho et al., 2011;Afzal et al., 2014). Carbon 

catabolite control (CCR) directs the organism for a suitable sugar source (Gorke and Stulke 

2008;Afzal et al., 2014). When several carbon or energy sources are available in the host 

environment, bacteria prefer glucose over another to retain the optimal growth (Stulke and 

Hillen 1998;Iyer et al., 2005). Utilization of several available sugar sources at once could affect 

the bacterial metabolism and leads to inappropriate growth behaviour (Iyer et al., 2005). 

 

3.6.4.2     Carbohydrate transport and metabolism 

The procurement of the essential nutrients like amino acids and carbon sources from the host 

is crucial for pneumococcal survival. For the growth in the human niches, pneumococci 

depend on its tightly controlled carbohydrate uptake system (Hoskins et al., 2001;Bidossi et 

al., 2012). Streptococcus pneumoniae expresses incomplete biosynthetic pathways and is 

deficient for several metabolic genes (Hoskins et al., 2001;Hartel et al., 2012). To proceed the 

metabolic measures S. pneumoniae needs sufficient amounts of sugar for the pneumococcal 

fitness, colonization of the nasopharynx and infections (Tettelin et al., 2001;Iyer et al., 2005). 

Pneumococci produce a set of the extracellular enzyme system, where polysaccharide and 

hexosamines can be easily metabolized into monosaccharides (Tettelin et al., 2001;Bidossi et 

al., 2012). 
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ABC importers are supposed to be the only importer for the transport of carbohydrates, ions, 

peptides and amino acids (Hoskins et al., 2001;Tettelin et al., 2001). For the efficient uptake, 

pneumococci are employed with a large fraction of carbohydrate transporters such as classical 

PTS and ABC transporters and ion gradient driven transporters (Tettelin et al., 2001;Iyer et al., 

2005). In addition, S. pneumoniae produces several other transport systems for the efficient 

uptake of DNA, nucleobases, choline, cofactors and other essential metabolites for the 

bacterial growth (Hoskins et al., 2001;Tettelin et al., 2001;Bidossi et al., 2012;Afzal et al., 

2016). The importance of the carbohydrate transporters can be estimated by the fact that 30% 

of the proteins encoded by the pneumococcal genome are linked with carbohydrate transport 

(Tettelin et al., 2001;King 2010). S. pneumoniae is predicted to expresses twenty-one (21) 

phosphotransferase systems (PTS) (Tettelin et al., 2001;Bidossi et al., 2012) and eight (8) 

primary active transporters of the ABC transporter superfamily (Bidossi et al., 2012).  

Glucose molecules are degraded via glycolytic (Embden-Meyerhof-Parnas (EMP)) pathway. 

13C-isotopologue profiling revealed that the EMP is the primary metabolic pathway for glucose 

metabolism in pneumococci (Hartel et al., 2012). Glycolysis is an important metabolic 

pathway, which provides important intermediates and high energy molecules in the form of 

ATP and NADH. S. pneumoniae takes up glucose via phosphotransferase system and 

phosphorylates to glucose-6-phosphate, which proceeds through multiple enzymatic 

reactions and finally generates pyruvate, which serves as an important precursor for the 

biosynthesis of other amino acids. All the necessary enzymes for the glucose degradation are 

available in pneumococci (Hoskins et al., 2001;Tettelin et al., 2001).  
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Figure 3.9. Schematic overview of metabolism in S. pneumoniae  
  Green; glycolysis, Blue; pentose phosphate pathway, Orange; Leloir pathway, Red; arginine 
  deiminase pathway (Haertel Tobias, Thesis 2011) 

 

 

 

Nevertheless, S. pneumoniae is also deficient for the enzymes of the TCA cycle, Entner-

Doudoroff pathway, and electron transport chain (ETC). In addition, pneumococci lack the 

ability of de novo biosynthesis of several amino acids. Consequently, S. pneumoniae expresses 

transporters for the nutrient uptake and cell wall-associated peptidases and proteases (Kerr 

et al., 2004;Hartel et al., 2011;Hartel et al., 2012). In addition, pentose-phosphate-pathway 

(PPP) is a key metabolic pathway, generating NADPH and 5-carbon sugars. Nevertheless, 

compared to EMP, the PPP has mainly an anabolic role rather than a catabolic role (Brinsmade 

and Sonenshein 2011;Hartel et al., 2012). The relative contribution of hexose monophosphate 

shunt in glucose metabolism was described in detail by isotopologue profiling (Fig 3.9) (Hartel 

et al., 2012).  
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4 Objectives 

Streptococcus pneumoniae can colonize the upper respiratory tract of humans asymptomatic. 

Available carbohydrates from the host are taken up by several specific transporters like the 

phosphotransferase system and can be metabolized by glycolysis. Due to incomplete amino 

acid biosynthesis pathways S. pneumoniae is auxotrophic for several amino acids. Glutamine 

serves as main nitrogen source and uptake is realized via six glutamine transporter. For further 

characterization of nitrogen metabolism 15N-isotopoloque profiling was performed to analyze 

the biosynthesis of amino acids in two different strains D39 and TIGR4. Uptake and 

metabolism of glutamine is controlled by the repressor GlnR. The gene was inactivated and 

the effect on nitrogen metabolism was studied. In addition, arginine as possible nitrogen 

source was studied in strain TIGR4 which can convert arginine into ornithine by the arginine 

deiminase system. Regulation of these genes occur by the activator ArgR2. The effect of argR2 

mutation was also studied. 

ArgR2 controls also the bicistronic operon arcDT coding for an ornithine/arginine antiporter 

ArcD and a putative peptidase (ArcT). For further characterization ArcT was heterologous 

expressed in E. coli and subsequently purified. Enzymatic activity of recombinant ArcT was 

determined under reducing conditions and availability of divalent cations as cofactors. As 

substrates several dipeptides and tripeptide were used. Cleavage of the substrates were 

analysed by LC-MS and quantified. Furthermore, arcT was deleted and the impact on the 

growth behavior was studied. Complementation of arcT in trans were generated to restore 

the wild-type situation. 

Streptococcus pneumoniae can cross the blood/brain barrier and causes meningitis. In order 

to identify proteins involved in the pathophysiology of meningitis a mouse meningitis model 

was applied. Samples of the cerebrospinal fluid (CSF) were taken and analysed by an in vivo 

proteomic approach. Two dominant proteins AliB and ComDE were selected and further 

examined. Corresponding single aliB or comDE and double mutants were generated to study 

the impact on the pathophysiology in more detail.
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5 Results 

5.1 Molecular characterization of GlnR in Streptococcus pneumoniae 

5.1.1. In silico analysis of the transcriptional regulator GlnR in Streptococcus pneumoniae 

The transcriptional repressor GlnR controls expression of two operons, namely the glnRA 

genes encoding GlnR and the glutamine synthetase GlnA. GlnR also controls glnQHP and zwf, 

which encode the main pneumococcal glutamine transporter and the glucose-6-P-

dehydrogenase (Zwf) (Hartel et al., 2011). The latter enzyme catalyses the first reaction of the 

pentose phosphate pathway (PPP). GlnR further regulates the single gene gdhA encoding the 

glutamate dehydrogenase (Kloosterman et al., 2006). Specific GlnR operator sites were 

identified close to the -35 region of the corresponding promoters. The repressor GlnR is active 

when glutamine, glutamate, NH4
+ and GlnA are present (Kloosterman et al., 2006). In addition, 

microarray studies identified higher expression of arcA in strain TIGR4 when glnR is mutated 

(Kloosterman et al., 2006). 

 
 
Table 5.1. Comparison of GlnR in different annotated pneumococcal strains 

S. pneumoniae   Serotype   Identity [%] 

SPD_0447    (Serotype 2)   100 
SPAP_0503    (Serotype 11A)   100 
SP670_0576    (Serotype 6B)   100 
SPP_0523     (Serotype 1)    100 
SP70858_0561    (Serotype 5)   100 
SPH_0610 Hungary 19A 6  (Serotype 19A)   100 
SPT_0538 Taiwan 19F-14  (Serotype 19F)   100 
SPR0443 (avirulent)   (Serotype 2)   100 
SP_0501    (Serotype 4)   100 
SPJ_0470 JJA     (serotype 14)   99 
SPN23F04550    (serotype 23F)   99 
SPCG_0479    (serotype 14)   99 
__________________________________________________________________________________ 

 
 
 
Online bioinformatic tools were used for the comparative analysis of protein sequence. The 

genomes of 10 different pneumococcal strains were analysed for the presence and identity to 

GlnR by BlastP. The results showed high sequence identity among various pneumococcal 

serotypes indicating that GlnR is highly conserved among the analysed pneumococcal strains 



 
 RESULTS 

 
39 

 

(Table 5.1). The protein sequence homology of the GlnR to orthologs of other streptococci 

was analysed as well. The results showed high sequence homologies of GlnR to other 

streptococcal species such as S. mitis, S. oralis and S. intermedius (Table 5.2). 

 
 
Table 5.2. Comparison of GlnR from strain D39 to other Streptococcal species 

Streptococcus species   Annotation   Identity [%] 

S. mitis      Smi_0348 (glnR)  99 
S. oralis     Sor_0364 (glnR)  97 
S. intermedius C270   II_1663 (glnR)   89 
S. anginosus SA1   DK43_09150    89 
S. cristatus    Soi 1872_09135   86 
S. sanguinis    SSA_0306 (glnR)  85 
S. gordonii    SGO_0214    81 
S. salivarius     HSISS4 _01684 (glnR)  67 
S. suis ST1    SSUSTI_0170    73 
S. parauberis    STP_1658 (glnB)  67 

 
 
 

5.1.2 Bioinformatics analysis and localization of main glutamine transporter (GlnHP)  

Genome annotation revealed that S. pneumoniae has six putative glutamine ABC transporters 

and the only transporter genes regulated by GlnR are spd_1098/1099 (Hartel et al., 2011). All 

of these operons contain a substrate-binding protein (GlnH), but in two the GlnH is 

translationally fused with the permease GlnP resulting in GlnHP. The main glutamine 

transporter (spd_1098/1099) encodes for GlnHPQ. The amino-terminal part of GlnH contains 

a typical signal peptide and the permease domain GlnP in the carboxy-terminal region starting 

at amino acid 312 (Hartel et al., 2011). Moreover, for the prediction of transmembrane helices 

the TMHMM Server 2.0 Hidden Markov model was applied. The protein sequence analysis 

showed that the main glutamine transporter spd_1098/1099 contained six transmembrane 

domains. (Fig 5.1). 

 

 

 

 

 

 



 
 RESULTS 

 
40 

 

 

 

Figure 5.1: Prediction of transmembrane helices for GlnHP  
A full-length protein sequence was applied to predict the transmembrane domains 
using the TMHMM server v 2.0 (Hidden Markov Model for transmembrane protein 
topology prediction). Six transmembrane domains were predicted. Five 
transmembrane helixes at the C-terminus and one helix on left. Location of the 
domains are in a probability from 0 to 1, where value 1 represents the highest 
probability. On top of the plot between 1 and 1.2 the best prediction is shown in 
different colours. 

 
 
 

5.1.3 Cloning of glnP´ for heterologous expression in E. coli 

Transcriptome analyses revealed an increase of glnHP transcripts when GlnR is inactive 

(Kloosterman et al., 2006). To confirm this result on the translational level, part of the glnHP 

gene (spd_1098) was cloned into expression vector pTP1 for heterologous expression in             

E. coli. A specific gene sequence of spd_1098 coding for GlnHP part starting from nucleotide 

1006 to 1569 nt was amplified with specific oligonucleotide pairs (1418/1419) from the 

chromosomal DNA of D39 strain. The PCR product of 564 nt (aa 188, 20kDa) containing specific 

restriction sites (NheI/HindIII) was cloned after digestion in pTP1 vector (Saleh et al., 2013). 

The generated recombinant plasmid allowed the expression of the truncated and N-terminal 

His6-tagged GlnHP336-523 protein designated GlnHP´. The integrated sequence in the vector was 

verified by colony PCR and DNA sequencing (Eurofins) (Fig 5.2 A and B). For protein expression 

the recombinant plasmid named pTP1-glnP was transformed in E. coli BL 21DE3 and synthesis 

of GlnHP336-523 protein was analysed at different time point on small scale. The bacteria were 

cultivated in LB medium at 30°C and the induction was performed with 1mM IPTG. Pre and 

post induction samples were taken and separated by SDS-PAGE. Overexpression of glnHP´ was 
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detected after 3 hours of induction. No expression was realized without IPTG induction (Fig 

5.2 C and D). 

 

A       B 

 

      

 

 

  

 

C                           D     

 

 

 

 

Figure 5.2: Recombinant plasmid constructs (pTP1-glnP´), SDS-PAGE and immunoblot 
analysis of the recombinantly produced protein  
A. The glnP´ gene sequence was inserted into the expression vector pTP1 generating                
pTP1-glnP´. The gene for glnP´ is shown in red, antibiotic resistance gene cassette of 
plasmid kanR in green, 6xHis-tag coding sequence is shown in dark green at the 5´ end 
of glnP´ and restriction sites in pink. B. Colony PCR using specific gene primers verified 
integration of the pneumococcal sequence with a length of 564nt. C. Recombinant        

E. coli (BL21DE3) clone expressing truncated GlnHP336-523 was cultured in LB medium 
at 30°C with agitation. Expression was induced with 1mM IPTG and samples were taken 
up to 3 hours after induction. The protein was separated on a 12% SDS-PAGE. Protein 
expression was detected by staining the gel with Coomassie brilliant blue (CBB). D. 

Immunoblot analyses of His-tagged GlnHP336-523 (~22kDa). Monoclonal penta anti-His-
antibodies were used (1:2000) and goat-anti mouse IgG-AP conjugate as secondary 
antibodies. For visualization NBT/BCIP was applied for colour development. Expression 
was visualized by western blot using specific Penta anti-His monoclonal antibodies. NI: 
non-induced 
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5.1.3.1 Purification of the GlnHP´ (336-523) protein 

Recombinant E. coli BL21 harbouring pTP1-glnP´were cultured in a volume of 500ml and 

harvested 3 hours post-induction with IPTG. The cytoplasmic protein extract was loaded on 

His-trapTM Ni-NTA column (GE Healthcare) and protein purification was performed by affinity 

chromatography. Elution of the protein was carried out by an increasing imidazole gradient 

(Fig 5.3A). Proteins were separated by SDS-PAGE and purity of the protein was confirmed by 

CBB staining (Fig 5.3B).  

A                 B 

 
 

 

          C     

   

 

 

 

 

 

Figure 5.3: Purification of recombinant GlnHP336-523 by affinity chromatography and 
expression of the GlnHP protein in S. pneumoniae 
A. Purification of the His6-tagged GlnHP336-523 protein (~22kDa) was performed by Ni-
affinity liquid chromatography. The protein was loaded on a 1ml His-trap Ni-NTA 
column and the recombinant protein was eluted with imidazole gradient (0-500mM). 
B. Elution fractions were collected and dialysed against PBS. Aliqotes of 2 µg were 
seperated by SDS-PAGE followed by CBB staining. C. Expression of pneumococcal 
protein GlnHP in parental strain D39Δcps was analysed by immunoblotting. The 
pneumococcal protein lysate was separated by SDS-PAGE and transferred to a 
nitrocellulose membrane. Unspecific proteins were blocked with 5% skim milk and the 
membrane was incubated with specific anti-GlnHP antibodies generated in mice. Goat 
anti-mouse IgG-AP conjugate was used as secondary antibodies and visualization was 
carried out with NBT/BCIP as substrate. 

 
 
 
The purified His6-tagged GlnHP336-523 protein was used to immunize mice for the generation 

of polyclonal anti-GlnHP antibodies. The D39 wild-type was analysed for the detection of 
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GlnHP and specificity of the anti-GlnHP antibodies by immunoblotting. The results showed a 

specific protein signal of 78kDa of correct molecular weight according to the GlnHP protein in 

pneumococci (Fig 5.3C). Thus, the antibodies are specific for the GlnHP encoded by 

spd_1098/1099 and can be used to assess the impact of regulators such as GlnR on GlnHP 

expression. 

 

5.1.4 Genomic organization of glnR in Streptococcus pneumoniae 

The genes required in glutamine and glutamate metabolism are important for the survival of 

bacteria such as B. subtilis and L. Lactis and S. pneumoniae. These metabolic genes are strictly 

regulated by GlnR (Kloosterman et al., 2006;Larsen et al., 2006;Hendriksen et al., 2008).  

The transcriptional regulator GlnR belongs to MerR family protein and in S. pneumoniae GlnR 

is encoded by spd_0447; 357 nt. The deduced amino acid sequence of GlnR contains 118 

amino acids and has a 13.8kDa molecular weight. The glnR gene is located upstream of glnA, 

encoding glutamine synthetase and both genes are co-transcribed. The glnR is surrounded in 

the upstream region by a putative membrane protein encoded by (spd_0446; 528nt; 175aa 

and 19.7kDa) with unknown function and the pgk gene (spd_0445; nt 1197; aa 398 and 42kDa) 

which encodes the phosphoglycerate kinase. PGK is an important enzyme in the glycolysis and 

gluconeogenesis. Downstream of gln is a gene (spd_0449; nt 138) encoding small hypothetical 

protein containing 45 amino acids of 5.4kDa (Fig 5.4).   

 

 

 

 
 
 
Figure 5.4:  Genomic organization of glnR  

GlnR-transcriptional regulator (spd_0447), Downstream of glnR is the gene spd_0448 
encoding the glutamine synthetase. Upstream of glnR (spd_0446) is a hypothetical 
membrane protein, (spd_0445) pgK-phosphoglycerate kinase 
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5.1.5 Cloning of glnA for heterologous expression in E. coli  

Glutamine synthetase GlnA, is a metabolic enzyme converting glutamate to glutamine under 

hydrolysis of ATP and is involved in virulence. To further evaluate the role of GlnA in                       

S. pneumoniae, heterologous expression of the gene was carried out. For the generation of 

the recombinant plasmid construct of glnA (spd_0448; nt 1347; aa 448; size 50.3kDa), the 

complete glnA sequence was cloned into the pTP1 plasmid. The glnA gene sequence from D39 

chromosomal DNA was amplified PCR using oligonucleotides P1312_NheI and P1313_SalI. The 

amplified fragment was cloned in the expression vector pTP1 that was digested with 

restriction enzymes NheI and SacI. DNA integrity was verified by colony PCR (Eurofins) (Fig 5.5 

A and B). The generated plasmid pTP1-glnA was transformed in E. coli (BL 21DE3) for the over 

production of the recombinant GlnA protein (54kDa).  

For the production of His6-tagged GlnA on a large scale, induction was performed at OD600 0.6-

0.8 by adding 1mM IPTG. Samples were taken at different time point after post induction up 

to 6-hours and induction was analysed by staining the gel with CBB and the recombinant GlnA 

was detected by immunoblot with Penta anti-His antibodies. High expression of the His6-GlnA 

fused protein (54kDa) was shown 6-hours post induction, while no expression was detected 

without induction and low expression 1 hr after induction (Fig 5.5 C and D). 
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Figure 5.5: Generation of pTP1-glnA for the heterologous expression of His6-GlnA  

A. The gene sequence for glnA was amplified by PCR with specific gene primers (P1312, 
P1313) with incorporated NheI at 5´ end and SalI site on the 3´ end of the gene and the 
PCR product was cloned into vector pTP1 generating pTP1-glnA (54kDa). The gene for 
glnA is shown in red, antibiotic resistance gene cassette of plasmid kanR in green, 
6xHis-tag coding sequence is shown in dark green at the 5´ end of glnA and restriction 
sites in pink. B. Integration of the gene was verified by colony PCR using specific gene 
primers. C. Cultivation for the heterologous gene expression was carried out in Luria-
Bertani (LB) medium at 30°C on shaking incubator. Expression was induced for six 
hours with 1mM of IPTG. Pre-and post-induction samples were collected and proteins 
were separated on 12% SDS-PAGE. Expression was visualized by CBB staining D. and 
by western blot using specific anti-His antibodies. NI: non-induced. 

 
 
 

5.1.5.1 Purification of the recombinant glutamine synthetase (rGlnA) 

For the antibodies generation and functional assays, the His6-fused GlnA protein was purified 

using a His-Trap Ni-NTA column (1ml) and affinity chromatography (Fig 5.6A). The N-terminal 

His6-tag (~2.2kDa) of the purified protein was removed using the TEV protease. After a second 

purification by Ni-NTA sepharose the flow through was loaded on a SDS-PAGE (Fig 5.6B) and 

CBB staining showed a good quality of purified and concentrated protein. For further 

functional characterization, the purified GlnA (20 µg) protein was injected intraperitoneally in 

mice for the generation of polyclonal anti-GlnA antibodies. The generated anti-GlnA 
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antibodies were used in an immunoblot with protein lysate from strain D39 demonstrating 

the specificity for GlnA (Fig 5.6C). 

 

A              B  
 
 

 

 

     

                C 

       

 

 

 

 

 

Figure 5.6:  Glutamine synthetase GlnA purification by Ni-affinity chromatography and 
expression in S. pneumoniae 
A. Purification of the His6-tagged GlnA was performed by Ni-affinity liquid 
chromatography. The protein extract was loaded on 1ml His-trap Ni-NTA column and 
the rGlnA was eluted with increased imidazole concentration (0-500mM). B. 
Expression of the pTP1-glnA was induced with end concentration of 1mM IPTG. The 
protein was purified by Ni-affininty chromatography and samples of eluted fractions 
were loaded on a 12% SDS-PAGE. The protein purity was analysed by CBB staining. C. 
Expression of pneumococcal protein GlnA in D39 was analysed by immunoblotting. 
Pneumococcal protein lysate was separated by SDS-PAGE and transferred on a 
nitrocellulose membrane. The membrane was incubated with specific anti-GlnA 
antibodies generated in mice. Visualization was carried out with NBT/BCIP. 
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5.1.6 Deletion of glnR with the Cre/loxP system and marker less glnR-mutation in                     

 Streptococcus pneumoniae 

Inactivation of glnR can be realized with different techniques. Insertion-deletion mutagenesis 

sometimes does not ensure proper expression of downstream of the mutation located 

genes(Kloosterman et al., 2006). Thus, a deletion of glnR parts and a marker less mutation was 

generated with the cre-loxP cassette to establish expression of the downstream genes from 

the corresponding promoter.  

A pGEMT-Easy derived plasmid with the cre-loxP cassette was used for this study, which was 

previously constructed in our laboratory. This vector contained an erm gene cassette between 

the two-loxP sites (Hohmann, Diploma thesis 2012). For this purpose, the 5´-region of the glnR 

(750bp) was amplified with specific primer pair P1425_SphI and P1426_NcoI. The amplified 

PCR product of 750bp was ligated in PGMT easy ErmR Cheshire vector1 in the specific 

restriction sites and transformed in the competent DH5α. The new recombinant plasmid 

clones were grown on LB agar plate over night at 30°C supplemented with erythromycin. The 

recovered plasmid (pGMT-glnR) from positive colonies was verified by restriction digestion 

and DNA sequencing. 

In the second step the 3´ end and downstream region of glnR (460bp) was amplified with 

specific primer pairs of P1427_SalI and P1428_SacI. The amplified product of 460bp was 

digested with SalI and SacI and ligated into the newly generated recombinant plasmid (pGMT-

glnR) digested with specific restriction enzymes (SalI/SacI). The recombinant plasmid 

(pGDΔglnR-Erm_loxP) was isolated and verified by DNA sequencing and colony PCR using gene 

specific primers. After pneumococcal transformation the positive clones were selected and 

verified by colony PCR (Fig 5.7).  

 

 

 

 

 

 

 

                                                           
1 The PGMT easy ErmR Cheshire plasmid was generated in AG Hammerschmidt  
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Figure 5.7:  Construction of glnR mutagenesis plasmid 

A. Upstream and downstream regions of glnR were amplified with specific gene primer 
pairs (P1425/1426) and (P1427/1428) and inserted into the restriction sites next to 
loxP1 and loxP2 of pGMT easy cheshire vector. The amplified glnR gene fragments are 
shown in red. Restriction sites in blue, loxP sites in orange. B. Integration of the glnR 
gene fragments were verified by analytical PCR using different primer pair 
combinations: M13/1426-amplified 831bp and RM13/1427-amplified 550bp. 

 
 
 

5.1.7 Complementation of the transcriptional regulator glnR-mutant 

The shuttle vector pBAV1CpE containing the chloramphenicol resistance marker was used to 

complement GlnR expression in S. pneumoniae glnR-mutant. The vector pBAV1CpE allows the 

gene expression under the control of the foreign promoter pE, which originates from the erm 

resistance gene and leads to a constitutive expression. For the complementation of the glnR-

mutant, specific primers containing restriction sites NcoI and HindIII were designed and the 

complete glnR sequence (357 nt; Appendix section 10.9.1) was amplified using chromosomal 

DNA from strain S.p. D39 and cloned into pBAV1CpE. Recombinant clones were identified by 

colony PCR and DNA sequencing (Fig 5.8 A and B). The recombinant plasmid pBAVglnR was 

then transformed in the non-encapsulated D39 and TIGR4 glnR-mutants. The pneumococcal 

transformants were grown on blood agar plates containing Cm (5µg/ml) and analysed by 

colony PCR (Fig 5.8C). The pneumococcal complementation mutants were further analysed 

for GlnR expression and their growth behaviour was studied.   
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Figure 5.8: Generation of glnR complementation construct and complementation of 

glnR-mutant  
A. The amplified glnR gene with specific gene primers (P1318, P916) was ligated into 

vector pBAV1CpE. Colour code. Blue= foreign promoter PE. Green= chloramphenicol 
antibiotic (cat) gene cassette. Red: glnR gene, Pink: restriction digestion. B. The 
recombinant plasmid pBAVglnR was isolated and verified by analytical PCR using 
primer pairs P1318 and P916. C. The glnR-mutant was phenotypically restored to the 
wild-type by plasmid encoded glnR expression. The complementation mutant was 
verified by analytical PCR using primer pairs P1318 and P916, amplified a gene product 
of 357bp. 

 
 
 

5.1.7.1 Analysis of GlnR expression in wild-type, glnR-mutant and the complementated 

 glnR-mutant   

The transcriptional regulator GlnR plays an important role in the regulation of nitrogen 

metabolism (Kloosterman et al., 2006). To analyse the expression of GlnR, the pneumococcal 

non-encapsulated D39, and its isogenic glnR-mutant and the complementated glnR-mutant 

were cultured in THY up to OD600 0.8 at 37°C. Total protein cell lysate was separated by SDS-

PAGE and transferred to nitrocellulose for immunoblot studies. Expression of GlnR with a 

molecular weight 14kDa was detected in the wild-type and the complementated glnR-mutant. 

GlnR was not expressed in the corresponding GlnR-deficient mutant. In addition, a 16kDa 

protein was detected in all protein extracts which seems to be caused by the unspecific 
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binding of the polyclonal anti-GlnR antibodies2. Importantly, the GlnR protein (14kDa) was 

successfully detected in the complementation mutant. The lipoprotein DacB with a molecular 

weight of 25kDa was used as a loading control (Fig 5.9).   

 

 

 

 

 

 

 

 
 
Figure 5.9:  Immunoblot analysis of the glnR-mutant and complementation mutant  

S. pneumoniae wild-type, its isogenic mutants and the complementated mutant were 
cultured in THY medium and protein extract was separated by 15% SDS-PAGE. After 
protein transferred on a nitrocellulose membrane the immunodetection was carried 
out with anti-GlnR specific antibodies, secondary AP conjugated anti-mouse antibodies 
and NBT/BCIP as substrate for the AP. DacB was detected as loading control. 

 
 
 

5.1.8 Impact of GlnR-deficiency on pneumococcal growth in complex and chemically- 

 defined media 

For the determination of GlnR effect on the fitness of pneumococci, growth of strains D39 and 

TIGR4 wild-type and their isogenic glnR-mutants and complementated mutants were studied. 

Bacteria were cultured in THY and minimal medium (RPMImodi) and the growth behaviour was 

observed up to 10 hours. The D39 strain and their mutants showed no growth difference in 

THY medium. A reduced growth rate (µ=0.45 h-1) of the glnR-mutant was observed in minimal 

medium and this mutant showed an extended stationary growth phase compared to the 

parental strain and complementated mutant. In the complex medium (THY), the glnR-mutant 

of TIGR4 grew similar compared to the wild-type. Reduced growth (µ=0.66 h-1) and earlier 

entry into the stationary growth phase was observed, when the complemented mutant was 

applied to THY (Fig 5.10 D).  

                                                           
2 anti-GlnR antibodies were generated previously in working group of Prof. Hammerschmidt 
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A                                                                                                B 

C                                                                              D 

 

 

Figure 5.10: Growth analysis of S. pneumoniae wild-type (D39∆cps and TIGR4∆cps), 
isogenic glnR-mutants and complementated mutants. 
S. pneumoniae wild-type (D39∆cps) (TIGR4∆cps) and their isogenic glnR-mutant and 
complementated mutants were cultivated under microaerophilic condition in 35ml 
complex (THY) and RPMImodi medium at 37°C. The optical density (OD600nm) was 
measured hourly for a period of 10 hours. Mean and SD of the three independent 
cultivations are shown. A. Growth rates for D39 in RPMI: D39∆cps (µ=0.70 h-1), ∆glnR 
(µ=0.45 h-1), ∆glnR comp (µ=0.72 h-1), B. THY: D39∆cps (µ=0.41 h-1), ∆glnR (µ=0.66 h-1), 
∆glnR comp (µ=0.65 h-1). C. Growth rates for TIGR4 in RPMI: TIGR4∆cps (µ=0.46 h-1), 
∆glnR (µ=0.35 h-1), ∆glnR comp (µ=0.53 h-1), D. THY: TIGR4∆cps (µ=0.92 h-1), ∆glnR 
(µ=0.85 h-1), ∆glnR comp (µ=0.66 h-1). 

 
 
 
A huge growth difference was observed, when the glnR-mutant of strain TIGR4 was cultured 

in minimal medium (Fig 5.10 C). The growth rate was significantly reduced (µ=0.35 h-1) and 

the culture did not reach half of the optical density related to the wild-type. The 

complemented glnR-mutant revealed almost the wild-type situation in the growth behaviour 

independent of the supplied medium (Fig 5.10 A and B).  
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5.1.9 Impact of glnR-mutation on the expression of GlnA and GlnHP protein 

Transcriptome study of D39 and glnR-mutant revealed higher expression of the glnA and 

glnHP genes (Kloosterman et al., 2006). These genes are crucial in glutamine synthesis and 

uptake, respectively.  

A                                                                                                                                                                                    
 

 
 
 
 
 
  
 

B 

 
 
 
 
 
 
 
 
 
 

Figure 5.11: Impact of GlnR on the expression of the glutamine synthetase (GlnA) and 
glutamine transporter (GlnHP)  
The pneumococcal glnR-mutant and complemented glnR-mutant were analysed for 
GlnA and GlnHP expression. A. GlnA expression was detected with polyclonal anti-GlnA 
antibodies (1:1000) generated in mice followed by IRDye® fluorescence-coupled 
secondary antibodies (1:15000). Detection of PsaA as loading control was performed 
with anti-PsaA antibodies. B. Expression of GlnHP was detected with anti-GlnHP 
antibodies (1:1000) raised in mice followed by IRDye® fluorescence-coupled secondary 
antibodies (1:15000). An unspecific protein band (~40kDa; green) was also detected. 
Anti-enolase specific antibodies (1:15000) raised in rabbit was used for the detection 
of enolase as loading control. Scanning of the immunoblots were performed with 
Odyssey® CLxScanner. 

 
 
To analyse the effect of loss of function of GlnR on the glutamine synthetase (GlnA) and 

glutamine transporter (GlnHP) in D39, the non-encapsulated parental strain of D39, its 

isogenic glnR-mutant and the complemented mutant tested for GlnA and GlnHP expression. 

Pneumococcal strains were cultivated in complex medium (THY) under microaerophilic 
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conditions up to the late log phase and the bacterial cells were lysed and their protein extract 

was loaded on SDS gel. The immunoblots were performed with specific anti-GlnA or anti-

GlnHP antibodies generated in mice. Immunoblot analysis revealed no significant effect on the 

expression of GlnA protein in the glnR-mutant, compared to the wild-type. However, a 

significantly reduced expression was detected in the complemented glnR-mutant. The 

pneumococcal protein PsaA was detected with anti-PsaA and was used as loading control (Fig 

5.11A). 

Interestingly, GlnR had no effect on the expression of GlnHP protein as seen by 

immunoblotting using specific anti-GlnHP antibodies. The identical level of GlnHP expression 

was detected in the glnR-mutant and complementated glnR-mutant when compared to the 

D39 wild-type (Fig 5.11B). Overall, no difference in the synthesis of GlnA and the main 

glutamine transporter could be observed during the cultivation in complex medium. Results 

showed that the regulatory effect of GlnR on the regulation of metabolic genes is effective on 

transcription level but not on protein level. 

 

5.1.10 Increased concentration of glutamine has no impact on the expression of GlnR 

 regulon (GlnA and GlnHP) 

The expression of GlnR regulated genes is inhibited in the presence of high concentration of 

glutamine, glutamate and ammonium, which are the main nitrogen donors in the cell 

(Kloosterman et al., 2006). The influence of glutamine on the expression of GlnR target genes 

such as GlnA and GlnHP was investigated. The pneumococcal strain D39Δcps was cultured in 

the chemically-defined minimal medium (RPMImodi) with various concentrations of glutamine 

ranging from 1.9mM to 10mM. An immunoblot analysis was carried out and expression of 

GlnA and GlnHP was investigated. Interestingly, no variations were observed on the amount 

of glutamine synthetase GlnA and the GlnHP transporter, despite using different 

concentration of glutamine (Fig 5.12 A and B).  
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Figure 5.12: Effect of glutamine on the expression of GlnA and GlnHP  

S. pneumoniae was cultured in minimal medium in the presence of various 
concentrations of glutamine ranging from 1.9mM to 10mM. The protein lysate was 
separated by 12% SDS-PAGE and transferred on a nitrocellulose membrane by western 
blotting. The proteins were incubated with specific primary antibodies A. anti-GlnA 
1:1000 and B. anti-GlnHP 1:1000 in 5% skim milk followed by fluorescence-coupled 
secondary antibodies (LI-COR 1:1000). PsaA and enolase were used as loading controls. 
Scanning of the immunoblots was performed with Odyssey® CLxScanner from LI-COR® 
technology.  

 
 
 

5.1.11 Fluctuation of amino acids alters the growth of Streptococcus pneumoniae  

Amino acids glutamine and arginine are essential for the growth of S. pneumoniae (Hartel et 

al., 2012). Extracellular metabolome analysis suggested that the regulation of nitrogen 

metabolism is strain specific and that glutamine and asparagine are the main nitrogen sources 

in pneumococcal strain TIGR4 (Schulz et al., 2014). In chemically-defined medium (CDM) used 

for pneumococci the standard concentrations of glutamine and arginine are 1.36mM and 

0.57mM, respectively. However, previous data suggested that these concentrations limit 

pneumococcal growth in CDM. The possible impact of increasing glutamine and arginine 

concentration on growth was therefore investigated using S. pneumoniae strain D39∆cps and 

TIGR4∆cps in CDM. The pneumococcal strains were cultured in CDM containing different 
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concentration of glutamine (1.36mM, 2mM, 4mM) or arginine (0.574mM, 2mM, 4mM) as a 

nitrogen source (Fig 5.13).  

 A       B                                                                                                          
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Figure 5.13: Impact of glutamine and arginine on pneumococcal growth 

Growth of S. pneumoniae wild-type D39∆cps or TIGR4∆cps was analysed in the 
presence of different concentration of glutamine (standard 1.36mM, increased 2mM 
and 4mM) and arginine (standard 0.574mM, increased 2mM and 4mM) in chemically 
defined medium (CDM). Cultivation was carried out in 35ml medium at 37°C water 
bath under microaerophilic condition. The optical density (OD600nm) was measured 
every hour for consecutive 10 hours. Representative growth curve are shown. A. 
Growth rates for D39∆cps in CDM (Gln): 1.36mM (µ=0.84 h-1), 2.0mM (µ=0.87 h-1), 
4.0mM (µ=0.88 h-1), B. D39∆cps CDM (Arg): 0.574mM (µ=0.65 h-1), 2.0mM (µ=0.73 h-

1), 4.0mM (µ=0.71 h-1). C. Growth rates for TIGR4∆cps in CDM (Gln): 1.36mM (µ=0.43 
h-1), 2.0mM (µ=0.43 h-1), 4.0mM (µ=0.42 h-1), D. TIGR4∆cps CDM (Arg): 0.574mM 
(µ=0.42 h-1), 2.0mM (µ=0.37 h-1), 4.0mM (µ=0.39 h-1).  

 
 
 
In strain D39Δcps, no significant effect was observed on the growth pattern when using 

different concentrations of glutamine (Fig 5.13A). In contrast, a slightly different growth 

behaviour was observed, when the arginine concentrations was increased in the culture 

medium. Strain D39 seems to lyse earlier under low arginine concentration (µ=0.65 h-1) and 
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highest growth rates (µ=0.71 h-1) were measured when 4mM arginine was present in the 

medium (Fig 5.13B).  

A positive impact of an increased arginine concentration on pneumococcal growth was also 

measured for strain TIGR4. Lower concentrations of arginine (0.57mM) limited the growth and 

pneumococci reached earlier the stationary phase (Fig 5.13D). In contrast, no impact was 

monitored on the fitness in strain TIGR4, when the glutamine concentration in the medium 

varied. Overall, the TIGR4 strain showed a reduced growth rate compared to strain D39 (Fig 

5.13C). In conclusion, the growth experiments in CDM revealed that changes in pneumococcal 

growth rates depend on the available nitrogen source and concentration. 

 

5.1.12  Growth of S. pneumoniae in CDM containing different amino acids compositions 

For 15N-isotopologue profiling analysis a 15N-labelled amino acid mixture can be purchased. To 

demonstrate that this amino acid mixture in CDM, whose composition is different compared 

to CDM (Table 7.11) is sufficient for pneumococci, an unlabelled mixture was tested to 

determine pneumococcal growth. No growth variation was observed for strain D39 in both 

media (Fig 5.14A). In contrast, an impaired growth was observed in CDM-algal for strain TIGR4 

(Fig 5.14B).  

A             B 
  

 
 
 
 
 
 
 
 

 
Figure 5.14: Growth of S. pneumoniae in the presence of algal mix and in CDM 

S. pneumoniae D39 and TIGR4 were explored for their growth behaviour in two 
different media containing diverse concentrations of amino acids (Table 7.11). 
Cultivation was carried out at 37°C in water bath under microaerophilic condition. The 
optical density (OD600nm) was measured every hour for maximum 10 hours. Mean and 
SD of representative growth curve are shown here. Growth rates for D39∆cps: in algal 
(µ=0.78 h-1), in CDM: (µ=0.84 h-1). Growth rates for TIGR4∆cps: in algal (µ=0.50 h-1), in 
CDM: (µ=0.43 h-1). 
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Bacterial growth up to an optical density of 0.8 was measured with CDM-algal, whereas in 

CDM an optical density of 1.1 was detected. Nevertheless, the growth rates were quite similar 

(algal µ=0.50 h-1), (CDM µ=0.43 h-1) in the early log phase. Based on these results pneumococci 

were cultivated for the labelling experiments using the tested amino acid composition. 

 

5.2 Characterization of nitrogen metabolism in Streptococcus pneumoniae 

 by 15N-isotopologue profiling 

S. pneumoniae undergoes several metabolic adaptations that promotes the bacteria to 

colonization of the nasopharyngeal ecological niche and competition with the host microflora. 

So far, a few universal metabolic pathways such as glycolysis, pentose phosphate pathway and 

Entner-Doudoroff pathway are studied in prokaryotes. Different studies have revealed that   

S. pneumoniae expresses different nutrients uptake systems. Previously the metabolism of 

the human pathogenic bacterium such as S. pneumonia is less considered. For the detail 

characterization of amino acids metabolism and physiology in S. pneumoniae, 15N-labelled 

isotopologue profiling was applied in a CDM containing 15N-amino acids3 (Fig 5.15 A and B). 

The 15N-isotopologue profiling offers directly the opportunity to discover the metabolic 

processes of amino acid metabolism (Eisenreich et al., 2010;Eylert et al., 2010;Hartel et al., 

2012;Ahmed et al., 2014;Kutzner et al., 2016;Menzel et al., 2017). 

 

 

 

 

 

 

 

 

 

 

 

                                                           
3 The 15N-isotopologue profiling experiment was performed in collaboration with the research group of              
Prof. Wolfgang Eisenreich, Department of Chemistry, Technical University of München, Germany. 



 
 RESULTS 

 
58 

 

 

 A   Streptococcus pneumoniae TIGR4 
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B    Streptococcus pneumoniae D39 

 

 
 

  

 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.15: Proposed schematic pathways for the amino acids biosynthesis in TIGR4 (A) 

and D39 (B) derived from 15N2-glutamine and 15N4-arginine as nitrogen source 
 
 
 

5.2.1 S. pneumoniae can take up all proteinogenic amino acids from the medium  

Amino acids can be taken up efficiently by S. pneumoniae. Several specific amino acid 

transporters were identified such as glutamine, branch chain amino acid and lysine 

transporter (Hartel et al., 2011;Kim et al., 2017). 

The CDM was supplemented with a mixture of 17-labelled amino acids (Ala, Asp, Glu, Gly, His, 

Ilu, Leu, Lys, Met, Phe, Pro, Ser, Thr, Tyr, Val, Arg, Gln) and depleted for the corresponding 

unlabelled amino acids. Both strains D39 and TIGR4 were cultured at 37°C and samples were  
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Figure 5.16: A. Enrichment of labelled amino acid in S. pneumoniae D39 and TIGR4  

S. pneumoniae strains D39∆cps and TIGR4∆cps were grown in a defined medium, in 
which 16 unlabelled amino acids were replaced with 15N-labelled amino acids mixture. 
In addition, 15N-labelled Gln was also added. Mean and SD of three independent 
experiments are shown. 

 B. Relative fractions of 15N-labelled atoms in arginine and ornithine derived 
from the 15N-labelled amino acid mixture and 15N-labelled glutamine  
The labelling patterns of Arg and ornithine derived from 15N-labelled amino acid 
mixture and 15N-labelled Gln in D39∆cps and TIGR4∆cps wild-types are shown in 
percentage (%). The coloured boxes indicate the relative contribution in percentage of 
isotopologue with 0, 1, 2, 3 and 4 15N-atoms (M+0, M+1, M+3 and M+4). Average of 
three independent experiments are presented.  
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analysed for the incorporation of labelled amino acids by analytical GC-MS4. The medium was 

deficient for amino acids such as asparagine, tryptophan and cysteine. To ensure 

pneumococcal growth in the medium these three unlabelled amino acids were added to the 

medium with a concentration of 0.67mM, 0.49mM and 0.42mM, respectively (Table 7.10). 

The isotopologue profiling showed an increased enrichment of all sixteen, 15N-labelled amino 

acids in pneumococcal strain D39 and TIGR4 as well. These high incorporation rates 

demonstrate that labelled amino acids can be taken up by S. pneumoniae from the medium 

and incorporated into proteins. The highest 15N-enrichment was observed for amino acids Ala, 

His, Ile, Leu, Met, Phe, Tyr, and Val ranging from 60%-90% in both strains. Gln, Asn Trp and 

Cys cannot be detected by this analysis (for numerical values see appendix Table 10.1 to 10.4). 

Uptake and incorporation of Gly and Ser was lower in strain TIGR4 compared to D39. A 15N-

enrichment of 80%-90% was measured for Gly and Ser in strain D39, whereas in strain TIGR4 

only up to 70% of Gly and Ser were labelled. A higher amount of labelled Pro was detected for 

TIGR4 (70%) when compared to strain D39 (60%).  

A 15N-enrichment of 50-60% was measured for Ala, Glu, Thr and Arg in both pneumococcal 

strains. Interestingly, a non-proteinogenic amino acid, ornithine, which is generally derived 

from arginine degradation, was detected in strain D39 with a maximum of 45% and in TIGR4 

up to 55.8%. The non-essential amino acid Lys was labelled up to 42%-45% and the lowest 15N-

enrichment was observed for Asp with only 25%-32% in both pneumococcal strains (Fig 5.16). 

 
 

5.2.2 Contribution of glutamine and arginine as nitrogen source for amino acid 

 biosynthesis in S. pneumoniae 

The 15N-labelled amino acid mixture (Ala, Asp, Glu, Gly, His, Ilu, Leu, Lys, Met, Phe, Pro, Ser, 

Thr, Tyr, Val, Arg, Gln) does not allow the differentiation of degradation or direct incorporation 

of single amino acids into pneumococcal proteins. Thus individual 15N-labelled amino acids 

such as Gln and Arg were analysed for their potential to function as nitrogen source. 

Glutamine, arginine and asparagine serve as nitrogen sources for the biosynthesis of other 

amino acid in S. pneumoniae (Schulz et al., 2014). By using 15N-labelled Gln and 15N-labelled 

Arg during growth in CDM medium, the synthesis of amino acid and the incorporation of NH4
+ 

                                                           
4 The 15N-isotopologue profiling experiment was performed in collaboration with the research group of                       

Prof. Wolfgang Eisenreich, Department of Chemistry, Technical University of München, Germany. 
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derived from Gln was assessed. For this, S. pneumoniae was grown in CDM, in which 

unlabelled Gln or Arg was substituted with 2mM 15N-labelled Gln or Arg and the enrichment 

of 15N-atoms in the derived amino acids was determined.  

 

5.2.2.1 Amino acids derived from 15N-Gln in TIGR4∆cps 

When using 15N-labelled Gln in CDM, 15N-labelled amino acids5 were mainly found in all 

detectable amino acids except His, Lys and Arg. The analysis showed de novo biosynthesis of 

Ala and Glu with highest labelling rates of 31% to 34%, respectively. The 15N-enrichment for 

Met and Val was < 5% suggesting a very low de novo biosynthesis rate from Gln. The amino 

acids Asp and Thr were labelled up to 17% and 24%, respectively. The 15N-enrichment rate for 

BCAA such as Ile and Leu was 9% and that of the aromatic amino acids, Phe and Tyr was 15% 

and 7%, respectively. A labelling of 14.5% was measured for Pro. Interestingly, the NH4
+ for 

Gly and Ser biosynthesis was derived from Gln with labelling rates of 9% and 7%, respectively. 

A non-significant labelling (< 1%) was detected for Arg, His and Lys (Fig 5.17). For numerical 

values see appendix table 10.5).  

 

5.2.2.2 Amino acids derived from 15N-Gln in D39∆cps 

In contrast to TIGR4, higher 15N-enrichment rates of labelled amino acids were detected in 

strain D39. The highest 15N-enrichment was observed for the amino acids Ala (49%), Glu (52%), 

Pro (44%), and Thr (42%). The lowest enrichment was detected for Met (6.97%) and Val (7.9%). 

The analysis showed de novo biosynthesis of Ile, Leu, Phe, and Asp with 15N-excess rates of 

25%, 24%, 22% and 28%, respectively. No labelling of His, Lys and Arg could be measured due 

to lack of genes coding for the biosynthesis pathway (Fig 5.17; For numerical values see 

appendix table 10.6). In addition, no labelled Gly and Ser was measured demonstrating that 

Gln cannot provide NH4
+ for biosynthesis. This is in agreement with previous 13C-labelling 

experiments, which have shown that Ser is synthesized out of Gly by the serine hydroymethyl 

transferase (SHMT) reaction encoded by glyA (Hartel et al., 2012). 

Overall, results showed that, Gln serves as nitrogen donor and provides NH4
+ for the 

biosynthesis of twelve amino acids in S. pneumoniae. The main differences between the two 

                                                           
5 The 15N-isotopologue profiling experiment was performed in collaboration with the research group of                       

Prof. Wolfgang Eisenreich, Department of Chemistry, Technical University of München, Germany. 
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strains are the biosynthesis of Gly and Ser. Moreover, the strain D39 is more dependent on 

Gln as nitrogen source compared to the TIGR4.  

 

 

 

 
 

 
 

 

Figure 5.17: Isotopologue profiling of nitrogen metabolism in S. pneumoniae 
Pneumococcal strain D39∆cps and TIGR4∆cps was evaluated for nitrogen metabolism 
by 15N-Isotopologue profiling. Pneumococcal strains were cultivated in CDM, 
supplemented with 2mM 15N-labelled Gln. Amino acids derived from labelled Gln were 
determined by GC-MS. Mean values including standard deviation are shown. Statistical 
analysis was performed by applying unpaired t-test, marked with asterisk (**=P < 0.01 
and ***= P< 0.001). 

 
 

 
5.2.3. 15N-enrichment of amino acids in S. pneumoniae in the presence of 15N-arginine  

The pneumococcal strain TIGR4 and D39 were grown in CDM, where the unlabelled Arg was 

substituted with 2mM 15N-labelled Arg to investigate the use of Arg as nitrogen source. The 

results indicated 15N-labelled atoms in most of the amino acids with enrichment rates ranging 

from 4% to 86% from 15N-labelled Arg. Exception were His and Lys with a non-significant 

labelling (<1%). Furthermore, traces of 15N-labelled Met (2%) and Val (1%) were also detected 

showing a very low de novo biosynthesis for Met and Val from Arg. A high 15N-enrichment was 

measured for Ala (22%), Glu (25%), Thr (16%), and Asp (11%) showing efficient de novo  
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Figure 5.18: A. Amino acids derived from 15N-labelled arginine by isotopologue profiling 

Strain D39Δcps and TIGR4Δcps were grown in CDM, in which unlabelled Arg was 

replaced with 2mM 15N-labelled Arg and determined for the 15N-enrichment of Arg 
derived 15N-atoms with in amino acids. Mean value of three independent experiment 
are shown. 
B. Relative fractions of 15N-labelled atoms in arginine and ornithine derived from  
15N-labelled arginine. 
Labelling pattern of pneumococcal strain wild-type TIGR4∆cps and D39∆cps of Arg, 
ornithine and urea derived from 15N-labelled Arg are shown in percentage (%). Average 
of three independent experiment are presented. The coloured boxes indicate the 
relative contribution in percentage of isotopologue with 0, 1, 2, 3 and 4 15N-atoms 
(M+0, M+1, M+3 and M+4). Average of three independent experiment are presented. 
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biosynthesis of these amino acids. Gly and Ser were N-labelled 6% and 4%, respectively. The 

biosynthesis of Leu and Ile and Val confirmed that BCAA also synthesized de novo despite their 

up-take from the medium. The isotopologue profiling showed that the aromatic amino acids 

Phe and Tyr were labelled with 9% and 3%, respectively, while the 15N-enrichment of Pro was 

7% (For numerical values see appendix table 10.7 to 10.10). 

In contrast to TIGR4, no labelled amino acids were derived from 15N-labelled Arg on strain D39 

and thus, and only the used 15N-labelled Arg was detected (85%). This is due to the non-

functional ArcA in D39, which is responsible for the catabolism of Arg into citrulline and 

ammonia, which is used as nitrogen source and provided for the de novo biosynthesis other 

amino acids (Fig 5.18).  

 

5.2.4 Glycine is a non-essential amino acid for Streptococcus pneumoniae (TIGR4)  

The detection of labelled 15N-Ser and 15N-Gly in strain TIGR4 when using 15N-labelled Gln 

indicates that Gly can be synthesized during metabolism of carbohydrates and Gln can serve 

as nitrogen donor. Thus, it can be hypothesized that strain TIGR4 can grow in CDM depleted 

of additional Gly. Indeed, TIGR4 is able to grow in CDM lacking Gly and is thus not auxotrophic 

for glycine. However, the growth rate of TIGR4 is reduced compared to growth in standard 

CDM (Fig. 5.19A). Biosynthesis of Ser is only possible by the reaction catalysed by serine 

dehydratase SdhAB encoded by sp_0105/sp_0106 with pyruvate and NH4
+ as substrate. Ser 

can then be further converted into Gly by the Ser hydroxymethyl transferase reaction (GlyA) 

using tetrahydrofolate as methyl group acceptor (Fig 5.19B) (Hartel et al., 2012). 
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Figure 5.19:  A. Growth analysis of pneumococcal strain TIGR4∆cps in CDM deficient for 

glycine 
S. pneumoniae was grown in two different batches of CDM that were cultivated at 37°C 
water bath under microaerophilic condition. Growth was measured in complete CDM 
(Gly 1.33mM) and in CDM lacking Gly every hours for maximum 10 hours. Mean and 
standard deviation (SD) of three biological replicates are shown. 

B. Biosynthesis of serine and glycine in strain TIGR4∆cps and D39∆cps 
Model of the Ser and Gly biosynthesis in D39∆cps and TIGR4∆cps. SdhAB= Serine 
dehydratase/serine ammonia lyase; 5, 10-MTHF= Methylene tetrahydrofolate; THF= 
Tetrahydrofolate. 
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5.2.5 Impact of transcriptional regulator GlnR on the pneumococcal nitrogen metabolism  

The transcriptional regulator GlnR controls the availability of glutamine and glutamate 

intracellularly. The 15N-isotopologue profiling experiment was established to analyse the 

impact of GlnR on nitrogen metabolism in both pneumococcal strains deficient for GlnR. For 

this purpose, the glnR-mutant strains of D39 and TIGR4 were cultivated in CDM, containing 

2mM 15N-labelled Gln and the enrichment of Gln-derived 15N-labelled amino acids were 

determined.   

 

5.2.5.1 Amino acids derived from 15N-Gln in the TIGR4∆cps and glnR-mutant  

The 15N-isotopologue profiling experiment was performed to study the influence of the 

genetically inactivated repressor GlnR on the nitrogen metabolism. The 15N-enrichment was 

measured for majority of the amino acids. However, no 15N-labelled atoms were detected in 

His, Lys and Ser. However, higher 15N-enrichment of Ala and Glu was observed when no 

repression via GlnR occurs. The higher amounts of Glu (23%) in the glnR-mutant are in 

agreement with previous transcriptomic studies, where a higher expression of GdhA was 

detected in the glnR-mutant (Kloosterman et al., 2006). Synthesis of Ala is only possible when 

enough pyruvate is present. Approximately a 10% increased 15N-enrichment of Ala was 

observed in the glnR-mutant. While all other detected amino acids were labelled at reduced 

levels compared to the parental strain. The 15N-enrichment for Met and Tyr was <5% 

suggesting a highly reduced biosynthesis in the glnR-mutant. The 15N-enrichment for Gly was 

reduced up to 50% compared to the wild-type and only 3.4% labelled Gly was detected. 

Remarkably, enrichment of labelled Gly was 50% reduced and almost no labelled Ser could be 

detected in the glnR-mutant. These data indicate clearly that inactivation of GlnR has an 

indirect effect on the biosynthesis of other amino acids (Fig 5.20). For numerical values see 

appendix table 10.11). 
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Figure 5.20:  Determination of N-labelled amino acids in wild-type (TIGR4∆cps) and the 

glnR-mutant grown in CDM supplemented with 15N-labelled glutamine  
S. pneumoniae wild-type (TIGR4∆cps) and isogenic glnR-mutant were grown to mid log 
phase in chemically defined medium, in which the unlabelled Gln was substituted with 
15N-labelled Gln. Mean value of three biological replicates and their standard deviation 
are shown. Statistical significance was performed by applying unpaired t-test and 
marked with asterisk (**=P < 0.01 and ***= P< 0.001).  

 
 
 

5.2.5.2 Amino acids derived from 15N-Gln in the D39∆cps glnR-mutant  

The 15N-labelled Gln was also used in growth experiments to study the impact of glnR gene 

inactivation in strain D39. The 15N-enrichment of amino acids in D39 was similar to that 

observed in the TIGR4 glnR-mutant, when D39 is also deficient for GlnR. Most of the amino 

acids were labelled on a low level in the D39 glnR-mutant. Similar to strain TIGR4 a higher 

enrichment was observed for Ala (70%) and Glu (76%) in D39 when glnR is mutated. The 

isotopologue experiment showed significantly reduced 15N-enrichment for Asp, Ilu, Leu, Met, 

Phe, Thr, Tyr and Val. Importantly, Gly, His, Lys, and Ser could not be detected from 15N-

labelled Gln. In contrast to TIGR4, an increased amount of labelled Pro (6.65%) was detected 

in the glnR-mutant of strain D39. Low amounts of labelled nitrogen atoms were determined 

in Met (3.46%), Tyr (5.77%) and Val (2.10%). The isotopologue profiling of 15N-labelled Gln 
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revealed that the regulator GlnR has a significant impact on the nitrogen metabolism of              

S. pneumoniae (Fig 5.21). For numerical values see appendix table 10.12). 

 

 

 

    

  

 
 
 
 
 
 
 
 
 
   
 
 

Figure 5.21: Determination of protein-derived labelled amino acids in D39∆cps and the 
isogenic glnR-mutant grown in CDM supplemented with 15N-labelled 
glutamine 
S. pneumoniae D39∆cps and isogenic glnR-mutant were grown to the mid log phase in 
CDM, in which the unlabelled Gln was substituted with 15N-labelled Gln. Mean value 
of three biological replicates and their standard deviation are shown. Statistical 
significance was carried out by applying unpaired t-test and marked with asterisk (**=P 
< 0.01 and ***= P< 0.001). 

 
 
 

5.2.6 Gene organization of arc operon and arginine metabolism in pneumococcal strain 

 TIGR4 and D39  

The arginine deiminase pathway is important for the arginine degradation in microorganisms. 

The AD system is widely spread in bacteria and plays important role by generating additional 

ATP and is thought to be crucial to survive in the acidic condition of the host by releasing 

ammonium (Zuniga et al., 2002). The arc gene cluster of the AD pathway in pneumococcal 

strain TIGR4 and D39 consist of arcABC arcDT genes. The first gene of arc gene cluster is arcA 

(sp_2148; nt 1230), which encodes a functionally active arginine deiminase (AD) in strain 

TIGR4. The arginine deiminase catalysis the conversion of arginine into citrulline and releases 
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ammonia. However, in strain D39 a truncated and non-functional AD is present due to a 

premature stop codon generated by nucleotide substitutions (Schulz et al., 2014). Because of 

the non-functional ArcA in strain D39 ammonium ions could not be produced which further 

utilized as a nitrogen source to produce other amino acids (Fig 5.22). 

The second gene of the arc gene cluster is arcB (sp_2150; nt1017) (spd_1976; nt1017), which 

encodes catabolic ornithine carbamoyl transferase (ArcB; 338 aa) protein. The ArcB is involved 

in the production of carbamoyl phosphate from citrulline and releases ornithine as bi-product. 

The carbamoyl phosphate is important in biosynthesis of pyrimidines, while ornithine is 

secreted via membrane protein ArcD (Kloosterman and Kuipers 2011;Schulz et al., 2014).  

The third gene of the ADS gene cluster is arcC (sp_2151; nt 948), containing 315 amino acids 

and encoding a carbamate kinase (CK). This enzyme is involved in the phosphorylation of ADP 

and yield ATP, CO2 and ammonia. The fourth gene is arcD (sp_2152/spd_1978; nt1512) and 

encodes an arginine-ornithine antiporter. ArcD is a membrane protein consisting of 503 amino 

acids and has contains 12 transmembrane helices (Appndix section 10.7). ArcD is mainly 

involved in switching of arginine and ornithine across the cell membrane. The final gene 

downstream of ArcD is a putative peptidase (ArcT) encoded by arcT (sp_2153/spd_1979; nt 

1332), which can probably provide additional amino acid for protein synthesis (Fig 5.22).    
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Figure 5.22:     Gene organization of arc operon and arginine metabolism in TIGR4 and D39 

Strain TIGR4 expresses all three enzymes of the ADS and metabolizes arginine thereby 
generating ATP and ammonia. Because of the premature stop codon in arcA of strain 
D39, this strain produces a truncated and non-functional ArcA, and hence, arginine 
cannot be metabolized to ammonia.   

 
 
 

5.2.7 Impact of the metabolic regulator ArgR2 on the pneumococcal arginine metabolism 

The metabolic regulator ArgR2 controls the arginine metabolism in S. pneumoniae.  
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Figure 5.23: A. Determination of 15N-labelled atoms in amino acids derived from 

TIGR4∆cps and the isogenic argR2-mutant cultured in CDM supplemented 
with 15N-labelled arginine 
S. pneumoniae TIGR4∆cps and the isogenic argR2-mutant were grown to mid log phase 
in a chemically defined medium (CDM), where the unlabelled Arg was replaced with 
15N4-labelled Arg. Mean and SD of three biological replicates are shown. 

B. Relative fractions of 15N-labelled atoms in arginine derived from 15N-
labelled arginine in TIGR4∆cps and isogenic argR2-mutant  
Labelling pattern of Arg derived from 15N-labelled Arg in TIGR4∆cps and the isogenic 
argR2-mutant are shown in percentage (%). The coloured boxes indicate the relative 
contribution in percentage of isotopologue with 0, 1, 2, 3 and 4 15N-atoms (M+0, M+1, 
M+3 and M+4). The average of three independent experiments are presented. 
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ArgR2 regulates the ADS and arginine-ornithine antiporter ArcD and functions as an activator 

for the ADS and ArcD (Schulz et al., 2014). Here, the tight control mechanism was determined 

by analysing an argR2-mutant in 15N-labelling experiments. Due to lack of activator ArgR2, the 

arginine-ornithine antiporter ArcD could not take up Arg from the medium. Thus no 

incorporation of 15N-labelled nitrogen atoms was observed in other amino acids in the argR2-

mutant. The analysis revealed that in the absence of the metabolic activator ArgR2 in 

pneumococcal strain TIGR4, Arg could not be taken up and catabolized to provide ammonium 

for the biosynthesis of other amino acids (Fig 5.23). For numerical values see appendix table 

10.13). 

 

5.2.8 Glutamine is the preferred N-source over arginine in pneumococcal strains  

In further isotopologue profiling experiments using S. pneumoniae strain TIGR4, the CDM was 

either supplemented with labelled Gln or Arg. The comparative analysis revealed that both 

substrates, Gln and Arg, are used as a nitrogen sources and this results in incorporation rates 

of the 15N-atoms derived from both labelled amino acids. However, a significant labelling 

difference was measured in the amino acids derived from Gln and Arg. Higher 15N-

incorporation rates were measured when Gln was used as nitrogen source compared to Arg. 

Moreover, the isotopologue profiling showed that ornithine could only be derived from Arg 

compared to Gln (Fig 5.24).       
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Figure 5.24: Glutamine is the preferred nitrogen source in serotype-4 (TIGR4) in amino 

acids biosynthesis 
Two individual experiments of 15N-labelled amino acids derived from Gln and Arg were 
compared to assess the preferred nitrogen source in strain TIGR4∆cps for the 
biosynthesis of other amino acids. Statistical significance was performed by applying 
unpaired t-test and marked with asterisk (**=P < 0.01 and ***= P < 0.001). 

 
 
 
The similar approach was conducted for strain D39 and the preferred nitrogen source of D39 

was investigated by using Gln and Arg. When using Gln as nitrogen source the 15N-atoms were 

derived and incorporated in different amino acids. In contrast, in the presence of labelled Arg, 

no other amino acids were finally labelled (Fig 5.25). The isotopologue profiling data revealed 

that Gln is the only nitrogen source in strain D39, which also fit to the previous results. This 

effect is caused by lack of functional arginine deiminase system (ADS), and hence, Arg could 

not be metabolized to provide ammonium and synthesize other amino acids.  
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Figure 5.25: Glutamine is the only N-source in strain D39∆cps when both glutamine and 
arginine are present in the medium 
Biosynthesis of amino acids derived from Gln or Arg were analysed for the labelled 
amino acids in strain D39∆cps. The 15N-enrichmnet of the derived amino acids showed 
that Gln is the only nitrogen source in strain D39. Mean and standard deviation (SD) of 
three biological replicates are shown. 

 
 
 

5.2.9 Contribution of glutamine as main nitrogen source in the biosynthesis of amino 

 acids in S. pneumoniae 

The data of the two individual experiments were also analysed for strain D39 that was grown 

in the presence of 15N-labelled Gln and the 15N-labelled amino acid mixture containing labelled 

Gln. The 15N-enrichment for Ala (49%), Asp (28%) and Glu (52%) derived from 15N-Gln were 

similar to the labelling in 15N-algal mixture experiment. The results demonstrated that Ala, Asp 

and Glu were derived from Gln and suggested, that the de novo biosynthesis of these amino 

acids from Gln is dominant over the uptake from the medium (Fig 5.26A). However, in strain 

TIGR4, the amino acids Ala, Asp and Glu were simultaneously derived from Gln and taken up 

from the medium as well. Interestingly, in strain D39 amino acids Gly and Ser were completely 

taken up from the medium. However, in TIGR4 both amino acids were derived from Gln and 

simultaneously a large proportion is taken up from the medium (Fig 5.26C). Furthermore, an  
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Figure 5.26: Comparative analysis of amino acids derived from 15N-labelled Gln and 15N-

labelled amino acids mixture including 15N-Gln in pneumococcal strains 
D39∆cps and TIGR4∆cps  
S. pneumoniae D39∆cps and TIGR4∆cps were grown individually in CDM supplemented 
separately with 15N-labelled Gln or 15N-labelled amino acids mixture including 15N-Gln. 
Comparative analysis of A. Ala, Asp, Glu B. Ile, Leu and Val C. Gly and Ser.  
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efficient uptake was realized for Leu, Ile and Val by both pneumococcal strains from the 

medium compared to the de novo biosynthesis from 15N-labelled Gln. Moreover, the de novo 

biosynthesis of BCAA from 15N-Gln is higher than in strain TIGR4 (Fig 5.26B).   

 

5. 2.10 Expression of metabolic genes in wild-type and isogenic glnR-mutant 

The isotopologue profiling analysis have shown significant differences in amino acid 

biosynthesis when labelled Gln was applied to strain D39 or TIGR4. The expression of different 

metabolic genes such as glnA, glnHP, gdhA, proB, glyA, alaT and sdhB were analysed with 

specific oligonucleotides by qRT-PCR in S. pneumoniae TIGR4, D39, and their isogenic glnR-

mutants6. The ΔCT of two independent experiments was calculated. Enolase was used as an 

internal control in the experiments (Fig 5.27).  

Isotopologue profiling revealed synthesis of Ser in D39 only via Gly, whereas in TIGR4 a serine 

hydratase reaction encoded by sdhAB can synthesize Ser out of pyruvate. In both strains, there 

are no genes annotated encoding for the biosynthesis of Ser via phosphoserine and                        

3-phosphoglycerate as precursors. The qRT-PCR revealed that these genes (sdhAB) are 

expressed in both strains and the mutation of glnR had no impact on their expression. The 

functional role of serine hydratase in strain D39 needs to be further investigated. For serine-

glycine synthesis the serine hydroxymethyltransferase (SHMT) encoded by glyA is involved. 

The glyA gene is expressed in both strains and no difference of expression was observed in 

the glnR-mutants. It can be speculated that the conversion of Ser to Gly or from Gly to Ser can 

be carried out in both strains, however, in stain D39 synthesis of Ser out of Gly is favoured. 

In the 15N-isotopologue profiling higher amounts of Glu and Ala were detected in the glnR-

mutant in strain D39 and TIGR4. Microarray studies have shown that the glutamate 

dehydrogenase gene (gdhA) is higher expressed in the glnR-mutant of strain D39 

(Kloosterman et al., 2006). The qRT-PCR study could confirm this only for strain D39, while 

TIGR4 has only a slight tendency to elevated levels of the gdhA gene. Alanine is synthesized 

by the alanine aminotransferase (AlaT) with pyruvate as precursor and Glu can serve as 

nitrogen donor. A significant higher expression of the alat gene was not observed in both 

strains, when glnR is mutated (Fig 5.27). 

                                                           
6 The qRT-PCR analysis was carried out by Dr. Gerhard Burchhardt with a technical support from Mrs. Birgit 
Rietow and Mrs. Kristine Sievert-Giermann (Department of Molecular Genetics and Infection Biology), University 
of Greifswald. 
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Figure 5.27: Expression of metabolic genes in S. pneumoniae by qRT-PCR  

  Pneumococcal strain D39Δcps, TIGR4Δcps (wild-type) and isogenic glnR-mutant was 
  determined for the expression of important metabolic genes (glnHP, glnA, gdhA, glyA, 
  sdhB, gat, alaT and proB) using specific oligonucleotides. Mean of two independent 
  experiment are presented.    

 
 
 
The Pro biosynthesis out of Glu was different in the glnR-mutants. In D39 inactivation of glnR 

led to an increase of Pro synthesis whereas the glnR-mutant of strain TIGR4 revealed a 

reduced amount of Pro. The gene proB used for qRT-PCR studies showed no significant change 

in expression in both glnR-mutants compared to the corresponding wild-types. A higher 

expression of the glutamine synthetase gene glnA and of the main glutamine transporter 

encoded by spd_1098/1099 in the glnR-mutants could be confirmed by the qRT-PCR studies 

(Fig 5.27). 

 

5.2.11 The nitrogen metabolism in Streptococcus pneumoniae 

Based on the 15N-labelling experiments it can be concluded that Gln as nitrogen source plays 

an important role for biosynthesis. The models in Fig 5.28 and 5.29 represent an overview of 

enzymatic reactions, where NH4
+ is used for the biosynthesis of different amino acids. Specific 

glutamine transporter (GlnHPQ) can take up Gln which then be converted by the glutamine 

amidotransferase reactions to Glu. The obtained HN4
+ can be used by glutamate 

dehydrogenase with 2-oxoglutarate to yield glutamate. Glu can serve as substrate for 

biosynthesis of Ala catalysed by the alanine transferase (AlaT). Furthermore, Glu can be 

converted to aspartate by AspC and Asp can serve as precursor for the biosynthesis of Met 
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and Thr. For Leu, Ile and Val biosynthesis, Thr is used as precursor. Furthermore, Glu is also a 

precursor for the Pro biosynthesis. The levels of Glu and Gln are estimated and controlled by 

the action of glutamine synthetase. Strain TIGR4 can synthesize Ser out of pyruvate catalysed 

by serine hydratase (SdhAB) and Ser can be converted into Gly by serine 

hydroxymethyltransferase (GlyA). Gln is also needed for biosynthesis of amino sugars. GlmS 

converts fructose-6-phosphate into glucosamine-6-phosphate and the aminotransferase 

travels the amino group from Gln generating Glu. No Arg can be synthesized because of the 

missing anabolic gene for Arg biosynthesis.  

When Arg is present, it can also serve as NH4
+ donor by the action of the catabolic enzymes 

ArcA and ArcB and ArcC. The ammonium can be used for glutamate synthesis via glutamate 

dehydrogenase and in the biosynthesis of other amino acids (Fig 5.28/Fig 5.29).  

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 RESULTS 

 
80 

 

 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
  
 
 
 
  
 
 
 
Figure 5.28: Proposed pneumococcal model in strain D39 determined by 15N-isotopologue 
  labelling patterns in amino acids 

S. pneumoniae TIGR4 was cultured in CDM supplemented with 15N-Gln and 15N-Arg and 
15N-labelled amino acid mixture. 15N-labelled amino acids were detected by GC-MS. 
Proposed a model of 15N-fluxes resolved after our study. OPT-Oligopeptide 
transporter. AAA -Aromatic amino acid, GAT-Glutamine amidotransferase, GlmS- 
glucosamine-fructose-6-phosphatase amino transferase, labelled amino acids (+), 
unlabelled amino acids (-), could not be detected by GC-MS (Ø).  



 
 RESULTS 

 
81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 5.29: Proposed pneumococcal metabolic model in strain TIGR4 identified by 15N-

isotopologue labelling patterns in amino acids  
Pneumococci TIGR4 was cultured in CDM supplemented with 15N-Gln, 15N-Arg and   
15N-labelled amino acid mixture. 15N-labelled amino acids were detected by GC-MS and 
proposed model of 15N-fluxes resolved after our study. OPT-Oligopeptide transporter. 
AAA-Aromatic amino acid, GAT-Glutamine amidotransferase, GlmS-glucosamine-
fructose-6-phosphatase amino transferase, labelled amino acids (+), unlabelled amino 
acids (-), could not be detected by GC-MS (Ø).  
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5.3  Structural and functional characterization of putative  peptidase  ArcT 

 in Streptococcus pneumoniae  
 

5.3.1 Molecular and functional characterization of ArcDT in Streptococcus pneumoniae 

5.3.1.1  In silico analysis of arginine-ornithine antiporter ArcD and putative peptidase ArcT 

 in Streptococcus pneumoniae 

Downstream of arcABC encoding genes is another bicistronic operon located, which encodes 

the arcD and a putative peptidase arcT. Both arcD and arcT are similar to arcABC under the 

control of ArgR2 (Schulz et al., 2014). Arginine is an essential amino acid for S. pneumoniae. 

Genome analysis showed that ArcD, which is associated with the arginine deiminase system 

(ADS), is critical for the uptake of arginine from the surroundings (Schulz et al., 2014). 

Furthermore, ArcD plays an important role in fitness and virulence of the pathogens (Gupta et 

al., 2013;Schulz et al., 2014). 

 
 
Table 5.3.  ArcD protein sequence homology of S. pneumoniae (TIGR4) in various 

pneumococcal strains  

S. pneumoniae    Definition    Identities [%]    

SP_2153 (serotype 4)   arg-orn antiporter   100 
SPH_2343 (Hungary 19A 6)  arg-orn antiporter   100 
SPJ_2176 (Serotype 14)   arg-orn antiporter   99 
SPR_1959 (avirulent serotype 2) hypothetical protein   99 
SPD_1978 D39 (virulent serotype 2) membrane protein, putative  99 
SPG_2091 (serotype 19F)  conserved hypothetical protein  99 
SPCG_2121 (serotype 14)  hypothetical protein   99 
SPAP_2200 (serotype 11A)  predicted membrane protein   99 
SP670_2298 (serotype 6B)  arg-orn antiporter   99 
SPT_2163 Taiwan19F-14  arg-orn antiporter   99 
SPP_2202 (serotype 1)   arg-orn antiporter   99 

___________________________________________________________________________ 

 
 
 
Bioinformatic analysis of ArcD in pneumococcal strain TIGR4 (sp_2152) identified a high amino 

acid sequence identity (99% to 100%) to ArcD in other pneumococcal serotypes such as 

Hungary 19A, Serotype 2 and serotype 19F. Data analysis showed that ArcD is highly conserved 

in different pneumococcal serotype. Moreover, the genome analysis showed that in most 

pneumococcal serotypes, ArcD was described as arginine-ornithine antiporter except for R6, 

serotype 19F and serotype-14, where it is annotated as hypothetical protein (Table 5.3). The 
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amino acid sequence of ArcD of S. pneumoniae was also compared with genomes of other 

microorganisms. Data showed a high degree of sequence identity (up to 91%), in particular to 

other streptococcal or lactobacillales (Table 5.4). 

 
 
Table 5.4. ArcD protein sequence homology of Streptococcus pneumoniae (TIGR4) in 

different microorganisms 

Microorganisms   Definition          ArcD [%] 

S. cristatus   arg-orn antiporter    91 
S. sanguinis   C4-dicarboxylate anaerobic carrier/  91 
    arginine transporter  
S. gordonii   arg-orn antiporter    80 
S. Intermedius C270   dipeptidase     81 
S. anginosus C1051  putative arg-orn antiporter   71 
S. constellatus C1050  putative arg-orn antiporter   81 
S. parasanguinis  C4-dicarboxylate anaerobic carrier  81 
    (ATCC15912) 
S. iniae SFST01-82   arg-orn antiporter    63 
S. suis TL13 (serotype 16) arg-orn antiporter    69 
S. suis YB51 (serotype 3) arg-orn antiporter    68 
S. parauberis         peptidase family (M20/M25/M40)  63 
S. equi (MGCS10565)   arg-orn antiporter    64 
S. dysgalactiae (AC-2713)    uncharaterized protein    63 
S. pyogenes (Serotype M18)  conserved hypothetical protein   63 
S. uberis   C4-dicarboxylate anaerobic carrier  64 
Enterococcus hirae  C4-dicarboxylate anaerobic carrier-  61 
    like protein 
Enterococcus mundtii  C4-dicarboxylate anaerobic carrier-  61 
    like protein 
Lactococcus garvieae Lg2 arg-orn antiporter    58 
Streptococcus parauberis C4-dicarboxylate anaerobic   60 
    carrier protein 
Actobacillus mucosae       arg-orn antiporter    57 
Carnobacterium divergnes      arg-orn antiporter    55 
___________________________________________________________________________ 

 
 
 

5.3.1.2      The putative peptidase ArcT 

The final gene of the arc gene cluster arcT has been described as putative peptidase (Gupta et 

al., 2013;Schulz et al., 2014). It is proposed that ArcT is involved in releasing arginine from 

oligopeptides taken up from the environment by oligopeptide transporter (Fulde et al., 2014). 

Genome analysis revealed a putative promoter sequence in front of arcDT genes, while a 

transcription terminator sequence was predicted downstream of arcT. Furthermore, the ArcT 
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sequence in S. pneumoniae TIGR4 has high sequence identity with the ArcT of other 

microorganisms (Schulz et al., 2014). 

 
 
Table 5.5. S. pneumoniae (TIGR4) ArcT protein sequences homologies in various 

pneumococcal strains  

S. pneumoniae    Definition    Identities [%]     

SP_2153 TIGR4    putative dipeptidase   100 
SPH_2344 (Hungary 19A 6)  putative dipeptidase   99 
SPJ_2177 (Serotype 14)   Putative dipeptidase   99 
SPR_1960 (avirulent serotype 2) hypothetical protein   99 
SPD_1979 (virulent serotype 2)  peptidase (M20/M25/M40)  99 
SPG_2092 (serotype 19F)  peptidase (M20/M25/M40)  99 
SPCG_2122 (serotype 14)  hypothetical protein   99 
SPAP_2201 (serotype 11A)  acetylornithine deacetylase/  99 
     succinyl-diaminopimelate 
     desuccinylase-like  
SPT_2164 Taiwan19F-14  putative dipeptidase   99 
SPP_2203 (serotype 1)   putative dipeptidase   99 
SP670_2298 (serotype 6B)  ArcT     99 

___________________________________________________________________________ 

 
 
 
By applying in silico analysis (BlastP), high protein sequence identity (up to 100%) of the ArcT 

protein was detected in several pneumococcal serotypes (Table 5.5) such as Hungary 19A, 

serotype 19F, serotype 6B, Taiwan 19F-14, serotype 11A, indicating that the arcT is very well 

conserved in varios pneumococcal serotypes. The comparison of protein sequences of 

pneumococcal ArcT to other bacteria showed a sequence identity up to 80% in S. cristatus 

(80%), S. sanguinis (76%), S. suis (66%), S. gordonii (76%), S. pyogenes (64%), Enterococcus 

faecium (53%), and S. aureus (32%) (Table 5.6). ArcT of strain TIGR4 (sp_2153) was used for a 

similarity search in the KEGG database (https://www.genome.jp/kegg/) with TIGR4. Two hits 

were identified for sp_0623 encoding a protein PepV (D-alanyl-D-alanine dipeptidase) and 

sp_0150 encoding a protein succinyl-diaminopimelate desuccinylase (DapE; EC: 3. 5. 1. 18), 

which are described as a dipeptidase and peptidase belonging to the peptidase family 

(M20/M25/M40), respectively. The detected paralogues sp_0623 and sp_0150 were analysed 

for their amino acids sequence homology to ArcT, which showed a sequence identity of 34.9% 

and 22.5%, respectively.  

 

https://www.genome.jp/kegg/
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Table 5.6.  Streptococcus pneumoniae (TIGR4) ArcT protein sequence homology to ArcT 
homologs of others microorganisms 

Microorganisms   Definition    Identity [%]    

S. cristatus    hypothetical protein   80   
S. sanguinis       hypothetical protein   76  
S. gordonii        putative transaminase/peptidase 76 
S. Intermedius C270        dipeptidase    71 
S. anginosus C1051        dipeptidase    71 
S. constellatus         dipeptidase    70 
S. parasanguinis    putative dipeptidase   71 
S. iniae SFST01-82        hypothetical protein   65 
S. suis TL13 (serotype 16)  Xaa-His dipeptidase   66 
S. suis YB51 (serotype 3)  acetylornithine deacetylase  66 
S. parauberis          peptidase family (M20/M25/M40) 63      
S. equi (ATCC35246)        Xaa-His dipeptidase   64 
S. dysgalactiae (ATCC12394)   hypothetical protein   64 
S. pyogenes (serotype M18)  putative Xaa-His dipeptidase  64 
Carnobacterium divergnes      hypothetical protein   56 
Aerococcus sanguinicola  hypothetical protein   57 
Jeotgalibaca dankookensis       putative peptidase   55 
Marinilactibacillus SP. 15R  hypothetical protein   53 
Enterococcus faecium T110     hypothetical protein   53 
Vagococcus penaei         hypothetical protein   52 
Lactobacillus paracollinoides   hypothetical protein   51 
Lactococcus garvieae Lg2  Xaa-His dipeptidase   50 
S. aureus (SACOL1761)   hypothetical protein   59 
S. aureus (SACOL1801)   Peptidase    32 

___________________________________________________________________________ 

 
 
 

5.3.1.3 Cloning of putative peptidase arcT for heterologous expression in E. coli  

Putative peptidase ArcT encoding gene (sp_2153; in TIGR4 nt 1332; AA 443; size 48.8 kDa) was 

cloned into expression vector pTP1 which allowed an N-terminal fusion of a His6-tag to ArcT. 

The complete gene sequence (1332 nt) of arcT was amplified from TIGR4 genome with primers 

P1314/P1315. Verification of the inserted DNA-fragment of arcT was verified by DNA 

sequencing and colony PCR (Fig 5.30A and B). The recombinant plasmid was transformed in  

E. coli (BL 21DE3) and recombinant clones were cultivated in LB medium. Protein expression 

was induced with 1mM IPTG. Samples of the growing culture were collected before and after 

induction and analysed by SDS-PAGE. The expression of the protein was assessed after CBB 

staining and the His6-tagged ArcT protein was also detected by immunoblotting using 
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monoclonal Penta-His antibodies (Fig 5.30 C and D). The highest protein expression of ArcT 

protein (~51kDa) was detected after 6 hours of induction.  

 
A                                                                 C                         

  

    

 

 
 
 
 
 
 
 

 

B          D 
 
 
 
 
 
 
 
 
Figure 5.30:  Recombinant plasmid construct and heterologous expression of ArcT 

A. The arcT gene was amplified with specific gene primers (P1314, P1315) using 
chromosomal DNA from strain TIGR4Δcps as template. The PCR product was cloned 
into the NheI and SacI site of plasmid pTP1 generating an N-terminal His6-tagged fusion 
to ArcT. Colour code: arcT in red, antibiotic resistance gene cassette kanR in green. 
6xHis-tag coding sequence is shown in dark green at the 5´ end of arcT and restriction 
sites in pink. B. Colony PCR using specific gene primers verified insertion of the gene. 
C. Recombinant E. coli expressing ArcT were cultured at 30°C. Gene expression was 
induced at OD600nm (0.6-0.8) with 1mM IPTG. Expression of recombinant ArcT was 
analysed by CBB staining. D. and immunoblotting using specific Penta-His monoclonal 
antibodies. NI: non-induced  
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5.3.1.4 Purification of the recombinant ArcT protein 

For further structural and functional characterization of ArcT, the recombinant His6-tagged 

protein was isolated from induced E. coli by Ni-affinity chromatography. The His6-tag was 

removed by incubation of the purified ArcT with the TEV protease. Rcombinant ArcT (48kDa) 

was collected from the flow through when applied to Ni-NTA column (Fig 5.31A).  

A                                                         C 
 

 
 

 

 

                    
 

B         D    

 

   

 
 
 
Figure 5.31: Recombinant ArcT purification by affinity chromatography and expression of 

ArcT in S. pneumoniae  
A. Purification of the His6-tagged fused protein was performed by Ni-affinity liquid 
chromatography. Protein was loaded on 1ml His trap Ni-NTA column and the 
recombinant protein was eluted with increased imidazole concentration (0-500mM) 
by Äkta purifier. Eluted fractions were loaded on 12% SDS-PAGE. B. Sample before and 
after cleavage with TEV protease were loaded on the gel and to visualize the proteins 
the gel was silver stained NC: Not cleaved by TEV protease (ArcT with His6-tag), 1, 2: 
(Fractions 1 and 2 without His6-tag). C. The purified His6-ArcT protein was separated 
on SDS-PAGE under native condition and stained with CBB. D. S. pneumoniae was 
grown in THY and the total protein lysate was separated by SDS-PAGE and proteins 
were transferred onto a nitrocellulose membrane by western blotting. The membrane 
was incubated with specific primary antibodies (anti-ArcT 1:1000) followed by 
fluorescence-coupled secondary antibodies (LI-COR 1:1000). Scanning of the 
immunoblot was performed with Odyssey® CLxScanner using LI-COR® technology.  
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From 1 L induced E. coli culture 8-10mg/ml could be isolated. Purified rcombinant ArcT was 

separated by native PAGE. Only a single protein band was detected demonstrating that ArcT 

is a monomer under these conditions (Fig 5.31C). Purified rcombinant ArcT was used for 

immunization of mice to generate polyclonal antibodies. The pneumococcal ArcT protein was 

detected with anti-ArcT antibodies by immunoblot analysis (Fig 5.31D).   

The purified recombinant ArcT was concentrated and an aliquot was separated by SDS-PAGE 

and silver staining was performed to determine the purity of the protein (Fig 5.31B). ArcT was 

also provided crystallization studies in a collaboration with Prof. Dr. Juan A. Hermoso7. The 

purified recombinant ArcT protein was further analysed for protein stability.  

 

5.3.1.5 Protein stability test of recombinant ArcT  

For proteases it is known that they have autocatalytic activity. ArcT as putative peptidase was 

studied whether it is degraded under different temperature conditions. Three different 

temperatures were chosen (-20°C, 4°C, 20°C) for a time period of 10 days in PBS buffer. Protein 

degradation was analysed by CBB staining. No degradation of the purified protein was 

observed suggesting that ArcT protein is stable at -20°C and 4°C for several days. However, 

protein degradation was observed after 48 hours incubation at room temperature (Fig 5.32).      

 

Figure 5.32: ArcT protein stability test 
The purified His6-tag-free ArcT protein was incubated at different temperature such as 
at -20°C, 4°C and RT (room temperature) for several days. 10µl of each differentially 
incubated protein solution was separated on 12% SDS-PAGE followed by Coomassie 
staining. Thermal stability was observed by analysing degradation of the protein. 

 
 

 

                                                           
7 The crystallization and structure analysis of the rArcT is under investigation in collaboration with the research 

group of Prof. Dr. Juan A. Hermoso, Department of Crystallography and Structural Biology, Instituto Quimica-
Fisica ``Rocasolano´´, CSIC, Madrid, Spain. 
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5.3.2 Sequence alignment of pneumococcal ArcT to other known peptidases  
 

The pneumococcal ArcT protein sequence (SP_2153) of strain TIGR4 was analysed for 

conserved domains in other bacterial proteins using an online conserved domain software 

from (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Five hits were identified in 

standard search from different bacteria such as Gram-positive S. aureus (Sapep), Lactobacillus 

delbrueckii (PepV) and Gram-negative E. coli (ArgE) (Javid-Majd and Blanchard 2000;Jozic et 

al., 2002;McGregor et al., 2007;Girish and Gopal 2010). Interestingly the archaea bacteria like 

Photobacterium profundum SS9 (YP_130920.1) and Saccharolobus salfataricus 

(pdb|4MMO|A) were also showed high sequence homology with ArcT 

 
Table 5.7. Comparison of ArcT homology to other peptidases and N-acetylornithine- 

  deacetylase 

 ArcT      Sapep PepV ArgE YP_130920.1 pdb|4MMO|A 

ArcT      100.00 32.18 28.28 20.74 50.23 22.02   

Sapep 32.18 100.00 34.70 18.16 33.78 18.97 

PepV 28.28 34.70 100.00 20.17 28.54 18.20 

ArgE 20.74 18.16    20.17 100.00 22.35 19.94 

YP_130920.1 50.23 33.78 28.54 22.35 100.00 20.66 

pdb|4MMO|A 22.02 18.97 18.20 19.94 20.66    100.00 

 
 
 
The ArcT protein sequence was further analysed for the sequence homology with the above-

mentioned bacterial sequences using an online multiple sequence alignment program Clastal 

Omega (ClastalO). Analysis showed a different range of sequence homology (up to 50%) (Table 

5.7). The structure based sequence alignment of PepV has shown strictly conserved residues 

(Jozic et al., 2002), which is described as metal binding residues in E. coli DapE, Pseudomonas 

sp Cbp2, Pig Acy1 and H. Sapiens AcyI (Javid-Majd and Blanchard 2000;McGregor et al., 2007). 

Our analysis determined that the conserved sequence of ArcT protein matched with the 

conserved sequence of other bacteria, which were showed dipeptidase and deacetylase 

activity (Fig 5.33).    

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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ArcT               MKIDI---TNQVKDEFLISLKTLISYPSVLNEG----ENGTPFGQAIQDVLEKTLEICRD 53 

Sapep              ---MWKEKVQQYEDQIINDLKGLLAIESVRDDAKASE--DAPVGPGPRKALDYMYEIAHR 55 

PepV               MDLNFKELAEAKKDAILKDLEELIAIDSSEDLENATE--EYPVGKGPVDAMTKFLSFAKR 58 

ArgE               --------MKNKLPPFIEIYRALIATPSISATEEALDQ-------SNADLITLLADWFKD 45 

YP_130920.1        MKAKIASNIDGMRDEYIEAVKRLVAIPSVYDEATSSEQDQVPFGQPIDDCLTQTLALCQQ 60 

pdb|4MMO|A         ------------MDEELYTLIEFLKKPSISATGEGIDETANYLKETVEKLLGVKANLEKT 48 

                 :     ::   *                    . :       :  
ArcT  IGFTTYLDPK-----GYYGYAEIGQGAELLAILCHLDVVPSGDEADWQTPPFEATIKD-G 107 

Sapep  DGFTTH-DVD-----HIAGRIEAGKGNDVLGILCHVDVVPAGD--GWDSNPFEPVVTE-D 106 

PepV  DGFDTE-NFA-----NYAGRVNFGAGDKRLGIIGHMDVVPAGE--GWTRDPFKMEIDEEG 110 

ArgE  LGFNVEVQPVPGTRNKFNMLASIGQGAGGLLLAGHTDTVPFDD-GRWTRDPFTLTEHD-G 103 

YP_130920.1        MGFSVYKDPD-----GYYGYADIGQGEQMIGVLGHLDVVPVGDLSTWDSLPFEPEIRD-G 114 

pdb|4MMO|A         KGHP-----------VVYAEINV-NAKKTLLIYNHYDVQPVDPISEWKRAPFSATIEN-D 95 

    *.                  .   .   : :  * *. * .    *   **     : . 
ArcT         WVFGRGVQDDKGPSLAALYAVKSLLDQGIQFKKRVRFIFGTDEETLWRCMARYNTIEE-- 165 

Sapep       AIIARGTLDDKGPTIAAYYAIKILEDMNVDWKKRIHMIIGTDEESDWKCTDRYFKTEE-- 164 

PepV          RIYGRGSADDKGPSLTAYYGMLLLKEAGFKPKKKIDFVLGTNEETNWVGIDYYLKHEP-- 168 

ArgE           KLYGLGTADMKGFFAFI---LDALRDVDVTKLKKPLYILATADEETSMAGARYFAETTA- 159 

YP_130920.1        RLYGRGTQDDKGPTLAALFAVKALLQSGVVLTKRIRFIFGTDEETLWRCIERYLEKEE-- 172 

pdb|4MMO|A         RIYARGASDNKGTLMARLFAIKHLLDKNE-LNVNVKLLYEGEEEIGSVNLEDYIEKNTNK 154 

    : . *  * **        :  * : .     .   :    :*        *        
ArcT         -------QASMGFAP-DSSFPLTYAEKGLLQVKLHG-----P----GSDQLELEVGGAFN 208 

Sapep       -------MPTLGFAP-DAEFPCIHGEKGITTFDLVQNKLTEDQDEPDYELITFKSGERYN 216 

PepV          -------TPDIVFSP-DAEYPIINGEQGIFTLEFS---FKNDDTKGDYVLDKFKAGIATN 217 

ArgE           L------RPDCAIIGEPTSLQPVRAHKGHIS----------------------------- 184 

YP_130920.1        -------IPQCGFTP-DASFPLIHAEKMLIQSWLHG-----D----GDPSLFLECGGALN 215 

pdb|4MMO|A         LKADSVIMEGAGLDP-KGRPQIVLGVKGLLYVELVLDYGTKDLHSSNAPLVRNPCIDLAK 213 

                               :           . :                                  

ArcT         VVPDKANYQGL-LYEQVCNGLKE---------A--GYDYQTTEQTVTVLGVPKHAKD-AS 255 

Sapep       MVPDHAEARVL-VKENMTDVIQDFEYFLEQNHLQGDSTVDSGILVLTVEGKAVHGMD-PS 274 

PepV          VTPQVTRATI--SGPDLEAVKLAYESFLADKELDGSFEINDESADIVLIGQGAHASA-PQ 274 

ArgE           -------------------------------------------NAIRIQGQSGHSSD-PA 200 

YP_130920.1        AVPELARYQGL-LSDSLVGALDE---------L--GFDFSCEDDEVTVFGKAAHSASADT 263 

pdb|4MMO|A         IISTLVDMGGRVLIEGFYDDVRE--LTEEERELIKKYDIDVEELKKALGFK--------E 263 

                                                                  :             

ArcT         QGINAVIRLATILAPL-QE-HPA---LSFLATQAGQDGTGRQIFGDIADEPSGHLSFNVA 310 

Sapep       IGVNAGLYLLKFLASLNLD-NNAQAFVAFSNRYLFNSDFGEKMGMKFHTDVMGDVTTNIG 333 

PepV          VGKNSATFLALFLDQYAFA-GRDKNFLHFLAEVEHEDFYGKKLGIFHHDDLMGDLASSPS 333 

ArgE           RGVNAIELMHDAIGHILQLRDNLKERYHY------EA------------FTVPYPTLNLG 242 

YP_130920.1        KGVNAITRLCIALRKVGVT-HPL---VVFIAEQIGQDANATNIFGDIKD-VSGRLTFNVA 318 

pdb|4MMO|A         LKYNEKEKIAEAL--------------------------------------LTYPTCNVD 285 

                      *    :   :                                          : .   

ArcT         GLMINHE----------RSEIRIDIRTPVLADKEELVELLTRCAQNYQ--LRY--EEFDY 356 

Sapep       VITYDNEN---------AGLFGINLRYPEGFEFEKAMDRFANEIQQYG--FEV--KLGKV 380 

PepV          MFDYEHAG---------KASLLNNVRYPQGTDPDTMIKQVLDKFS-GI--LDV--TYNGF 379 

ArgE           HIHGGDA---SN-RICACCELHMDIRPLPGMTLNELNGLLNDALAPVSERWPGRLTVDEL 298 

YP_130920.1        QLDISKE----------HSKSGIDIRVPVTFSKEDFDNDILAVVEQYG--LHY--EEFDV 364 

pdb|4MMO|A         GFECGYTGKGSKTIVPHRAFAKLDFRLVPNQDPYKVFELLKKHLQKAG--FNGEILAHGF 343 

                    :                     :.*             .                     

ArcT         LAPLYVAEDSKLVSTLMQIYQEKTGDN--SPAISSGG---ATFARTMPNCVAFGALF-PG 410 

Sapep       QPPHYVDKNDPFVQKLVTAYRNQTNDM--TEPYTIGG---GTYARNLDKGVAFGAMF-SD 434 

PepV          EEPHYVPGSDPMVQTLLKVYEKQTGKP--GHEVVIGG---GTYGRLFERGVAFGAQP-EN 433 

ArgE           HPPIP-GYECPPNHQLVEVVEKLLGAKTEVVNYCTE----APFIQTLCP----TLVLGPG 349 

YP_130920.1        LPSLYMPKDSAIIQTLMRAYQEISGDV-DSKPMTSGG---ATYARAMPNCVAFGAIF-PG 419 

pdb|4MMO|A         EYPVRTSVNSTVVKAMIESAKKVYGTEPQVIPNSAGTQPMGLFVYKLGIRDAVSAIGAGG 403 

                           .      ::   .:  .               . :   :            . 

ArcT         AKQTEHQANECAVLEDLYRAMDIYAEAVYRLAT---- 443 

Sapep       SEDLMHQKNEYITKKQLFNATSIYLEAIYSLCVEE-- 469 

PepV          GPMVMHAANEFMMLDDLILSIAIYAEAIYELTKDEEL 470 

ArgE           SINQAHQPDEYLETRFIKPTRELITQVIHHFCWH--- 383 

YP_130920.1        RDKVEHMPNEYLIIDDMLKAMNVYANAIHQLQGVEL- 455 

pdb|4MMO|A         YYSNAHAPNENIKIDDYYKAIKHTEEFLKLYPIL--- 437 

       *  :*         :     : :          

Figure 5.33. Comparison of ArcT with other known peptidases 
Sequence comparison of the pneumococcal ArcT with S. aureus Sapep, Lactobacillus 
delbrueckii PepV, E. coli ArgE and hypothetical proteins of Photobacterium profundum 
SS9 (YP_130920.1), and Saccharolobus salfataricus (pdbI4MMOIA). Sequence 
alignment was performed introducing gaps indicated in dashes. (*) indicate a fully 
conserved residue. (:) Conservation between groups of identical traits. Colour code, 
Yellow: Metal-binding residues determined in ArgE (Javid-Majd and Blanchard 2000). 
Green: The strictly conserved residues in PepV (structure based sequence alignment) 
(Jozic et al., 2002). Sky blue: Cysteine residues in pneumococcal protein ArcT protein. 
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5.3.3 Catalytic activity of divalent cations-dependent carboxypeptidase ArcT  

Based on in silico analysis it was predicted that ArcT belongs to the M20 protein family, which 

has a relatively large substrate specificity. We analysed the ArcT protein for both                                  

N-acetylornithine deacetylase and peptidase activity. Structural analysis with the 

metallopeptidase of S. aureus (Sapep) (Girish and Gopal 2010) and Lactobacillus delbrueckii, 

PepV (Jozic et al., 2002) gave some hints of similarity. The amino acid sequence of ArcT analysis 

revealed seven (7) Cys residues, which can form disulfide bonds and can affect the enzyme 

activity. Previous analysis revealed that the enzyme containing divalent ions is more active 

under reducing conditions (Girish and Gopal 2010). The heterologous expression of 

recombinant ArcT in E. coli was performed under reducing condition by applying 1.5mM 

Dithiothreitol (DTT) in all purification steps. The product for enzyme-substrate activity was 

determined by LCMS8 (Fig 5.34). No activity was determined when ArcT is in the Apo-ArcT 

state. Moreover, ArcT was also not active under oxidized condition. For the peptidase and 

deacetylase activity determination different substrates were tested based on TRIS buffer 

system.  

The activities of the M20 family proteins mainly depends on Zn2+, Co2+, Mn2+ and Mg2+ ions 

(Munih et al., 2007;Girish and Gopal 2010). To recognize the preferred metal ion for the ArcT 

enzymatic activity, the Apo-ArcT protein was incubated with different metal cofactors such as 

MnCl2, MgCl2, CoCl2 and ZnCl2 under reducing conditions. Preliminary analysis showed that 

Mn2+, Zn2+ and Co2+ (Appendix 10.3.2 and 10.3.3) were favoured for the ArcT enzyme activity 

and the N-acetylornithine deacetylase activity was determined using Mn2+ at a concentration 

of 0.01mM to 0.5mM ions (Appendix 10.3.1). However, when using Mg2+ ions no enzymatic 

activity was measured. Cobalt was excluded from the assay, because it precipitates during the 

experiment.  

 
  

                                                           
8 The ArcT enzyme activity was measured by LCMS in collaboration with Dr. Annett Mikolasch from the 
Department of Bacterial Physiology, University of Greifswald, Germany.  
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Figure 5.34.  Workflow for the ArcT enzyme activity assay 

The putative peptidase ArcT protein was purified under reducing condition using DTT 
in the buffer systems and activity assays were conducted at 37°C. Purification of ArcT 
protein analysed by silver staining. The expected metal ions were removed from the 
ArcT by dialysis against 5mM EDTA in 0.1M Tris buffer (pH 7.5) for at least 24hrs at 4°C. 
EDTA was extensively removed by passing through a buffer exchange column (PD-10) 
by using EDTA free Tris buffer. The Apo-ArcT protein was reconstituted with different 
divalent metal ions such as Zn2+, Mn2+, Co2+ and Mg2+. A reaction mixture of different 
substrates, metal ions and DTT were pre-incubated at 37°C for approximately                     
5 minutes and the reaction was started by adding ArcT protein. Samples were taken 
out at different time point and the reaction was immediately stopped by incubating 
on dry ice followed by heating at 65°C for 10 minutes, later it was stored at -20°C till 
further analysis by LCMS. 

 
 
 
The peptidase and deacetylase activity were further analysed in the presence of Mn2+ and Zn2+ 

ions as cofactors. For the peptidase activity determination, several dipeptides like Ala-Arg, Ala-

Asp, Arg-Ala and tripeptide Ala-Ala-Arg were tested as substrates. Cleavage of the dipeptide 

Ala-Arg was observed in the enzyme assay containing 0.05mM MnCl2 as a cofactor, 1.5mM 

DTT as a reducing agent using 40µg/ml purified recombinant ArcT.  
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A product of 1.4 µmolmin-1mg-1 arginine was estimated from the substrate Ala-Arg using 

MnCl2 as a cofactor (Fig 5.35A). However, reduced product of arginine was detected, when 

ZnCl2 was added in the assay.  

A B 

 

 C 

 

 

 

 

 

 

 

Figure 5.35:   Pneumococcal ArcT is a Mn2+ and Zn2+ dependent dipeptidase  
  The enzyme activity assay was carried out with recombinant ArcT in 25mM Tris-HCl, 
  pH 7.5 at 4°C under reducing condition. The apo-ArcT was incubated with different  
  concentration of MnCl2 and highest enzyme activity was seen at a concentration of  
  0.05mM. The maximum enzyme activity was measured with Mn2+ followed by Zn2+  

  while using Ala-Arg as a substrate.  
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A low amount of 0.5 µmolmin-1mg-1 of arginine was detected when Ala-Arg was used as a 

substrate (Fig 5.35B). The dipeptidase activity seems to be dependent on the availability of 

Mn2+ ions. The enzyme activity of dipeptidase was significantly reduced if more than 0.1 mM 

MnCl2 is used in the assay (Fig 5.35C).  

No cleavage of Arg-Ala could be determined under the selected assay conditions. Based on 

these findings it can be concluded that ArcT has a function as a carboxypeptidase. The 

dipeptide Ala-Asp was not cleaved, which indicates that the acidic amino acids cannot be 

cleaved by this carboxypeptidase. Interestingly, the tripeptide (Ala-Ala-Arg) was not cleaved 

despite this peptide contained the Ala-Arg sequence at the end, similar to the dipeptide. Based 

on high sequence identity of the carboxypeptidase could show the acetylornithinase activity 

(Meinnel et al., 1992) 

The acetylornithinase enzyme is capable of deacetylating a number of N-acetyl amino acids.  

Ornithine is released by the action of acetylornithinase when substrate N-acetyl-L-ornithine is 

used as a substrate, which can be detected by LCMS.  

 

 

 

 

 

 

 

The N-acetyl-L-ornithine deacetylase activity of argE mainly depending on divalent ions such 

as Zn2+, Co2+ was comprehensively studied in E. coli (Meinnel et al., 1992;Javid-Majd and 

Blanchard 2000;McGregor et al., 2007). In the deacetylase assay, ornithine was detected with 

MnCl2 and CoCl2 (Appendix 10.3.2 and 10.3.3) and low deacetylase activity was determined 

with ZnCl2 (data not shown).  

 
 
 

5.3.4 Generation of the arcT-mutants in Streptococcus pneumoniae  

ArcT as putative cytoplasmic peptidase was inactivated to study its functional role in                     

S. pneumoniae. The construct for arcT mutagenesis was previously generated in the 
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Hammerschmidt laboratory. The recombinant plasmid (pGEMT∆arcT_Erm) was isolated and 

transformed into pneumococcal strain D39 and TIGR4. The mutants were verified by colony 

PCR using gene specific primers (Fig 5.36). 

 

 

 

 

 

 
 
 

Figure 5.36: Analysis of insertion-deletion mutagenesis of arcT in S. pneumoniae 
Mutagenesis of the arcT gene has been confirmed by analytical PCR using primer pairs 
(M23 and M24). Deletion of the arcT gene and replacement by erm cassette is 
indicated by size difference (WT=2.5 kb, ΔarcT=2.3 kb). 

 
 
 

5.3.5 Generation of plasmid-based arcT complementation construct  

The shuttle vector pBAV1CpE was used for the arcT complementation in pneumococcal 

deletion mutants as described earlier (section 5.1.7). For this purpose, specific gene primer 

pairs P1597and P1315 were designed and the arcT sequence (nt 1351; Appendix 10.9.3) using 

chromosomal DNA from strain TIGR4. The PCR products was cloned into NcoI/HincII site of 

pBAV1CpE. The recombinant plasmid (pBAVarcT) was verified by colony PCR and DNA 

sequencing (Fig 5.37A). The recombinant plasmid was then transformed in the pneumococcal 

strains D39 and TIGR4 carrying the arcT deletion. The pneumococcal transformants were 

selected on blood agar plates supplemented with Cm (5µg/ml) and the grown colonies were 

analysed by colony PCR (Fig 5.37B). The results showed that the mutational deficiency of arcT 

was successfully restored to wild-type which was further analysed for the expression of ArcT 

in the complemented mutants. 
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Figure 5.37:  Generation of arcT complementation construct and complementation of 

arcT-deletion mutant   
A. The arcT-deletion mutant was restored to isogenic wild-type by plasmid encoded 
and expressed arcT. The amplified arcT gene with specific gene primers (arcT_1597 
and arcT_1315) was ligated into vector pBAV1CpE resulting in pBAVarcT and 
transformed in E. coli (DH5α). Restriction digestion and DNA sequencing further 
verified the recombinant plasmid. Colour code. Pink= promoter (pBAV1CpE). Green= 
chloramphenicol antibiotic (cat) gene cassette. Red: arcT gene. B. The pneumococcal 
arcT-mutant was complemented and verified by analytical PCR using primer pairs 
P1597 and P1315. 

 
 
 

5.3.6 Expression of the carboxypeptidase ArcT in the isogenic ∆arcT and complemented 

 mutant in strain TIGR4 and D39 

Successful arcT mutagenesis and restoration of ArcT expression in complementation mutants 

in pneumococcal strains D39 and TIGR4 were analysed by immunoblot studies. Expression of 

the putative peptidase ArcT (48kDa) was detected by using specific mouse anti-ArcT 

antibodies, while the lipoprotein PsaA was used as internal loading control and detected at 

~37kDa. Immunoblot analysis of the arcT-mutant in both strains showed no expression of 

ArcT. Moreover, arcT-mutants complemented with pBAVarcT in strain D39 showed high 

expression of ArcT compared to the wild-type. Higher expression of ArcT in the 

complementation mutant is most likely due to plasmid-based copy effect of arcT gene (Fig 

5.38A). However, this event was not realized in the complemented mutant of strain TIGR4 (Fig 
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5.38B). The pneumococcal arcT-clones were further analysed for their fitness and growth 

behaviour. 

 

  A  
 
 
 
 
 
 
 

  B 
 
 
 
 
 
 
 

Figure 5.38: ArcT expression in complemented arcT-mutants 
Pneumococcal wild-type strains A. D39Δcps, B. TIGR4Δcps and isogenic arcT-mutant 
and complementation mutant were analysed for ArcT expression. Expression of ArcT 
was detected with polyclonal anti-ArcT antibodies. For detection specific IRDye® 
secondary anti-bodies (ArcT green: IRDye® 800CW goat anti-mouse IgG (1:15000) 
(PsaA red: IRDye® 680RD goat anti-mouse (1:15000) were added. Immunoblot was 
scanned with Odyssey® CLx Scanner using LI-COR® technology. Wild-type and isogenic 
arcT-deficient mutants were used as positive and negative control respectively. PsaA 
was used as loading control in this experiment.  

 
 
 

5.3.7 Growth profile of S. pneumoniae wild-types and arcT-mutants 

To analyse the effect of the ArcT protein on the pneumococcal fitness, the growth of 

pneumococcal wild-types of D39, TIGR4 and isogenic arcT-mutants was compared when 

cultured in complex and chemically-defined minimal medium (RPMImodi). To analyse the 

growth, the OD600nm of the bacterial culture was measured each hour and for 10 hours. No 

significant effect was seen for the growth behaviour of the arcT-mutant in the D39 genetic 

background (Fig 5.39C and D). However, surprisingly a higher growth rate (µ=0.42 h-1) and 

delayed lysis was observed in the arcT-mutant of TIGR4 compared to the wild-type in complex 
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medium (Fig 5.39B), while no growth defect was observed in the RPMImodi minimal medium 

(Fig 5.39A). 
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Figure 5.39:  Growth of S. pneumoniae wild-type (D39Δcps and TIGR4Δcps) and arcT-
  deficient mutants in different medium 

S. pneumoniae wild-type, isogenic arcT-mutant and complementation mutant were 
cultivated in complex medium (THY) and chemically-defined minimal medium 
(RPMImodi) at 37°C in water bath, under microaerophilic condition. The optical density 
(OD600nm) was measured every hour for maximum 10 hours. Mean and SD of three 
independent cultivations are shown. A. Growth rates for TIGR4 in RPMI: TIGR4∆cps 
(µ=0.69 h-1), ∆arcT (µ=0.72 h-1) B. THY: TIGR4∆cps (µ=0.05 h-1), ∆arcT (µ=0.42 h-1). 
C. Growth rates for D39 in RPMI: D39∆cps (µ=0.64 h-1), ∆arcT (µ=0.69 h-1) D. THY: 
D39∆cps (µ=0.41 h-1), ∆arcT (µ=0.36 h-1) 
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5.3.8 Impact of the putative peptidase ArcT on phagocytosis 

To evaluate the role of ArcT in pneumococcal infection we analysed the TIGR4 wild-type and 

arcT-mutant during phagocytosis by macrophages. After 3 hours of post infection, the 

extracellular adherent bacteria were killed by treating with antibiotics and the intracellular 

live bacteria were recovered and plated on blood agar plates. The results revealed no 

significant difference between the parental strain and arcT-mutant showing that ArcT is not 

involve in phagocytosis (Fig 5.40). 

 

 

 

 

 

 

 

Figure: 5.40 Uptake of S. p TIGR4 (WT) and isogenic arcT-mutant by murine macrophages 
 The number of intracellular live bacteria were analysed by antibiotic protection 
 assay. Murine macrophages (J774.A1) were infected by S. pneumoniae 
 TIGR4∆cpswild-type and TIGR4∆cps∆arcT mutant with an MOI 50. After 3 hours of 
 infection extracellular bacteria were killed by treating with Penicillin-G and gentamicin 
 for 1 hour. Phagocytosed live bactria were achieved by plating on blood agar plates 
 after lysis of the macrophages with saponin. Mean and SD of three independent 
 experiments are presented. 

 
 
 

5.3.9 Generation of a complementation construct for the transcriptional regulator ArgR2  

The activator ArgR2 is regulating the expression of arcABC and arcDT operons and no ArcA 

protein is synthesized in the argR2-mutant (Schulz et al., 2014). To study the impact of ArgR2 

on the arcT expression, the argR2 gene expression is restored by plasmid-based 

complementation of this gene using the pBAV1CpE vector. The argR2 gene (sp_0893) was 

amplified (Appendix 10.9.2) from TIGR4 with primers P1326/P525 and cloned into the 

NcoI/HindIII site of the vector. Verification of the recombinant clones (pBAVargR2) was carried 

out by colony PCR and DNA sequencing (Fig 5.41 A and B). The recombinant plasmid was 
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transformed in the TIGR4 argR2-deficient mutant. The pneumococcal transformants were 

grown on blood agar plates containing CmR (5µg/ml) and analysed by colony PCR (Fig 5.41 C).  
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Figure 5.41: Generation of argR2 complementation construct and restoration of argR2-

deletion mutant   
A. The argR2-deletion mutant was restored to isogenic wild-type by plasmid encoded 

argR2 addition. The amplified argR2 gene was ligated into vector pBAV1CpE and 

transformed in E. coli (DH5α). Colour code. Pink= promoter PE. Green= 
chloramphenicol antibiotic (cat) gene cassette. Brown: argR2 gene, Red: restriction 
sites. B. The recombinant plasmid was verified by colony PCR. C. The argR2-deletion 
mutant was restored to isogenic wild-type by the addition of wild-type argR2 gene 
after transformation of pBAVargR2 into pneumococci. The complementation mutant 
was verified by analytical PCR using primer pairs P1326 and P1327 amplified gene 
product of 471bp. 

 
 
 

5.3.10 Restoration of Arg2 expression in the complementation mutant  

S. pneumoniae TIGR4 wild-type, the isogenic argR2-mutant and complementation mutant 

were investigated for the expression of the ArgR2 protein by immunoblotting. Pneumococcal 

strains were cultured in complex medium (THY) and analysed for the expression of ArgR2 using 

specific mouse anti-ArgR2 antibodies (Table 7.28). ArgR2 with a molecular weight of 14kDa 

could by recognized in the wild-type and in the complementation mutant carrying pBAVargR2 

(Fig 5.42).  
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Figure 5.42:  Expression of ArgR2 in wild-type, argR2-mutant and complemented mutant 

Pneumococcal argR2 complementation clone was analysed for ArgR2 expression. 
Expression of ArgR2 was detected with mouse anti-ArgR2 antibodies. DacB was used 
as loading control. TIGR4Δcps and TIGR4ΔcpsΔargR2 were used as positive and 
negative control respectively. NBT/BCIP was used in the alkaline phosphatase reaction 
to detect binding of the secondary AP-conjugated antibody to ArgR2 specific 
antibodies bound to expressed ArgR2. 

 
 
 

5.3.11 The transcriptional regulator ArgR2 activate the expression of ArcT in 

 pneumococcal strain TIGR4 

The regulatory effect of ArgR2 on the expression of ArcT was unknown. The regulatory effect 

of metabolic regulators ArgR1, AhrC and Argr2 on ArcT expression was investigated by 

immunoblot analysis. Expression of the ArcT protein was analysed in pneumococcal wild-type 

D39 and TIGR4, isogenic arcT-mutants and regulatory mutants using specific mouse anti-ArcT 

antibodies. The results showed ArcT expression in pneumococcal strain D39 wild-type and no 

regulatory effect was observed on the expression of the ArcT protein in all regulatory mutants 

(lacking ArgR1, ArgR2 or AhrC). The arcT-mutant showing no expression of the enzyme was 

analysed as a control (Fig 5.43A).  

In contrast and importantly, in strain TIGR4 ArcT expression was completely abolished in the 

argR2-deficient mutant. However, expression was detected in the wild-type, argR1 and ahrC-

deficient mutants. Immunoblot analysis confirmed that the transcriptional regulator ArgR2 

acts as an activator for the putative peptidase ArcT in strain TIGR4 but not strain D39 (Fig 

5.43B). A protein signal of 24kDa for DacB was used as internal control in the immunoblot 

analysis. 
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Figure 5.43: Expression of pneumococcal ArcT in regulatory mutants of S. pneumoniae 
Pneumococcal protein cell lysate of S. pneumoniae wild-type (TIGR4Δcps or D39Δcps) 
and arcT-mutants were compared to regulatory mutants argR2, argR1 and ahrC by 
immunoblotting. Detection of ArcT was carried out with polyclonal mouse anti-ArcT 
and as secondary antibodies goat anti-mouse IgG AP conjugate were used. Polyclonal 
anti-DacB was used to detect DacB as loading control. Visualization of bound 
antibodies was carried out by NBT-BCIP colour development. 

 
 
 

5.3.12 Effect on the expression of ArcT in argR2 complementation mutant 

The ArcT expression was also analysed in the argR2 complemention mutant of TIGR4. Briefly, 

pneumococcal strains TIGR4 wild-type, argR2-mutant and the complementation mutant were 

cultivated in complex medium up to the stationary phase. Expression of ArcT was observed in 

TIGR4 wild-type and the ArgR2 complementation mutant whereas no expression was 

observed in the argR2-mutant confirming that ArcT expression in TIGR4 is under the control 

of ArgR2 (Fig 5.44).  
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Figure 5.44: Expression of ArcT in the argR2 complementation mutant 
  The pneumococcal argR2 complementation clone was analysed for ArcT expression 
  by immunoblot. Membrane was blocked in 5% skim milk and incubated with primary 
  antibodies (anti-ArcT 1:1000). TIGR4Δcps (wild-type) and TIGR4ΔcpsΔargR2 were 
  used as positive and negative control respectively. DacB was used as internal loading 
                control. 
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5.4 Identification of in vivo expressed pneumococcal proteins during 

 acute bacterial meningitis 

5.4.1  A SpectraST library for Streptococcus pneumoniae 9 

The interference of different peptides within a complex mixture as represented by host- 

pathogen samples from infection settings is a critical step in the analysis of tandem-MS 

spectra. In most commonly applied data-analysis pipelines in silico driven putative sequences 

are used to identify tandem-MS spectra. However, false-discovery rate (FDR) based 

identifications of these spectra are strongly depending on the ratio of naturally existing entries 

and in silico based entries. Hence, the FDR is more error-prone in case of mixed host-pathogen 

samples where two organisms are combined. One of the most suitable methods to bypass this 

limitation is the so-called spectra-to-spectra search (Schmidt et al., 2002). Here the number 

of database entries is significantly reduced. As a prerequisite for such approaches a suitable 

number of tandem-MS reference spectra is necessary. High quality tandem-MS spectra from 

S. pneumoniae in public repositories such as Pride (Vizcaino et al., 2013) or PeptideAtlas 

(Desiere et al., 2006) were not available, hence, first a comprehensive consensus 

pneumococcal SpectraST library was established (Fig. 5.45) (Lam et al., 2008). We have 

conducted 36 measurements from 10 different conditions mimicking the physiology and 

natural in vivo milieus of S. pneumoniae (Appendix Table 10.14). Our combined analyses finally 

resulted in 1,165 unique protein identifications (IDs) of which 954 were further ranked above 

a peptide prophet threshold of 0.95 for SpectraST library construction. This correlates to 

approximately 70% of the annotated and categorized proteome. These proteins were 

represented by 49,083 tandem-MS spectra reflecting in total 7,597 unique peptides. An 

overview of the in vitro detected proteins is shown in Fig. 5.46 A. 

 

                                                           
9 The MS analysis was performed in collaboration with the group of Dr. Frank Schmidt and Prof. Uwe Völker, 
Department of Functional Genomics, Interfaculty Institute for Genetics and Functional Genomics, Center for 
Functional Genomics of Microbes, University Medicine Greifswald, Germany.    
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Figure 5.45: Workflow applied for the identification of pneumococcal-specific proteins from 
mouse CSF isolates  
In a first step, S. pneumoniae D39 specific tandem-MS spectra from different 
conditions were measured and stored in a database (spectral library; SpectraST). 
Subsequently, proteins from S. pneumoniae in vivo experiments were measured after 
dual filter extraction and digestion steps and compared and aligned to spectra 
deposited in the database. A subset of proteins exclusively identified in vivo in the CSF 
was further considered for phenotypical characterization and for demonstrating its 
impact on pneumococcal meningitis.  

 
 
 

5.4.2 In vivo proteomics of pneumococci recovered from the CSF revealed ComDE and 

 AliB expression during infection 10 

One of the major challenges of host-pathogen interaction experiments is the elucidation of 

basic adaptation and regulation mechanisms of the infiltrating pathogen and its primary host. 

A large fraction of molecules that mediate host-pathogen interactions are proteins and can 

therefore be quantified by modern proteomics tools such as gel-free MS. In order to reduce 

systems complexity for proteomic screens, in vitro assays have been used to mimic the natural 

milieu of human pathogens. However, it is obvious that in vitro assays can only partially 

capture the complex interactions in murine animal experiments or human sample specimen. 

Thus, more efforts should be invested to develop novel and sophisticated in vivo proteomics 

                                                           
10 The experimental meningitis model and recovery of pneumococci from the CSF of infected mice was done by 
Prof. Dr. Uwe Koedel, Department of Neurology, Clinic Grosshadern of the Ludwig-Maximilians University of 
Munich, Munich, Germany.    
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approaches. These problems, were addressed by combining a dual filter extraction step, high 

sensitive MS, and spectra-to-spectra database searches to identify for the first time                        

S. pneumoniae D39-specific proteins during bacterial meningitis in the presence of a highly 

complex mouse protein background (Fig. 5.45). Our analysis were restricted solely to                    

S. pneumoniae D39 derived tandem-MS spectra and created a specific library with the 

SpectraST search tool. This spectra-to-spectra analysis increased significantly the reliability of 

our identifications compared to classical in silico-based searches, because interfering mouse 

peptides/spectra were no longer misleadingly assigned as bacterial peptides.  

However, due to the low number of isolated bacteria in our approach-approximately 200,000 

recovered bacteria – and the presence of mouse proteins within the samples, the MS data 

could only be used for identifications and present/absent predictions but not for further 

dynamic quantification as, e.g., accomplished by the MS1 based “area under the curve” (AUC) 

method. Despite these limitations more than 685 proteins were identified in the control 

representing proteins from pneumococci grown in vitro and digested on the filter and 249 

from the in vivo CSF samples using the SpectraST search tool (Fig. 5.46 A and B). Most of the 

proteins were detected in both sample sets, and these proteins reflect as expected the most 

abundant proteins of pneumococci, such as ribosomal proteins, proteins involved in DNA 

replication, peptidoglycan synthesis-related proteins, proteins of amino acid pathways or 

belonging to the incomplete TCA cycle. However, some of the identified proteins were 

exclusively detected in the in vivo experiment (Fig. 5.46 B). These proteins were therefore of 

particular interest because they mirror the immediate response of S. pneumoniae to the 

extrinsic host milieu. One of the identified proteins was part of the two component signal 

transduction system ComDE, a key player in the competence but also virulence of                             

S. pneumoniae. Another protein, referred to as AliB, is a component of an AmiAliA/AliB 

permease complex and has also been detected in the murine CSF samples but not on the filter 

control of the inoculum (Fig. 5.50). This protein is part of the ATP-binding cassette transporter 

and involved in the uptake of small peptides (Alloing et al., 1994). All proteomics data can be 

accessed via the MassIVE (ftp://MSV000082974@massive.ucsd.edu, password: fungene2018) 

or the Peptideatlas repository (Link will follow before submission). 

  

ftp://MSV000082974@massive.ucsd.edu/
ftp://MSV000082974@massive.ucsd.edu/
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Figure 5.46:  Identification of ComDE and AliB in S. pneumoniae D39 from in vitro culture 

or in vivo infection samples 
A. Voronoi Treemaps of predicted and detected pneumococcal proteins. S. 
pneumoniae D39 was cultured under various in vitro conditions, and a map of in vitro 
identified proteins was generated (left panel). Pneumococcal proteins identified in 
control reactions with a trypsin-digestion of pneumococci on a filter (middle panel). 
These pneumococci represent bacteria from a culture that was also used to infect 
mice. Proteins identified in pneumococci recovered from the CSF of mice (n=5 samples 
each of 4 mice), enriched by sequential centrifugation on a filter, and digested by 
trypsin (right panel). Gray spheroids represent annotated protein entries from the 
SEED with light gray not identified in sample and dark gray never identified. Orange 
spheroids represent identified proteins by MS. B. Identified proteins are depicted in 
enlarged regions of Voronoi treemaps. ComD, ComE (upper left), and AliB (lower left) 
were not identified in S. pneumoniae D39 from in vitro culture samples, while all three 
proteins were identified in samples from in vivo infection (upper and lower right). 
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5.4.3  Molecular characterization of oligopeptide transporter AliB and two-component 

 system ComDE 

5.4.3.1 In silico analysis of the oligopeptide transporter AliB in Streptococcus pneumoniae  

The Ami-AliA/B proteins are part of an ATP dependent oligopeptide ABC transporter which 

also play a role in virulence by S. pneumoniae (Kerr et al., 2004;Kadioglu et al., 2008;Pribyl et 

al., 2014). The genes encoding AmiA, AmiC, AmiD, AmiE and AmiF are localized in an operon 

while the substrate binding proteins encoded by aliA (spd_0334) and aliB (spd_1357) are 

located separately in the pneumococcal genome.  

The protein sequence homology was analysed among the three lipoproteins (AmiA, AliA and 

AliB) showing high amino acids sequence identity (up to 60%) (Appendix 10.4.1 to 10.4.3). 

High amino acid sequence identity of AliB (up to 100%) was observed in other pneumococcal 

serotypes. The protein sequence homology of AliB to orthologs of other streptococci was 

analysed as well. The analysis revealed that an AliB homolog is present also S. oralis (81%), S. 

mitis (77%), S. intermedius 67%, S. anginosus (68%), and S. cristatus (65%). 

 

5.4.3.2 Genomic organization of aliB and generation of mutants in Streptococcus 

 pneumoniae  

The oligopeptide binding lipoprotein AliB is part of the Ami/Ali-ABC transporter which is 

encoded by spd_1357 (1959nt; 652aa) in S. pneumoniae. The amino acid sequence consists of 

652 amino acids with a calculated molecular weight of 72kDa. The gene spd_1358, which lies 

upstream of aliB codes for a putative protein that could be involved in the polysaccharide 

biosynthesis. Adjacent to it murE was identified, encoding UDP-N-acetylmuramoyl-L-alanyl-D-

glutamate-L-lysine ligase involved in the cell wall peptide synthesis. The gene downstream of 

aliB has homology to ABC transporter encoding.  

The mutation of aliB in strain D39 was published previously (Alloing et al., 1994). The 

pneumococcal mutant was kindly provided by Prof. Marien I de Jonge, Radboud University 

Medical Center, Nijmegen, Netherland. Total DNA was isolated from this mutant and used as 

template for the amplification of the aliB mutation with the primer combination 

aliB_1276/1277. The amplified DNA fragment of 3.0 kb was cloned into vector pSP72. The 

recombinant plasmid (pSP72 aliB::cat) was transformed in to our lab strain D39 and into 

D39ΔcomDE. The recombinant pneumococcal strains inactivated for aliB gene were selected 
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on blood agar plates supplied with chloramphenicol (Cm) genes (Fig 5.47). For detail 

mutagenesis, see section 8.3.10. 

 

Figure 5.47: Generation of aliB-mutants in D39 
Insertion-deletion mutagenesis was carried out to inactivate the aliB gene. The aliB 
was replaced by the aliB::cat to disrupt aliB. Total DNA from wild-type and 
corresponding mutants were used as template with primer pair aliB_1276/aliB_1277 
to demonstrate aliB mutagenesis. The size difference can be seen between the wild-
type and aliB-mutant verifying the aliB-mutants 

 
 
 

5.4.3.3 Generation of comDE mutation in Streptococcus pneumoniae 

For further studies the comDE genes were inactivated. For this purpose, a designed 

comDE::aphA3 PCR fragment was kindly provided by Dr. R. Brückner; University of 

Kaiserslautern. The PCR fragment was reamplified with primers P1224/1225 and the resulting 

2.1 kb fragment was transformed into strain D39 to generate the comDE mutation (Fig 5.48; 

for further detail see section 8.3.12).  

   

 

Figure 5.48:  Generation of comDE-mutants in D39 
Insertion-deletion mutagenesis was carried out to inactivate comDE. The comDE gene 
was replaced by aphA3 a encoding a kanamycin resistance. Total DNA from both wild-
type and comDE-mutant were used as a template with primer pairs 
comDE_1224/comDE_1225 to demonstrate the mutagenesis of comDE.  
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5.4.3.4 Analysis of AliB expression in wild-type, comDE-mutant and the aliB/comDE double 

 mutants 

The mutation and inactivation of AliB was confirmed by immune blot studies using a generated 

anti AliB polyclonal antibody generated in mice. A total protein lysate from S. pneumoniae D39 

and their isogenic mutants were separated by SDS-PAGE and transferred to nitrocellulose 

membrane. Interestingly, due to high sequence similarities of AliB with AmiA and AliA, all 

three homologous proteins were detected with anti-AliB antibodies. However, no expression 

of AliB was observed in the aliB-mutant or the aliB, comDE-mutant of S. pneumoniae (Fig 5.49).  

 
 
 
 
 
 

 
 
 
 
 
 

Figure 5.49: Immunoblot analysis of the AliB expression in S. pneumoniae  
Immune reaction was performed with polyclonal anti-AliB serum and secondary goat 
 anti-mouse IgG conjugated with alkaline phosphatase. NBT/BCIP was used a substrate 
 for the alkaline phosphatase reaction to visualize expressed AliB. As loading control 
ArcB protein was detected with the corresponding anti-ArcB antibodies. 

 
 
 

5.4.4  Role of AliB and ComDE in pneumococcal meningitis 11 

To decipher the functional role of AliB and ComDE in pneumococcal meningitis, mice were 

infected intracisternally with 105 cfu of S. pneumoniae D39 or its isogenic ComDE-deficient, 

AliB-deficient- or AliB-ComDE-double-deficient mutants. D39 injection caused a significant 

elevation of CSF leukocyte (WBC) counts (22,454 ± 6,356 cells/μl) compared to our PBS 

(phosphate-buffered saline) control (294 ± 188 cells/μl) at 18 h post-injection, indicating 

pneumococcal meningitis (Fig 5.50A). Mice infected with ComDE deficient, AliB-deficient- or 

AliB-ComDE-double-deficient mutants showed significant decreases in CSF pleocytosis (Fig 

5.50A).  

                                                           
11 The infection experiments using pneumococcal strains were carried out by Prof. Dr. Uwe Koedel, Department 
of Neurology, Clinic Grosshadern of the Ludwig-Maximilians University of Munich, Munich, Germany.   
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    A           B     C 

Figure 5.50: Lack of ComDE and/or AliB results in an attenuated inflammatory response 

  to pneumococcal infection of the CSF 

Pneumococcal meningitis was induced by intracisternal injection of wild type D39 
(n=13) or its isogenic ComDE deficient, AliB-deficient- or AliB-ComDE-double-deficient 
mutants (each mutant n=8). Eighteen hours later, CSF white blood cell (WBC) counts 
A, IL-1β B, and CXCL2 C levels were determined. A. Mice infected with the single or 
double mutants showed significant decreases in CSF pleocytosis, as compared to D39 
infected mice. B. CSF IL-1β concentrations were quite similar in all mice, irrespective of 
whether mice were infected with D39 or its isogenic mutants. C. Conversely, mice 
infected with mutant strains had lower CSF CXCL2 concentrations than those infected 
with D39, albeit only the difference between mice infected with the double-deficient 
mutant and the wild-type strain reached statistical significance. In negative controls 
(mice injected i.c. with PBS instead of S. pneumoniae; n=8), CSF leukocyte counts were 
284 ± 188 cells/µl, whereas IL-1β and CXCL2 levels were below the detection limit. Data 
are given as means ± SD. * P < 0.05, compared to mice infected with the D39 strain, 
using One-Way ANOVA and Tukey post-hoc test.  

 
 
 
A divergent result was obtained for CSF concentrations of IL-1β and CXCL2. These cytokines 

are implicated in leukocyte recruitment to the CSF during experimental pneumococcal 

meningitis (Hoegen et al., 2011;Woehrl et al., 2011). Mice infected with mutant strains had 

lower CSF CXCL2 concentrations than those infected with the wild-type D39 strain, albeit only 

the difference between mice infected with the double-deficient mutant and the wild-type 

strain reached statistical significance. Contrarily, CSF IL-1β concentrations were quite similar 

in all mice, irrespective of whether mice were infected with the wild-type D39 or its isogenic 

mutants (Fig. 5.50 B and C). 

The less pronounced CSF pleocytosis in mice infected with the mutants could also be due to 

lower growth rates in the brain and the blood. This might be caused by a decrease in bacterial 

fitness under these specific conditions. However, similar amounts of pneumococci were found 
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in brains of all infected mice, irrespective of whether they received a mutant or the wild-type 

strain (Fig 5.52A)12. This is in accordance with our findings that the growth rates of 

pneumococcal wild-type and mutants in chemically-defined medium (CDM) and CSF were 

similar (Fig 5.51).  

 

  

Figure 5.51: Growth of pneumococcal mutants  
Growth of pneumococcal wild-type and isogenic mutants in chemically-defined 
medium (CDM = RPMImodi) or in CSF from humans. Determined growth rates in CDM 
are: D39 (µ= 0.65 h-1), ∆aliB-mutant (µ= 0.65 h-1), ∆comDE-mutant (µ=0.66 h-1), and 
∆aliB∆comDE-mutant (µ= 0.69h-1). In CSF the following growth rates were estimated: 
D39 (µ=0.54 h-1), ∆aliB-mutant (µ=0.49 h-1), ∆comDE-mutant (µ=0.48 h-1), and 
∆aliB∆comDE-mutant (µ=0.50 h-1).   

 
 
 
Strikingly, intracisternal inoculation of the mutants D39∆aliB or D39∆aliB∆comDE was 

accompanied by significantly lower bacterial concentrations in the blood as compared to 

bacterial titers found for the wild-type D39 and mutant D39∆comDE (Fig. 5.52B).  

Furthermore, physiological parameters like body temperature and body weight as well as 

spontaneous motor activity were measured to assess murine fitness post infection. In 

addition, mice were clinically evaluated using an established scoring system. A clinical score 

of 0 indicates an uninfected and healthy mouse, and a score of 12 is attributed to terminally 

ill mice.   

 

 

 

                                                           
12 The infection experiments and analysis of physiological parameters were carried out by Prof. Dr. Uwe Koedel, 
Department of Neurology, Clinic Grosshadern of the Ludwig-Maximilians University of Munich, Munich, 
Germany.   
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Figure 5.52:  Loss of function of ComDE and/or AliB is protective in murine pneumococcal 

meningitis.  
Pneumococcal meningitis was induced by intracisternal injection of wild type                           
S. pneumoniae D39 or its isogenic ComDE-deficient, AliB-deficient- or AliB-ComDE-
double deficient mutants. Eighteen hours later, the bacterial titres in the brain (a) and 
blood (b), the clinical status (c), and the number of cerebral haemorrhages (d) were 
evaluated. A. The bacterial outgrowth within the CNS was comparable in all mice, 
irrespective of whether mice were infected with the wild-type D39 or its isogenic 
mutants, B. whereas mice infected with AliB mutants had significantly lower bacterial 
concentrations in the blood. C. Mice infected with ComDE-deficient, AliB-deficient- or 
AliB-ComDE-double-deficient mutants showed reduced illness (indicated by lower 
clinical score values), as compared to D39 - injected mice. D. The ameliorated clinical 
course seems to be due to less pronounced brain pathology, as indicated by lower 
numbers of cerebral haemorrhages in mice infected with the mutant strains. Negative 
controls (mice injected i.c. with PBS instead of S. pneumoniae; n=8) exhibited a clinical 
score of 0. Moreover, bacterial culturing and brain examination for the presence of 
haemorrhages revealed negative results. Data are given as means ± SD. * P < 0.05, 
compared to mice infected with the D39 strain, using One-Way ANOVA and Tukey 
post-hoc test.  

 
Our intracisternal infection of mice with wild-type pneumococci led to a significant reduction 

in motor activity (4.5 ± 4.1 fields/min), body temperature (36.8 ± 0.4 °C), and body weight 

(−11.3 ± 2.0%), which was paralleled by an increased clinical score (5.6 ± 1.1), as compared to 
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uninfected control mice (40.0 ± 13.4 fields/min, 37.7 ± 0.3 °C, + 1.6 ± 2.6 %, and 0.0 ± 0.0, 

respectively). Mice infected with the mutant strains showed significantly higher motor 

activities (data not shown) and body temperatures as well as lower clinical score values 

compared to D39-infected mice (Fig. 5.52C), and thus less clinical impairment. Loss of body 

weight was significantly less pronounced in mice inoculated with the double-deficient mutant 

than in those that had received wild-type pneumococci (data not shown). Clinical impairment 

is - at least partly - the result of meningitis-related pathologic changes of the brain. Cortical 

haemorrhages are among the main pathologic findings in experimental murine pneumococcal 

meningitis (Brouwer et al., 2014). The number of (visible) haemorrhagic spots was significantly 

lower in mice infected with the respective mutant strains than in mice infected with wild-type 

pneumococci (Fig. 5.52D).   

 

5.4.5  Phenotypic characterization of AliB and ComDE deficient pneumococci  

The attenuation of mutants deficient in AliB or ComDE in the experimental meningitis model 

could be associated with dramatic phenotypic changes, lower resistance against oxidative 

stress, or alteration in key virulence factor expression. Because growth rates in CDM or CSF 

were similar. The growth of wild-type and isogenic mutants were determined under different 

stress conditions. In addition, the impact of ComDE on the expression of AliB in the comDE-

mutant and aliB/comDE double mutants was also analysed. The survival rates of mutants 

deficient for AliB, ComDE or both, AliB and ComDE, in the presence of various concentrations 

of the oxidizing agents hydrogen peroxide (H2O2) or the superoxide generating paraquat 

(methyl viologen; [(C6H7N)2]Cl2) were analysed (Fig 5.53 A). Analysis revealed similar survival 

rates for all mutants and the wild-type D39 suggesting that free reactive oxygen species during 

meningitis did not impair bacterial outgrowth in CSF. Furthermore, no significant impact was 

observed on the expression of AliB under oxidative stress conditions (Fig 5.53 B).   
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Figure 5.53: Pneumococcal survival under oxidative stress conditions and expression of 
AliB in ComDE and AliB-deficient pneumococci 
A. Pneumococcal wild-type and isogenic mutants were cultured in complex medium 
(THY) at 37°C up to mid-log growth phase (OD600nm 0.5-0.6). The bacterial culture 
was then treated with hydrogen peroxide (10mM or 20mM) and paraquat (0.25mM or 
0.5mM). The cultures were incubated at 37°C for 30 min in a water bath. A serial 
dilution was performed and 100µl was plated on blood agar plates and incubated 
overnight at 37°C and 5% CO2 and the grown colonies were counted. Untreated 
pneumococci were used as control. B. A volume of 10ml of the grown culture were 
harvested by centrifugation at 1300g for 10 minutes. The bacterial lysate was 
resuspended in 1ml PBS. The total protein extract of bacterial cells of untreated and 
hydrogen peroxide treated pneumococci were separated by SDS-PAGE and protein 
was transferred on a nitrocellulose membrane. Detection of AliB was performed using 
polyclonal anti-AliB antibodies generated in mice by immunoblotting. ArcB was used 
as internal control.  

 
 
 
In addition, the pneumococcal CPS and AliB was analysed by flow cytometry and the 

production of pneumolysin by immunoblot and a haemolysis assay. The results demonstrated 

similar amounts of CPS and pneumolysin for the mutants and wild-type D39 (Fig. 5.54 A and 
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B). Due to high CPS expression, AliB cannot detected on the pneumococcal surface compared 

to the non-encapsulated D39 (Fig 5.54C).  
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Figure 5.54: Virulence factor expression of ComDE and AliB-deficient pneumococci 
A. Determination of the relative amount of pneumococcal capsular polysaccharide 
(CPS) on the surface of D39 and its isogenic S. pneumoniae ∆comDE-, ∆aliB- and 
∆comDE∆aliB-mutants using a flow cytometry approach. An anti-serotype 2 specific 
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antiserum and a goat anti-rabbit IgG coupled Alexa-Fluor-488 were used to detect the 
CPS. A similar increase of fluorescence intensity (FL-1-H) measured for the wild-type 
D39 and its isogenic mutants indicated similar amounts of CPS on the surface of all 
tested pneumococci. Shown are flow cytometry histograms of representative 
experiments in the results of three independent experiments (n=3). B. The relative 
amount of the pneumococcal toxin pneumolysin was investigated by immunoblot 
analysis using a specific mouse anti-pneumolysin or PsaA (loading control) antiserum 
and secondary anti-mouse IgG conjugated IRDye 800CW for Ply detection and a 
secondary anti-mouse IgG coupled with IRDye 680RD for PsaA detection. The 
haemolytic activity of pneumolysin in wild-type D39 and its isogenic mutants was 
compared by applying a haemolysis assay. Pneumococci were cultured in THY to OD600 
of 0.8 or to OD600 of 1.2, and the supernatants were incubated for 30 min with red 
blood cells. The haemolytic activity is indicated lysis of the red blood cells while a red 
blood cell pellet was formed in absence of haemolytic activity. C. The relative amount 
of pneumococcal protein AliB was determined on the surface of D39 and its isogenic 
mutants using a flow cytometry approach. An anti-AliB antiserum and a goat anti-
rabbit IgG coupled Alexa-Fluor-488 were used to detect the AliB. A similar increase of 
fluorescence intensity (FL-1-H) measured for the wild-type D39 and its isogenic 
mutants indicated that due to high CPS expression on the pneumococcal surface AliB 
cannot be detected compared to the non-encapsulated D39 strain. Histograms of 
three independent experiments are shown. 

 
 
 
The impact of aliB and comDE-mutants on pneumococcal cell morphology was compared to 

D39 wild-type by field emission scanning electron microscopy (FESEM)13. No significant effects 

were observed on the cell morphology compared to the wild-type (Fig 5.55).  

 

Figure 5.55: Field emission scanning electron microscopy (FESEM) of S. pneumoniae D39 
and isogenic ΔaliB, ΔcomDE and ΔaliBΔcomDE 
Pneumococcal cell morphology was scanned with electron microscopy. Sample were 
prepared as described by (Hess et al., 2017). No significant difference was observed 
between pneumococcal wild-type and isogenic mutants 

 

                                                           
13 The field emission scanning electron microscopy (FESEM) was performed in collaboration with the group of     
Prof. Dr. Manfred Rohde, HZI, Brauncshweig, Germany  
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In addition, pneumococcal fitness and key virulence determinants were assessed for their 

expression under the selected in vitro conditions. The pneumococcal aliB- and comDE-mutant 

as well as and double knockout were further investigated by immunoblot analysis whether 

the deficiency of these factors have impact on the expression of virulence factor decorating 

the pneumococcal surface. The result showed no significant effect on the expression of 

virulence factors SlrA, PsaA, MetQ, DacB, zinc ABC transporter (sp_1002), lipoprotein 

(sp_0845) and hypothetical protein (sp_0191) (Fig 5.56).  

 

        

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.56: Analysis of virulence factors in the ΔaliB, ΔcomDE and ΔaliBΔcomDE-mutants 

by immunoblotting 
The influence of AliB and ComDE deficiency on pneumococcal virulence factors in D39 
wild-type and isogenic aliB, comDE and aliBcomDE-mutants were analysed by 
immunoblotting. Anti-ArcB antibodies were chosen for ArcB detection as loading 
control. For the colour development NBT/BCIP was used in the alkaline phosphatase 
reaction. 
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5.4.6 In vitro proteome analysis of pneumococci lacking functional AliB or ComDE 14  

In vitro comparisons between the AliB-deficient and ComDE-deficient and isogenic wild-type 

pneumococcal strains were performed in the two phases of early (OD600 0.12 to 0.15) and mid-

exponential growth (OD600 0.45 to 0.5) in a chemically defined medium (Schulz et al., 2014) 

resembling the nutrients available in CSF. Proteins displaying a combination of a p-value less 

than 0.05 and a fold change of at least 1.5 or with status present/absent (on/off) were 

considered as significantly regulated. Taking all the data together, a total of 1150 proteins 

were identified, which is roughly 70% of the theoretical proteome. Only a very small 

proportion of these proteins displayed significantly different levels between the different 

mutants and the wild-type in the different growth phases. The abundance of 24 and 11 

proteins differed between ComDE-deficient pneumococci and the wild-type in early and mid-

exponential phase, respectively (Fig. 5.57A) (Appendix table 10.15/10.16). When comparing 

AliB-deficient pneumococci with the wild-type, 33 proteins differed in abundance during early 

exponential growth and 50 proteins during mid-exponential growth phase (Appendix table 

10.17/10.18). In general, all bacterial samples showed high levels of AliA, which is the 

substrate-binding protein of the oligopeptide ABC transporter (Fig. 5.57A).  

Beside other proteins, the Ami oligopeptide ABC transporter consisting of AmiA, AmiC AmiD, 

AmiE, and AmiF showed significant lower abundances in the ComDE-deficient pneumococci 

during early exponential growth compared to the wild-type. These proteins represent the 

substrate-binding protein, ATP-binding proteins and permeases encoded in a single operon 

(spd_1666, spd_1667-1668-1669-1670) (Alloing et al., 1994;Alloing et al., 1996). 

Proteins that increased in abundance included, for example, PyrF, PyrE, PyrDb, PyrB, and PyrR 

of the pyrimidine metabolism pathway (spd_0608-0609-0852-1131-1133-1134) and the 

response regulator RR4 (spd_1908 or PnpR). The increased abundance of the Pyr-proteins was 

not detected anymore during mid-exponential growth. AmiA, AmiC, AmiD, AmiE, and AmiF 

were still detected at slightly decreased levels during mid-exponential growth phase in 

ComDE-deficient pneumococci when compared to the wild-type. AmiF is included in the list 

of proteins with decreased abundance during mid-exponential phase despite their fold change 

is only −1.498, which did not pass the cut-off. Nevertheless, with this very small difference to 

                                                           
14 The in vitro proteome analysis was performed in collaboration with the group of Dr. Frank Schmidt and Prof. 
Uwe Völker, Department of Functional Genomics, Interfaculty Institute for Genetics and Functional Genomics, 
Center for Functional Genomics of Microbes, University Medicine Greifswald, Germany.    
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the cut-off value of −1.5 also AmiF can be regarded as decreased. In contrast, AmiA seems to 

be switched off.  

 

         A 

 
 
 
 
 

     B 

 
 
 
 
 
 
 
 
 
 
 

Figure 5.57:  Comparison of proteins with differential abundance between S. pneumoniae, 
ΔcomDE or ΔaliB strains and the wild-type (wt) strain using a Venn diagram  

 A. Comparison of proteins with differential abundance between ΔcomDE or ΔaliB 
 strains and the wild-type (wt) strain in early exponential (early exp.) and mid-
 exponential (mid-exp.) growth phase using a Venn diagram. B. The schematic models 
 show interesting proteins involved in the infection process. The intensities of the 
 proteins were calculated from the mass spectrometry data as area under the curve 
 (AUC). A low concentration of the protein in the sample is shown as green and a high 
 concentration as red. Significantly regulated proteins compared to the wild-type are 
 marked with * or #. 

 

 

 

Interestingly, the oligopeptide ABC transporter proteins AmiE, AmiD, AmiC as well as AmiA 

but not AliA displayed decreased abundances in AliB-deficient pneumococci when compared 

to the wild-type during early exponential and mid-exponential growth (Fig. 5.57B). Similar to 

the comDE-mutant, the abundance of AmiA and AmiF was only significantly affected during 

early exponential phase in the AliB-deficient strain, but did not pass the fold change cut-off in 

mid exponential phase (fold change switched off and fold change −1.27).  
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Relatively high increases in protein abundance (fold change 24.6 to 107.5 or switched on) were 

observed in AliB-deficient pneumococci for the ABC transporter permease (spd_1607), ABC 

transporter ATP-binding protein (spd_1608), ABC transporter substrate-binding protein 

(spd_1609), and a hypothetical protein (spd_1610) during early exponential as well as mid 

exponential phase. The proteins spd_1606-1610 are all encoded in the operon 804 (Fig. 5.57) 

(Yang et al., 2016). The MgtC/SapB family protein (spd_1606) was not detected with our 

approach.   
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6 Discussion 

6.1 Metabolic profiling of glutamine and arginine in Streptococcus 

 pneumoniae 

During their interaction with the host, bacterial pathogens have to adapt their metabolism 

according to the host environmental conditions. They need to take up the essential nutrients 

from the encountered host compartment and expressing virulence factors that are required 

to induce infections of the host (Ray et al., 2009;Hartel et al., 2011). The fitness and survival 

of bacteria rely on their metabolism and availability of carbon and nitrogen sources 

(Hendriksen et al., 2008;Hartel et al., 2012;Gupta et al., 2013;Schulz et al., 2014;Johnston et 

al., 2015). S. pneumoniae has developed oligopeptide transporters for the efficient uptake of 

essential nutrients from the host. The oligopeptide binding proteins AmiA and AliA/B are 

involved in the uptake of oligopeptides containing arginine (Arg) residues (Alloing et al., 1994). 

The cytoplasmic protein ArcT is predicted in Streptococcus suis to provide Arg from 

oligopeptides by its peptidase activity (Fulde et al., 2014). To figure out different strategies for 

the successful adaptation of bacteria to the various host conditions and to provide a 

comprehensive detail on host-pathogen interactions, OMICs technologies such as 

transcriptomics, proteomics and metabolomics have been applied (Schmidt and Volker 

2011;Schulz and Hammerschmidt 2013;Schulz et al., 2014). The analytical tools such as mass 

spectrometry (MS), liquid chromatography mass spectrometry (LC-MS) and gas 

chromatography mass spectrometry (GC-MS) were used in these studies. 

S. pneumoniae rely upon the host for various nutrients such as carbohydrates, ions, and amino 

acids. For this, S. pneumoniae produces a large number of PTS and ABC transporters, like PiuA, 

GlnHP, MalX and AliA, which are involved in the uptake of nutrients such as ions, sugars and 

amino acids and other compounds (Hartel et al., 2011;Schulz and Hammerschmidt 2013). The 

significance of transporters in fitness and virulence for S. pneumoniae has been studied in 

detail (Hava and Camilli 2002;Marra et al., 2002;Basavanna et al., 2009;Hartel et al., 2011;Kim 

et al., 2017;Pipkins et al., 2017). 

Several regulators control the metabolism in S. pneumoniae. CcpA senses the carbohydrate 

uptake and metabolism of preferred sugars (Carvalho et al., 2011) The main regulator for 

nitrogen metabolism is GlnR sensing the available glutamine (Gln) as one of the major nitrogen 
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source for pneumococci. Genes encoding glnR and glnA are localised in a bicistronic operon, 

which is controlled by the repressor GlnR (Fig 5.4). To avoid a polar effect on glnA, a markerless 

gene disruption using a Cre-loxP system was applied for the generation of glnR-mutant. The 

generation of a markerless glnR deletion allowed the analysis of GlnA synthesis in the absence 

of GlnR. Interestingly, no significant difference on GlnA synthesis was observed in the 

immunoblot studies between the wild-type and the isogenic glnR-mutant during growth in 

complex medium (Fig 5.11). Previous transcriptomic studies have shown that inactivation of 

GlnR by generation of a premature stop codon into glnR resulted in an increased of glnA 

expression in strain D39 (Kloosterman et al., 2006). The qRT-PCR also revealed a significant 

increase of glnA expression (Fig 5.27) in the glnR-mutants of both strains when they were 

grown in a chemically defined medium (CDM). Thus, the complex medium seems to 

compensate the glnR mutation or an additional control is sensing the amount of GlnA present 

intracellularly. 

Furthermore, a significant reduced growth behaviour was observed in the glnR-mutant in both 

pneumococcal strains in RPMImodi medium (Fig 5.10). The transcriptional regulator GlnR 

regulates the genes involved in Gln such as the synthetase GlnA and glutamine substrate-

binding protein GlnHP in response to the high concentration Gln, Glu and NH4
+ (Kloosterman 

et al., 2006). Gln is the main nitrogen source, which acts as a co-repressor for GlnR in                      

S. pneumoniae and other bacteria such as Bacillus subtilis (Yoshida et al., 2003) Immunoblot 

analysis was performed of S. pneumoniae D39 wild-type grown in CDM supplemented with 

different concentration of Gln (1.9mM-10mM). However, no differences in the amounts of 

GlnA and translationally fused protein GlnHP in the presence of high concentration of Gln 

were observed (Fig 5.12). The analysis suggested that the regulatory effect of GlnR occurs on 

the transcription level. 

S. pneumoniae behave differently in response to the different amino acids in the medium 

(Hartel et al., 2012). Here it was demonstrated that strain D39 and strain TIGR4 growths 

different when the concentration of the available Gln or Arg varies in CDM. A significant 

increase of growth was observed for strain TIGR4 when 2mM Arg is present in the CDM (Fig 

5.13 D). This may be due to the functional role of Arg metabolism in this strain. 
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6.2 Amino acid transport and nitrogen metabolism in Streptococcus 

 pneumoniae  

Amino acids play an important role as a potential source of carbon and nitrogen for pathogenic 

bacteria (Kloosterman et al., 2006;Hartel et al., 2011;Hartel et al., 2012;Schulz et al., 2014). 

The genome analysis revealed that S. pneumoniae lack several enzymes of Entner-Doudoroff 

pathway and do not have a complete TCA cycle. Hence, several studies have reported that, 

due to incomplete metabolic pathways, S. pneumoniae is not able to synthesize de novo all 

the 20 amino acids such as Gln, Arg, Cys, Gly, His, Ile, Leu and Val. To overcome this deficiency 

and for the efficient nutrients uptake S. pneumoniae produces several oligopeptide and/or 

amino acids transporters (Hoskins et al., 2001;Tettelin et al., 2001;Hartel et al., 2012). 

S. pneumoniae can synthesize a significant number of transport systems that are associated 

with the uptake of carbohydrates, amino acids, ions and other essential nutrients (Hoskins et 

al., 2001;Tettelin et al., 2001;Schulz and Hammerschmidt 2013). About 30% percent of the 

pneumococcal transporters are basically associated in the uptake of 12-various carbohydrates 

(Hoskins et al., 2001;Tettelin et al., 2001). Bacteria can take up amino acids directly from the 

surroundings and incorporate them into the protein synthesis. Some amino acids are 

metabolized to provide ammonia necessary for the biosynthesis of others amino acids and 

nitrogenous compounds (Hartel et al., 2012;Schulz et al., 2014). The amino acid transport 

systems are also well studied in other bacteria such as E. coli, Legionella pneumophila or 

Corynebacterium glutamicum (Burkovski and Kramer 2002;Zhang and Rubin 2013;Garai et al., 

2017). 

S. pneumoniae is auxotrophic for eight different amino acids such as Gln, Arg, Cys, Gly, His, 

and the branch chain amino acids Leu, Ile and Val. The uptake of these amino acids via 

available transport systems is fundamental for pneumococcal survival. To analyse the uptake 

of amino acids S. pneumoniae was grown in a defined chemical medium, in which 17-

unlabelled amino acids were substituted with 15N-labelled amino acids to track the 15N-atoms 

by isotopologue profiling. Remarkably, overall, high 15N-incorporation rate was detected in 

both pneumococcal strains D39 and TIGR4 (Fig 5.16). 

Isotopologue profiles showed that up to 90%, 15N-atoms were measured for Ala, Asp Glu, Gly, 

His, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Tyr, Val and Arg. This demonstrated that the available 

amino acids in the medium are taken up from the medium due to the corresponding amino 
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acid transporter. The labelling experiment showed that the non-essential amino acids were 

also absorbed from the medium, which demonstrates that S. pneumoniae prefer to take up 

the readily available nutrients such as amino acids and oligopeptides from the host instead of 

long and exhausting de novo biosynthesis. The physiological convenience of the amino acids 

transporters for the bacterial cells is clear. The accessible amino acids from the external 

environment can be utilized directly for protein synthesis without investing energy (ATP), and 

can be catabolized and serve as carbon, nitrogen and energy source (Burkovski and Kramer 

2002).  

 
6.2.1 Glutamine is crucial as a nitrogen donor in amino acids biosynthesis in 

 Streptococcus pneumoniae 

Generally, bacteria prefer to use ammonium as a nitrogen source, which favours a fast growth. 

Hence, mostly pathogenic bacteria preferred Gln, which easily provides nitrogen in the shape 

of ammonia (Wang et al., 2016). The gln-operons in S. pneumoniae consist of ATPase i.e. GlnQ 

and a translationally fused glutamine binding protein GlnH and permease protein GlnP (Hartel 

et al., 2011). The glutamine ABC transporter is also described in Lactococcus lactis and Bacillus 

subtilis (Kunst et al., 1997;Fulyani et al., 2016).  

S. pneumoniae take-up Gln from the medium by a main glutamine transporter GlnHPQ (Hartel 

et al., 2011). It is hypothesized that Gln serves as a nitrogen source for the synthesis of several 

other amino acids and amino sugars. Gln is catalysed by glutamine amidotransferase 

(GAT/GuA) or glucosamine-fructose-6-phosphate aminotransferase GlmS, [2.6.1.16] and 

generates ammonium ions in the cell (Fig 6.1; Appendix 10.10.1). The released ammonium 

ions are used in the biosynthesis of other compounds and subsequently Glu is released. The 

glutamine amidotransferase is described in Thermotoga maritima (Korolev et al., 2002). The 

expression of the gat gene was determined by qRT-PCR in both pneumococcal strains (Fig 

5.27). The generated Glu is further converted to 2-oxoglutarate (2-OG) by the action of GdhA. 

In addition, Glu is also essential for the Gln synthesis, where Gln is formed from Glu and 

ammonium under ATP consumption catalysed by glutamine synthetase GlnA (Kloosterman et 

al., 2006). The GlnA protein is also described in other bacteria like B. subtilis and H. pylori 

(Wray and Fisher 2008;Joo et al., 2018).  

In a recent CRISPR based study, it was determined that GAT is essential for the peptidoglycan 

synthesis in S. pneumoniae(Liu et al., 2017). The GlmS is studied in detail in different bacteria 
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and plays an important role in the de novo biosynthesis of glucosamine-6-phosphate and Glu, 

while utilizing fructose-6-phosphate and Gln as a substrate (Milewski 2002;Foley et al., 

2008;Reith et al., 2011). GlmS is crucial for the glycolysis by catalysing the first reaction of a 

series of reactions that leads to the synthesis of UDP-N-acetyl glucosamine and serve as a 

precursor for the cell wall synthesis (Milewski 2002). GlmS is also described in S. aureus and 

plays also here an critical role in growth and cell wall biosynthesis (Komatsuzawa et al., 2004). 

 

 

 

 

 

 

 

 
 

 
 

6.2.2 Biosynthesis of glutamate, alanine and proline in S. pneumoniae determined by                      

 15N-isotopologue profiling  

Glutamate: Data analysis from the 15N-isotopologue profiling showed that the de novo 

biosynthesis of glutamate (Glu), Ala, and Pro occurs from the labelled Gln and Arg in both 

pneumococcal strains. The results showed that Gln is the major nitrogen source in strain D39. 

In contrast, in strain TIGR4, the reduced utilization of labelled Gln suggested that others 

nitrogen sources such as Arg are available in the medium, which accompanied the required N-

source (Fig 5.17). The 15N-isotopologue profiling of the labelled amino acid mixture showed 

that both pneumococcal strains preferred to take up the freely available amino acids from the 

medium, rather than de novo biosynthesis (Fig 5.16). Previous studies have shown that                

S. pneumoniae could not grow in vitro, when Gln is omitted from the medium (Hartel et al., 

2012). This has confirmed that S. pneumoniae is not expressing glutamate transporters and 

due to lack of Glu in the cell, glutamine synthetase GlnA could not produce the essential Gln. 

The genome analysis also revealed that S. pneumoniae is not annotated for glutamate 

transporter.  
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The labelling experiment further confirmed the result that the 15N-labelled Glu from the amino 

acid mixture is completely derived from Gln in strain D39, while in TIGR4 parallel de novo 

biosynthesis from Gln and uptake from the medium occurs (Fig 5.26A). In S. pneumoniae Glu 

acts as an amino group donor, which is further utilized in large number of transamination 

reactions such as in the synthesis of 2-oxoglutarate by aspartate transaminase (AspC) or by 

glutamate dehydrogenase (GdhA) (Fig 6.1). This mechanism has been studied in S. 

thermophilus and Legionella pneumophila (Arioli et al., 2007;Eylert et al., 2010). Biosynthesis 

of Glu is catalysed by glutamate dehydrogenase GdhA, [1.4.1.4] from 2-oxoglutarate and 

ammonium (Hendriksen et al., 2008;Harper et al., 2010). In S. bovis, Gln is hydrolysed to 

pyroglutamate and ammonia. The Glu is synthesized from the released ammonia by the action 

of glutamate dehydrogenase (Chen and Russell 1989). The Glu and Gln levels are regulated in 

lactic acid bacteria and are essential for the synthesis of pyrimidines, purines, GMP and NAD+ 

(Kilstrup et al., 2005).   

Transcriptome analysis of glnR-mutant revealed a higher expression of the glutamine 

synthetase and the glutamine transporter encoding gene glnP (Kloosterman et al., 2006). 

Interestingly, higher 15N-enrichment of Glu (76%) and Ala (70%) was detected from the 15N-

labelled Gln in the glnR-mutant of strain D39 (Fig 5.21). This supports the transcriptome data 

in which the lack of repressor GlnR caused an increase of glnA and glnHP. Thus, higher 

amounts of Gln are imported which can be converted by GlmS or other glutamine 

amidotransferases to generate more Glu. The increase of Glu as intermediate can then 

increase the synthesis of Ala or Pro (Fig 6.1). However, this effect was not detected for the Pro 

synthesis in the glnR-mutant in strain TIGR4. 

 
Alanine: Alanine (Ala) is an important component in the peptidoglycan of the bacterial cell 

wall, which supports the structure of the cell (Walsh 1989). In S. pneumoniae Ala is derived 

from pyruvate and Glu in the presence of alanine transaminase (AlaT, 2.6.1.2) (Fig 6.1; 

Appendix 10.10.3). The alanine transaminase can transfer an amino group from Glu to 

pyruvate to generate Ala and 2-oxoglutarate (Tettelin et al., 2001;Hartel et al., 2012).  

S. pneumoniae contains a sodium:alanine symporter encoding gene, which enables the uptake 

of Ala from the environment (Hartel et al., 2012). Thus, one could speculate that this 

symporter is differentially expressed in the two pneumococcal strains resulting in a reduced 
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labelled Ala derived from Gln in strain TIGR4. A similar alanine symporter were also described 

in Methanococcus maripaludis (Ma et al., 2019).  

Higher 15N-incorporation was determined for Ala (41.14%) in the glnR-mutant of strain TIGR4 

compared to the wild-type (Fig 5.20). The 15N-labelling results suggested that the intracellular 

amino acid pool is altered in the glnR-mutant. Due to lack of repressor GlnR, higher 

intracellular Glu and ammonium concentrations resulted in an increased synthesis of Glu, Ala, 

Pro. The gene expression for alaT was determined by analyzing qRT-PCR in pneumococcal 

strains D39 and TIGR4. Interestingly, alaT was expressed in the glnR-mutant in strain D39. In 

contrast, reduced alaT expression was observed in the glnR-mutant of strain TIGR4 (Fig 5.27).  

 
Proline: A limiting growth effect was observed during in vitro growth analysis of S. pneumoniae 

in a CDM, when proline (Pro) was omitted (Hartel et al., 2012). Pro plays an important in 

bacterial pathogenesis (Caudill et al., 2017;Christgen and Becker 2019). Labelling experiment 

using 15N2-Gln resulted in high 15N-incorporation in strain D39 (44%), however, this 

enrichment in strain TIGR4 was significantly reduced (14%). A very low 15N-enrichment (7%) 

was also detected from 15N4-Arg in strain TIGR4. To overcome this deficiency, S. pneumoniae 

expresses ABC transporter (proVWX) for the uptake of Pro from the medium (Hartel et al., 

2012). It was also reported that Gly is also transported through the proVWX transport system 

(Hartel et al., 2012). The proline ABC transporter has been described in several others bacteria 

such as E. coli, S. aureus, and B. subtilis plays a role in virulence (Wood 1988;Schwan et al., 

2004;Sasaki et al., 2007;Zaprasis et al., 2014). The reduced de novo biosynthesis of Pro in strain 

TIGR4 was encountered by a high uptake of Pro (71%) from the medium as detected by the 

labelled amino acid mixture (Fig 5.16). 

In comparison to TIGR4, a reduced 15N-enrichment was detected for Pro (55%) uptake in strain 

D39. All genes responsible for the Pro biosynthesis are annotated in the genome of                             

S. pneumoniae. Higher 15N-enrichment was detected in the glnR-mutant of strain D39 

(50.73%) (Fig 5.21). However, reduced levels of Pro (5.11%) were detected in the glnR-mutant 

of strain TIGR4 (Fig 5.20). The analysis showed that the transcriptional regulator GlnR has 

strain dependent regulation for Pro metabolism in S. pneumoniae. No difference in proB 

expression was observed when glnR is mutated in both pneumococcal strains (Fig 5.27). Pro 

is synthesized in S. pneumoniae by utilizing labelled Glu, which is catalysed by glutamate 5-

kinase (proB) [2.7.2.11] to Glutamyl-P, and further converted in two chemical reactions by Ƴ-
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glutamyl phosphate reductase (proA) [1.2.1.41] and pyrroline-5-carboxylate reductase (proC) 

[1.5.1.2] to Pro (Fig 6.1; Appendix 10.10.3). The expression of proB was confirmed by qRT-PCR.  

 

 

 

 

 

 

Figure 6.1: Schematic model of de novo biosynthesis of glutamate, alanine and proline 
derived from 15N-labelled glutamine in S. pneumoniae 
Model of the glutamate, alanine and proline biosynthesis from 15N-labelled glutamine 
in S. pneumoniae wild-type. Derived labelled amino acids in green colour indicated 15N-
enriched atoms in the given molecule. Nitrogen atoms are shown in red colour. Un-
labelled pyruvate, phosphoenol pyruvate and 2-Oxoglutarate are shown as important 
intermediate products. Abbreviation: PEP, Phosphoenolpyruvate; 2-OG, 2-

Oxoglutarate; GAT, Glutamine amidotransferase; GlmS, glucosamine-fructose-6-
phosphate aminotransferase. 

 
 
 

6.2.3 Biosynthesis of aspartate, asparagine and lysine in S. pneumoniae determined by                       

 15N-Isotopolgue profiling  

Aspartate: Aspartate (Asp) is a highly important amino acid, which acts as a precursor for the 

synthesis of Thr, Met, Lys, Asn and Ile (Hartel et al., 2012). In vitro growth analysis in CDM 

showed that Asp has no significant impact on the fitness of pneumococcal strain D39 and is a 

non-essential amino acid. In general, Asp is synthesized from oxaloacetate generated in the 

TCA cycle. However, due to lack of enzymes for the TCA cycle in S. pneumoniae, the non-

essential Asp is synthesized from phosphoenolpyruvate (PEP) and Glu. Moreover, the 

oxaloacetate is synthesized out of PEP and CO2 by the action of PEP carboxylase (Fig 6.2; 

Appendix 10.10.2). Previously, gene expression for ppc in S. pneumoniae was demonstrated 

by RT-PCR (Hartel et al., 2012). The phosphoenolpyruvate carboxylase is also studied in various 

bacteria (Zamboni et al., 2004;Sauer and Eikmanns 2005). In the second step a transamination 

reaction occurs, where oxaloacetate is converted to Asp and Glu as nitrogen donor is 
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converted into 2-oxoglutarate (Appendix 10.10.2). This reaction is catalysed by an Aspartate 

transaminase [AspC, 2.6.1.1]. The expression of aspC was also determined previously by RT-

PCR (Hartel et al., 2012). Carbon dioxide, which is required in this reaction, is taken up or is 

generated by the arginine deiminase system (ADS) (Fulde et al., 2014;Schulz et al., 2014). 

A significant difference was observed in the 15N-enrichment for Asp derived from labelled Gln 

in pneumococcal strain TIGR4 and D39 (Fig 5.17). Increased uptake of Asp was expected from 

the 15N-labelled amino acid mixture in the medium to accommodate the reduced de novo 

biosynthesis of Asp from 15N-Gln and 15N-Arg in S. pneumoniae. Interestingly, the uptake of 

Asp from the medium for strain D39 and TIGR4 was only 32% and 27% respectively (Fig 5.16). 

Genome analysis revealed that S. pneumoniae has genes encoding for a specific aspartate ABC 

transporter (sp_0609, sp_0607, sp_0610 and spd_0530, spd_0528, spdSPD_0529). Similar Asp 

transporter were also described in various bacteria such as E. coli and B. subtilis (Kay 

1971;Lorca et al., 2003).  

The analysis in strain D39 showed that the labelled Asp is completely derived from labelled 

Gln, while in TIGR4, Asp is taken up from the medium as well as derived from the 15N-labelled 

Gln (Fig 5.26A). Overall reduced de novo biosynthesis of Asp from 15N-Gln and/or low level of 

15N-incorporation from the amino acid mixture in the medium suggested that either less 

amount of Asp is needed for the growth in S. pneumoniae or that Asp is converted quickly into 

Asn by the action of the asparagine synthetase. It should be mentioned that the derived Asn, 

due to acid hydrolysis could not be determined by this experimental setup. As described 

earlier, Asp is essential for the biosynthesis of several amino acids such as Met and Thr. It 

could be possible that Asp provide higher amount of NH4
+ ions for the synthesis of these amino 

acids and consequently less N-atoms are detected for Asp by 15N-isotopologue profiling (Fig 

6.2). 

In earlier reports Asn was considered as an essential amino acid for S. pneumoniae. It was 

suggested that some pneumococcal serotypes are auxotrophic for Asn (Adams and Roe 1945). 

Generally, Asp is aminated to Asn in an ATP dependent reaction catalysed by aspartate-

ammonia ligase [6.3.1.1]. In contrast, Asn is hydrolysed into Asp and ammonia is released by 

the action of asparaginase [3.5.1.1]. Thus, it can be speculated that a specific level of Asp and 

Asn is present in S. pneumoniae (Fig 6.2). In various bacteria such as E. coli and L. lactis the 

transporter GlnPQ has a broad specificity to take up Gln and Asn (Moussatova et al., 
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2008;Fulyani et al., 2013;Fulyani et al., 2016). In S. pneumoniae it is not known whether one 

of the glutamine transporter can also take up Asn. 

Remarkably, reduced amounts of Asp were detected in the glnR-mutants in both 

pneumococcal strains. In addition, the 15N-labelled Asp derived only in strain TIGR4 from 15N4-

Arg. The low amount of Asp (12%) derived from 15N4-Arg confirmed the analysis, that Gln is 

the major N-source over Arg in the biosynthesis of amino acids in S. pneumoniae.  

 
Lysine: Usually the non-essential lysine (Lys) can be synthesized in a nine-step reaction from 

Asp. However, due to lack of enzymes such as succinyldiaminopimelate aminotransferase 

[2.6.1.17], LL-diaminopimelate aminotransferase [2.6.1.83] and diaminopimelate epimerase 

[5.1.1.7], Lys cannot be synthesized from Asp in S. pneumoniae (Fig 6.2; Appendix 10.10.2) 

(Tettelin et al., 2001). Earlier studies have shown that S. pneumoniae could grow in the growth 

medium omitted for Lys, even though pneumococci lack the enzyme for the de novo 

biosynthesis (Hartel et al., 2012). The non-significant (<0.2%) labelling of Lys from 15N-Gln and 

15N4-Arg determined by isotopologue profiling showed that the de novo biosynthesis of Lys is 

not favoured in S. pneumoniae (Fig 5.17/5.18). Interestingly, the isotopologue profiling 

showed 15N-incorporation of Lys in strain D39 (45%) and TIGR4 (42%) from the amino acid 

mixture (Fig 5.16), which demonstrated an efficient uptake of Lys. Further analysis by KEGG 

database (https://www.genome.jp/kegg/pathway.html) revealed that the genome of                  

S. pneumoniae contains genes encoding for Lys transport. In E. coli two Lys transport systems 

were identified (Steffes et al., 1992). An orthologue of LysP from E. coli was found in different 

Gram-positive and Gram-Negative bacteria (Rodionov et al., 2003). 

https://www.genome.jp/kegg/pathway.html
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Figure 6.2: Schematic model of de novo biosynthesis of aspartate, asparagine and lysine 

derived from 15N-labelled glutamine in S. pneumoniae 
Model of aspartate, asparagine and lysine biosynthesis from 15N-labelled glutamine in 
pneumococcal wild-types. Derived labelled amino acids in green colour indicated 15N-
enriched atoms in the given molecule. Amino acids that could not be detected with 
GC-MS are in gray boxes. Amino acids with no significant labelling are shown in blue 
box. Nitrogen atoms are shown in red colour. Unlabelled phosphoenol pyruvate, 2-
Oxoglutarate, oxaloacetate and others are shown as intermediate products. Red arrow 
indicating that the respective EC is not annotated in KEGG database. Abbreviation: PEP, 
phosphoenol pyruvate; 2-OG, 2-Oxoglutarate; PPC, phosphoenolpyruvate 
carboxylase; AspC, aspartate aminotransferase; GAT, Glutamine amidotransferase; 

GlmS, glucosamine-fructose-6-phosphate aminotransferase.  

 
 

 

6.2.4 Biosynthesis of threonine and methionine in S. pneumoniae determined by 15N-

 Isotopolgue profiling  

Threonine: Threonine (Thr) is important in the biosynthesis of branched chain amino acids. 

The corresponding enzymes have been described for the biosynthesis of Thr in S. pneumoniae 

(Hoskins et al., 2001). Thr can be synthesized from the Asp in a five step chemical reaction. 

Initially, Asp is phosphorylated by aspartate kinase [2.7.2.4] to 4-phospho-L-aspartate, which 

is proceeded through two further enzymatic reactions to synthesize the important 

intermediate homoserine catalysed by homoserine dehydrogenase [1.1.1.3]. Homoserine is 

an important branch point for the biosynthesis of Met and Thr. Homoserine is converted by 
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homoserine kinase (thrB) [2.7.1.39] to synthesize O-phospho-L-homoserine, which is 

hydrolysed by enzyme threonine synthase thrC [4.2.1.3] to gain Thr (Fig 6.3; Appendix 

10.10.2).  

The labelling experiment with 15N2-Gln revealed a high incorporation of 15N-labelled atoms in 

Thr (42%) in strain D39, whereas a significantly lower 15N-enrichment was detected for Thr 

(24%) in strain TIGR4 (Fig 5.17). In addition, low level of 15N-enrichment for Thr (17%) was also 

determined from 15N4-Arg in strain TIGR4 (Fig 5.18). To overcome the low biosynthesis, 

efficient uptake up to 53.53% of Thr from the labelled amino acid mixture from the medium 

can compensate the Thr deficiency in the cell (Fig 5.16). Furthermore, one can speculate that 

the uptake of Thr from the medium is dominant over the de novo biosynthesis from other 

nitrogen sources such as Gln and Arg. So far no specific Thr transporter is described for                 

S. pneumoniae.  

 
Methionine: Methionine (Met) play critical role in the regulation of different genes and 

operons such as metA, metB, metEF and metQ, which are involved in Met biosynthesis and 

transport in S. pneumoniae (Saleh et al., 2014;Afzal et al., 2016). Met can be synthesized in a 

7-step reaction from Asp via intermediate homocysteine (Fig 6.3). Due to its methyl group 

donation capability, Met is crucial in several biosynthetic pathways. The genes for the de novo 

biosynthesis of Met are annotated in S. pneumoniae (Hoskins et al., 2001;Tettelin et al., 2001). 

The pathway for Met biosynthesis is also well studied in E. coli and L. lactis and B. subtilis 

(Fernandez et al., 2002;Hullo et al., 2007;Ferla and Patrick 2014). The labelling experiments 

(15N-Gln and 15N-Arg) have shown a very low enrichment of labelled Met (<10%) in both 

pneumococcal strains (Fig 5.17/5.18). In contrast, up to 90% of Met was taken up when the 

labelled amino acids mixture was applied for growth indicating that the uptake of Met is 

favoured rather than the biosynthesis of Met (Fig 5.16). The corresponding Met specific ABC 

transporter has been studied previously in S. pneumoniae (Basavanna et al., 2009;Basavanna 

et al., 2013).  

Met specific transporters were described in several other bacteria. In E. coli the Met uptake 

system consists of MetQ (SBP), MetL (transmembrane permease) and MetN (ATPase) (Merlin 

et al., 2002). In B. subtilis the Met ABC transporter encoded by metNPQ (Hullo et al., 2004) in 

S. agalactiae by metQ1NP (Bryan et al., 2008), and in S. mutans encoded by atmBDE 
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(Sperandio et al., 2007). In L. lactis the branch chain amino acid transporter BcaP, is also 

involved in the transport of Met (den Hengst et al., 2006).    

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 6.3:  Schematic model of de novo biosynthesis of threonine and methionine 
derived from 15N-labelled glutamine in S. pneumoniae  
Model of the threonine and methionine biosynthesis from 15N-labelled glutamine in                        
S. pneumoniae wild-types. Derived labelled amino acids in green colour indicated 15N-
enriched atoms in the given molecule. Nitrogen atoms are shown in red colour. 
Unlabelled homocysteine and others are shown as intermediate products. 
Abbreviation: Abbreviation: GAT, Glutamine amidotransferase; GlmS, glucosamine-
fructose-6-phosphate aminotransferase 

 
 
 

6.2.5 Biosynthesis of branched chain amino acids (BCAA) in S. pneumoniae determined 

 by 15N-Isotopologue profiling  

The genome analysis showed that the genes encoding enzymes for Leu, Ilu and Val were 

annotated in S. pneumoniae, thus BCAA can be the synthesized de novo by pneumococci 

(Hoskins et al., 2001). The corresponding genes are determined in an ilv-operon and is 

regulated by CodY (Hendriksen et al., 2008). The 15N-isotopologue profiling showed that all 
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the BCAA were derived from 15N-Gln and 15N-Arg in both pneumococal strains. This suggests 

that Gln and Arg are crucial for the BCAA biosynthesis in both pneumococcal strains.  

The isotopologue profiling revealed higher 15N-enrichment for BCAA in strain D39 from 

labelled Gln, however, this 15N-incorporation rate was significantly low in strain TIGR4 showing 

that Gln is the preferred nitrogen source in the biosynthesis of BCAA in strain D39 (Fig 5.17). 

Interestingly, overall very low levels of labelled BCAA were detected from the 15N-Arg in TIGR4 

and no labelled amino acids were detected in strain D39 (Fig 5.18). Due to lack of functional 

ADS in strain D39, Arg could not be catabolised to provide ammonium for the biosynthesis of 

BCAA. The Leu and Val are synthesized from pyruvate, while Ile is synthesized additionally 

from Thr by the action of enzyme threonine dehydratase. Transamination is the last step in 

the biosynthetic pathway, where the amino group is transferred by the BCAA transaminase 

[2.6.1.42, ilvE] from Glu and synthesize Leu, Ile and Val (Fig 6.4). The RT-PCR has shown the 

gene expression of ilvB and ilvE in S. pneumoniae strain D39 (Hartel et al., 2012). 

Interestingly, only 50% of the labelled BCAA were detected from the 15N-Gln in the glnR-

mutant of strain D39. The similar effect was also determined for strain TIGR4. Thus, the 

deregulation of Gln metabolism has an impact of the biosynthesis of BCAA. It can be 

speculated that under these conditions the uptake of BCAA is favoured over the de novo 

biosynthesis. This is in accordance to the findings that up to 90 % of labelled BCAA were 

detected when the 15N-labelled amino acids mixture was provided for pneumococcal growth 

(Fig 5.16/5.26B). The efficient uptake of BCAA is realized by the known ABC transporter 

encoded by the livJHMGF genes (Tettelin et al., 2001;Basavanna et al., 2009;Hartel et al., 

2011). 
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Figure 6.4: Schematic model of de novo biosynthesis of branch amino acids (BCAA) 
leucine, isoleucine and valine derived from 15N-labelled glutamine in                          
S. pneumoniae   
Model of the isoleucine, leucine and valine biosynthesis from 15N-labelled glutamine in 
S. pneumoniae. Derived labelled amino acids in green colour indicating 15N-enriched 
atoms in the given molecule. Nitrogen atoms are shown in red colour. Un-labelled 
pyruvate and others are shown as intermediates. Abbreviation: 3-M-2-OPA, 3-Methyl-
2 oxopentanoate; 2, 3-DiH-3-MP, 2, 3-dihydroxy-3-methylpentanoate; 2, 3-D-3MB, 2, 
3-Dihydroxy-3methylbutanoate 
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6.2.6 Glycine and serine biosynthesis in S. pneumoniae determined by 15N-Isotopologue 

 profiling  

Previous studies have demonstrated that strain D39 cannot grow in CDM without Gly (Hartel 

et al., 2012). The 15N-labeling experiments confirmed this fact as no labelled Gly was detected 

in strain D39. However, strain TIGR4 was able to synthesize 15N labelled Gly when 15N-labelled 

Gln and 15N-labelled Arg was applied (Fig 5.26C). This was confirmed by in vitro growth of 

strain TIGR4 in CDM depleted of Gly (Fig 5.19A). In general, Gly can be synthesized out of 3-

phospho-glycerate. As intermediate phosphoserine is generated by the action of a 

phosphoserine amidotransferase. The corresponding gene is not annotated in the genome of 

both strains. 

Another possibility is the Ser synthesis out of pyruvate and ammonia, which can be catalysed 

by the pyruvate ammonia lyase encoded by sdhAB genes present in both strains. Synthesis of 

Gly can be realized by the action of serine hydroxymethyltransferase (SHMT) encoded by glyA, 

which is also present in both strains (Fig 6.5). By RT-PCR analysis, it was demonstrated that 

these genes are expressed in both strains. In contrast, it was shown that Ser is synthesized out 

of Gly in strain D39 only. Thus, one could speculate that the serine ammonia lyase reaction is 

not functional in the direction of Ser biosynthesis in strain D39 (Fig 6.5A). In addition, the 

serine hydroxymethyltransferase acts mainly on the synthesis of Ser out of Gly in strain D39, 

while in strain TIGR4 this enzyme can synthesize Gly out of Ser by the reverse reaction (Fig 

6.5B). Gly can also be taken up from the enviroment by a specific ABC transporter encoded by 

proVWX (Hartel et al., 2012). Thus, efficient uptake of labelled Gly from the labelled amino 

acids mixture was observed in both pneumococcal strains (Fig 5.16). This implicates a favoured 

uptake over the de novo biosynthesis. 
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Figure 6.5: Schematic models of de novo biosynthesis of serine and glycine derived from  
15N-labelled glutamine in A. D39 and B. TIGR4  
Model of the serine and glycine biosynthesis from 15N-labelled glutamine in A. D39 and 
B. TIGR4. Derived labelled amino acids in green colour indicating 15N-enriched atoms 
in the given molecule. Cysteine that could not be detected with GC-MS is shown in grey 
box. Amino acids with no significant labelling are shown in sky blue colour. Nitrogen 
atoms are shown in red colour. Un-labelled 5, 10-MTHF and THF are shown as 
intermediates. Abbreviation: 5, 10-MTHF, Methylene tetrahydrofolate; THF, 
Tetrahydrofolate 
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6.2.7 Biosynthesis of aromatic amino acids and Histidine in S. pneumoniae determined by 

 15N-Isotopologue profiling  

The de novo biosynthesis of aromatic amino acids (AAA) through the shikimate pathway is well 

studied in different microorganisms such as E. coli (Panina et al., 2003;Liu et al., 2018;Price et 

al., 2018). In vitro analysis showed that phenylalanine (Phe), tyrosine (Tyr) and tryptophane 

(Trp) are not essential for pneumococci growth when grown in CDM in the absence of these 

amino acids (Hartel et al., 2012). Earlier studies have demonstrated that S. pneumoniae can 

express all the enzymes for the de novo synthesis of AAA via the shikamat pathway (Du et al., 

2000;Du et al., 2000). Shikimate is a seven steps biosynthetic pathway in bacteria in the 

biosynthesis of aromatic amino acids via chorismate. Chorismate is an important intermediate 

which acts as a precursor in the biosynthesis of Phe, Tyr and Trp (Gibson 1999;Herrmann and 

Weaver 1999;Du et al., 2000;Mir et al., 2015). 

The pathway assembles erythrose 4-phosphate from PPP and phosphoenol pyruvate from 

EMP and generates shikimate in a four step reactions catalyzed by 3-dehydroquinate synthase 

AroB, AroD [aroB, 4.2.3.4), [aroD, 4.2.1.10] and shikimate 5-dehydrogenase [aroE, 1.1.1.25], 

respectively. The shikimate is further metabolized to generate chorismate by chorismate 

synthase AroC [4.2.3.5 aroC] (Fig 6.6). Expression of aroC was studied by RT-PCR in strain D39 

(Hartel et al., 2012).  

The biosynthesis of Trp proceeds from chorismate via anthranilate catalyzed by anthranilate 

synthase [4.1.3.27 (trypG, tryE)] and leads in a four step reaction to synthesize Trp. However, 

in the 15N-isotopologue profiling experiment, the samples were treated with 6M hydrochloric 

acid and due to acid hydrolysis Trp was degraded and could not be estimated by GC-MS. The 

chorismate mutase [5.4.99.5] can convert chorismate to prephenate as an intermediate of Tyr 

and Phe synthesis (Fig 6.6).  

The 15N-isotopologue profiling showed reduced 15N-enrichment for Phe and Tyr derived from 

15N-Gln in strain TIGR4. However, strain D39 showed significantly higher 15N-enrichment of 

Phe and Tyr (Fig 5.17). Moreover, a significant reduced labelling percentage of Phe and Tyr 

was derived from 15N-labelled Arg in strain TIGR4 (Fig 5.18). The low incorporations of 15N-

labelled atoms were also realized in the aromatic amino acids in the glnR-mutant of both 

pneumococcal strains (Fig 5.20/5.21). In strain TIGR4, Phe was labelled up to 11% and Tyr was 

labelled up to only 4%. The isotopologue profiling using 13C-glucose in S. pneumoniae also 
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showed a very small fraction of labelled Phe and Tyr (Hartel et al., 2012). In strain D39 the 15N-

enrichment of Phy and Tyr in the glnR-mutant was about 50% reduced compared to the wild-

type situation, showing that GlnR has a regulatory impact on the metabolism of aromatic 

amino acids in S. pneumoniae. The low labelling rate of aromatic amino acids indicates that 

the de novo biosynthesis of AAA from Gln and Arg is low and minimal amount of aromatic 

amino acids are needed for the pneumococcal growth. These data corelate with the the results 

of 13C-isotopologue profiling in pneumococcal strain D39. 

The isotopologue profiling experiment with the 15N-labelled amino acids mixture showed that 

the Phe and Tyr in both pneumococcal strains were enriched up to 80-85% (Fig 5.16). Data 

showed that the low level of de novo biosynthesis of aromatic amino acids is accompanied by 

an efficient uptake of these amino acids from the medium. This can be realized by the amino 

acids transporters ABC transporter encoded by trpXYZ(Panina et al., 2003). Aromatic amino 

acid transporters were also characterized in various bacteria such as Corynebacterium 

glutamicum and E. coli (Ikeda 2006;Liu et al., 2018). The de novo biosynthesis of aromatic 

amino acid by 13C-isotopologue profiling in Legionella pneumophila and L. monocytogenes is 

also described in detail (Eylert et al., 2010;Kutzner et al., 2016).  

 
Histidine: The essential amino acid histidine (His) was not detected with the isotopologue 

profiling of 15N-Gln and 15N-Arg (Fig 6.6). Genome analysis showed that enzymes for the de 

novo biosynthesis of His are not annotated in S. pneumoniae. A high 15N-enrichment of His 

was observed from the labelled amino acid mixture. High incorporation rate in strain D39 

(90%) and TIGR4 (83%) showed that pneumococci are completely dependent on His uptake. 

For Salmonella typhimurium, it was reported that His is taken up by a specific ABC transporter 

encoded by HisJMPQ (Nikaido et al., 1997). Most likely, His can be taken up also by a so far 

unknown ABC transporter.  
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Figure 6.6: Schematic pathway of de novo biosynthesis of aromatic amino acids 
phenylalanine, tyrosine and tryptophan derived from 15N-labelled glutamine 
in S. pneumoniae  
Possible biosynthesis pathway for phenylalanine, tyrosine and tryptophan from 15N-
labelled glutamine in S. pneumoniae. Derived labelled amino acids in green colour 
indicating 15N-enriched atoms in the given molecule. Amino acids that could not be 
detected with GC-MS are in gray boxes. Nitrogen atoms are shown in red colour. Un-
labelled anthranilate and prephenate are shown as important intermediates. 
Abbreviation: N-5-PRA, N-(-5-phospho-β-D-ribosyl)-anthranilate;1-(2CP)-1´DR-5-P,1-
(2-carboxyphenyl-amino)-1´-deoxy-D-ribulose 5-phosphate; EMP, Embden-Meyerhof-
Parnas; PPP, pentose phosphate pathway. 
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6.2.8 Arginine can provide ammonium for the synthesis of other amino acids in strain 

 TIGR4 

The de novo biosynthesis of arginine (Arg) in strain TIGR4 is not possible due to lack of the 

enzymes argininosuccinate synthetase and argininosuccinate lyase encoded by argGH. 

However, strain D39 is able to synthesize Arg from the intermediate citrulline and aspartate 

by the action of ArgGH (Kloosterman and Kuipers 2011). Due to the functional ADS in strain 

TIGR4, 15N-labelled Arg can be catalysed to gain 1 ATP, 2NH4
+ and carbamoyl Phosphate as 

precursor for the nucleotide biosynthesis (Fig 6.7). As demonstrated, the labelled nitrogen of 

Arg serve for the synthesis of 14 other amino acids (Fig 5.18). 

 

 

 

Figure 6.7: Schematic pathway of de novo biosynthesis of amino acids derived from 15N-
labelled arginine in TIGR4 
Pathway of the amino acids biosynthesis from 15N-labelled arginine in TIGR4. Derived 
labelled amino acids in green colour indicating 15N-enriched atoms in the given 
molecule. Amino acids that could not be detected with GC-MS are shown in grey boxes. 
Amino acids with no significant labelling are shown in blue boxes. Nitrogen atoms are 
shown in red colour. Percentage of 15N-labelled amino acids are shown in orange boxes 
Abbreviation: OAA, oxaloacetate; 2-OG, 2-Oxoglutarate; AspC, aspartate 
aminotransferase; EMP, Embden-Meyerhof-Parnas; PPP, pentose phosphate pathway. 

 

 



 
 DISCUSSION 

 
145 

 

The ArcD is involved in the uptake of Arg. This transport system has been studied in several 

other pathogenic bacteria such as S. suis, S. gordonii and S. pneumoniae (Kloosterman and 

Kuipers 2011;Gupta et al., 2013;Fulde et al., 2014;Schulz et al., 2014;Sakanaka et al., 2015). In 

addition, the oligopeptide transporter AliB as part of an oligopeptide ABC transporter (Ami 

transporter) is also involved in Arg uptake (Kloosterman and Kuipers 2011). Efficient uptake 

of Arg was estimated in both strains of S. pneumoniae. 

Remarkably, a high 15N-enrichment of ornithine was detected in strain TIGR4 (56%) and D39 

(45%), when a 15N-labelled amino acid mixture was provided for growth. Generally, ornithine 

is produced in the arginine catabolic pathway called arginine deiminase system (ADS) in 

pneumococci like TIGR4 and other pathogens, but e.g., not in D39 (Kloosterman and Kuipers 

2011;Gupta et al., 2013;Fulde et al., 2014;Schulz et al., 2014;Sakanaka et al., 2015). Strain 

TIGR4 expresses all the genes of the ADS required to metabolize the Arg and releases ornithine 

as an intermediate. The membrane-bound arginine-ornithine antiporter ArcD can release 

ornithine and import Arg from the surroundings (Schulz et al., 2014). One can estimate that 

the detected 15N-ornithine is the metabolic product of Arg in strain TIGR4. In contrast, in strain 

D39, which produces a truncated arginine deiminase (ArcA) and thus non-functional ADS, Arg 

could not be catabolized to release ornithine. However, the isotopologue profiles showed 15N-

enriched ornithine. It should be mentioned that due to the chemical sample treatment Arg is 

degraded into ornithine, which might explain the detection of ornithine in strain D39. On the 

other hand, there is the possibility for the reverse reaction to synthesize ornithine out of 

carbamoyl-phosphate and carbon dioxide. 
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6.3 Structural and functional characterization of putative peptidase ArcT in 

 Streptococcus pneumoniae  

The activator ArgR2 is controlling the expression of the bicistronic operon arcDT (Schulz et al., 

2014). The secondary structure of the pneumococcal membrane protein ArcD contains           

12-transmembrane helices and is involved in arginine transport (Schulz et al., 2014). The 

membrane protein ArcD is highly conserved in different pneumococcal serotypes and shows 

a high sequence similarity to others microorganisms (Table 5.3/5.4). The arginine transporter 

ArcD is also studied in detail in other pathogenic organisms such as S. gordonii, S. rattus, and 

S. suis (Dong et al., 2002;Griswold et al., 2004;Fulde et al., 2014;Jakubovics et al., 

2015;Sakanaka et al., 2015). Previous studies have shown that ArcD is involved in capsule 

impairment and pneumococcal virulence (Gupta et al., 2013;Schulz et al., 2014). The arginine-

ornithine antiporter ArcD in S. suis is involved in arginine transport and contributed to fitness 

and virulence as well (Fulde et al., 2014). In S. rattus the genes for ADS and the arginine-

ornithine antiporter ArcD are organized in an operon arcABCDT-adiR. The AdiR has been 

described as a putative regulatory protein (Griswold et al., 2004). The ArcD is also described 

in H. salinarum of archaea origin (Wimmer et al., 2008).  

The purification of the ArcT allowed to study arcT expression, which is under the control of 

the activator ArgR2. The regulation via ArgR2 was confirmed only in strain TIGR4, while ArcT 

expression in strain D39 was observed in the presence or absence of the activator ArgR2. The 

comparison of the promoter regions upstream of arcD revealed a high sequence identity in 

both pneumococcal strains. However, the different expression of arcDT between the two 

strains remained unsolved.  

The in silico protein analyses revealed similarity of the ArcT to other peptidases belonging to 

the M20 metalloproteases, which can catalyse a wide range of enzyme reactions. To this group 

belong also enzymes like N-acteylornithine deacetylase from E.coli (Javid-Majd and Blanchard 

2000), succinyl-diaminopimelate desuccinylase DapE from E.coli and Salmonella enterica 

(Bouvier et al., 1992), carboxypeptidase G2 from pseudomonas (Boyen et al., 1992;Meinnel 

et al., 1992), and a tripeptidase T from Lactobacillus helveticus, L. delbrueckii, and 

Lactobacillus sake (Vongerichten et al., 1994;Sanz et al., 1998;Savijoki and Palva 2000). 

The structure of these proteins are remarkably conserved, however, the amino acids sequence 

similarity is quite low (Table 5.7). The in silico protein analysis showed some homology to the 
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metalloprotease Sapep of S. aureus and PepV of L. delbrueckii. Interestingly, the highest 

similarity of 50% was observed to a hypothetical protein of Photobacterium profundum, which 

belongs to the kingdom of archaea bacteria. 

Previously, the crystal structure of Mn2+ dependent Sapep and Zn2+ dependent PepV was 

characterized (Jozic et al., 2002;Girish and Gopal 2010). The in silico structural analysis of the 

pneumococcal ArcT protein showed a high similar tertiary structure to the close form of these 

metalloproteases. They all have in common a catalytic domain and a lid domain. For the 

catalytic activity, the metal ions are coordinated by seven amino acids. To coordinate in Sapep 

the Mn2+ ions the amino acids His84, Asp115, Glu150, Asp173, His269, Arg 350, and His440 

are essential. A similar arrangement was detected in the ArcT structure. Here His82, Asp115, 

Glu149, Glu150, Asp173, His 249, and His 415 can coordinate the Mn2+ ions (Fig 6.8).  

For Sapep it was shown that enzyme activity was observed in the presence of Mn2+, Co2+ and 

Mg2+ ions (Girish and Gopal 2010). The highest activity of ArcT was measure in the presence 

of Mn2+ ions, while the enzymatic activity with Zn2+ ions was dramatically reduced. Some 

peptidase activity with Co2+ ions was detected (data not shown), whereas with Mg2+ no activity 

was observed. The Apo form of Sapep was also analysed. It was demonstrated that a huge 

deformation by opening of the lid domain appeared. The conformational change by 

coordinating the metal ions is important for enzyme activity. Both domains are forming the 

catalytic site in the presence of metal ions. Only the holo-form of Sapep forms a specific 

catalytic site in which the dipeptide as substrate can fit and can be cleaved. 

The crystal structure of the closed form of both Sapep and PepV are very similar. At the bottom 

of the active site cleft so called Gly bulge of a Gly-Gly-Gly-Thr (position 414-415-416-417) 

sequence are located (Girish and Gopal 2010). The comparison revealed that ArcT contains 

also a Gly-Gly-Ala-Thr (position 390) sequence, which differs only by an exchange of          

glycine (416) to alanine.  

For Sapep it has also been shown that Cys residues have an impact of enzyme activity. The 

Cys155 and Cys178 can form a disulfide bond, which can stabilize the open conformation and 

thus inactivates the catalysis (Girish and Gopal 2010). Interestingly, seven Cys residues are 

present in the amino acids sequence of ArcT. Thus, the ArcT purification was performed under 

reducing conditions and even in the enzyme assay 1.5mM DTT was added. It should be 

mentioned that a dramatic reduction of dipeptidase activity was detected 24 hours after 
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purification demonstrating that the oxidation has a dramatic effect on the enzyme activity 

(data not shown). A disulfide binding cannot be excluded for ArcT and needs to be further 

evaluated. 

A       B 

 

 

 

 

 Figure 6.8: Structure model of ArcT15 
A. Homology model of ArcT calculated with the Molecular Operating Environment 
(MOE) using a PepV crystal structure (PDB 1LFW) as template. B. Catalytic manganese 
ions in the active site of ArcT. Metal ion positions were copied from the PepV template 
and changed to manganese since coordinating amino acids (shown as sticks) had the 
same position and orientation. 

 
 
 
So far, only with the dipeptide Ala-Arg cleavage was observed by the action of ArcT. The 

tripeptide Ala-Ala-Arg was not cleaved indicating that ArcT can cleave only dipeptides. Only 

two other dipeptides such as Arg-Ala and Ala-Asp were studied. Further studies are necessary 

to identify the whole substrate spectrum of dipeptides, which can be cleaved by the 

dipeptidase ArcT. For the Sapep it was shown that this peptidase has a broad substrate 

                                                           
15 Computer based homology modeling was performed by Lukas Schulig Department of Pharmacy, University of 
Greifswald. 
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specificity and can cleave dipeptides. The Sapep substrate specificity is similar to DapE of 

Salmonella enterica (Broder and Miller 2003). 

As mentioned PepV, Sapep, and ArcT have similarities to N-acetylornithine deacetylase like 

that ArgE of E. coli. Thus, the substrate N-Acetylornithine was also tested in preliminary 

enzyme assays. Interestingly, traces of ornithine were detected in the presence of Mn2+ or 

Zn2+ ions by LCMS analysis (Appendix section 10.3.2). So far, it is not clear if this is a real 

deacetylase activity or just an unspecific reaction. Further analyses are needed to estimate 

this catalysis e.g., by using different buffer conditions.  
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6.4 Identification of in vivo expressed pneumococcal proteins during acute 

 bacterial meningitis  

S. pneumoniae has developed a range of factors, which are key players for pneumococcal 

fitness and virulence. Pneumococcal surface proteins are crucial for the interaction with the 

host. Different strategies have been applied for the detection of surface proteins, which are 

involved in colonization, virulence, and nutrients uptake, respectively. However, the Omics 

technologies such as proteomics offer an excellent strategy for the detection of 

simultaneously expressed proteins on global scale (Olaya-Abril et al., 2012). Several 

proteome-based studies have been conducted in different microorganisms like S. aureus, B. 

subtilis and S. pneumoniae (Tsai et al., 2009;Bittaye et al., 2017;Michalik et al., 

2017;Ravikumar et al., 2018). 

Pneumococci were recovered from the CSF of mice in the proteome-based study. Several 

pneumococcal proteins were determined to be upregulated during experimental 

pneumococcal meningitis. The hypothesis was that the global proteome analysis of 

pneumococci isolated from the CSF could identify proteinaceous factors involved in the 

pathophysiology of meningitis and support in understanding the molecular mechanisms of 

this life threatening disease. The experimental setup of pneumococcal oligopeptide 

transporter AliB and the two-component regulatory system ComDE were exclusively detected 

in the in vivo CSF compartment. The contribution of AliB and ComDE to pneumococcal 

colonization, but not invasive disease, has been demonstrated earlier (Kerr et al., 

2004;Kowalko and Sebert 2008). However, their role in pneumococcal meningitis had not 

been studied so far. The influence of oligopeptide transporter AliB and the two-component 

regulatory system ComDE on pneumococcal meningitis was determined. Results clearly 

proved the critical role in the development of severe pneumococcal meningitis. The significant 

attenuation of pneumococcal mutants in the experimental meningitis model did not rely on 

growth defects or diminished expression of crucial virulence factors such as the capsule or 

cytotoxin pneumolysin. Because of its important role in pneumococcal meningitis (Hirst et al., 

2008;Hoegen et al., 2011), a reduction in pneumolysin production would have been an 

explanation for the significantly reduced clinical scores and cortical haemorrhages in the 

presence of similar cerebellar bacterial titres. In addition, the robustness of pneumococci 

lacking AliB or ComDE expression against oxidative stress was not affected, which suggest that 
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the induced reactive oxygen species during meningitis are not the limiting factors. Strikingly, 

the comDE-mutant showed similar CFU in the blood compared to the wild-type, whereas the 

aliB-mutant had significantly lower blood titres, pointing to the inability of the aliB-mutant to 

transmigrate form the CSF into the blood. Interestingly, non-encapsulated pneumococcal 

strains produce AliB-like proteins, named AliC and AliD. These strains are associated with 

colonization and non-invasive diseases including non-bacteremic pneumonia (Hilty et al., 

2014;Bradshaw et al., 2018). Consistent with these findings mutants with loss of function of 

AliC or AliD did not cause pneumococcal meningitis (Nasher et al., 2018).   

A substantial limitation of in vivo transcriptomics and our in vivo proteomics approach was the 

low number of pneumococci recovered from the distinct in vivo host compartments. Others 

in vivo proteomics studies faced similar problems, when investigating pneumococcal proteins 

in the presence of host proteins, and identified therefore a very small number of bacterial 

proteins. The previous study has clarified that in vivo proteome of pathogenic pneumococci 

only be feasible with new and specialized techniques (Gomez-Baena et al., 2017). In a former 

study, when analysing the proteome of Staphylococcus aureus, the same experience was 

faced (Michalik et al., 2017). In this study a new filter enrichment and spectral library 

evaluation strategy was developed to cope with the small amounts of bacteria. This method 

made feasible to extract a maximum number of (200,000) bacteria from the CSF of a single 

mouse. Unluckily, this was still a relatively low number of bacteria, which was further tried to 

increase the amount of infected CSF to be filtered. However, this was ended up with an excess 

of host proteins, which were increasingly identified in MS.   

In spite of the presence of eukaryotic proteins and low numbers of bacterial proteins, the dual 

filter extraction step and the generation of a highly specific pneumococcal SpectraST library 

enabled to identify 249 proteins even in the presence of a large excess of host proteins under 

in vivo conditions. To put this in relation, in a similar approach 578 proteins were identified 

from Staphylococcus aureus recovered from the upper respiratory tract of intranasally 

infected mice (Michalik et al., 2017). However, low number of pneumococcal proteins (685) 

were identified by on-filter digestion from in vitro experiments, while Michalik et al. identified 

in total 1,719 proteins over all samples after sorting of 5 x 106 S. aureus cells by on-filter 

digestion. These differences are probably due to the higher number of recovered bacteria, a 
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higher robustness of S. aureus compared to the autolytic pneumococcus and a higher 

efficiency of the tryptic digest with S. aureus.    

A prerequisite was the generation of a SpectraST library for in vivo proteomics approach, 

which contain high number and high quality tandem-MS reference spectra for the organisms 

of interest. The comprehensive pneumococcal SpectraST library was contained 49,083 

tandem-MS spectra reflecting 1,165 proteins. Similar to our study a S. aureus SpectraST library 

from a comprehensive set of peptide data was used for the identification of S. aureus proteins 

(Depke et al., 2015). Those SpectraST libraries and the appropriate PeptideAtlas entries were 

valuable proteome repositories which facilitate in mixed host-pathogen samples or in 

contaminated samples targeted proteome analysis and if possible, proteome quantification 

(Depke et al., 2015;Michalik et al., 2017). 

The AliB and ComDE as upregulated bacterial factors were identified when pneumococci 

disseminated in the CSF. Several studies have already addressed pneumococcal adaptation 

and its in vivo host-compartment specific gene expression by examination of the transcription 

pattern. In addition to genome-wide in vivo transcriptomic analysis, other sophisticated 

molecular techniques have been employed to identify key pneumococcal players under in vivo 

conditions. One of these studies identified upregulated genes in the nasopharynx, lungs or 

blood such as e.g., aliA, comB and other competence genes (Ogunniyi et al., 2012). This study 

further showed that immunization with AliA protects against pneumococcal infections. A 

follow-up microarray analysis identified genes differentially expressed in the nasopharynx and 

blood such as the genes encoding the superoxide dismutase, the serine protease PrtA, 

proteins part of transport systems as well as ComE (Mahdi et al., 2015). Using an experimental 

rabbit meningitis model and the microarray-based GAF (genomic array foot printing) 

technology genes were identified that were attenuated during meningitis. Strikingly, this 

approach did not identify competence genes or genes encoding proteins of the Ami system 

including AliA and AliB (Molzen et al., 2011). More recently, the transcriptome of                               

S. pneumoniae D39 has been analysed under 22 different infection-relevant conditions 

including growth in CSF-mimicking conditions (Aprianto et al., 2018). Intriguingly, comDE is 

significantly upregulated under these conditions, while genes of the Ami-AliA-AliB system 

have not been identified, suggesting that the in vivo host environment plays a fundamental 

role in modulating gene expression.   
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ComDE is one of the 13 two-component regulatory systems (TCS) of pneumococci (TCS12) and 

is a master regulator of competence. However, ComDE is further involved in antibiotic 

resistance and regulation of virulence factors (Pestova et al., 1996;Ibrahim et al., 2004;Sebert 

et al., 2005;Zhu et al., 2015). Competence is auto-controlled via the comCDE operon, where 

comC encodes the proactivator that is exported by the ComAB machinery (Havarstein 1998). 

The mature form of ComC, known as competence stimulating peptide, activates the histidine 

kinase ComD, which subsequently leads to activation of the response regulator ComE (Pestova 

et al., 1996). Importantly, ComE regulates early competence genes like comX and comW, 

which in turn activate the expression of late competence genes including those encoding the 

peptidoglycan hydrolases CbpD and LytA. To avoid committing suicide, competent 

pneumococci protect themselves against CbpD by expressing the immunity protein ComM, 

which is encoded by an early competence gene (Gomez-Mejia et al., 2018). The link between 

competence and virulence has been indicated by the impairment of pneumococci deficient in 

ComD or ComX to cause pneumonia and bacteraemia in mice (Lau et al., 2001;Hava and 

Camilli 2002;Zhu et al., 2015). In addition, the regulation of competence genes is also crucial 

for pneumococcal meningitis, probably by the mode of action of the alternative sigma factor 

ComX, which regulates genes associated with cell wall turnover and virulence (Johnsborg and 

Havarstein 2009;Zhu et al., 2015). 

Induction of the competent state in S. pneumoniae leads to the expression of several proteins 

that alleviate stress, e.g. the heat shock proteins ClpL, GrpE, DnaK, DnaJ, and HtrA that 

function to disaggregate, refold, and/or degrade misfolded proteins (Dagkessamanskaia et al., 

2004;Slager et al., 2018). Interestingly, the CiaR and LiaR regulons, which are activated in 

response to cell envelope stress, are both upregulated in competent pneumococci. 

Presumably, stress proteins are expressed to alleviate the temporary stress imposed during 

the competent state. However, since some types of external stress can induce competence, it 

is also possible to regard competence as a stress response mechanism itself 

(Dagkessamanskaia et al., 2004;Prudhomme et al., 2006;Stevens et al., 2011;Domenech et al., 

2018;Slager et al., 2018). Hence, the upregulation of ComDE and competence observed in 

pneumococci during meningitis might be a stress response mounted by the bacteria to defend 

themselves against attacks from the host immune system. AliB is a lipoprotein and substrate-

binding protein (SBP) of the Ami system, the only oligopeptide ABC transporter system 
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identified in pneumococci. Other oligopeptide-SBPs of the Ami system are the lipoproteins 

AmiA and AliA, sharing approximately 60% identity to AliB (Alloing et al., 1994). A triple mutant 

devoid of all three oligopeptide-SBPs is impaired in oligopeptide uptake and interestingly, the 

lack of AliB reduced competence (Alloing et al., 1994;Alloing et al., 1996). However, it is 

important to mention here that the Ami system is not directly involved in the response to the 

competence stimulating peptide CSP encoded by ComC (Solomon et al., 1995). The Ami 

system further consists of the ATP binding proteins AmiE and AmiF and the permeases AmiC 

and AmiD and loss of function in AmiDEF inhibited uptake of all tested oligopeptides (Alloing 

et al., 1994). Other studies identified an aliB-like ORF in the capsule region of non-

encapsulated pneumococci (Hathaway et al., 2004), which may compensate the deficiency in 

the three SBPs of the Ami system. While amiABCDEF are part of a polycistronic operon, AliA 

and AliB are located in other genomic regions and are independently regulated from each 

other and AmiA. 

Growth studies and in vivo infections indicated that loss of function of AmiA and AliA can be 

compensated in vitro and in vivo by AliB. Despite that all three oligopeptide-SBPs are required 

for successful colonization of the nasopharynx, the deficiency in AliB had the slightest impact 

on colonization, while AliA or AmiA affected colonization dramatically (Alloing et al., 1994;Kerr 

et al., 2004). This suggested differences in their substrate specificity. Indeed, the aliB-mutant 

was unable to grow on Arg-Pro-Pro and Arg-Pro-Pro-Gly-Phe as oligopeptides, while 

pneumococci lacking AliA and AliB could use only Leu-Leu-Leu oligopeptides. A substrate-

specificity for AliB has been suggested for peptides Arg-Pro-Pro and Leu-Arg-Arg-Ala-Ser-Leu-

Gly, respectively (Alloing et al., 1994). In a recent study Ami-AliA/AliB ligands have been 

identified. AmiA binds peptide AKTIKITQTR, AliA peptide FNEMQPIVDRQ and AliB peptide 

AIQSEKARKHN.  

Interestingly these peptides are part of 50S or 30S ribosomal proteins found in species of 

γproteobacteria, which are commensals of the upper respiratory tract (Nasher et al., 2018). 

Despite the functional redundancy between AmiA, AliA, and AliB, compensation of loss of 

function of AliB could not be observed in an experimental meningitis infection model. The 

aliB-mutant is attenuated as indicated by significantly decreased bacterial titres in the blood, 

lower clinical score values, and less pronounced brain pathology. This suggests that under the 

given conditions in the meningitis model, AmiA and AliA cannot fully compensate for the loss 
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of AliB. The absence of AliB leads to uptake of a reduced spectrum of oligopeptides, which 

presumably results in the deficiency of essential amino acids. This in turn leads to lower fitness 

and lower virulence during infection of the subarachnoid space. This is in contrast to a 

colonization model, in which AliB had only a minor effect, while the impact was more 

pronounced for AmiA and AliA (Kerr et al., 2004). However, study that has assessed the 

individual impact of AmiA or AliA on pneumococcal meningitis not found. Importantly, the in 

vitro proteome analysis of the mutant deficient in AliB revealed that the amount of AliA is high 

in the wild-type and the aliB- or comDE-mutant as well. In contrast, the protein amount of 

AmiA is significantly decreased in the early and mid-exponential growth phase of aliB mutants. 

Surprisingly, AmiA and its cognate permease as well as ATPase are also significantly reduced 

in the comDE-mutant of D39. The reason for this coincidence is not clear, but may contribute 

to the attenuation of our mutants. 

AmiA is also affected by loss of function of AliB. This probably further reduces the spectrum 

of oligopeptides that can be taken up by pneumococci as has been shown earlier (Alloing et 

al., 1994). Because pneumococci are auxotrophic for several amino acids (Hartel et al., 

2012;Schulz et al., 2014), this has consequences for nutrition and protein synthesis. Under 

conditions where the amino acid pool is unbalanced mischarging of tRNAs takes place 

(Shepherd and Ibba 2014) and premature termination of protein synthesis may happen. 

Hence, in an aliB-mutant, where the expression of AmiA is strongly reduced as well, 

mischarging of tRNAs and premature termination will lead to the production of truncated and 

misfolded proteins due to declined uptake of amino acid (Alloing et al., 1994). This situation 

is most likely stressful for pneumococci as indicated by an upregulation of ClpL (ATP-

dependent Clp protease; spd_0308) in the aliB- and comDE-mutant as well. In contrast, 

another protease, the extracytoplasmic protease HtrA, which represses competence by 

digestion of CSP, was not significantly altered. 

While the Ami system is important for uptake of peptides, other ABC transporters, as for 

instance iron transporters, are crucial for ion homeostasis like iron transporters. Pneumococci 

acquire iron via PiaABC and PiuABC, however, the proteome analysis indicated no changes in 

abundance in mutants deficient in AliB or ComDE. Similar, other transporters were not 

affected with the exception of the PTS system transporter protein spd_0661 (2-fold) and a 

potential ABC iron-transporter system encoded by the operon 804. This operon encodes the 
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proteins spd_1606 to spd_1610 with the lipoprotein spd_1609 as SBP of the system (Yang et 

al., 2016). Proteins encoded by this gene cluster were more than 20-fold upregulated in the 

aliB- but not comDE-mutant, suggesting a compensatory effect. 

The identification of in vivo expressed proteins is of utmost importance in view of suboptimal 

vaccines or increasing antibiotics resistance. Depending on their immunogenicity and their 

protectivity, they can be considered as potential candidates of a protein-based and serotype 

independent multicomponent vaccine. Future in vivo proteome studies are needed to 

increase the number of identified proteins and to decipher the interaction between bacterial 

and host proteins in defined host compartments. The results will provide meaningful insights 

for our understanding of the host-pathogen interplay but also for the development of novel 

antimicrobial strategies.   
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7 Materials 

7.1. Equipments, consumable items and chemicals used in this study 
 
Table 7.1 Equipments used in this study 

Instrument       Manufacturer 

Allegra x-12R        Beckman Coulter 
Rotors F12-6x500 LEX & A27-8x50 
Analytical balance      Ohaus 
Bunsen burner       WLD-Tec 
Centrifuges 5430      Eppendorf 
Centrifuges Microstar 17R      VWR 
Centrifuge Picut-17      Thermo scientific 
Centrifuge Sorvall Lynx 6000     Thermo scientific 
Centrifuge 5810R      Eppendorf 
Digital heat block      VWR 
ddH2O plant       Thermo scientific 
Econo pump       Biorad 
FACS CaliburTM       Becton Dickinson 
Freezer, -80°C        Panasonic 
Fluorstar omega, microplate-reader    BMG Lab tech  
French press Mini-cell       Heinemann 
Fluorescent microscope     Zeiss 
Freezers, -20°C       Siemens/Liebherr 
Gel documentation system     Intas 
Heat block        Eppendorf/Thermo scientific 
Incubator (65°C)      Memmert 
Incubator (37°C)      VWR 
Illuminator       Rex 
Ice machine       Ziegra 
Ligation chamber      Grant-Boekal  
Magnetic stirrer RCT basic     IKA/Labor Techmik 
Microscope       Hund Wetzlar 
Microwave       LG  
Multi pipette       Eppendorf 
Mini Rocker shaker      MR-1 
Mono mixer       Sarstedt 
Nanodrop ND-1000      peQ Lab/Denovix 
Odyssey® CLx       Li-cor 
PCR thermocycler       Biometra 
pH meter (Seven Easy)      Mettler Toledo 
Pipettes Gilson/Eppendorf research     Gilsen and Eppendorf 
Pipette accu jet®       Pro  
Roller        RM-5 
Refrigerator, 4°C      Liebherr    
Shaking incubator VKS-75 control     Edmund Bühler 
SDS gel electrophoresis chamber     BioRad 
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SpeedVac RV-C 2-25 CDplus     Christ 
Spectrophotometer      Eppendorf 
Shaking incubator      Edmund Bühler 
Sterile biosafety cabinet      Thermo scientific 
Scanjet+800       hp 
Standard power pack p25 (voltage supplier)   Biometra 
Thermo mixer compact      Eppendorf 
Ultra sonication device      Bandelin 
Ultrasonic bath       VWR-ultrasonic cleaner unisonic 
Vaccume pump       BVC control 
Vortex        IKA 
Balance        Sartorius 
Water bath       GFL 

___________________________________________________________________________ 

 
Table 7.2 Consumable items  

Items        Manufacturer 

6, 24, and 96 well cell culture plates (flat bottom)  Cellstar 
96-well cell culture plates (round bottom)   Cellstar 
Anatomical tweezers, 130mm      Hartenstein 
Coverslip 18x18mm      Marienfeld 
Coverslip, 12mm      Marienfeld 
Cell culture flasks (T25, T75)     Cellstar 
Centrifuge tubes, 15ml and 50ml    Sarstedt 
Cryo tubes       Sarstedt 
Dialysis pouch 12-14000MWCO    NeoLab 
Disposable gloves  M, L     Hartmann 
Eppendorf 0.5ml, 1ml, 2ml     Sarstedt 
FACS tube, 500µl       Sarstedt 
FACS tube, 5ml, Polysterene Round-bottom tube  BD Bioschiences 
Glass beads 3mm      Hartenstein 
Injection cannulas, G26, G24      Hartenstein 
Multi tips, 0.1ml, 0.5ml and 1ml    Sarstedt 
Nitrocellulose membrane Protran® Whatman    GE Healthcare 
Parafilm       Bemis 
Pasteur pipettes      Sarstedt 
PCR reactions tubes, .2ml     Sarstedt 
Petri dishes 92 x16mm      Greiner 
Pipette tips, 10µl, 200µl, 1000µl     Sarstedt 
Plastic cuvettes       Sarstedt 
Glass beads, 0.5mm       PEQLAB    
Slides        Marienfeld 
Screw cap tubes 2ml      Sarstedt 
Serological pipettes sterile, 5ml, 10ml and 25ml   Sarstedt 
Scalpel         Brown 
Vivaspin       Satorius 
Whatman paper       Noras and Hartenstein 

__________________________________________________________________________ 
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Table 7.3 List of chemicals used 

Chemicals       Manufacturer 

Adenine       Roth 
Acetic acid        Biochemistry, HGW 
Acrylamide-(bis-)      Serva    
Agarose       Genoxxan 
Blood agar plates      Oxoid 
Bovine serum albumin (BSA)     Roth  
Bradford       Sigma 
Brilliant blue R250      Roth 
5-Brom-4-chlor-3-indolylphosphat-p-Toluidin (BCIP)  Roth 
Basic fuchsine       Roth 
Biotin         Roth  
Choline chloride      Sigma 
Crystal violet       Merck  
Calcium-D (+)-Pantothenate      AppliChem 
DNase        Roche 
Distilled water       In house manufacturing 
D (+)-glucose, anhydrous     Roth 
Dimethyl sulfoxide (DMSO)     AppliChem/ Fluka  
dNTPS        Thermoscientific 
Dithiothreitol (DTT)      Roth 
Taq DNA polymerase      Peq labs 
Dream Taq DNA polymerase     Fermentas 
Phusion high fidelity DNA polymerase    Life technologies/Thermo Fisher 
        Scientific 
Pfu DNA polymerase      In house Department 
Ethanol 96%       Institute of Biochemistry  
Ethylene diamine-tetra acetic acid (EDTA)   AppliChem 
Formaldehyde       Roth 
Folic acid       Sigma 
Gene ruler 1kb       Fermentas 
Glycerol       Roth 
Glutathione       Roth 
Hydrogen peroxide      Roth 
Hydrochloric acid (HCl)      Roth 
HEPES        Sigma 
HD green       Intas 
Isopropanol       Sigma 
Isopropyl-D-thio galactopyranoside (IPTG)   AppliChem 
Lysozyme       Serva 
Maltose       Fluka 
Methanol       Merck  
Milk powder       Roth 
Mowiol        Aldrich 
Niacinamide        Sigma 
Nitro blue tetrazolium (NBT)     Roth 
Phenyl methyl sulfonyl fluoride (PMSF)    AppliChem 
Page RulerTM Prestained protein ladder    Thermo scientific 
Paraformaldehyde (PFA)     Roth 
Protease inhibitor cocktail     Roche 
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Protease inhibitor cocktail (PIC)     Thermo Fisher Scientific 
Ponceau S solution      Sigma 
Pyridoxine HCl        Sigma 
Pyridoxamine-Dihydrochloride     Sigma 
Riboflavin        Sigma 
RPMI1640 with glutamine     Hyclone 
Saponin       Sigma 
Safranine       Roth 
SDS pellets       Roth 
Silver nitrate (AgNO3)      Roth 
Tris (2-carboxyethyl) phosphine (TCEP)    Sigma 
Tetramethyl-ethylene-diamine (TEMED)   Roth 
Todd-Hewitt-Bouillon      Roth 
Triton-X-100       Merck 
Tween-20       Roth 
T4 DNA ligase       Biolabs 
Yeast extract       Roth 
Thiamin-Hydrochloride      Merck 
Uracil        AppliChem 
Vitamin B12        Sigma 
β-mercaptoethanol      AppliChem 
p-Aminobenzoic acid      AppliChem 
β-Nicotin amid adenine-dinucleotides    Roth 

 
Salts        Manufacturer 

Calcium chloride (CaCl2x2H2O)      Roth  
Cobalt chloride hexahydrate (COCl2.4H2O)   Merck 
Dipotassium hydrogen Phosphate (K2HPO4)   Merck 
Disodium hydrogen phosphate (Na2HPO4)   Roth 
Disodium hydrogen phosphate (Na2HPO4 x 2H2O)  Roth 
Iron sulfate heptahydrate (FeSO4 x 7H2O)   Sigma 
Iron nitrate (FeNO3)2 x 9H2O      Sigma 
Magnesium sulfate heptahydrate (MgSO4 x 7H2O)  Applichem 
Manganese sulfate monohydrate (MnSO4 x H2O)  Roth 
Magnesium chloride tetrahydrate (MgCl2.4H2O)   Merck 
Nickle sulphate hexahydrate (NiSO4.6H2O)   Fluka 
Potassium dihydrogen phosphate (KH2PO4)   Roth 
Sodium carbonate (Na2CO3)     Applichem 

Sodium thiosulfate (Na2S2O3 x 5H2O)    Roth 

Sodium hydroxide (NaOH)     Roth 
Sodium chloride (NaCl)      Roth 
Sodium bicarbonate (NaHCO3)     Roth 
Sodium acetate trihydrate (C2H3NaO2 x 3H2O)   Roth 
Sodium hydroxide      Applichem  
Sodium dihydrogen phosphate (NaH2PO4 x H2O)  Roth 
Zinc chloride (Zncl2)      Fluka 
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Amino acids       Manufacturer 

Alanine        AppliChem /Sigma 
Arginine base free      AppliChem 
Aspartate       AppliChem/sigma 
Asparagine.H2O       AppliChem 
Cystin        AppliChem 
Glutamate       AppliChem 
Glutamine       AppliChem 
Glycine        Roth 
Histidine       AppliChem 
Hydroxy-L-Proline      BioFroxx 
Isoleucine       AppliChem 
Leucine        AppliChem 
Lysine.H2O       AppliChem 
Methionine       AppliChem 
Phenylalanine       Fluka /AppliChem 
Proline        AppliChem/Roth 
Serine        AppliChem/Sigma 
Threonine       AppliChem 
Tryptophan       AppliChem 
Tyrosine       AppliChem 
Valine        AppliChem 

___________________________________________________________________________ 

 
7.2. Microorganisms and growth media 

7.2.1. Escherichia coli  

 
Table 7.4 E. coli strains used in this study 

E. coli   Description       Reference 

DH5α   Δ(lac)U169, endA1, gyrA46, hsdR17, ϕ80Δ(lacZ) M15   Novagen 
recA1, relA1, supE44, thi-1. Host strain for the construction  
of recombinant plasmids  

BL21 (DE3)   E.coli B, F-dcm, ompT, hsdS, galλ (DE3), T7    Stratagene 
polymerase gene under control of the lacUV5 promoter  
Host strain for protein expression 

Rosetta BL21 (DE3) E. coli B, F-dcm, ompT, hsdS, galλ (DE3), T7    Novagen  
(Rosetta BL21 DE3 pLysS: CmR, T7 lysozyme        Promega 
PlySs) 
__________________________________________________________________________________ 
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Table 7.5 E. coli strains having recombinant plasmids used in this study 

No* Strain  Recombinant plasmid Resistance** Purpose 

1033 DH5α  pTP1_aliB    KmR         Protein expression   
1034 BL21  pTP1_aliB   KmR           Protein production 
1035 Rosetta  pTP1_aliB   KmR           Protein production 
1036 Rosetta plySs pTP1_aliB   KmR           Protein production 
1037 DH5α  pSP72_aliB   CmR           aliB mutagenesis 
1038 DH5α  pTP1_arcT    KmR           Protein expression 
1039 BL21  pTP1_arcT    KmR           Protein production 
1040 DH5α  pTP1_glnA   KmR           Protein expression 
1041 BL21  pTP1_glnA   KmR           Protein production 
1149 DH5α  pBAV_glnR   CmR           glnR complementation 
1150 DH5α   pBAV_rex   CmR           rex complementation 
1151 DH5α  pTP1_arcD´   KmR           Protein expression 
1152 DH5α  pBAV-argR2   CmR           argR2 complementation 
1153 BL21  pTP1_arcD´   KmR           Protein production 
1154 Rosetta  pTP1_arcD´   KmR           Protein production 
1155 DH5α  pTP1_glnHP´    KmR           Protein expression 
1156 BL21  pTP1_glnHP´   KmR           Protein production 
1157 Rosetta  pTP1_glnHP´   KmR           Protein production 
1158 DH5α  pGMT_glnR   ErmR           glnR mutagenesis 
1159 DH5α  pGDΔglnR-ErmR_glnR  ErmR           glnR mutagenesis 
1160 DH5α  pDBHisMBP_arcD´  KmR           Protein expression 
1161 BL21  pDBHisMBP_arcD´  KmR           Protein production 
1162 Rosetta  pDBHisMBP_arcD´  KmR           Protein production 
1163 DH5α  pBAV_arcT   CmR           arcT complementation 
__________________________________________________________________________________ 
*Numbering is the stock list of (-80°C), Department of Molecular Genetics and Infection Biology, University of Greifswald 

**Erm: Erythromycine, Km: kanamycine, Cm: Chloramphenicol, R: resistance  

 
7.2.2. Streptococcus pneumoniae 

 
Table 7.6 Pneumococcal wild-type strains used in this study 

Strain* Genotype     Resistance**  Reference 

P257  D39 (serotype-2)   /   NCTC 7466 
PN111  D39Δcps    KmR   (Jensch et al., 2010) 
PN149  D39lux     KmR   (Jensch et al., 2010) 
P261  TIGR4 (serotype-4)   /   (Tetteline et al.,  

2001) 
PN259  TIGR4Δcps    KmR   (Schulz et al., 2014) 
PN315  TIGR4lux    KmR   (Schulz et al., 2014)  
PN419  D39ΔcpsΔply    KmR-CmR  Laboratory strain 
P37  Serotype 35A    /   Laboratory strain 
__________________________________________________________________________________ 
*Numbering is the stock list of Department of Molecular Genetics and Infection Biology, University of Greifswald 

**Km: kanamycine, R: resistance 
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Table 7.7 Pneumococcal mutants generated and used in this study 

Strain* Genotype    Resistance  Reference 

PN539  TIGR4Δcps∆rex-hlpA-gfp-cat  CmR   This study 
PN552  D39Δcps∆glnR    SpecR   This study 

PN581  D39ΔglnR     SpecR   This study 
PN582  35A_ΔglnR     SpecR   This study 
PN583  TIGR4ΔglnR     SpecR   This study 
PN584  TIGR4ΔcpsΔglnR    SpecR    This study 
PN585  TIGR4luxΔglnR     SpecR   This study  
PN570  TIGR4Δcps∆rex-hlpA-mKate2-cat CmR   This study 
PN571  TIGR4Δcps∆rex-hlpA-gfp-cat   CmR   This study 
PN572  TIGR4Δcps∆rex-hlpA-mKate2-cat  CmR   This study 
PN586  D39ΔaliB     KmR-CmR  This study 
PN587  TIGR4ΔcpsΔaliB    KmR-CmR  This study 
PN590  D39ΔcpsΔaliB     KmR-CmR  This study 
PN593  D39luxΔaliB     CmR   This study 
PN594  TIGR4ΔaliB     KmR-CmR  This study 
PN595  TIGR4luxΔaliB     KmR-CmR  This study 
PN596  TIGR4ΔcpsΔglnRΔargR2   SpecR-ErmR  This study 
PN597  TIGR4luxΔglnRΔargR2    SpecR-ErmR  This study 
PN598  TIGR4ΔcpsΔaliBΔarcD    ErmR-CmR  This study 
PN599  TIGR4ΔcpsΔaliBΔarcT    ErmR-CmR  This study 
PN600  TIGR4ΔcpsΔaliBΔargR1    ErmR-CmR  This study 
PN615  TIGR4ΔcpsΔglnRΔarcD    SpecR-ErmR  This study 
PN616  TIGR4ΔcpsΔglnRΔarcT    SpecR-ErmR  This study 
PN617  TIGR4ΔcpsΔglnRΔaliB    SpecR-CmR  This study 
PN632  D39ΔcpsΔaliBΔahrC    ErmR-CmR  This study 
PN633  D39ΔcpsΔaliBΔcodY    ErmR-CmR  This study 
PN640  D39ΔaliBΔcomDE    KmR-CmR  This study 
PN713  TIGR4ΔcpsΔargR2PBAV_argR2   ErmR-CmR  This study 
PN714  D39∆csp∆glnR     AmpR   This study 
PN715  TIGR4∆csp∆glnR    AmpR   This study 
PN716  TIGR4∆csp∆glnRpBAV_glnR   KmR-CmR  This study 
PN717  D39∆arcT     ErmR   This study 
PN718  TIGR4lux∆arcT     ErmR    This study 
PN719  D39∆csp∆glnR-pBAV_glnR   KmR-CmR  This study 
PN720  D39∆csp∆arcT-pBAV_arcT   ErmR-CmR  This study 
PN721  TIGR4Δcps∆arcT-pBAV_arcT   ErmR-CmR  This study 
PN722  D39∆cps∆rex-pBAV_rex   ErmR-CmR  This study 
PN730  TIGR4∆csp∆glnR-pBAV_glnR   KmR-CmR  This study 
PN323  D39ΔcpsΔargR2   KmR-ErmR  (Schulz et al., 2014) 
PN324  TIGR4ΔcpsΔargR2   KmR-ErmR  (Schulz et al., 2014)  
PN327  D39ΔcpsΔargR1   KmR-ErmR  (Schulz et al., 2014)  
PN328  TIGR4ΔcpsΔargR1   KmR-ErmR  (Schulz et al., 2014)  
PN325  D39ΔcpsΔahrC    KmR-ErmR  (Schulz et al., 2014) 
PN326  TIGR4ΔcpsΔahrC   KmR-ErmR  (Schulz et al., 2014) 
PN258  D39ΔcpsΔahrC    KmR-ErmR  (Schulz et al., 2014) 
PN263  TIGR4ΔcpsΔahrC   KmR-ErmR  (Schulz et al., 2014) 
__________________________________________________________________________________ 
*Numbering is the stock list of Department of Molecular Genetics and Infection Biology, University of Greifswald 
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7.2.3. Culture media for the growth of microorganisms 

 

Table 7.8 Growth media used for the cultivation of E. coli and S. pneumoniae   

Medium  Microorganism  Composition [1L] 

THY medium  S. pneumoniae   Todd Hewitt broth-36.4g, Yeast extract 5 g 
CD Medium  S. pneumoniae   See table 7.9 and 7.10 

Blood agar plate* S. pneumoniae   Peptone-23g, NaCl 5g, Agar 14g, Sheep blood- 

 65ml, pH 7.4 (Oxoid) 

RPMImodi
**

  S. pneumoniae   See table 7.14 and 7.15  

LB medium  E. coli    Peptone-10g, Yeast extract 5g, NaCl 5g, pH7.5 
SB medium  E. coli    Peptone 32g, Yeast extract 20g, NaCl 5g 
LB agar   E. coli     Peptone-10g, Yeast extract 5g, NaCl 5g, agar-

     15g, pH 7.5 
__________________________________________________________________________________ 
*The blood agar plates were purchased from Oxoid company were ready used  

**The RPMImodi medium was prepared by supplementation of ingredients, described in table 7.14 and table 7.15 

 
Table 7.9 Stock solutions for the chemically defined medium (CDM)  

Solutions Ingredients      Final conc [g/l] Vol [ml] Remarks 

1. A FeSO4 x 7H2O   0.504  50  Dissolve with 1N HCl  
(FeNO3)2 x 9H2O  0.106    at 55°C in water bath,

         store at 4°C. 
1. B K2HPO4    20  50  Readily dissolve,  

KH2PO4    100    store at 4°C. 
1. C MgSO4 x 7H2O   70  50  Readily dissolve, 

  MnSO4 x H2O   558    Store at 4°C. 
2. A Alanine,   2 g (each) 500  Dissolve at 55°C 

Aspartic acid,       under continuous 
Asparagine,        stirring in a water-  
Glutamic acid,        bath. Store at -20°C. 
Glycine, Isoleucine, 
Leucine, Lysine,  
Hydroxy proline,  
Serine, valine, Proline, 
Glutamine, Threonine  4 g (each) 

2. B Arginine   2 g (each) 500  Dissolve at 55°C 
Histidine       under acidic condition  
Methionine       store at -20°C. 

  Phenylalanine 
Tryptophane 

  Tyrosine  
3. A p-aminobenzoic acid  0.02  500   -Dissolve all the  

Biotine     0.02    components except,  
Folic acid   0.08    biotin and folic acid,  
Nicotinamide    0.1     and adjust the pH6.9 
Nicotinamide adenine  0.25    -Dissolve biotin in  
dinucleotide 
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Pantothenate Calcium salt  0.2    ~2ml PBS and folic-  
Pyridoxal    0.1    acid in 5ml 2.5NaOH.  
Pyridoxamine 2HCl  0.1    and mix the three,  
Thiamine hydrochloride  0.1    solutions. store at -

         20°C.   
Vitamin B12   0.01     

3. B Riboflavin    0.04  400  Store at -20°C.  
4.  Glucose   100  500  Filter sterilize and                 

                   store at RT. 
5.  Adenine   4  500  Dissolve in 2N HCl in 

Uracil    4    water bath and filled,  
           to 500ml 

6. A CaCl2 x 2H2O   0.2  500  Sterile filtration, 
Choline chloride  0.2    store at RT. 

6. B  NaH2PO4 x H2O   27.2  500  Sterile filtration, 
  Na2HPO4 x 2H2O  32    store at RT. 
  NaC2H3O2 x 3H2O  25 

6. C Cystine    50  20  Dissolve in 20ml 1N  
 HCl. Sterile filtration, 
 store at RT.  

__________________________________________________________________________________ 

 

 
Table 7.10 Composition of 1 L CDM 
________________________________________________ 
Stock solutions   Volume [ml] 

________________________________________________ 

1. A    10.0 
B    10.0 
C    10.0 

2. A    50.0 
B    50.0 

3. A    10.0 
B    40.0 

4.      100 
5.      10.0 
6. A    100 

B    100 
C    2.0 
dH2O    508    

__________________________________________________________________________________ 

 
Contents of a chemically defined algal medium  

The chemical composition of the stock solution for SL 1, SL 3, SL 4, SL 5, SL 6 is same 

as that of CDM. The variations in the composition of stock solution-2 are as follows 
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Table 7.11 Stock solutions of chemically defined algal medium 

Amino acids   g/l   Final conc [mM] Remarks 

SL 2A. 
Alanine   0.31   3.50   Dissolve at 55°C in dH2O in  
Aspartate  0.26   1.97   water bath, under acidic  
Glutamate  0.20   1.34   condition at 55°C with 
Glycine   0.23   3.04   continuous stirring. pH 3.8 
Isoleucine  0.10   0.75   Store at -20°C  
Leucine   0.18   1.34 
Lysine.H2O  0.06   0.39 
Proline   0.07   0.64 
Serine   0.11   1.06 
Threonine  0.14   1.16 
Valine   0.14   1.19 
SL 2B. 
L-asparagine.H2O 0.1   0.67   Dissolve at 55°C, under  
Hydroxy-L-Proline 0.1   0.76    acidic condition at 55°C 
L-Glutamine  0.2   1.36   pH 4.4. Store at -20°C 
SL 2C. 
L-Histidine  0.01   0.09   Dissolve at 55°C, under 
L-Methionine  0.03   0.17   acidic condition at 55°C 
L-Phenylalanine 0.07   0.41   pH 1.8. Store at -20°C 
L-Tyrosine  0.03   0.18 
SL 2D. 
L-Tryptophan  0.1   0.49   Dissolve at 55°C, under 
L-arginine  0.06   0.33   Dissolve at 55°C, under 
         pH 1.8. Store at -20°C 
__________________________________________________________________________________ 
 

 
Table 7.12 Composition of 1 L algal medium [non-labelled] 
_________________________________________________ 
Stock solutions   Volume [ml] per liter 

_________________________________________________ 

1. A    10.0 
 B    10.0 
 C    10.0 
2. A    50.0 
 B    50.0 
 C    50.0 
 D    50.0 
3. A    10.0 
 B    40.0 
4.     100 
5.      10.0 
6. A    100 
 B    100 
 C    2.0 
 dH2O    368 
___________________________________________________________________________________________ 
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Table 7.13 Commercially 15N-labelled amino acids 

Amino acids*    15N-labelled AA [%]   Supplier 

L-glutamine    15N4-labelled [98%]   Sigma-Aldrich 
L-Arginine    15N4-labelled [98%]   Sigma-Aldrich 
Algal amino acids mixture  15N-labelled [100%]   Sigma-Aldrich  
 
The algal mixture (Table 7.11) included the following 15N-labelled amino acid 
Aspartate    [12.5%]        
Threonine     [6.5%] 
Serine      [5.6%] 
Glutamine     [9.4%] 
Proline     [3.9%] 
Glycine     [11.4%] 
Alanine     [14.7%] 
Valine     [7.0%] 
Methionine    [1.6%] 
Isoleucine    [5.5%] 
Leucine     [8.8%] 
Tyrosine    [1.9%] 
Phenylalanine    [4.0%] 
Histidine    [0.9%] 
Lysine     [3.3%] 
Arginine    [3.0%] 
__________________________________________________________________________________ 
*The commercially synthesized 15N-labelled amino acids were purchased from Sigma-Aldrich 

 
Table 7.14 Composition of the buffer used in RPMImodi medium 

Components     Concentration [mM/l] 

RPMI 1640 with glutamine (Hyclone) supplemented with the following components 
Glucose     30.5mM  
Uracil      0.65mM  
Adenine     0.27mM 
Glycine      1.1mM  
Choline chloride    0.24mM  
NaH2PO4.H2O     1.7mM  
Na2HPO4.2H2O     3.8mM  
NaHCO3     27mM  
__________________________________________________________________________________ 
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Table 7.15 Supplement of RPMImodi 

Solutions  Components  Volume             Concentration Remarks 

         [ml]                         [g/l] 

A-U Solution  Adenine  100         0.4  Dissolve in 40ml  
Uracil                 0.8  1N HCl at 90°C.  

Store at RT.    
Buffer solution  Glucose  1000         74  Sterile filtration.  
   NaHCO3           24.7 Storage at 4°C 
   Glycine            1.11 

Choline chloride          0.456    
NaH2PO4.H2O           3.195 
Na2HPO4.2H2O           9.22 

__________________________________________________________________________________ 

 
Table 7.16 Preparation of RPMImodi 

Buffers    volume [ml]   Remarks 

Buffer solution     40.54ml   Sterilize filtration 
A-U solution    5ml    Reheat at 90°C before use 
 
Add 40.54ml buffer solution and then 5ml adenine-uracil solution in the 500ml of commercially 
prepared RPMI1640. Mix gently and store at 4°C 
__________________________________________________________________________________ 

 
7.3 Antibiotics 
 

Table 7.17 Antibiotics used for the selection of E. coli and S. pneumoniae 

Antibiotics  E. coli (µg/ml)  S. pneumoniae (µg/ml)  Manufacturer 

Ampicillin  100   100    AppliChem 
Kanamycin  50   50    Roth  
Erythromycin  250   5     Sigma-Aldrich  
Spectinomycin   600   100    AppliChem 
Chloramphenicol 50   5    Merck 
__________________________________________________________________________________ 
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7.4 Plasmids and oligonucleotides 
Table 7.18 Plasmids used for heterologous gene expression 

Plasmid      No*  Application**                Manufacturer 

pET28c       64  A T7 based vector for protein expression    Novagen 
 N-terminal His-tag, containing KmR 

pTP1                         160        Protein expression vector with additional TEV-  (Saleh et al., 
    Protease cleavage site, derivative of pET28, KmR 2013)  
pTP1_aliB               1033  Recombinant aliB expression vector with N-terminal This study  
  His-tag fusion, transformed in DH5α, KmR     
pTP1_aliB       1034  recombinant aliB expression vector transformed in  This study 

 BL21DE3 for the overproduction of recombinant  
    protein, KmR 
pTP1_aliB       1035  Recombinant aliB expression vector transformed in  This study 

 Rosetta for the over production of recombinant  
 protein, mice immunization and crystallization, KmR   

pTP1_aliB       1036  Recombinant aliB expression vector transformed in  This study 
 Rosetta plySs for the over production of recombinant  
 protein, KmR        

pTP1_arcT       1038  Recombinant arcT expression vector transformed  This study 
 in DH5α, KmR 

pTP1_arcT       1039  recombinant arcT plasmid transformed in   This study 
 BL21DE3 for the overproduction of recombinant 
 Protein, mice immunization and crystallization 

pTP1_glnA       1040  Recombinant glnA expression vector transformed  This study 
 in DH5α, KmR 

pTP1_glnA       1041  recombinant glnA plasmid transformed in   This study 
 BL21DE3 for protein production and antibodies  
 Generation, KmR 

pTP1_arcD´       1151  Recombinant arcD´ expression vector    This study 
 transformed in DH5α, KmR 

pTP1_arcD´       1153  recombinant arcD´ plasmid transformed in   This study 
 BL21DE3 for the production of protein, KmR   

pTP1_arcD´       1154  Recombinant arcD´ expression vector transformed  This study
    in Rosetta for the overproduction of recombinant  

 protein, KmR 
pTP1_glnHP´       1155  recombinant glnHP´ expression vector,   This study 
    transformed in DH5α, KmR   
pTP1_glnHP´       1156  Recombinant glnHP´ plasmid transformed   This study 

 in BL21DE3 for protein production and antibodies  
 generation, KmR  

pTP1_glnHP´        1157 Recombinant glnHP´ expression vector    This study 
 transformed in Rosetta for the over production of  
 recombinant protein and mice immunization, KmR 

pDBHisMBP_arcD´ 1160 Recombinant arcD´ expression MBP_His vector  This study 
    transformed in DH5α 
pDBHisMBP_arcD´ 1161 Recombinant arcD´ plasmid transformed in BL21DE3 This study 
     for the over production of recombinant protein  
pDBHisMBP_arcD´ 1162 Recombinant arcD ´expression vector transformed This study 
    in Rosetta for the overproduction of recombinant protein 
__________________________________________________________________________________ 
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*Numbering is the stock list of Department of Molecular Genetics and Infection Biology, University of Greifswald 

**Km: kanamycine, R: resistance  

 
Table 7.19 Plasmids used for site directed mutagenesis and complementation of  

specific gene mutation  

Plasmid No*        Application**                 Manufacturer 

pGEM-T Easy    / Cloning vector containing ampr resistance gene  Promega 
pGEM-T Easy ermR Derivative of pGEMT-T easy, for gene knock out  (Hohmann, 2012)   
ceshire loxP  157 Construction         
pSP72   216 Cloning vector, AmpR     Promega 
pBAV1CpE  197 Vector for the constitutive expression of target gene Heß et al., 2017  
pGEM_arcT  615 pGEMT-easy derivative vector with subcloned 5´  (Schulz et al., 2014) 
      and 3´-end homolog fragments of arcT     
pSP72_aliB  1037      pSP72 based vector with spd_1357 gene,  This study 

interrupted with Cmr resistance gene cassette,  
AmpR, CmR used for the mutagenesis of aliB  

pGMT- glnR    1158 5´ region in front of glnR was amplified and   This study 
                         ligated into pGMT easy ermR ceshire loxP  

vector generating pGMT_glnR  
pGDΔglnR-ErmR_ Amplified 3´ end region after glnR (frag. 2)   This study  
loxP    1159 ligated in the recombinant plasmid (pGMT-glnR1)  

(EC 1158) generating pGDΔglnR-ErmR_loxP  
(frag 1+2) for mutagenesis  

pBAV_glnR 1149 pBAV shuttle vector for expression in E. coli  This study 
   and S. pneumoniae. Constitutive expression  
   of glnR for complementation studies     
pBAV_arcT 1163 pBAV shuttle vector for expression in E. coli  This study 
   and S. pneumoniae. Constitutive expression 
   of arcT for complementation studies 
pBAV_rex  1150 pBAV shuttle vector for expression in E. coli  This study 
   and S. pneumoniae. Constitutive expression  
   of rex for complementation studies 
pBAV-argR2  1152 recombinant argR2 plasmid containing Cmr    This study 

resistance cassette   
__________________________________________________________________________________ 
*Numbering is the stock list of Department of Molecular Genetics and Infection Biology, University of Greifswald 

**Erm: Erythromycine, Km: kanamycine, Cm: Chloramphenicol, Amp: Ampicillin R: resistance  

 
Table 7.20 Primers used for gene expression  

Name   Sequence*            Description/application 

P1288_f 5´-CGCGTGCTAGCGGAAATTCTAGCACTGCATC-3´  AliB expression 
P1277_r 5´-GCGCGAGCTCTTATTTGACATGTTTTGCC-3´  
P1312_f 5´-GCGCGCTAGCCCAATCACAGCTGCAGATATTC-3´  GlnA expression 
P1313_r 5´-GCGCGTCGACTTAGTAAAGGTCTAAATAAT-3´  
P1314_f 5´-GCGCGCTAGCAAAATAGATATAACAAATC-3´   ArcT expression 
P1315_r 5´-GCGCGAGCTCTTAAGTTGCAAGTCGATAGACG-3´ 
P1418_f 5´-GCGCTCTAGAGTCACAGATGCTCGTAAGG CAACT-3´  GlnHP´ expression 
P1419_r 5´-GCGCAAGCTTTTAAGCAAGAGTGATACCA AGACCGC-3´ 
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P1408_f 5´-GCGCGCTAGCGCGGGGGCCTTTATAGAAG-3´    ArcD´ expression 
P1409_r 5´-GCGCAAGCTTTTAGATACCGTCCCCTGTACCAAC-3´ 

___________________________________________________________________________ 
*The primers were synthesized by Eurofins MWG Operon, Germany.  

*Restriction sites are under lined.   

 
Table 7.21 Primers used for the amplification of antibiotic resistance genes and DNA  

sequencing   

Name  Sequence*         Description/application 

Antibiotic gene amplification 
P117_f  5´-AAAAAGCTTGAATTCGGATCC ATCGATTTTCGT  SpecR (aad9)  
  TCGTGAATAC-3´ 
P118_r  5´-AAAAAGCTTGCTAGCAATTAGAATGAATATTTCCC-3´ 
P99_f  5´-CCCGGGGAAATTTTGATATCGATGGATCCGAATTC  ErmR (ermB)  

GACGGTTCGTGTTCGTGCTG-3´ 
P100_r  5´-CCCGGGGAAATTTTGATATCGATAAGCTTGAATTC    

CCGTAGGCGCTAGGGACCTC-3´ 
P1305_f 5´-GATTTAGACAATTGGAAGAG-3´    CmR (cat)  
P1306_r 5´-GCCAGTCATTAGGCCTATCTG-3´    
P182_lox_f 5´-CGCGCCGCGGGAATTCGATAGCGCGCGCGGATCCC-3´  loxP erm   
P183_lox_r 5´-GCGCGTCGACCTGCAGGCGGCCGCGAATTCAC-3´ 
 
DNA sequencing 
P42  5´-TAATACGACTCACTATAGGG-3´    T7 (pET28) term 
P41  5´-GCTAGTTATTGCTCAGCGG-3´     T7 (pET28) prom 
PM13_f  5´-GTAAAACGACGGCCAGTG-3´     pGEMT-easy 
PM13_r 5´-GGAAACAGCTATGACCATG-3´ 
P1387_f 5´- GGAAATAAGACTTAGAAGC-3´    pBAV1CpE 
P1388_r 5´- CTGGATTAATTAATTAAGCG-3´   

___________________________________________________________________________ 
* 

The primers were synthesized by Eurofins MWG Operon, Germany 

* Restriction sites are under lined.   

 
Table 7.22  Primers used for mutagenesis and complementation studies 

Name  Sequence*            Description/application 

Mutagenesis 
P887_f  5´-AAGAGAGGGATGAGAGTTCC-3´    glnR mutagenesis 
P888_r  5´-AATCTCATGCTGTCCAACCG-3´ 
P915_f  5´-GAACGCTAGCAAGGAAAAAGAATTTC-3´   glnR amplification 
P916_r  5´-CTTGCAAGCTTCTAACCGCGACCAAAAG-3´ 
P1276_f 5´-CGCGTGCTAGCTCAAAAACCTATAACTATGTT-3´  aliB mutagenesis 
P1277_ r 5´-GCGCGAGCTCTTATTTGACATGTTTTGCC-3´ 
P1425_f 5´-GCGCGCATGCAAGAGAGGGATGAGAGTTCC-3´  glnR mutagenesis 
P1426_r 5´-CGCGCCATGGTTGCCATATTTCGGCGAAATTC-3´ 
P1427_f 5´-GCGCGTCGACCGTCGTGCACTTCACAATGAAC-3´  glnR mutagenesis  
P1428_r 5´-GCGCGAGCTCGTTTCAAATTACCACGAGG-3´ 
PM23_f  5´-CTTCCCAGAAGGCGCAATGC-3´    arcT mutagenesis 
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PM24_r 5´-GGAAAAACATATGCAGCC-3´ 
P1224_f 5´-GGGATTCCCCTACCATAAATAGAAAATTGACTTT- 3´  comDE mutagenesis 
P1425_r 5´-GATATGATTGAGCACTATCAAAGCAAGCTATTCC- 3´ 
 
Complementation 
P1318_f 5´-CGCGCCATGGCTATGAAGGAAAAAGAATTTCG-3´   glnR comp 
P916_r  5´-CTTGCAAGCTTCTAACCGCGACCAAAAG-3´ 
P1326_f 5´-CGCGCCATGGCTATGAATAAATCAGAACACCGCC-3´  argR2 comp 
P1327_r 5´-GCGCGATATCTTATTCTTCAAAGAAAAATGG-3´ 
P1405_f 5´-CGCGCCATGGTGAAAGATAAACAGTTTGCTATTCC-3´   rex comp 
PM36_r 5´-GCGCGCGCAAGCTTATCCTCTTTTCGCATGAAGTAG-3´ 
P1597_f 5´-CGCGCCATGGTTAAAATAGATATAACAAATC-3´  arcT comp 
P1315_r 5´-GCGCGAGCTCTTAAGTTGCAAGTCGATAGACG-3´   

___________________________________________________________________________  
*
The primers were synthesized by Eurofins MWG Operon, Germany.  

*Restriction sites are under lined.   

 

Table 7.23 Primers used for qRT-PCR analysis 

Name  Sequence*            Description/application 

P1486_f 5´-CGGACGTGGTATGGTTCCA-3´    SP_1128 (eno)  
P1487_r 5´-TAGCCAATGATAGCTTCAGCA-3´ 
P1746_f 5´-CTAGTAGCCATACCGCTGGTG-3´    SP_0106 (sdhB) 
P1747_r 5´-CGCTTGTGGGCAATTTCCAG-3´ 
P1794_f 5´-CTACCGTATCAACGTAGCAG-3´    SP_0775 (rrnA) 
P1795_r 5´-AGTTACTTGGTTTTCAGCAACA-3´  
P1764_f 5´-CAAACGGATTGTCTTTAAGGTGGG-3´    SP_0931 (gl5k) 
P1765_r 5´-TCAGCAATCTTAGTCGGACGC-3´ 
P1748_f 5´-TTATGGCAGCTCAAGGGTCT-3´    SP_1024 (glyA) 
P1749_r 5´-GCACAGTTAGCTTGGCTTCC-3´ 
P1768_f 5´-TGTACTTGTACCCGGACTTGG-3´    SP_0502 (glnA) 
P1761_r 5´-GTCACCCGCAAATGGTTCAC-3´ 
P1605_f 5´-GGCGTTAAAGATGCTGGAGG-3´    SP_1089 (gat) 
P1606_r 5´-CTTGATGAGGGCCAGTTCGA-3´ 
P1756_f 5´-CACGAGGCTGAATTCCTCCA-3´    SP_1306 (gdhA) 
P1769_r 5´-ATGGTCCAACAGCTGAGTTG-3´ 
P1752_f 5´-TTGGAAGAAGCCATGCGGAT-3´    SP_1994 (alaT) 
P1753_r 5´-TGGGAATTTCTTCAGCTGGCA-3´ 
P1766_f 5´-TGCAGTTTGTATGGATGTGGGT-3´    SPD_0110 (argG) 
P1767_r 5´-GAAATCAGAGGGCGGCTCAA-3´  
P1762_f 5´-CCAAACCAGTCCAGGCTGAT-3´    SPD_530 (glnPH) 
P1763_r 5´-AGCGTCTGTGTAGTAGGGACT-3´  
P1758_f 5´-TGCCAAAGCAGAAACGATTAAGA-3´    SPD_1098 (glnPH) 
P1770_r 5´-CATCCCTGCCATGATAGCGT-3´  

___________________________________________________________________________ 

*
The primers were synthesized by Eurofins MWG Operon, Germany.  

*Restriction sites are under lined.   
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7.5 Enzymes, proteins and peptides 
 

Table 7.24 Enzymes used in this study 

Enzyme        Manufacturer 

Taq-DNA-polymerase       Thermo Fisher 
Pfu-DNA-polymerase, recombinant     AG Hammerschmidt 
Dream Taq-DNA-polymerase      Fermentas 
Dream Taq-DNA-polymerase      AG Hammerschmidt 
Phusion high fidelity polymerase     Thermo Fisher 
T4 DNA ligase        NEB 
Lysozyme        Serva 
Tobacco Etch virus (TEV), protease      Promega 
__________________________________________________________________________________ 

 
Table 7.25 Restriction enzymes used in the present study 

Enzymes   Restriction site*   Manufacturer 

NheI    G↓CTAGC    NEB/Thermo Fisher 
SacI    GAGCT↓C    NEB/Thermo Fisher 
SalI    G↓TCGAC    NEB/Thermo Fisher  
NcoI    C↓CATGG    NEB/Thermo Fisher  
EcoRV    GAT↓ATC    NEB/Thermo Fisher 
HindIII    A↓AGCTT     NEB/Thermo Fisher  
XbaI    T↓CTAGA    NEB/Thermo Fisher  
SphI    GCATG↓C    NEB/Thermo Fisher  
PvuII    CAG↓CTG    NEB/Thermo Fisher 

___________________________________________________________________________ 
*Arrow indicates restriction site

 

 
Table 7.26 Protein produced heterologously in E. coli 

Proteins  E. coli strain  Expression condition  Technique 

6xHis-AliB  BL21 (DE3)  1mM IPTG/30°C  Äkta purifier 
6xHis-ArcT  BL21 (DE3)  1mM IPTG/30°C  Äkta purifier 
6xHis-GlnA  BL21 (DE3)  1mM IPTG/30°C  Äkta purifier 
6xHis-GlnHP´  BL21 (DE3)  1mM IPTG/30°C  Äkta purifier 
HisMBP-ArcD´  BL21 (DE3)  1mM IPTG/30°C  Äkta purifier 
__________________________________________________________________________________ 

 
Table 7.27 Substrates used for the enzymatic activity studies 

Substrate        Supplier 

N-Acetyl-L-ornithine       Sigma 
Dansyl-Ala-Arg-OH trifluoroacetate     Bachem 
H-Ala-Arg-OH        Bachem 
H-Arg-Ala-OH        Bachem 
H-Ala-Asp-OH        Bachem 
H-Ala-Ala-Arg-OH       BioCat 
__________________________________________________________________________________ 
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7.6  Antibodies   
Table 7.28 Prepared antibodies applied in this study 

Antibodies    Generated in  Dilution Source 

Anti-S. pneumoniae IgG   Rabbit    1:50  Eurogentec 
Anti-enolase serum   Rabbit   1:15000 AG Hammerschmidt 
Anti-enolase serum   Mouse   1:15000 AG Hammerschmidt  
Anti-rabbit, peroxidase coupled  Goat   1:2000  Dianova  
Anti-mouse, peroxidase coupled Mouse   1:2000  Dianova 
Alexa Fluor 488 Anti-rabbit IgG  Goat   1:200  Abcam 
Alexa Fluor 568 Anti-rabbit IgG  Goat   1:300  Abcam 
Alexa Fluor 488 Anti-mouse IgG  Goat   1.200  Abcam 
Alexa Fluor 568 Anti-mouse IgG  Goat   1.300  Abcam 
Goat ab to mouse IgG (AP)  Goat   1:5000  Abcam 
Anti-DacB    Mouse   1:1000  (Abdullah et al., 

2014) 
Anti-PsaA    Mouse   1:1000  AG Hammerschmidt 
Anti-PsaA    Mouse   1:1000  AG Hammerschmidt  
Anti-ArcB    Mouse    1:1000  (Schulz et al., 2014)    
Anti-GlnR    Mouse   1:500  AG Hammerschmidt 
Penta-HisTM     Mouse (monoclonal) 1:5000  Qiagen    
Anti-ArcA    Mouse   1:1000  (Schulz et al., 2014) 
Anti-ArcC    Mouse   1:1000  (Schulz et al., 2014) 
Anti-argR2    Mouse   1:1000  (Schulz et al., 2014) 
Anti ArgR1    Mouse   1:1000  (Schulz et al., 2014) 
Anti-AhrC    Mouse   1:1000  (Schulz et al., 2014) 
Anti-Rex    Mouse   1:1000  (AG Hammerschmidt) 
Anti-MBP    Mouse   1:1000  (AG Hammerschmidt) 
IRDye®800CW anti-goat IgG  Donkey   1:15000 Biosciences GmbH 
IRDye®680 anti-Rabbit IgG  Goat   1:15000 Biosciences GmbH 
__________________________________________________________________________________ 

 
Table 7.29 Antibodies generated and used in this study  

Antibodies    Generated in  Dilution Source 

Anti-AliB    Mouse   1:1000  This study 
Anti-ArcT    Mouse   1:1000  This study 
Anti-GlnA    Mouse   1:1000  This study 
Anti-GlnHP    Mouse   1:1000  This study 
Anti-ArcD    Mouse   1:1000  This study 
__________________________________________________________________________________ 
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7.7 Commercial kits and size markers 
 

Table 7.30 Commercially purchased molecular biology kits  

Kits    Purpose     Manufacture 

Wizard®Plus SV Miniprep  DNA purification system   Promega 
Wizard®SV    Gel and PCR Clean-Up system    Promega 
Zymoclean    Gel DNA recovery kit    Zymo Research 
Zymoclean    DNA clean & concentratorTM-5   Zymo Research 
__________________________________________________________________________________ 

 
Table 7.31 Commercially purchased protein kits used in this study 

Kits     Purpose    Manufacturer 

HisTrap FF crude His-tag column His-tagged protein purification  GE Healthcare 
Protino® Ni-TED 1000 column  Protein purification           Macherey-Nagel 
Protino Ni-NTA-Resin   His-tag protein    Macherey-Nagel 
MonoQ     Ion exchange chromatography  GE Healthcare 
Protein A-sepharose   IgG purification    GE Healthcare 
PD-10 column    Buffer exchange and desalting  GE Healthcare 
Vivaspin 20 and 6   Protein concentration    Sartorius 

___________________________________________________________________________ 

 
Table 7.32 DNA and protein ladders used for electrophoresis 
___________________________________________________________________________ 
DNA and protein marker Size (bp or kDa)    Manufacturer 

Molecular biology: 
1kb DNA ladder   250, 500, 750, 1000, 1500,    Fermentas 

 2000, 2500, 3000, 3500, 4000,  
 5000, 6000, 8000, 1000 bp 

Protein analysis: 
PageRular TM prestained  10, 15, 25, 35, 40, 55, 70, 100, 130, 170 kDa Fermentas  
protein ladder    
PageRular TM unstained  10, 15, 20, 25, 30, 40, 50, 60, 70, 85, 100,  Fermentas  
protein ladder     120, 150, 200 kDa 

___________________________________________________________________________   
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7.8        Solutions and buffers   
 

Table 7.33 Buffers and solutions used for molecular biology experiments 

Buffers or solutions  Composition/application 

TAE buffer (20x) Tris-800mM, EDTA-200mM, Glacial acetic acid-2.28%, distilled water, 
pH 8.0. DNA electrophoresis in agarose gels 

 

Agarose (0.8%)   Agarose 2.4g in 300ml 1TAE buffer 
HD-green plus DNA stain Dissolve 18µl of HD green in 300ml agarose (0.8% in 1xTAE 

Solution buffer). DNA staining 
DNA loading buffer Bromo-phenol blue-0.25%, Succrose-40% dissolved in distilled water. 

Loading solution for gel electrophoresis of DNA    
Plasmid-Miniprep solution-I Tris-HCl (pH7.5) 50mM,  
    EDTA 10mM, RNase 0.1mg/ml Plasmid DNA isolation 
Plasmid-Miniprep solution-II  NaOH 0.2N, SDS 1% 
Plasmid-Miniprep solution-III  Sodium acetate 3M, pH 4.8 

___________________________________________________________________________ 

 
Table 7.34 Buffers and chemicals used for protein separation 

Buffers/solutions  Composition/Application 

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 
Solution for SDS-gel  Acrylamide bis (30%), Tris (pH 8.8) 1.5M, SDS 10%, APS 10% 

Tris-(6.8) 0.5M, TEMED. Protein electrophoresis 
Resolving gel buffer  Tris-1.5M, pH 8.8   
Stacking gel buffer  Tris-0.5M, pH 6.8 
10% SDS-solution  10% SDS in 100ml distilled water  
10% Ammonium per   10g APS in 100ml distilled water, store at -20°C. Polymerization 
sulfate (10% APS):  of bisacrylamide inducer 
SDS gel-loading buffer 
2x Protein sample buffer dH2O-6ml, stacking gel buffer pH6.8-4ml, 10% SDS-4ml,  
    Glycerol-4ml, B-mercaptoethanol-2ml, and a pinch of   
    bromophenol blue. Loading-dye for protein electrophoresis  
    (SDS-PAGE)  
5x protein sample buffer dH2O-6ml, stacking gel buffer (pH6.8) 10ml, 10% SDS-10ml,  
    Glycerol-5ml, β-mercaptoethanol-2ml, and a pinch of   
    bromophenol blue.   
2x sample buffer for  dH2O-6ml, stacking gel buffer pH 6.8-4ml, glycerol-4ml plus  
Native-PAGE   a pinch of bromophenol blue.   
SDS-gel-running buffer 
10x running buffer  Tris-230mM, Glycine-1.92M, SDS 1%. Protein-electrophoresis 

___________________________________________________________________________ 

 
Table 7.35 Buffers and chemicals used for western blot 

Buffers/solutions  Composition/Application 

Transfer buffer (for western blotting) 
20x transfer buffer (1L)  Tris-116g, Glycine 58g, SDS (10%) 74ml. western-blot transfer 
(Semidry blotting)   buffer  
1x transfer buffer  50ml from 20x transfer buffer, 200ml methanol, 750ml dH2O   
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Membrane blocking solution   
5% skim milk   Dissolve 5g in 100ml 1x TBS-tween. Blocking agent in western-blots 
3% BSA    Dissolve 3g in 100ml 1x TBS-tween. Blocking agent in western-blots 

___________________________________________________________________________ 

 
Table 7.36 Buffers used for protein dialysis  

Buffers (Stock)  Description/Application 

Potassium phosphate buffer  KH2PO4  100mM, pH 4.4 
K2HPO4 100mM, pH 9.15 
Add together and adjust the pH to 7.0 at 4°C  

Tris-HCl buffer (100mM) 12.11g in 1L of dH2O, pH 7.5. Adjust pH 7.0 at 4°C  
HEPES buffer (100mM)  23.8 g of HEPES in 1L of dH2O, pH 7.0. 
20x Phosphate buffer saline      NaCl 160g, KCl 4g, Na2HPO4 28.8g, Na2HPO4.2H2O 35.6g, 
(PBS)                                                KH2PO4 4.8g, pH 7.4. Multipurpose use 
                                                          For 1x PBS buffer add 50ml of 20x PBS in 950ml of distilled water 
__________________________________________________________________________________ 

 
Table 7.37 Buffers and chemicals used for protein biochemical function 

Buffer/Chemicals  Composition/Application 

EDTA    5mM in dH2O, pH 7.5 
IPTG-stock   Dissolve 2.38g IPTG in 10ml distilled water, Store at -20°C.  
    Inducer 
Lysozyme solution  1mg/ml lysozyme in distilled water. Bacterial lysis  
BSA (100µg/ml)   dissolve BSA in 1xPBS pH 7.4. Protein standard   
DTT-stock   100mM in dH2O, Store at -20°C. Disulfide reducing agent 
Phenylmethylesulphonyl- 1.74g/10 ml ethanol. Protease inhibitor 
fluoride 1M (PMSF)     
DNase-stock solution  1mg/ml DNase in 10Mm MgSO4. Remove unwanted DNA from  
    cells lysate and improve protein extraction 
10 x TBS-Tween   NaCl 2M, Tris 0.5M, pH 7.4, Western-blot blocking solution  
10% Tween-20   dissolve 10 ml in 90ml of dH2O. Western-blot blocking solution 
    Blocking agent for nitrocellulose membrane 
1x TBS  Tween buffer  100ml (10x) TBS, 5ml 10% polysorbate 20 (tween20), fill with water  

up to 1L  
Alkaline phosphatase   Tris 100mM, NaCl 100mM, MgCl2 5mM, pH 9.5  
Buffer (AP) 
___________________________________________________________________________ 

 
Table   7.38     Buffers and solutions for protein staining 

Buffers/solutions Composition/Application 

Coomassie brilliant blue  Ethanol-25%, acetic acid-10%, R250 Coomassie brilliant  
staining   blueTM 0.05%. Protein staining (SDS-PAGE) 
Coomassie brilliant blue Ethanol-25%, acetic acid-10% 
destaining 
 
Silver staining solutions    

Fixation  Ethanol-50%, Acetic acid-12%, Formaldehyde (37%) - 500µl/L  
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Washing  Ethanol-50%   
Sensitization   Na2S2O3 x 5H2O - 0.2g/L   
Silver staining  AgNO3 - 2g/L, Formaldehyde- (37%), dH2O   
Development  Na2CO3 - 30g/L, Na2S2O3 x 5H2O - 4mg/L, Formaldehyde (37%)-  

     500µl/L, dH2O   
Stop reagent   Glycine - 1%, dH2O   

 
Ponceau S staining   0.1% Ponceau S, acetic acid 5%, dH2O up to 100ml. Protein  
solution    staining/detection (western-blot) 
 
Buffer for protein detection by immune blot 

Nitro blue tetrazolium (NBT) 0.5g in 10ml 70% DMF (Dimethylformamid) 
5-Brom-4-chlor-3-indolyl- 0.5g/10ml 100% DMF (Dimethylformamid) 
Phosphate-p-Toluidine (BCIP)  
 
Protein colour   NBT 50µl, BCIP 25µl, AP buffer 10ml. western-  
development solution   blot for protein signal detection  

__________________________________________________________________________________ 

 
Table 7.39 Buffers used for protein purification 

Systems-buffers   Descriptions/Application 

 
Buffers for affinity chromatography by His trapTM FF column 1ml  
 Phosphate-binding buffer NaH2PO4-20mM, NaCl-500mM, Imidazol-20mM, pH 7.4 
 Phosphate-Elution buffer NaH2PO4-20mM, NaCl-500mM, Imidazol-500mM, pH 7.4 

      
 Tris-binding buffer  Tris HCl-100mM, NaCl-500mM, Imidazol-20mM 
 Tris-elution buffer  Tris HCl-100mM, NaCl-500mM, Imidazol-500mM, pH 7.4 

 
Buffer for ion exchange chromatography by MonoQ  

Binding buffer   Tris HCl 20mM, pH 8.0 
Elution buffer    Tris HCl 20mM, NaCl-1M, pH 8.0 

 
Buffer for MBP column affinity-chromatography  

Binding buffer   Tris 20mM, NaCl 500mM, EDTA 1mM, DTT 1mM, pH 7.4  
Elution buffer    Binding buffer + 10Mm Maltose 

 
Buffer for protein purification by Protino: 

Washing (LEW) buffer   NaCl-300mM, NaH2PO4-50mM, Imidazol-20mM, pH 8.0 
Elution buffer    NaCl-300mM, NaH2PO4-50mM, Imidazol-500mM, pH 8.0 

Dialysis buffer for TEV cleavage by treating with TEV protease 

     NaCl-100 mM, NaH2PO4-50 mM, pH7.4   
 
Buffer for size exclusion chromatography by Superdex-75  

Tris HCl    20mM, pH 8.0  
 
Buffer for protein A-sepharose (IgG purification) 

Binding buffer   Tis-HCl-50mM, pH 7.0 
Elution buffer   Glycine-100mM, pH 3.0 
Phosphate buffer   K2HPO4.3H2O-50mM, pH 8.5 
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Buffer used for TEV-protease purification:  
  Lysis buffer    300mM NaCl, 50mM NaH2PO4, 20 mM Imidazole, pH 7.4 

Elution buffer    300mM NaCl, 50mM NaH2PO4, 500mM Imidazole, pH7.4 

 
Buffer for His-trap FF crude column regeneration  

Stripping buffer   NaPO4 20mM, NaCl 500mM, EDTA 50mM, pH 7.4  
NiSO4     100mM NiSO4 in 100ml dH2O, filter and sonication 

___________________________________________________________________________ 
Fluorescence-activated cell scanning (FACS): 

FACS buffer   0.5% FBS in PBS 
FACS-fixing buffer  0.5% FBS, 1% PFA in PBS  

___________________________________________________________________________
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8. Methods 
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8 Methods 

8.1 Microbial techniques 
 

8.1.1. Cultivation of Escherichia coli 

E. coli was activated from stocks stored at -80°C by plating on LB agar medium. Grown bacteria 

were transferred to liquid LB medium in different volumes starting from 5-500ml. For 

recombinant E. coli appropriate amounts of antibiotics were added and cultivation was 

performed at 30-37°C under shaking conditions at 120-140 rpm. 

 

8.1.2. Transformation of E. coli 

Transformation of vector or ligation reactions in E. coli was carried out using chemically 

competent bacteria. The CaCl2 treated competent cells (AG Hammerschmidt) were thawed 

gently on ice. The ligation mixture or plasmid DNA was added to 100µl E. coli and incubated 

on ice for 10 minutes. The suspension was exposed to heat shock for 5 minutes at 37°C, which 

increased the permeability of the bacterial membrane followed by treating with cold shock on 

ice for two minutes. A 600µl pre-warmed LB medium was added to the suspension and the 

transformation mixture was incubated at 30°C on shaking incubator for 45-60 minutes. 

Transformation suspension of 50-200µl was inoculated on LB agar plates with relevant 

antibiotics and incubated at 30°C overnight. Grown transformants were cultured in 5ml LB 

medium overnight at 30°C with appropriate antibiotics. Plasmid preparation, PCR, restriction 

digestion and DNA sequencing verified positive clones. Recombinant E. coli were grown in LB 

medium overnight and 1ml was transferred into sterile tube supplemented with glycerol (20% 

final concentration) and stored at -80°C. 

 

8.1.3. Cryocultures preservation of bacterial strains 

For a prolong preservation of bacterial strains, bacterial growth of S. pneumoniae from a blood 

agar plate or an overnight culture of E. coli were resuspended in the appropriate culture 

medium, containing 20% glycerol (v/v) and frozen at -80°C. 

 

8.1.4. Cultivation of pneumococci 

S. pneumoniae was thawed from -80°C glycerol stock on Columbia blood agar plates and 

incubated in a CO2 incubator for approximately 8 hours at 37°C. To obtain single cell colonies, 
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the grown bacteria were plated again on a second blood agar plate with appropriate 

antibiotics when necessary, and incubated overnight (max. 8-10hrs) at 37°C. Then the bacteria 

were cultured in a liquid medium such as THY, CDM or minimal medium (RPMImodi) with an 

initial OD600nm of 0.08-0.1 and incubated in a water bath at 37°C under microaerophilic 

conditions. For most of the experiment bacteria were grown to the mid log phase (0.35-0.4). 

For the growth profile, pneumococcal growth was measured every hour up to 10 hours. 

 

8.1.5. Determination of colony forming unit (CFU) 

The colony forming units (CFU) were determined for in vitro and in vivo experiment, where a 

more accurate enumeration of bacteria is needed. For the determination of viable bacteria, 

pneumococci were grown in 35 ml THY medium up to an OD600nm to 0.4-0.5, harvested by 

centrifugation at 1300g for 10 min and were resuspended in 1 ml PBS buffer. Bacterial 

suspension was adjusted to an OD of 1.0, which corresponds to 1x109 bacteria/ml. A serial 

dilution was set, up to factor 107. From the dilution, 0.1 ml was plated on blood agar in 

duplicates and incubated at 37°C in a CO2 incubator. Colonies were counted after growth and 

CFU per ml were determined by integrating the corresponding dilution factor. 

 

8.1.6. Transformation of pneumococci 

S. pneumoniae is a naturally competent microorganism, which has the capability to take up 

DNA from the surrounding. The DNA uptake can be stimulated by the addition of CSP. The 

optimal competence for S. pneumoniae was achieved in the early exponential growth phase 

between (OD600nm) 0.1-0.15. The pre-activated bacterial strain to be transformed were 

cultured in the THY medium (approx. 10ml) with a starting OD600nm of 0.05-0.06 and incubated 

at 37°C in water bath. After reaching the optical density of (OD600nm 0.1-0.15), 0.2ml of the 

bacterial culture was transferred into a new 1.5ml tube and 1µg of CSP 1 (for strain D39) or 

CSP 2 (for strain TIGR4) was added and incubated for 10 minutes. About 0.5-1.0µg of DNA was 

added to the bacterial culture, followed by cold shock by incubation on ice for 10 minutes. 

Later, the bacterial suspension was incubated at 30°C for 30 min and for 2 hours at 37°C in 

water bath. Finally, the suspension was plated on blood agar plates containing the appropriate 

antibiotic for selection of the recombinant pneumococci. Grown colonies were analysed by 

colony PCR. 
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8.1.7. Preparation of protein lysate from S. pneumoniae 

For the detection of expressed proteins by immunoblot, pneumococci were grown in 35 ml 

THY or RPMI medium under microaerophilic conditions up to an optical density of 0.8-1.0. The 

bacterial suspension was then harvested by centrifugation at 1300g for 10 minutes at room 

temperature. The supernatant was discarded and the sediment was resuspended in 10 ml PBS 

followed by centrifugation as shown above. The pellet was resuspended in 1 ml PBS and 

OD600nm was measured. Approximately 1x108 to 3 x108 bacteria were resuspended with 2xSDS 

sample buffer, boiled for 8 minutes at 98°C, cooled down at RT and loaded on an SDS gel. 

 

8.1.8. Estimation of pneumococcal growth 

S. pneumoniae wild-type and the isogenic mutants were grown in different medium to 

estimate the growth behaviour. The pneumococcal strains were cultured from -80°C glycerol 

stock on blood agar plates without antibiotics and incubated for 8 hours at 37°C. A second 

culture followed again on blood agar plates containing relevent antibiotics and incubated 

overnight (max. 8-10 hrs). The grown bacteria were taken up with sterilized cotton swab, and 

resuspended in 35ml liquid growth medium like THY, RPMImodi, or CDM and incubated at 37°C 

under microaerophilic condition without agitation in a water bath (Schulz et al., 2014). The 

initial optical density (OD600nm) was estimated to be between 0.08-0.1. The optical density was 

measured every hour for up to 10 hours. TIGR4 and corresponding mutants were cultivated 

only one time on blood agar plates without antibiotics and incubated only 6-7 hours at 37°C. 

The liquid culture and growth was performed as described above. 

 

8.1.9. Growth and survival of S. pneumoniae under oxidative stress conditions   

S. pneumoniae produces high amounts of hydrogen peroxide (H2O2) during growth, which may 

cause bacterial cell damage. To study the protection or survival of S. pneumoniae under 

oxidative stress conditions, wild-type and isogenic mutants were cultured in complex medium 

(THY) at 37°C up to mid-log growth phase (OD600nm 0.5-0.6). The bacterial culture was then 

splitted in 10ml samples and treated with hydrogen peroxide (Roth) with a final concentration 

of 10mM or 20mM. For the paraquat study, a final concentration of 0.25mM or 0.5mM was 

used. The hydrogen peroxide and paraquat treated cultures were incubated at 37°C for 30 min 

in a water bath (Saleh et al., 2013). Untreated pneumococci were used as control. After 

incubation, the optical density was measured and serial dilutions were performed that 
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following by bacterial plating on blood agar plates and incubated overnight at 37°C and 5% 

CO2. Grown colonies were counted to determine the CFU and these values were then 

compared to the CFU of untreated bacteria as a control. 

 

8.1.10. Analysis of protein expression under stress conditions in S. pneumoniae by 

 immunoblotting 

After growing the bacteria under stress conditions as described (section 8.1.9), 10ml of the 

grown culture were harvested by centrifugation at 1300g for 10 minutes at room temperature. 

The bacterial pellet washed with 2 ml phosphate buffer saline (1xPBS) and resuspended in 1ml 

PBS. The total protein extract of 1x108 bacterial cells of untreated and hydrogen peroxide 

treated pneumococci were separated by SDS-PAGE and protein was transferred on a 

nitrocellulose membrane (GE Healthcare). Detection of specific pneumococcal protein was 

performed using polyclonal anti-AliB antibodies generated in mice by immunoblotting. 

Alkaline phosphatase (AP) goat anti-mouse IgG, (Abcam) were used as secondary antibodies. 

Protein signals were detected with NBT/BCIP (Roth) colour development substrate.  

 

8.1.11. Determination of the capsular polysaccharide amount by flow cytometry  

To investigate the amount of capsular polysaccharide on pneumococcal surface, flow 

cytometry technique was applied as described previously by Saleh et al., 2013. Briefly, 

pneumococci cultured in liquid media (CDM) were harvested, and 1 x 108 bacteria were 

incubated with an anti-serotype specific antiserum for 30 min at 4°C. Samples were washed 

with 0.5% FCS in PBS and incubated with goat anti-rabbit IgG coupled Alexa-Fluor-488 as 

secondary antibodies. Bacteria were washed with PBS/0.5% without FCS, followed by fixation 

with 2% formaldehyde. Flow cytometry was performed with a FACS Calibur. For the data 

recovery the CellQuestPro Software 6.0 was used.  

 

8.1.12. Pneumolysin assay 

To study the haemolytic activity of grown pneumococci, a haemolysin test was performed 

using wild-type and their corresponding isogenic mutants according to the method of (Benton 

et al., 1995) with minor modification. Pneumococcal strains were activated on blood agar 

plates incubated for 8 hours at 37°C. The grown bacterial colonies were reactivated on blood 

agar plates in the presence of suitable antibiotics and incubated overnight for 8-10 hours. The 
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culture was then transferred to THY medium and cultivated with starting OD600nm of 0.08. To 

obtain secreted pneumolysin, the bacterial cultured was grown until OD600nm 0.8 and 1.2. The 

bacterial suspension of 2 ml was harvested by centrifugation at 3000g for 10 minutes at room 

temperature, the supernatant collected and incubated on ice until further use.  

About 10 ml of fresh human blood resuspended in citrate buffer was provided. Erythrocytes 

were separated by centrifugation of the whole blood solution at 1000g for 10 minutes at room 

temperature. The supernatant was discarded and the erythrocyte solution was washed with 

20ml PBS. After washing three times, the red blood cells (RBCs) were resuspended again in   

10 ml PBS that was further diluted 1:50 in PBS. The assay was performed in 96-microtiter 

plates, where 50µl of erythrocytes and 100µl of lysis buffer (10 mM DTT, 0.1% BSA in BPS 

buffer, pH 7.4) were incubated with 50µl of supernatant from the pneumococcal growth 

culture and incubated at 37°C for 45 minutes. After incubation, the microtiter plate was 

centrifuged at 200g for 10 minutes. In case of positive haemolysis the sample remains cloudy, 

while in the absence of haemolytic activity, a red blood cells sediment was detected. As 

negative control, only lysis buffer and RBCs were used. 

 

8.2. Electron microscopic examination of pneumococci and isogenic mutants 

8.2.1. Scanning electron microscopy by lysine ruthenium-red fixation 

To study the surface morphology and capsule of the pneumococcal wild-type strains and 

isogenic mutants, field emission scanning electron microscopy (FESEM). Samples were 

prepared as described elsewhere (Hess et al., 2017). The images were prepared by our 

cooperation Prof. Manfred Rohde (HZI, Braunschweig)16.   

 

8.3. Molecular biology methods 

8.3.1. Isolation of plasmid DNA from E. coli by column chromatography 

A 15ml E. coli culture was grown in LB medium, incubated overnight at 37°C on shaking 

incubator. The bacterial suspension was then centrifuged at 12000g for 15 minutes and the 

sediments were prepared for plasmid isolation according to the manufacturer instructions, 

(Wizard® Plus SV Miniprep DNA purification kit from Promega). Briefly, the bacterial pellet was 

                                                           
16 The FESEM electron microscopy was carried out in cooperation with Prof. Manfred Rohde (Helmholtz center 
for infection (HZI), Braunschweig). 
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resuspended in 250µl resuspension solution that was followed by adding the same volume of 

lysis buffer. The suspension was mixed and added 10µl alkaline protease solution and 

incubated for 5 minutes at room temperature. A volume of 350µl of neutralization solution 

was added, centrifuged for 10 minutes at 16200g. The cleared lysate was transferred into the 

spin column, centrifuged for 1 minute at 16200g. The flowthrough was discarded and the DNA 

was washed with 750µl ethanol and centrifuged for 1 minute as above. The washing step 

repeated again with 250µl ethanol. The spin column was transferred to 1.5 ml microcentrifuge 

tube and DNA was eluted in 100µl nuclease free water. Incubated for 5 minutes and then 

centrifuged for 1 minute. The DNA concentration was determined by measuring absorption at 

260nm by Spectrophotometer (Denovix). The isolated DNA was collected and stored at -20°C 

till further used. 

 

8.3.2. Isolation of plasmid DNA by alkaline lysis 

To isolate plasmid DNA from E. coli, a loop full colonies or sediment of 10ml overnight culture 

was resuspended in 200µl lysis buffer (buffer-1). The suspension was further added with 400µl 

of buffer-2 (0.2 M NaOH/10% SDS) and mixed gently by inverting. After incubation for 3-4 

minutes at room temperature, 300µl of reagent-3 (3M K-Ac) was added and mixed as 

mentioned above, followed by incubation on ice for 5 minutes. After centrifugation at 12000g 

for 10 minutes, the supernatant was transferred to a new tube containing 600µl isopropanol 

and incubated at -20°C for 5 minutes. Centrifuged at 12000g for 10 minutes at 4°C, the 

supernatant was discarded and the pellet was resuspended in 30µl (70% ethanol). The 

centrifugation step was repeated at room temperature for 4 minutes. Supernatant was 

carefully discarded. The plasmid DNA was dried for 15 min at 45°C in a vacuum centrifuge and 

resuspended in 30µl sterile distilled water. 

 

8.3.3. Plasmid DNA isolation from S. pneumoniae 

For the verification of a successful pneumococcal transformation in complementation 

experiments, the plasmid DNA was isolated from S. pneumoniae. Grown bacteria were taken 

from the blood agar plates and transferred to 15ml THY medium with initial OD600nm 0.1. 

Growth was measured at 37°C till optical density reached 0.8-1.0, harvested at 1300g for 10 

minutes at room temperature. The pellet was further proceeded for plasmid isolation 
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according to the section 8.3.1, using Promega, s Wizard® Plus SV Miniprep DNA purification 

kit. 

8.3.4. Isolation of DNA fragments from agarose gel 

Preparative gel electrophoresis was usually performed after the restriction digestion of the 

DNA fragments and/or vector. The DNA fragment was separated by agarose gel 

electrophoresis, and the fragment was visualized and excised using a scalpel and transferred 

to a 1.5 ml reaction tube. Purification of the DNA fragment was performed with the Wizard ® 

SV gel and PCR clean-up system according to manufacturer protocol. Briefly, membrane 

binding solution of 10µl per 10mg of gel fragment was added, vortex and incubated at 50-65°C 

until the gel is completely dissolved. That was transferred into the SV minicolumn and 

incubated for 1 minute at room temperature that was followed by centrifugation at 16000 x 

g for 1 minute. The flowthrough was discarded and the membrane solution (ethanol) of 700µl 

was added, centrifuged for 1 minute. Washing step was repeated as above with 500µl 

membrane wash solution. Finally, the minicolumn was transferred into the 1.5ml 

microcentrifuge tube and the DNA was eluted in 50µl of nuclease free water and stored at          

-20°C until further use.  

 

8.3.5. Plasmid DNA purification and concentration 

The E. coli strain containing a plasmid of interest was grown overnight at 37°C in LB culture 

medium on a shaking incubator. The pellet was obtained after centrifugation at 12000g for 10 

minutes at room temperature. For a rapid purification and concentration of high quality PCR 

product, a ‘DNA clean and concentrator’, kit (Zymo research) was applied according to 

manufacturer instruction.  

 

8.3.6. Restriction digestion and ligation of the DNA fragment 

The DNA fragment and vector were digested with restriction endonuclease providing the 

optimal digestive conditions. DNA digestion was carried out for 60 minutes at 37°C according 

to the enzyme manufacturer instructions. Ligation of the DNA fragment with the cleaved 

vector was carried out with T4 DNA ligase (New England Biolabs), in ligase buffer incubated 

overnight at 16°C in ligation chamber (Grant-Boekal). The quantity ratio between DNA 

fragment and vector was 3:1 in a reaction volume of 10-30µl. 
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8.3.7. Agarose gel electrophoresis 

Separation of the DNA was carried out with 0.8% agarose gel at 80-100 voltage. In order to 

visualize the nucleic acid, 18µl HD green in 300ml (Intas) agarose solution in TAE buffer was 

added for DNA staining. For the estimation of the DNA fragment size a DNA size standard (1kb 

ladder) (Fermentas) was also loaded on the agarose gel. Briefly, the gel chamber was filled 

with 1x TAE buffer as running buffer and the DNA sample was mixed with sample buffer 

containing bromophenol blue. The agarose gels were photographed in a gel documentation 

system (Intas). 

 

8.3.8. Extraction of genomic DNA from S. pneumoniae  

a. Total DNA was isolated from S. pneumoniae by growing in 8-10 ml THY medium to 

logarithmic growth (OD600nm 0.3-0.4). The bacterial suspension of 0.2ml culture was 

centrifuged at 12000g for 2 min. Supernatant was discarded and the sediment was 

resuspended in 100µl phosphate buffered saline (PBS) and centrifuged at 16000g for 4 min. 

The pneumococcal pellet was resuspended in 50 µl sterile distilled water and incubated for 8 

min at 96°C. After cooling at room temperature another centrifugation step at 16000g for 2 

min was performed. For the PCR reaction, 2µl supernatant was used as a template. 

b. Bacteria grown on the blood agar plates were resuspended in 1ml NaCl (0.85%) solution 

and the OD600nm of 0.3-0.4 was estimated. Bacteria were harvested for 10 minutes at 1500g. 

The supernatant was discarded and the pneumococcal pellet was resuspended in 1 ml TE 

buffer (Tris EDTA buffer) and boiled for at 95°C for 5 minutes followed by incubation on ice for 

10 minutes. 5µl were used for the PCR reaction   

 

8.3.9. Polymerase chain reaction (PCR) 

The in vitro DNA amplification was carried out with generated primers and genomic DNA or 

recombinant plasmid used as template. Different thermostable DNA polymerases were 

chosen and reaction conditions were selected as recommended by the supplier. 
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Table 8.1. Ingredients required for standard PCR reaction  

Ingredients    Stock   Volume 

Reaction buffer   (10x)   5µl 
dNTPs    (10mM)  1µl 
MgCl2     (25mM)  1µl 
Oligonucleotide-f   (20 pmol)  1µl 
Oligonucleotide-r   (20 pmol)  1µl 
Template    (100ng)   1µl 
DNA polymerase     1µl 
dH2O filled up to 50µl  

  
Table 8.2. PCR reaction condition for Taq/Dream Taq polymerase 

Steps    Temperature   Time 

Start    95°C         2 min 
Denaturation   95°C         30 sec 
Annealing   55-58°C       60 sec 
Extension   72°C         1kb/min 
Reaction stop   72°C          5 min  
no of cycles 42  30 cycles   
 

Table 8.3. PCR reaction condition for Pfu polymerase 

Steps    Temperature   Time 

Start    95°C         2 min 
Denaturation   95°C         30 sec 
Annealing   55-58°C       50 sec 
Extension   72°C         1kb/30sec 
Reaction stop   72°C    5 min  
no of cycles 42  30 cycles   

        _____________________________________________________________________ 

 
 
 

8.3.10. Generation of aliB-mutants in S. pneumoniae 

Strain D39ΔaliB with insertion of a chloramphenicol cassette in the 5'-region of aliB was 

provided by Prof. Marien I de Jonge, Radboud University Medical Center, Nijmegen, 

Netherland. Specific primers (aliB_1276, aliB_1277) listed in table 7.22 were used for the 

amplification of the mutated aliB gene with Pfu polymerase (in-house Pfu polymerase). A DNA 

fragment of 3.0 kb was amplified and cloned into vector pSP72 digested with restriction 

enzyme PvuII. Recombinant E. coli harbouring the corresponding recombinant plasmid was 

selected on LB agar plates supplemented with chloramphenicol (Cm). The recombinant 
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plasmid was further verified by analytical PCR and DNA sequencing. The pneumococcal 

mutants were generated by insertion mutagenesis as described previously (Alloing et al., 

1994). The recombinant plasmid was transformed into pneumococcal strains by adding 

competence stimulating-peptide (CSP) (Saleh et al., 2014). Recombinant pneumococcal strains 

harbouring the mutated gene were selected on blood agar plates supplemented with 

chloramphenicol (Cm) (Merck). Gene disruption by chromosomal integration was verified by 

analytical PCR.  

 

8.3.11. Construction of markerless glnR-mutants in S. pneumoniae 

Typically, pneumococcal mutants are generated by allelic exchange of a target gene with an 

antibiotic resistance gene by insertion-deletion mutagenesis. However, this technique has a 

deficiency, that it may cause a polar effect on the expression of downstream gene, when the 

target gene is located upstream and co-transcribed under a single promotor. For this reason, 

pGMT Easy ErmR cheshire (AG Hammerschmidt (Diploma thesis A. Hohmann 2012) vector was 

employed containing the Cre-loxP cassette for the generation of glnR mutants. Cre (Cyclization 

recombination) is a recombinase enzyme isolated from bacteriophage P1. Its recombination 

mechanism works in cyclic fashion, which targets a loxP DNA sequence for processing the 

recombination and loxP is the recognition sequence for Cre recombinase. 

The upstream 5´ end of the corresponding glnR gene was amplified with primers combination 

P1425 and P1426 containing specific restriction sites of SphI and NcoI. The amplified product 

of 750bp and the vector (PGMT easy ErmR cheshire) was cleaved with the restriction enzymes 

SphI and NcoI. The ligation was then transformed in E. coli (DH5α). Recombinant clones were 

identified after transfer on LB agar plates containing Erm (250µg/ml). Restriction digestion 

and DNA sequencing verified the recombinant plasmid pGMT-glnR.   

In parallel, the 3´ end, downstream of glnR was amplified with primers combination P1427 

and P1428. The amplified product of 460bp was then digested with restriction enzymes SalI 

and SacI and cloned into new generated pGMT-glnR similarly digested with SalI and SacI. 

After transformation in DH5α, and selection of the recombinant clones on erythromycin 

containing agar plates grown colonies were analysed by colony PCR. The resulting 

recombinant plasmid pGDΔglnR-ErmR_loxP was then transformed into different 

pneumococcal strains like D39Δcps or TIGR4Δcps, where positive clones were selected on 
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ermR on blood agar plates only for the first selection that was followed by further selection 

without antibiotic. Confirmation of the positive clones was verified by colony PCR.  

8.3.12.     Generation of comDE-mutants in S. pneumoniae 

For the mutagenesis of comDE a designed PCR product containing an aphA3 gene cassette 

instead of comDE genes was kindly provided by Reinhold Brückner, University of 

Kaiserslautern. The construct was generated by overlap PCR 17. PCR reactions were carried out 

to amplify upstream and downstream region of comDE with primers containing additional 

sequences of a kanamycin gene. Primer combination of comC_fwd/comD_kan_rev2 were 

used to amplify 837 bp fragment upstream of comDE and primer combination 

comE_kan_fwd2/comE_rev to amplify 831 bp downstream of comE. Total DNA from strain R6 

as template was added. The aphA3 cassette (0.9 kb) encoding kanamycin resistance was 

amplified with primer pair ComD_kan_fwd2/ComE_kan_rev2 with complementary sequence 

of comD or comE and RK4 DNA (ccnD::aphA3) as template (Halfmann et al., 2007). The 

resulting PCR fragments were separated and purified from agarose gels with gel DNA recovery 

kit (Zymo Research). All three DNA fragments were used in an overlap PCR reaction with 

primer combination comC_fwd/comE_rev for the generation of the 2,657 bp mutant 

construct. Reamplification was carried out with primer pair comDE_1224/comDE_1225 and 

mutant construct as template to amplify a 2.1 kb fragment (comDE::aphA3), which was 

transformed into D39 and D39∆aliB for the generation of comDE deletion mutants. 

Recombinant clones harbouring the comDE deletion were selected on blood agar containing 

kanamycin (300 µg/ml) and replacement was verified by analytical PCR using the primer 

combination comDE_1224/comDE_1225.  

 

8.3.13. Generation of plasmid-based complementation constructs in S. pneumoniae 

Complementation refers to the situation, where the mutational deficiency of a gene in an 

organism or cell is recombinantly replaced by introducing the gene that restores the missing 

function. To restore the wild type situation in the deletion mutant, the corresponding genes 

(glnR, argR2, arcT and rex) were expressed in a shuttle vector pBAV1CpE (Hess et al., 2017). 

This vector allowed gene expression under the strong foreign promoter PE originating from 

                                                           
17 Dr. Gerhard Burchhardt carried out comDE, mutagenesis with the technical support from Mrs. Karsta 

Barnekow, Department of Molecular Genetics and Infection Biology, University of Greifswald.  



 
 METHODS 

 
193 

 

the erm resistance gene. This leads to a constitutive expression. However, in rex 

complementation, the gene was expressed in trans under rex promoter control. An example 

of glnR complementation scheme is shown in Figure 8.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1: Schematic representation of plasmid based complementation construct 
The gene was amplified with specific oligonucleotides. The gene product and vector 
pBAV1CpE was digested with restriction enzymes NcoI and HindIII. The gene was 
ligated in to the vector and the recombinant plasmid was transformed in to the 
competent cells DH5α. The specific pneumococcal mutant was restored to the wild-
type situation after transformation of recombinant plasmid.  

 
 
 
Briefly, the corresponding genes were amplified using total DNA from wild-type strain D39 

and TIGR4. Primers were designed (Table 7.22) containing restriction sites of NcoI on the 5´-

end for cloning into this vector. In addition, two additional bases were added for cloning the 
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sequences in frame. Restriction analysis and DNA sequencing (MWG Eurofins) verified the 

resulting recombinant plasmid expressing chloramphenicol resistance. Recombinant plasmids 

were transformed into corresponding pneumococcal mutants. Expression of the 

corresponding gene product was analysed by immunoblot with polyclonal antibodies directed 

against the expressed proteins. 

8.3.14. Generation of heterologous expression vectors 

The heterologous gene expression vectors were generated by amplifying the gene sequences 

with specific oligonucleotides primers listed in table 7.20. The oligonucleotides with specific 

restriction sites were designed (MWG Eurofins) in a way that signal sequence and 

transmembrane encoded sequences were not amplified. The genes of interest were amplified 

by PCR with specific primer pairs presented in table 7.20 using chromosomal DNA of strain 

D39 and TIGR4 as template. The DNA digestion was performed with specific restriction 

enzymes. The digested PCR product was cloned in the expression vector pTP1 in the specific 

restriction sites. In most cases the NheI was chosen at the 5´-end of the forward primer to 

ensure translational fusion of an N-terminal His6-tag with the gene.  

 
RNA analysis 

8.3.15. Growth conditions in CDM 

S. pneumoniae and isogeneic glnR or argR2 mutants of strains TIGR4 or D39 were grown in 

CDM to logarithmic growth reaching OD600 of 0.35-0.4 in triplicate18. Twenty-four ml of 

bacterial cultures were harvested by centrifugation for 10 minutes at 10000 g at 4°C in 50 ml 

tubes containing 12 ml frozen killing buffer (20mM Tris-HCl, 5mM MgCl2, 20mM NaN3). The 

supernatant was completely removed and pellet was stored in fluid nitrogen.  

 

8.3.16. Isolation of total RNA from S. pneumoniae 

For cell disruption, the pellet was resuspended in 0.2 ml killing buffer, transferred into teflon 

vessels containing a steel bowl (precooled under nitrogen) and fixed in the Mikro 

DismembratorS (Sartorius) for stirring at 700g for 2 min. Frozen powder was resuspended in 

3.6 ml pre-warmed (at 50°C) lysis buffer (0.025 M Na-acetate, pH5.2; 0.5% laurylsarcosine). A 

                                                           
18 Dr. Gerhard Burchhardt carried out the qRT-PCR analysis with the technical support from Mrs. Birgit Rietow 
and Mrs. Kristine Sievert-Giermann (Department of Molecular Genetics and Infection Biology), University of 
Greifswald. 
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volume of 0.9 ml was transferred into 2 ml tube (total 4 tubes) and frozen under nitrogen. 

Extraction of total RNA was performed with 1 ml acid phenol/chloroform solution preheated 

up to 50°C. Extraction was repeated until no protein was visible. The final extraction was 

performed with chloroform/isoamylalcohol (24:1). Supernatant was transferred into 1.5 ml 

tube, 0.1 volume of 3M Na-acetate was added RNA was precipitated with 1 Volume 

isopropanol and stored at -20°C overnight. The RNA pellet was received by centrifugation for 

30 min at 6200g at 4°C. The pellet was dried at 45°C for 5 min and resuspended in 25 ml 

nuclease free water. To remove residual DNA, a DNase treatment was carried out with 2 ml 

RNase free DNase from Promega for 30 min at 30°C. After that the RNA was purified with the 

RNA purification kit from Norgen company according to the recommendation of the supplier. 

Quantification of total RNA was estimated by NanoDrop spectrophotometer measurement. 

The RNA quality was checked by agarose gel electrophoresis.  

 

8.3.17. qRT PCR analysis 

Synthesis of cDNA was carried out with Superscript III reverse transcriptase (Thermo Fisher) 

and random hexameric primers (GE Healthcare) in the presence of RNase out (Thermo Fisher) 

as recommended by the supplier. Briefly, a total reaction volume of 40µl contained 1µg RNA, 

8µl first strand buffer, 2µl DTT (0.1 M), 1µl RNase OUT, and 2µl reverse transcriptase. The 

mixture was incubated for 5 min at 25°C, 60 min at 50°C and the reaction was stopped at       

70°C for 15 min. The cDNA amount was determined at 260 nm with a NanoDrop 

spectrophotometer (Denovix). 

Quantitative PCR (qPCR) experiments were performed with the StepOnePlus thermocycler 

(Applied Biosystems) and the Syber Green master mix from Bio-Rad according the instructions 

of the manufacturer. First, a relative quantification was carried out to estimate the primer 

efficiency by serial dilution ranging from 100 ng/µl to 0.01 ng/µl to generate a relative 

standard curve for each primer combination. To estimate the expression values the 

quantitative 2-ddCt (double delta Ct; ΔΔCt) program was chosen. For the analysis of the data 

the Microsoft Office Excel was program was used. For normalization the enolase encoding 

gene (sp_1128) was used. Finally, the results are plotted as the threshold cycle (ΔΔCt) as log2 

of the fold change of expression and the wild type was set to zero compared to the isogenic 

mutants.  
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8.4. Protein analysis and biochemical techniques 

8.4.1. Heterologous expression of pneumococcal proteins in E. coli 

Vector pTP1 was chosen for cloning of several genes used in this study: glnHP (spd_1098), 

glnA (spd_0502), arcD (spd_1978), arcT (spd_1979) and aliB (spd_1357). This vector allows the 

generation of N-terminal His-tagged fusion proteins. For cloning of the corresponding genes 

the forward and reverse primer were designed with a specific additional restriction site. 

Recombinant plasmids were analysed by DNA sequencing. For heterologous protein 

production, E. coli BL21 (DE3) was selected. Vector pTP1 contains an IPTG inducible T7 

promoter (Saleh et al., 2013). After transformation the recombinant, E. coli BL21 (DE3) 

(Stratagene) and/or Rosetta strain were employed for the overproduction of recombinant 

proteins. The recombinant clone was cultivated overnight in 20 ml LB medium with kanamycin 

(50µg/ml) (Roth) on a shaking incubator. The main culture of 500ml Luria Bertani (LB) medium 

was cultivated with a starting OD600nm of 0.1 at 30°C on a shaking incubator (120-140rpm) until 

the OD600nm reached 0.6-0.7. Protein expression was induced with a final concentration of 

1mM IPTG (isopropyl-b-D-1-thiogalactopyranoside) (AppliChem) and incubation was 

continued for 3-4 hours. To study the level of protein production samples were obtained prior 

to induction and at the end of the induction experiment.  

 

8.4.2. Purification of the heterologously expressed proteins by affinity chromatography 

The bacterial pellet was washed with 10ml PBS, resuspended in 5ml binding buffer (20mM 

NaH2PO4, 500mM NaCl, 20mM imidazole) and incubated with lysozymes (Serva), DNase 

(Roche) and PMSF for 30 minutes on ice. Lysis was completed by sonication (Bandelin) three 

time for 30 second with 30sec gap each time. Protein extract was received after centrifugation 

at 14000xg for 30 min at 4°C. The protein extract was loaded on 1ml His-TrapTM Ni-NTA column 

(GE Healthcare) and purification was performed with increasing imidazole concentration 

(linear range between 0-500mM) by Äkta purifier liquid chromatography system. The protein 

concentration was determined with Bradford reagent. In addition, purity was analysed by SDS-

PAGE and staining of the gel was performed with Coomassie brilliant blue (CBB).  

 

8.4.3 Protein purification of the putative peptidase ArcT under reducing condition 

The cultivation and induction of the ArcT protein was performed as described previously in 

section 8.4.1. In brief, the bacterial pellet was resuspended in 5ml lysis buffer (Tris 100mM, 
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NaCl 500mM, Imidazole 20mM, pH 7.5) under reducing condition by adding 1.5mM 

Dithiothreitol (DTT). Purification of the ArcT protein via ÄKta purifier was also performed 

under reducing conditions in the presence of 1.5ml DTT (end concentration) in the binding 

and elution buffers. The accurate quantification of eluted protein fractions was measured 

using a Bradford protein assay. For the analysis of purity, proteins were separated by SDS-

PAGE and protein bands were visualized by silver staining procedure. 

8.4.4. Purification of His6-tagged proteins by Protino Ni-TED column 

Overexpressed N-terminally His-tagged protein in E. coli were purified with immobilized Ni-

affinity chromatography by Protino Ni-TED column, according to the manufacturer instruction 

(Macherey Nagel). Briefly, the E. coli (BL21DE3) was cultivated in LB or super broth (SB) 

medium and adjusted the optical density (OD600nm) of 0.2. Protein expression was induced 

when the optical density at 600nm reached 0.8 by adding 1mM IPTG followed by incubation 

at 30°C for 3 hours on a shaking incubator. The bacterial suspension was harvested at 6200g 

at 4°C for 10 minutes. Bacterial pellets were resuspended in 5ml washing buffer (300mM NaCl, 

50mM NaH2PO4, 20mM Imidazole, pH 8.0) and incubated with lysozyme, DNase and PMSF for 

30 minutes on ice. Bacterial disruption was performed by sonication 3x 30 sec, gap 30sec, 75%. 

After sonication and centrifugation, the supernatant was loaded on the Protino column. After 

washing twice with washing buffer the protein was eluted with 6ml elution buffer (300mM 

NaCl, 50mM Na2HPO4, imidazole 500mM, pH 8.0) and 1ml eluted fractions were collected. The 

protein concentration was determined by measuring absorption at 280nm by NanoDrop. The 

protein purification was analysed by SDS-Gel electrophoresis and protein staining with 

Coomassie Brilliant Blue. 

 

8.4.5. Purification of the His6-tagged protein by Ni-TED Resin 

Protino Ni-TED (Ni- (tris (carboxymethyle) ethylene diamine) is an alternative technique for 

the His-tagged protein purification by immobilized metal ion affinity chromatography (IMAC). 

Purification with Protino Ni-TED Resin was performed according to the protocol provided by 

the supplier (Macherey-Nagel). Briefly, 40mg of resin was equilibrated in 2 ml binding buffer 

(0.1M Tris HCl, 0.5M NaCl, pH7.5) for 10 minutes. After centrifugation for 2 minutes the 

supernatant was discarded and protein solution of 500µl was added that was followed by 

incubation for 2 hours at 4°C on rolling surface. After centrifugation for 2 minutes at 600g and 

4°C, the supernatant was discarded and the resin was washed 3x with binding buffer for 2 
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minutes. Proteins were eluted with elution buffer (0.1M Tris HCl, 0.5M NaCl, Imidazole 

500mM pH7.5) after incubation for 5 minutes. Elution fractions were then analysed by SDS-

PAGE followed by Coomassie staining. 

 

8.4.6. Ion exchange chromatography (MonoQ) 

Ion exchange (IEX) chromatography is a separation technique, which is commonly used in the 

separation of charged molecules. The protein sample was purified with the Äkta purifier 

system using a binding buffer (20mM Tris-HCl, pH 8.0) and elution buffer (20mM Tris-HCl, 1M 

NaCl, pH 8.0) for the MonoQ column (GE Healthcare) according to the manufacturer 

instruction. After IEX chromatography the eluted fractions were loaded on SDS-gel and 

analysed for purity by silver staining. To exchange high salt concentration, the purified protein 

was dialyzed against 20mM Tris-buffer (pH 8.0) and concentrated with Viva spin (MWCO 3000-

30,000). 

 

8.4.7. Gel filtration  

Gel filtration chromatography is a separation technique, which separates molecules based on 

their size and shape. For this purpose, a superdex75 column was used according to the 

manufacturer instruction. The column was washed with distilled water for 2 hours followed 

by equilibration with the binding buffer (0.1M Tris HCl, 0.2M NaCl, pH 7.5). Fractions were 

eluted for 2 hours. The protein purity was analysed after separation on SDS-PAGE and stained 

with Coomassie brilliant blue (CBB) or silver staining.  

 

8.4.8. Dialysis of protein solution 

Protein dialysis is usually used for the buffer exchange, e.g., to eliminate imidazole or high salt 

concentration. For this purpose, the protein was added into a dialysis membrane (16mm, 

MWCO 12-30,000 Dalton) and incubated in 1 liter dialysis buffer with continuous stirring 

overnight at 4°C. For adequate dialysis the buffer was changed 2-3 times.  

 

8.4.9. Buffer exchange of the purified protein by PD-10 desalting column 

The buffer of the purified protein was changed by using a PD-10 desalting column (GE 

Healthcare) according to the manufacturer instructions. Briefly, the PD-10 column was 
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equilibrated with 25ml elution buffer. Up to 3ml protein sample was applied and flow-through 

was discarded. Elution of the protein was carried out with 3.5ml buffer and the flow-through 

was collected in 0.5ml fractions on ice. The eluted fractions were analysed by OD280nm 

measurement. 

8.4.10. Elimination of the His6-tag from the recombinant protein 

pTP1 contains the TEV protease recognition and cleavage site, localized between N-terminal 

sequence of the His6-tag and the coding sequence of cloned genes. For the successful removal 

of His-tag, the recombinant protein was incubated with TEV protease overnight in TEV buffer 

(100 mM NaCl, 50 mM NaH2PO4, pH7.4) at 4°C (Saleh et al., 2013). After loading on Ni-NTA 

column the pure and cleaved proteins were collected in the flow through. The complete 

removal of the His6-tag was verified by size differences (approx. 3kDa) between the His6-tag 

fused protein and protein without His-tagged by SDS-PAGE and CBB staining.   

 

8.4.11. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

In most cases the protein solution was separated under denaturing conditions by SDS-PAGE. 

The SDS-PAGE was prepared according to the standard protocol. The concentration of the 

acrylamide (8%-15%) in separating gels varied depending on the protein size, while the 

concentration of the stacking gel was 4%. The protein sample was prepared for 

electrophoresis by mixing the protein sample with 2x or/and 5x SDS sample buffer and 

denatured to their primary structure, by heating the sample at 95°C for 8 minutes. 

Electrophoresis was performed with 80V for 30 minutes until the protein passed through 

stacking gel and then increased up to 130V for migration through separating gel. CBB or silver 

staining carried out visualization of the protein. The protein size was estimated by loading a 

pre-stained standard size marker.  

 

8.4.12. Determination of protein concentration by Bradford assay 

The Bradford assay (Bradford, 1976) was used for the quantitative determination of protein 

concentrations in a solution. To calculate protein concentrations a dilution of 1:200 was 

prepared by adding 5µl of protein to 495µl PBS. After the addition of 500µl Bradford reagent 

(Sigma-Aldrich), reactions were incubated for 15 minutes at room temperature in the 

darkness. The principle is based on the dye Coomassie brilliant blue G-250 present in the 

Bradford reagent, which forms a complex with the protein and impart colour from brown to 
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blue under acidic condition. A standard curve from 0.5-10µg/ml bovine serum albumin (BSA) 

(Roth) was employed and the absorbance at 595nm was measured photometrically (Denovix).    

 

8.4.13. Protein concentration with Viva spin 

Vivaspin concentrator device is ideal for fast and high recovery of the protein sample in small 

volume. Protein concentrator Vivaspin® 20 or 6 (Sartorius) were used to concentrate the 

protein according to the standard manufacturer protocol. The protein concentration was 

further determined at 280nm by NanoDrop. 

 

8.5. Immunological and cell biological methods 

8.5.1. Mouse immunization and generation of polyclonal antibodies 

For mouse immunization and antibodies generation, a 20µg of purified protein in 100µl 

volume with an equal amount of incomplete Freund’s adjuvant (Sigma Aldrich) was 

intraperitoneally injected in 6-8 old weeks CD-1 mice. The same protein amount was injected 

for boosting on 14 days and 28 days. After 5 weeks mice were sacrificed and the blood was 

gained by puncture of the disclosed heart. Serum was isolated from the blood by 

centrifugation at 100g for 30 minutes at room temperature and stored at -20°C. 

 

8.5.2. IgG purification by protein A‐sepharose affinity chromatography 

Polyclonal immunoglobulin (IgG) was purified from serum by affinity chromatography.  

Purification of IgG was performed with 1ml protein A-Sepharose column. For this purpose, the 

column was calibrated with three times bed volume with binding buffer (50mM Tris HCl, pH 

7.0). Serum was diluted (1:1) in binding buffer and loaded on the column. After 15 minutes 

incubation, antibodies were eluted in 0.1M glycine buffer (pH 3.0) and preserved in 50mM 

potassium phosphate buffer K2HPO4 (pH 8.5). Concentration of eluted IgGs was measured by 

Bradford assay (Sigma-Aldrich).  

 

8.5.3. In vitro infection of murine macrophage cell line J774.A1 (Phagocytosis) 

8.5.3.1. Cultivation of the eukaryotic cell for infection experiment 

The cryopreserved murine J774.A1 cell lines were thawed prior to assay in the pre-warmed 

RPMI1640 supplemented with 2mM glutamine, 10% heat inactivated FCS and 1mM sodium 
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Pyruvate. The cells were passaged 2-3 times before seeding for the experiment. Depending 

on the growth rate and density of the cells, sub-cultivation was performed every 2-4 days and 

the medium was exchanged after 2 days at 37°C and 5% CO2. After gaining confluency of about 

80%, medium was removed from the flask and the cells were detached by incubating with 1-

2 ml trypsin/EDTA for approximately 5 minutes at 37°C. Cells were transferred to the fresh 

medium and centrifuged at 700g for 6 minutes at room temperature. The supernatant was 

removed and the pellet was resuspended in fresh 4ml medium. To grow the cells, flasks T25 

or T75 supplemented with 6ml and 18 ml medium respectively were inoculated with cells 

suspension and incubated at 37°C and 5% CO2. For the infection experiment 6x104 cells were 

counted in Neubauer chamber and seeded into 24 well cell culture plate. The culture was 

usually discarded after fifteen passage 

 

8.5.3.2. Cells count using Neubauer counting chamber 

In order to determine a defined number of cells for the infection experiment cells (J774A.1) 

were detached with trypsin/EDTA and resuspended in 10 ml of fresh medium followed by 

centrifugation at 700xg for 6 minutes. The pellet was then resuspended in 4 ml of fresh 

medium. Ten microliters (10µl) of the cell suspension was pipetted into a Neubauer chamber. 

All of the four squares sets were counted and the number of cell was determined 

 

8.5.3.3. Antibiotic protection assay 

To carry out antibiotic protection experiment, in vitro phagocytosis and intracellular survival 

of pneumococcal mutants were determined with their respective wild types. As described by 

Saleh et al., 2013, J774A.1 cells were seeded (6x104 cells/ml) two days before infection in 

RPMI1640-glutamine medium (supplemented with 10% FCS and 1mM sodium pyruvate) in 24 

well cell culture plates. The cells were washed with infection medium (RPMI1640/glutamine, 

1% FCS) prior to infection. The confluent monolayer of the cells (~80%) were incubated for 3 

hours at 37°C with pneumococci wild-type and isogenic mutants with multiplicity of infection 

50 (MOI 50). The extracellular and non-adherent bacteria were killed by exposing to 

gentamycin (100µg/ml) and pencillin-G (300 U/ml) antibiotics. After washing with infection 

medium the intracellular bacteria were gained by killing the macrophages with 1% saponin 

and the number of viable bacteria was determined by plating on blood agar plate in duplicate. 

The CFU was determined after overnight incubation at 37°C. 
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8.6. Western blot analysis 

Westernblotting or immunoblotting is a technique where separated proteins are 

electrophoretically transferred to a nitrocellulose membrane by tank blotting or by semidry 

blotting. In tank blotting the gel and membrane are entirely covered with transferred buffer 

while in semidry blotting, the gel and membrane sandwich is in a stack with wet filter papers 

that are in direct contact with the plate electrodes.  

 

8.6.1. Detection of antibody binding to specific proteins 

Several immunological procedures such as colorimetric assay (NBT/BCIP), 

chemiluminescence, and fluorescence detection have been developed for the detection of 

immobilized proteins. 

 

8.6.2. Immune detection using NBT/BCIP substrate 

Detection of pneumococcal proteins with specific antibodies was carried out by immunoblot, 

where pneumococcal protein lysates were separated by SDS-PAGE and transferred onto a 

nitrocellulose membrane with constant voltage (15V) by semidry blotting (BIORAD). 

Unspecific binding to proteins was blocked by treating the membrane with 5% skim milk in 

TBS-polysorbate 20 buffer (TBS-Tween20) (1xTBS, 0.05% Tween20, pH7.4) for two hours at 

room temperature. The membrane was then incubated with primary antibodies in 5% skim 

milked (1xTBS, 0.05% polysorbate 20, and pH7.4) overnight at 4°C. After three washing steps 

with blocking reagent 5% skim milk (1xTBS, 0.05% polysorbate 20, pH7.4), the membrane was 

incubated with secondary antibodies AP Goat anti-mouse IgG (1:5000) (Abcam) for 1 hour at 

RT. The membrane was washed in TBS-polysorbate20 (TBS tween20) without skim milk, and 

equilibrated for 10 minutes in AP buffer. Protein signals were detected with nitro blue 

tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP) (Table 7.38) colour 

development substrate for alkaline phosphatase activity. The reaction was stopped by 

replacing NBT-BCIP with water. As loading control DacB (Abdullah et al., 2014), enolase 

(Bergmann et al., 2001) or PsaA were detected with the corresponding specific antibodies.  
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8.6.3. Chemiluminescence reaction 

For the detection of specific protein signal the membrane was incubated for 2 hours in 

blocking reagent (5% skim milk) on shaking surface. The membrane was then incubated with 

primary antibodies for 2 hours at room temperature. After several washing steps, membrane 

was incubated with horseradish peroxidase (HRP) conjugated secondary antibodies for 1 hour 

at room temperature on shaking surface. The immune response was detected by enhanced 

Chemiluminescence (ECL) technique. 

 

8.6.4. Fluorescence detection with LI-COR system  

In order to detect proteins using a fluorescence signal, an SDS-PAGE was performed as 

described in section 8.4.11. Semidry blotting was performed, where the total protein of 2x108 

bacterial cells were transferred on a nitrocellulose membrane. To prevent unspecific antibody 

binding, the membrane was blocked with 5% skim in TBS for 2 hours at room temperature. 

The buffer was changed and the membrane incubated overnight with specific primary 

antibodies in buffer (1xTBS + 0.01% Tween20) at 4°C under agitation. Here enolase was used 

as loading control and anti-enolase antibodies were diluted 1:15000. Antibodies solution was 

removed and the membrane was washed 4-5 times with washing buffer (1xTBS + 0.01% 

Tween20) for 5 minutes followed by incubation with specific IRDye® secondary antibodies 

(anti-rabbit IRD (1:15000) and anti-mouse (1:15000) in 5% skim milk (1xTBS 0.01%tween20). 

Secondary antibodies were prepared beforehand in 1xTBS. After incubation for 45 minutes at 

room temperature, the membrane was washed for 4-5 times on shaking device for 5 minutes 

during each washing step. The membrane was scanned with Odyssey® CLx imaging system (LI-

COR).    

 

8.6.5. Quantification of the immunoblot by LI-COR system 

Fluorescent-labelled protein bands detected by the Odyssey® CLx imaging system were 

quantified by using imageTM studio 5.0, an LI-COR Biosciences GmbH associated software. The 

signal was normalized according to the loading control and the total protein amount was 

comparatively expressed as a percentage.  
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8.7. Protein staining methods for SDS-Gel 

8.7.1. Coomassie staining 

The Coomassie brilliant blue dyes (R-250 and G250) molecules binds to the protein and form 

a protein-dye complex. Briefly, the gel was stained for 3-4 hours at room temperature in 

Commassie blue solution that was enough to stain the gel uniformly. The destaining solution 

was applied for 8-10 hour until the background became clear. Protein bands were detected 

against white light illuminator. 

 

8.7.2. Silver staining 

Silver staining is a non-quantitative method, which offers high sensitivity compared to other 

stains to detect proteins after electrophoretic separation on polyacrylamide gel. The silver 

ions bind to the protein and reduced with a developing solution to build up a visible image of 

protein bands. Silver staining involved several sequential steps such as protein fixation, 

sensitization, silver penetration and image development (table 7.38).  

Briefly, the SDS gel was fixed in the fixation solution for 1-3 hours or overnight that was 

followed by washing twice with 50% ethanol for 20minutes each. The gel was incubated for   

1 minute in the sensitizing solution and washed immediately for 1 minutes with distilled water. 

The silver staining solution was applied for 20 minutes that was followed by two times washing 

for 1 minute with distilled water. Finally, the protein signal was developed by incubating the 

gel in the development solution. The development was stopped immediately by treating with 

1% glycine. Finally, the gel was washed with distilled water and can be stored for several days.  

 

8.8. Enzymatic assay of the recombinant ArcT 

8.8.1. Apo-enzyme and reconstituted ArcT preparation 

The metal free ArcT was prepared by dialyzing the ArcT protein with dialyzing buffer 

containing 5mM EDTA, 100mM Tris-HCl, NaCl 200mM and 1.5mM DTT at pH 7.5. Dialysis with 

three changes of a 400-fold volume was carried out at 4°C for approximately 20 hours. EDTA 

was removed by dialysis against the same buffer without EDTA via buffer exchange column 

PD-10 (section 8.4.9) according to the manufacturer instruction. Prior to use the recombinant 

ArcT in enzymatic assay, the purified protein was incubated with 0.5mM ZnCl2, or MnCl2, or 

MgCl2 or CoCl2 on ice for 2 hours  
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8.8.2. Determination of peptidase activity 

The assay was conducted at 37°C by incubating the purified recombinant ArcT with different 

substrates such as N-acetyl-L-ornithine (6mM), Dansyl-Ala-Arg-OH trifluoroacetate (0.5mM) 

(Bachem), H-Ala-Arg-OH (6mM) (Bachem), H-Ala-Asp-OH (6mM) (Bachem), Ala-Ala-Arg-OH 

(6mM (BioCat) (Table 7.27). Briefly, a total reaction volume of 1ml was set up containing 

substrate, metal ions such as Zn2+, Mn2+, Mg2+ and Co2+ (0.5mM) and 1.5mM DTT as a reducing 

agent (when needed) in 25mM Tris buffer (pH 7.5). The reaction mixture was pre-incubated 

for 10 minutes at 37°C. The reaction was initiated by adding 40-50µg Apo-ArcT protein and 

ions reconstituted ArcT protein. Time zero (0) sample was taken without incubation while the 

remaining reaction mixture was incubated at 37°C in water bath. Two-hundred µl samples 

were taken out from the reaction mixture at different time points and immediately stored on 

dry ice. Finally, the samples were heated at 65°C for 10 min to inactivate recombinant ArcT 

and were frozen on dry ice. Samples were stored at -20°C until use for the LC/MS analysis. 

 

8.8.3. Determination of N-acetyl-ornithinase activity 

The substrate N-acetyl-ornithine was incubated with purified recombinant ArcT to determine 

deacetylase activity. A total reaction volume of 1ml was set up, which include a final 

concentration of 6mM N-acetyl-L-ornithine, 1.5mM DTT, 25mM Tris buffer (pH 7.5) and 0.01- 

0.5mM ions such as Zn2+, Mn2+, Mg2+ and Co2+. The reaction mixture was pre-incubated for 10 

minutes at 37°C in water bath. The reaction was initiated by adding 50µg of Apo-rArcT protein 

and ions reconstituted ArcT protein. A two-hundred µl volume sample as time zero (0) was 

taken without incubation and the remaining reaction mixture was incubated at 37°C. Two 

hundred µl samples were taken out from the reaction mixture at different time points and 

were immediately frozen on dry ice.  

 

8.8.4. Liquid chromatography mass spectrometry (LCMS) analysis 

The substrate and product concentration was estimated by LCMS19 analysis in collaboration 

with Dr. Annett Mikolasch from the Department of Bacterial Physiology, University of 

Greifswald. For quantification, a standard solution of each substrate and product (0.1% and 

0.01%) was analysed by LCMS to estimate the corresponding peak area. 

                                                           
19 LCMS analysis was carried out in collaboration with Dr. Annett Mikolasch from the Department of Bacterial 
Physiology, University of Greifswald 
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8.9. Nitrogen metabolism: 15N-isotopologue profiling 

8.9.1. Cultivation for 15N-labelling experiments 

To provide an insight into the nitrogen metabolism of S. pneumoniae, the nitrogen metabolism 

was studied by isotopologue profiling in S. pneumoniae. For this, a batch of stock culture was 

prepared, supplemented with 15N-labelled glutamine or 15N-labelled arginine or with an 15N-

labelled amino acids mixture (Table 7.13). For the isotopologue profiling S. pneumoniae wild-

type and isogenic mutants were cultured initially on blood agar plates for 8 hours at 37°C. The 

bacterial growth was re-inoculated on second blood agar plate with appropriate antibiotics 

and incubated for 8-9 hours at 37°C provided with 5% CO2. The bacteria were then cultured in 

40 ml chemically-defined medium (CDM) supplemented with 2mM labelled 15N2-glutamine or 

15N4-arginine up to mid log phase (OD600nm 0.6 and 0.8 depending on the strain). Growth was 

interrupted by supplementation of 10 mM sodium azide and the culture was harvested by 

centrifugation at 4000 g 4°C for 10 minutes. The supernatants were discarded and sediments 

were washed three times with 1xPBS (pH 7.4) followed by inactivation at 121°C for 20 min and 

were stored at -20°C till further use. 

 

8.9.2. Protein hydrolysis 

For the isotopologue profiling20, protein-derived amino acids (1mg) of the dried cell pellet was 

dissolved in 500µl of 6M HCl. Subsequently sample was incubated at 105°C for 24h as 

described earlier (Eylert et al., 2010). Hydrogen chloride was eliminated under a steam of 

nitrogen 70°C and the remaining residue was treated in 200ml of acetic acid. The sample was 

purified using a cation exchange column of Dowex 50Wx8 (HÞ form, 200-400 mesh, 5-10 mm), 

which was previously washed with 1ml of MeOH and 1ml of ddH2O. The column was evolved 

with 2ml of ddH2O (eluate -1) and 1ml of 4M ammonium hydroxide (eluate-2). 

 

8.9.3. Amino acids derivatization  

The residue of eluate-2, which consists of protein-derived amino acids as well as ornithine and 

urea, was dried under a stream of nitrogen at 70°C and split up into two portions. For the 

analysis of protein-derived amino acids and urea, one aliquot of eluate-2 was dissolved in a 

                                                           
20 The 15N-isotopologue profiling experiment was performed in collaboration with the research group of                       
Prof. Wolfgang Eisenreich, Department of Chemistry, Technical University of München, Germany. 
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mixture of 50ml dry acetonitrile and 50ml N-(Tert-butyldimethylsilyl)-N-methyl-

trifluoroacetamide (MBTFA) (sigma) and incubated for 30°C min at 70°C. The resulting TBDMA 

derivatives were used in GC/MS analysis. Due to degradation by acid hydrolysis, amino acids 

tryptophan, arginine and cysteine could not be analysed.  

For the analysis arginine and ornithine an aliquot of the cation exchange eluate-2 was dried 

under stream of nitrogen and dissolved in 200µl of 3M methanolic HCl. The mixture is heated 

up to 70°C for 30 minutes and dried under a stream of nitrogen. The residue was dissolved in 

50µl of trifluoroacetic acid anhydride, which was followed for heating at 140°C for 10 min. The 

mixture was dried again, dissolved in 100µl of anhydrous ethyl acetate and subjected to 

GC/MS analysis (Halket et al., 2005). 

 

8.9.4. Gas chromatography-mass spectrometry (GC-MS) analysis 

The GC-MS21 analysis was performed with a QP2010 Plus gas chromatograph/mass 

spectrometer (Shimadzu) equipped with a fused silica capillary column (Equity TM-5; 30 m, 

0.25 mm, 0.25 mm film thickness; SUPELCO) and a quadrupole detector working with electron 

impact ionization at 70 eV. An amount of 0.1 to 6µl of derivatized sample was injected in 1:5 

split mode at an interface temperature of 260°C and a helium inlet pressure of 70 kPa. 

Selected ion monitoring was used with a sampling rate of 0.5 s and LABSOLUTION software 

(Shimadzu) was used for data collection and analysis. All samples were measured three times 

for technical replicate. 15N-excess values and isotopologue compositions were calculated as 

previously described (Eylert et al., 2008).  

 

8.9.5. Detection of amino acids by GC-MS 

For the amino acid analysis, the column was heated up at 150°C for 3 minutes after injection 

of the sample that was followed with temperature gradient of 7°C min-1 to a final temperature 

of 280°C and this temperature was held for further 3 minutes. The amino acids alanine (6.7 

min), glycine (7.0 min), valine (8.5 min), leucine (9.1 min), isoleucine (9.5 min), proline (10.1 

min), serine (13.2 min), phenylalanine (14.5 min), aspartate (15.4 min), glutamate (16.8 min), 

lysine (18.1 min), histidine (20.4 min), tyrosine (21.0 min) were detected and isotopologue 

calculation were performed with m/z [M-57] + or m/z [M-85] +. 

                                                           
21 The 15N-isotopologue profiling experiment was performed in collaboration with research group of                       
Prof. Wolfgang Eisenreich, Department of Chemistry, Technical University of München, Germany. 
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8.9.6. Detection of urea by GC-MS 

General GC-MS conditions for urea detections were same as described for amino acids TBDMS 

derivatives. Briefly, the column was held at 90°C for 3 min and then developed with a 

temperature gradient of 10°C min-1 to a final temperature of 300°C that was held for 3 min. 

The retention time of the TBDMS-urea derivative was 14.2 min. For analysis 15N-excess 

calculation were performed with m/z 231 [M-57] +. 

 

8.9.7. Detection of arginine and ornithine by GC-MS  

For arginine and ornithine detection, general GC-MS22 conditions were same as described in 

section 8.9.5. For TFA-methester derivatives, the column was held at 70°C for 3 minutes and 

then developed with a temperature gradient of 10°C per minutes to a final temperature of 

200°C that was held for 3 minutes. The retention time for the ornithine-TFA-methylester was 

14 min, for arginine-TFA-methylester 17.2 min. the molecular mass of the ornithine derivative 

is 338, for the arginine derivative it is 476. 15N-excess calculations were performed with m/z 

307 and 407 [M-CF3] +, which are fragments that still contain all nitrogen atoms of ornithine 

or arginine (Darbre and Islam 1968). 

 

8.10 Computer assisted structure analysis of ArcT protein 

Homology modeling calculations and the template search was performed using the Molecular 

Operating Environment (MOE) software suite (version 2018.1) with default parameters, 

except where otherwise specified23. The sequence of ArcT (SP_2153) was aligned to the PepV 

(PDB 1LFW) and Sapep/DapE (PDB 3KI9) templates. The structural alignment of both unveiled 

a highly similar tertiary structure. A total of 5 main chain with 10 sidechain models each were 

calculated at a temperature of 300K with the PepV template. Metal ions were simply copied 

from the template crystal structures, since coordinating amino acids had the same position 

and orientation. The final homology model was protonated with Protonate3D and energy-

optimized. 

                                                           
22 The 15N-isotopologue profiling experiment was performed in collaboration with research group of                       
Prof. Wolfgang Eisenreich, Department of Chemistry, Technical University of München, Germany. 
23 Computer based homology modeling was performed by Lukas Schulig Department of Pharmacy, University of 
Greifswald. 
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8.11 Statistical analysis 
All the data raised in this work are the average of three independent experiment indicated 

with standard deviation (±SD). Statistical analysis of the nitrogen metabolism and growth 

behaviour were performed using Graph Pad Prism 5 and excel sheet. The result was 

statistically evaluated using unpaired two tailed student T-test. Statistical significance with P-

value < 0.01 and P < 0.001 were considered statistically significant. 

 

8.12 Bioinformatic tools used in this study 

For the genome sequence of S. pneumoniae KEGG genes and genomes 

(https://www.genome.jp/kegg/) and Uniprot (https://www.uniprot.org/) were used. The 

orthologue and paralogue were also search under the heading of KEGG genes and genomes. 

The KEGG pathway database was used for the analysis of molecular interaction, reactions and 

enzymes and predicted transporters (https://www.genome.jp/kegg/pathway.html). For the 

detailed analysis of biosynthesis and degradation of specific amino acids KEGG biosynthesis of 

amino acids (https://www.genome.jp/kegg-

bin/show_pathway?map=map01230&show_description=show) was used. For the DNA and 

protein sequence alignment BlastN and blastP were used 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&BLAST

_SPEC=&LINK_LOC=blasttab&LAST_PAGE=blastp) respectively. For the multiple sequence 

alignment Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) was used. For the 

prediction of leader sequence SignalP 4.0 Server (http://www.cbs.dtu.dk/services/SignalP-

4.0/) was used. The prediction of transmembrane domains in proteins were analysed by using 

TMHMM v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/).  

 

8.13 Figures 

Figures in this study were created and modified in Graph Pad prism, Adobe illustrator (Ai) and 

Power point. Serial cloner version 2.0 was used to construct theoretical maps. All the original 

figures were saved in Adobe Photoshop version 6.0. 
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10 Appendix 

10.1 List of abbreviations 
 

% Percent 

α: Alpha       CXCL2: Chemokines 

β: Beta       DMSO: Dimethyl sulfoxide  

γ: Gamma      DNA: Deoxyribonucleic acid 

2-OG: 2-oxoglutarate     DTT: Dithiothreitol  

AAA: Aromatic amino acids    Erm: Erythromycine 

AD: Arginine deiminase      EDTA: Ethylene diamine-tetra acetic acid  

ABC: ATP-binding cassette transporters   ETC: Electron transport chain 

ADS: Arginine deiminase system     EMP: Embden-Meyerhof-Parnas  

AP: Alkaline phosphatase     EMSA: Electrophoretic mobility shift assay 

ADP: Adenosine diphosphate     FL-1-H: Fluorescence intensity 

Ami-AliA/AliB: Oligopeptide uptake transporter  FACS: Fluorescence activated cell sorting 

ATP: Adenosine triphosphate    FDR: False-discovery rate 

ArgR1/ArgR2/AhrC: Transcriptional regulators   FCS: Fetal calf serum 

ArgGH: Arginine biosynthetic gene       GlnHPQ: Glutamine transporter 

BBB: Blood Brain Barrier     GlnA: Glutamine synthetase 

BCAA: Branch chain amino acids     GdhA: Glutamate dehydrogenase 

BCIP: 5-Brom-4-chlor-3-indolylphosphat-p-Toluidin   GC-MS: Gas chromatography mass spectrometry 

BlastP: Basic local alignment search tool   HCO3: Bicarbonate 

BSA: Bovine serum albumin     HCL: Hydrochloric acid 

CAP: Community-Acquired Pneumonia    HK: Histidine kinase 

CBB: Coomassie brilliant blue    IMAC: Ion affinity chromatography 

CBPs: Choline-binding proteins     IEX: Ion exchange 

CCR: Carbon catabolite repression     IgG: Immunoglobulin 

CDM: Chemically-defined medium    IPD: Invasive pneumococcal disease 

CFU: colony forming unit     IPTG: Isopropyl-D-thio galactopyranoside 

CO2: Carbon dioxide      IL-1β: Interleukin 1 beta 

CDC: Cholesterol-dependent cytolysins    Km: Kanamycine 

Cre: Cyclization recombination    LB: Luria Bertani 

Cm: Chloramphenicol      LC-MS: Liquid chromatography mass spectrometry 

CK: Carbamate kinase      ComE: Response regulator 

CSP: Competence stimulating peptides   CPS: Capsular polysaccharides 

ComD: Histidine kinase receptor    CSF: Cerebrospinal fluid 
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TEMED: Tetramethyl-ethylene-diamine   MS: Mass spectrometry  

TCA: Tri-carboxylic acid      MTHF: Methylen tetrahydrofolate  

TCS: Two-component system     NADH: Nicotinamide adenine dinucleotide 

TAE: Tris-Acetate-EDTA     NBDs: Nucleotide binding domains  

SP: S. pneumoniae     NBT: Nitro blue tetrazolium  

STM: Signature tagged-mutagenesis    NH3: Ammonia 

NO: Nitric Oxide      TEV: Tobacco etch virus 

RNA: Ribonucleic acid     TE buffer: Tris-EDTA buffer 

OCT: Ornithine carbamoyltransferase    TED: (Ni- (tris (carboxymethyle) ethylene diamine 

OD: Optical density     THY: Todd Hewitt broth + yeast 

OM: Otitis media      TMDs: Transmembrane domains 

PBS: Phosphate-buffered saline    VT: Vaccine type  

PCR: Polymerase chain reaction    WBCs: White blood cells 

PCV: Pneumococcal conjugate vaccine    RBC: Red blood cells 

PEP: Phosphoenol pyruvate     

PepV: Peptidase V 

PIC: Protease inhibitor cocktail  

PFA: Paraformaldehyde  

Ply: Pneumolysin  

PMSF: Phenyl methyl sulfonyl fluoride   

PPP: Pentose phosphate pathway 

PPV: Pneumococcal Polysaccharide Vaccine  

PTS: Phosphotransferase system  

pH: Power of hydrogen 

qPCR: Quantitative PCR 

RPMI: Roswell Park Memorial Institute 

RR: Response regulator  

SBPs: Substrate-binding proteins  

SDS-PAGE: SDS-polyacrylamide gel electrophoresis 

SHMT: Serine-hydroxymethyltransferase  

MBTFA: N-(Tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide 

FESEM: Field emission scanning electron microscopy 

TMHMM: Transmembrane Helices Hidden Markov Models 
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10.2 Numerical values of 15N-isotopologue profiling 
15N-excess (mol %) and standard deviation of amino acids derived from 15N2-labelled 

glutamine, 15N4-labelled arginine and 15N-amino acid mixture. The data presented here are 

measurement of 3-biological replicates and 2-technical replicates 

 

Table 10.1.  Isotopologue profiling data of Streptococcus pneumoniae TIGR4∆cps using 
15N-amino-acid mixture + 15N2-glutamine  

T4 A1 SD T4 A2 SD T4 A3 SD T4 A4 SD T4 A7 SD T4 A8 SD 

Ala 59,47 % 0,11 % 59,40 % 0,04 % 60,22 % 0,20 % 60,51 % 0,28 % 62,48 % 0,05 % 62,40 % 0,05 % 

Asp 27,73 % 0,25 % 27,75 % 0,12 % 26,95 % 0,44 % 27,04 % 0,12 % 27,71 % 0,21 % 27,78 % 0,24 % 

Glu 55,66 % 0,21 % 55,81 % 0,14 % 55,54 % 0,06 % 55,58 % 0,13 % 58,17 % 0,04 % 58,15 % 0,37 % 

Gly 65,45 % 0,17 % 65,36 % 0,09 % 68,37 % 0,04 % 63,78 % 0,13 % 64,70 % 0,08 % 63,62 % 0,44 % 

His 82,64 % 0,24 % 82,91 % 0,23 % 82,13 % 0,41 % 83,51 % 0,12 % 82,94 % 0,31 % 84,24 % 0,43 % 

Ile 81,78 % 0,07 % 81,51 % 0,32 % 82,54 % 0,09 % 82,69 % 0,12 % 83,50 % 0,11 % 83,58 % 0,12 % 

Leu 81,21 % 0,11 % 81,00 % 0,07 % 82,21 % 0,11 % 82,43 % 0,05 % 83,13 % 0,19 % 83,26 % 0,15 % 

Lys 42,30 % 0,28 % 42,63 % 0,02 % 41,99 % 0,20 % 42,34 % 0,11 % 42,72 % 0,11 % 42,87 % 0,07 % 

Met 79,92 % 4,43 % 82,64 % 2,32 % 84,02 % 0,24 % 83,95 % 0,39 % 84,82 % 0,34 % 84,73 % 0,24 % 

Phe 78,03 % 0,25 % 77,84 % 0,20 % 79,23 % 0,19 % 79,27 % 0,18 % 80,02 % 0,16 % 80,30 % 0,06 % 

Pro 68,31 % 0,18 % 68,32 % 0,29 % 70,85 % 0,15 % 71,24 % 0,18 % 73,73 % 0,05 % 73,45 % 0,05 % 

Ser 67,60 % 0,17 % 67,63 % 0,39 % 69,51 % 0,28 % 69,95 % 0,41 % 67,48 % 0,30 % 67,53 % 0,35 % 

Thr 47,99 % 0,56 % 48,07 % 1,17 % 48,61 % 0,08 % 48,76 % 0,09 % 48,88 % 0,06 % 48,85 % 0,20 % 

Tyr 80,70 % 0,59 % 80,41 % 0,46 % 81,30 % 0,17 % 81,52 % 0,08 % 82,53 % 0,03 % 82,42 % 0,50 % 

Val 83,82 % 0,08 % 83,57 % 0,92 % 84,33 % 0,11 % 84,49 % 0,42 % 85,53 % 0,13 % 85,75 % 0,24 % 

Arg 47,65 % 0,35 % 49,14 % 0,16 % 49,59 % 0,55 % 51,89 % 1,26 % 53,17 % 1,44 % 55,27 % 1,01 % 

Orn 55,32 % 0,27 % 55,54 % 0,46 % 52,59 % 1,05 % 56,83 % 0,84 % 56,64 % 0,70 % 58,35 % 0,46 % 

Urea 3,40 % 0,24 % 3,15 % 0,21 % 2,43 % 0,31 % 9,04 % 0,27 % 5,04 % 0,08 % 15,67 % 0,14 % 

 
 
Table 10.2. M+ 1-4 represent the number of labelled nitrogen atoms in arginine, ornithine 

derived from 15N-amino-acid mixture + 15N2-glutamine in TIGR4 

Arg TIGR4∆cps SD 

M+1 0,30% 0,37% 

M+2 0,03% 0,04% 

M+3 2,19% 1,11% 

M+4 49,38% 2,63% 

Orn     

M+1 0,86% 0,20% 

M+2 55,45% 2,03% 

M+3     

M+4     
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Table 10.3.  Isotopologue profiling data of Streptococcus pneumoniae D39∆cps using 15N- 
amino-acid mixture + 15N2-glutamine 

 
D39 A1 SD D39 A2 SD D39 A3 SD D39 A4 SD D39 A5 SD D39 A6 SD 

Ala 54,45% 0,29 % 54,39% 0,11 % 54,77% 0,25 % 55,11% 0,07 % 53,66% 0,04 % 53,89% 0,30 % 

Asp 31,63% 0,26 % 31,72% 0,15 % 32,78% 0,25 % 32,88% 0,26 % 31,56% 0,23 % 31,26% 0,23 % 

Glu 51,01% 0,16 % 51,02% 0,12 % 51,51% 0,13 % 51,37% 0,28 % 51,10% 0,28 % 51,39% 0,39 % 

Gly 87,02% 0,15 % 86,46% 0,10 % 82,73% 0,08 % 86,92% 0,09 % 73,11% 0,17 % 73,49% 0,09 % 

His 89,88% 0,45 % 89,42% 0,17 % 92,14% 0,01 % 92,13% 0,20 % 86,87% 0,20 % 87,24% 0,06 % 

Ile 86,15% 0,18 % 85,96% 0,15 % 87,75% 0,11 % 87,53% 0,11 % 83,62% 0,11 % 83,74% 0,02 % 

Leu 86,67% 0,22 % 86,53% 0,16 % 88,50% 0,11 % 87,43% 0,40 % 83,28% 0,38 % 84,04% 0,05 % 

Lys 45,19% 0,08 % 45,03% 0,24 % 46,05% 0,14 % 46,19% 0,07 % 43,84% 0,06 % 43,76% 0,13 % 

Met 92,36% 2,68 % 90,23% 0,55 % 92,75% 0,42 % 92,82% 0,26 % 87,88% 0,51 % 88,11% 0,33 % 

Phe 85,97% 0,61 % 85,97% 0,23 % 88,20% 0,26 % 88,23% 0,18 % 83,52% 0,26 % 83,83% 0,24 % 

Pro 55,20% 0,27 % 55,05% 0,28 % 55,07% 0,17 % 55,47% 0,07 % 54,24% 0,14 % 54,48% 0,09 % 

Ser 88,16% 0,29 % 88,11% 0,03 % 90,47% 0,21 % 90,47% 0,25 % 84,89% 0,26 % 84,91% 0,08 % 

Thr 52,64% 0,31 % 53,03% 0,09 % 55,22% 0,11 % 55,24% 0,02 % 52,47% 0,13 % 52,58% 0,08 % 

Tyr 84,28% 0,35 % 84,27% 0,56 % 86,35% 0,31 % 86,34% 0,22 % 82,64% 0,23 % 83,19% 0,09 % 

Val 90,3% 0,02 % 90,13% 0,37 % 92,45% 0,29 % 92,30% 0,13 % 87,45% 0,12 % 87,75% 0,08 % 

Arg 50,32% 0,29 % 49,84% 0,47 % 54,80% 0,49 % 53,84% 0,44 % 51,97% 0,29 % 52,53% 0,59 % 

Orn 44,61% 0,17 % 44,75% 2,50 % 43,82% 0,74 % 47,45% 1,17 % 45,02% 0,72 % 48,82% 1,41 % 

Urea 2,14 % 0,17 % 2,26 % 0,10 % 6,11 % 0,12 % 4,53 % 0,10 % 5,83 % 0,08 % 6,61 % 0,15 % 

 
 
 

Table 10.4. M+ 1-4 represent the number of labelled nitrogen atoms in arginine and 
ornithine derived from 15N-amino-acid mixture + 15N2-glutamine in D39. 

Arg D39∆cps SD 

M+1 0,58% 0,89% 

M+2 0,04% 0,04% 

M+3 1,58% 0,12% 

M+4 50,86% 2,12% 

Orn     

M+1 0,87% 0,35% 

M+2 45,31% 2,03% 

M+3     

M+4     
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Table 10.5 Isotopologue profiling data of Streptococcus pneumoniae TIGR4∆cps using 
15N2-glutamine   

T4 A1 SD T4 A2 SD T4 A3 SD T4 A4 SD T4 A5 SD T4 A6 SD 

Ala 32,99% 0,09 % 31,35% 0,05 % 32,06% 0,34 % 31,09% 0,25 % 30,98% 0,21 % 30,03% 0,07 % 

Asp 17,64% 0,08 % 17,70% 0,11 % 17,41% 0,28 % 17,34% 0,24 % 16,41% 0,16 % 16,45% 0,28 % 

Glu 35,39% 0,13 % 35,44% 0,09 % 34,56% 0,75 % 34,11% 0,23 % 33,75% 0,42 % 33,74% 0,35 % 

Gly 8,62 % 0,09 % 9,67 % 0,07 % 8,60 % 0,05 % 9,05 % 0,12 % 8,81 % 0,11 % 9,54 % 0,16 % 

His 0,09 % 0,16 % 0,11 % 0,19 % 0,02 % 0,03 % 0,04 % 0,06 % 0,00 % 0,00 % 0,07 % 0,02 % 

Ile 9,40 % 0,34 % 9,44 % 0,18 % 9,23 % 0,47 % 9,07 % 0,42 % 8,43 % 0,07 % 8,49 % 0,08 % 

Leu 10,24% 0,03 % 10,33% 0,19 % 9,77 % 0,31 % 9,63 % 0,37 % 8,66 % 0,34 % 8,70 % 0,14 % 

Lys 0,24 % 0,09 % 0,15 % 0,03 % 0,06 % 0,04 % 0,05 % 0,05 % 0,03 % 0,05 % 0,13 % 0,05 % 

Met 4,95 % 0,35 % 5,78 % 3,75 % 4,95 % 0,73 % 4,33 % 0,32 % 3,30 % 0,75 % 3,06 % 0,62 % 

Phe 14,98% 0,15 % 15,29% 0,18 % 16,12% 0,03 % 15,82% 0,63 % 13,26% 0,08 % 13,93% 0,54 % 

Pro 15,44% 0,33 % 15,55% 0,17 % 14,75% 0,51 % 14,69% 0,07 % 13,40% 0,17 % 13,50% 0,36 % 

Ser 8,14 % 0,17 % 8,28 % 0,28 % 5,55 % 0,14 % 5,63 % 0,40 % 6,59 % 0,13 % 6,31 % 0,30 % 

Thr 23,19% 0,39 % 23,27% 0,70 % 24,90% 0,03 % 24,76% 0,85 % 23,62% 0,66 % 23,93% 0,27 % 

Tyr 7,44 % 0,24 % 7,43 % 0,28 % 6,85 % 0,30 % 6,92 % 0,30 % 5,83 % 0,48 % 5,42 % 0,31 % 

Val 2,98 % 0,07 % 3,03 % 0,06 % 2,85 % 0,33 % 2,61 % 0,29 % 2,37 % 0,21 % 2,50 % 0,21 % 

Arg 0,33 % 0,13 % 0,91 % 0,12 % 0,13 % 0,11 % 1,86 % 0,06 % 0,65 % 0,10 % 1,50 % 0,02 % 

Orn 1,10 % 0,10 % 1,30 % 0,39 % 0,40 % 0,09 % 0,82 % 0,13 % 1,24 % 0,05 % 0,70 % 0,08 % 

Urea 5,26 % 0,07 % 1,77 % 0,08 % 3,80 % 0,17 % 2,47 % 0,13 % 5,38 % 0,06 % 1,68 % 0,18 % 

 

 
Table 10.6 Isotopologue profiling data of Streptococcus pneumoniae D39∆cps using 15N2-

glutamine  
 D39 A1 SD D39 A2 SD D39 A3 SD D39 A4 SD D39 A5 SD D39 A6 SD 

Ala 49,26% 0,16 % 47,07% 0,03 % 49,08% 0,26 % 48,63% 0,16 % 52,27% 0,20 % 51,67% 0,11 % 

Asp 27,3% 0,03 % 27,34% 0,08 % 28,39% 0,34 % 28,59% 0,11 % 29,45% 0,26 % 29,57% 0,13 % 

Glu 51,54% 0,14 % 51,41% 0,11 % 51,45% 0,09 % 51,20% 0,14 % 55,64% 0,21 % 55,33% 0,12 % 

Gly 0,82 % 0,09 % 1,10 % 0,06 % 0,77 % 0,02 % 0,86 % 0,06 % 0,67 % 0,06 % 0,72 % 0,09 % 

His 0,00 % 0,00 % 0,08 % 0,13 % 0,01 % 0,02 % 0,08 % 0,05 % 0,00 % 0,00 % 0,01 % 0,01 % 

Ile 24,22% 0,18 % 24,15% 0,08 % 24,80% 0,16 % 24,69% 0,42 % 28,09% 0,52 % 27,71% 0,34 % 

Leu 22,93% 0,13 % 23,04% 0,11 % 23,06% 0,40 % 22,97% 0,68 % 26,40% 0,26 % 26,43% 0,27 % 

Lys 0,08 % 0,04 % 0,05 % 0,05 % 0,02 % 0,03 % 0,07 % 0,03 % 0,00 % 0,00 % 0,02 % 0,04 % 

Met 6,29 % 0,38 % 6,75 % 0,35 % 6,02 % 0,53 % 6,17 % 0,59 % 8,44 % 0,31 % 8,14 % 0,44 % 

Phe 19,94% 0,21 % 19,99% 0,05 % 23,09% 0,49 % 23,13% 0,33 % 26,01% 0,11 % 25,59% 0,43 % 

Pro 44,26% 0,21 % 44,30% 0,14 % 44,02% 0,14 % 44,06% 0,16 % 44,08% 0,06 % 43,78% 0,31 % 

Ser 0,59 % 0,06 % 0,27 % 0,21 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 

Thr 39,51% 0,19 % 39,06% 0,13 % 42,83% 0,07 % 43,28% 0,20 % 44,43% 0,10 % 44,25% 0,47 % 

Tyr 11,52% 0,06 % 11,36% 0,18 % 13,32% 0,41 % 12,66% 0,20 % 14,42% 0,23 % 14,35% 0,81 % 

Val 7,48 % 0,15 % 7,34 % 0,11 % 7,13 % 0,05 % 7,04 % 0,07 % 9,10 % 0,09 % 9,40 % 0,31 % 

Arg 0,53 % 0,13 % 0,80 % 0,24 % 2,09 % 0,36 % 1,18 % 0,10 % 0,00 % 0,00 % 1,75 % 0,20 % 

Orn 2,94 % 0,69 % 3,51 % 1,12 % 2,21 % 0,23 % 3,43 % 0,84 % 2,28 % 0,60 % 0,00 % 0,00 % 

Urea 10,18% 0,25 % 1,52 % 0,09 % 6,97 % 0,19 % 5,97 % 0,22 % 4,52 % 0,10 % 11,14% 0,13 % 
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Table 10.7. Isotopologue profiling data of Streptococcus pneumoniae TIGR4∆cps using 
15N4-arginine  

 T4 A3 SD T4 A4 SD T4 A5 SD T4 A6 SD T4 A7 SD T4 A8 
 

Ala 
22,68% 0,14 % 22,86% 0,13 % 24,37% 0,48 % 24,31% 0,10 % 21,56% 0,20 % 21,41% 0,22 % 

Asp 
11,64% 0,45 % 12,17% 0,26 % 12,67% 0,35 % 12,51% 0,18 % 10,90% 0,06 % 10,92% 0,44 % 

Glu 
25,23% 0,18 % 24,58% 0,24 % 26,65% 0,30 % 26,48% 0,10 % 23,70% 0,17 % 23,57% 0,42 % 

Gly 
6,70 % 0,14 % 6,55 % 0,09 % 7,32 % 0,02 % 7,30 % 0,09 % 6,57 % 0,10 % 6,68 % 0,15 % 

His 
0,28 % 0,25 % 0,05 % 0,09 % 0,13 % 0,23 % 0,05 % 0,08 % 1,13 % 0,07 % 0,55 % 0,26 % 

Ile 
4,17 % 0,41 % 4,79 % 0,29 % 4,40 % 0,49 % 4,62 % 0,17 % 4,43 % 0,27 % 4,50 % 0,15 % 

Leu 
5,08 % 0,34 % 5,42 % 0,19 % 5,23 % 0,22 % 5,01 % 0,42 % 4,95 % 0,18 % 4,96 % 0,06 % 

Lys 
0,74 % 0,16 % 0,56 % 0,15 % 0,65 % 0,10 % 0,71 % 0,01 % 0,34 % 0,14 % 0,24 % 0,14 % 

Met 
2,26 % 0,80 % 2,01 % 0,61 % 1,86 % 1,07 % 1,84 % 0,08 % 2,34 % 1,06 % 2,28 % 0,64 % 

Phe 
9,26 % 0,59 % 9,90 % 0,37 % 9,61 % 0,44 % 8,98 % 0,16 % 10,40% 0,21 % 10,12% 0,44 % 

Pro 
6,15 % 0,26 % 6,74 % 0,09 % 7,17 % 0,17 % 7,27 % 0,36 % 7,79 % 0,37 % 7,92 % 0,16 % 

Ser 
4,42 % 0,24 % 4,14 % 0,23 % 5,20 % 0,24 % 5,67 % 0,20 % 4,37 % 0,14 % 4,28 % 0,15 % 

Thr 
16,85% 0,89 % 17,20% 0,32 % 17,83% 0,50 % 17,46% 0,41 % 15,87% 0,76 % 16,02% 0,65 % 

Tyr 
3,28 % 1,08 % 3,05 % 0,52 % 3,27 % 0,88 % 3,36 % 0,54 % 3,30 % 0,28 % 3,89 % 0,28 % 

Val 
1,45 % 0,09 % 0,91 % 0,07 % 1,34 % 0,28 % 1,31 % 0,25 % 1,26 % 0,10 % 1,43 % 0,42 % 

Arg 
83,36% 2,67 % 76,22% 0,30 % 78,70% 0,68 % 83,23% 2,91 % 97,48% 1,11 % 97,19% 1,74 % 

Orn 
94,44% 0,04 % 95,68% 0,08 % 95,88% 0,08 % 96,23% 0,11 % 95,81% 0,07 % 96,72% 0,12 % 

Urea 
7,85 % 0,10 % 15,82% 0,11 % 9,80 % 0,06 % 11,12% 0,09 % 9,56 % 0,04 % 11,22% 0,12 % 

 
 

Table 10.8. M+ 1-4 represent the number of labelled nitrogen atoms in arginine and 
ornithine derived from 15N4-arginine in TIGR4  

Arg TIGR4∆cps SD 

M+1 0,33% 0,45% 

M+2 0,07% 0,06% 

M+3 4,31% 1,10% 

M+4 82,68% 8,57% 

Orn     

M+1 2,64% 0,17% 

M+2 94,48% 0,83% 

M+3     

M+4     
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Table 10.9 Isotopologue profiling data of Streptococcus pneumoniae D39∆cps using 15N4-
arginine  

 D39 
A1 

SD D39 
A2 

SD D39 
A3 

SD D39 
A4 

SD D39 
A5 

SD D39 
A6 

SD 

Ala 
0,43 % 0,14 % 0,30 % 0,23 % 0,11 % 0,11 % 0,69 % 0,30 % 0,43 % 0,14 % 0,36 % 0,14 % 

Asp 
0,09 % 0,15 % 0,09 % 0,14 % 0,00 % 0,00 % 0,11 % 0,10 % 0,00 % 0,00 % 0,07 % 0,12 % 

Glu 0,00 % 0,00 % 0,23 % 0,05 % 0,00 % 0,00 % 0,13 % 0,14 % 0,26 % 0,36 % 0,06 % 0,11 % 

Gly 
0,08 % 0,07 % 0,15 % 0,10 % 0,03 % 0,05 % 0,24 % 0,07 % 0,20 % 0,11 % 0,13 % 0,12 % 

His 
0,29 % 0,09 % 0,21 % 0,05 % 0,32 % 0,24 % 0,21 % 0,08 % 0,00 % 0,00 % 0,14 % 0,13 % 

Ile 
0,01 % 0,01 % 0,03 % 0,05 % 0,00 % 0,00 % 0,04 % 0,07 % 0,00 % 0,00 % 0,00 % 0,00 % 

Leu 
0,06 % 0,08 % 0,19 % 0,17 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 

Lys 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 

Met 
0,00 % 0,00 % 0,00 % 0,00 % 0,06 % 0,11 % 0,00 % 0,00 % 0,05 % 0,09 % 0,00 % 0,00 % 

Phe 
0,74 % 0,24 % 0,72 % 0,12 % 0,88 % 0,73 % 1,01 % 0,68 % 0,29 % 0,28 % 0,82 % 0,23 % 

Pro 0,07 % 0,08 % 0,12 % 0,12 % 0,10 % 0,09 % 0,19 % 0,16 % 0,00 % 0,00 % 0,10 % 0,18 % 

Ser 
0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 

Thr 1,30 % 0,12 % 1,57 % 0,21 % 1,87 % 0,49 % 1,69 % 0,12 % 1,77 % 0,48 % 1,67 % 0,42 % 

Tyr 0,09 % 0,16 % 0,00 % 0,00 % 0,12 % 0,14 % 0,15 % 0,27 % 0,06 % 0,10 % 0,00 % 0,00 % 

Val 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00% 0,00 % 0,00 % 0,00 % 

Arg 
88,30% 0,44 % 88,83% 0,20 % 82,58% 0,41 % 83,98% 0,10 % 86,58% 2,19 % 85,68% 0,49 % 

Orn 
75,43% 0,22 % 71,32% 0,76 % 80,49% 1,17 % 83,54% 0,84 % 77,89% 0,08 % 79,44% 0,96 % 

Urea 0,44 % 0,10 % 0,92 % 0,34 % 1,17 % 0,11 % 0,73 % 0,50 % 1,41 % 0,07 % 1,53% 0,10 % 

 
 
Table 10.10 M+ 1-4 represent the number of labelled nitrogen atoms in arginine and 

ornithine derived from 15N4-arginine in D39 

Arg D39∆cps SD 

M+1 0,34% 0,18% 

M+2 0,11% 0,06% 

M+3 4,10% 0,13% 

M+4 82,78% 2,43% 

Orn     

M+1  00 %   

M+2  00 %   

M+3  00 %   

M+4  00 %   
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Table 10.11 Isotopologue profiling data of Streptococcus pneumoniae TIGR4∆cpsΔglnR 
using 15N-glutamine   

T4 X1 SD T4 X2 SD T4 X3 SD T4 X4 SD T4 X5 SD T4 X6 SD 

Ala 37,99% 0,09 % 37,66% 0,05 % 42,71% 0,65 % 42,80% 0,21 % 42,99% 0,06 % 42,66% 0,13 % 

Asp 10,16  0,18 % 9,80 % 0,32 % 13,46  0,13 % 12,46  0,25 % 11,56  0,20 % 10,70  0,19 % 

Glu 59,55  0,16 % 55,48  0,08 % 60,35  0,27 % 59,46  0,14 % 57,77  0,24 % 54,67  0,08 % 

Gly 3,30 % 0,06 % 3,21 % 0,06 % 3,45 % 0,10 % 3,43 % 0,12 % 3,47 % 0,10 % 3,54 % 0,09 % 

His 0,27 % 0,42 % 0,04 % 0,08 % 0,39 % 0,45 % 1,35 % 1,01 % 0,64 % 0,36 % 0,06 % 0,03 % 

Ile 5,97 % 0,14 % 6,03 % 0,31 % 7,45 % 0,04 % 7,98 % 0,20 % 7,32 % 0,29 % 6,81 % 0,29 % 

Leu 5,49 % 0,18 % 5,75 % 0,06 % 6,40 % 0,34 % 6,73 % 0,36 % 6,45 % 0,18 % 6,28 % 0,32 % 

Lys 0,96 % 0,11 % 0,71 % 0,15 % 1,00 % 0,34 % 0,71 % 0,09 % 0,68 % 0,12 % 0,69 % 0,05 % 

Met 1,81 % 0,37 % 1,95 % 1,21 % 2,69 % 2,93 % 3,58 % 0,96 % 1,35 % 2,33 % 1,46 % 0,16 % 

Phe 9,79 % 0,19 % 10,05  0,66 % 11,38%  0,39 % 11,49  0,28 % 10,54% 0,43 % 10,96% 0,19 % 

Pro 4,19 % 0,17 % 4,00 % 0,19 % 5,84 % 0,17 % 5,69 % 0,10 % 5,55 % 0,21 % 5,37 % 0,01 % 

Ser 0,83 % 0,10 % 0,46 % 0,22 % 0,47 % 0,23 % 0,46 % 0,23 % 0,55 % 0,22 % 0,68 % 0,42 % 

Thr 13,59% 0,49 % 13,45% 0,28 % 14,91% 0,35 % 15,26% 0,12 % 15,05% 0,24 % 14,99% 0,36 % 

Tyr 3,48 % 0,45 % 3,28 % 0,28 % 4,36 % 0,56 % 3,93 % 0,35 % 3,22 % 0,02 % 3,55 % 0,37 % 

Val 1,96 % 0,07 % 1,48 % 0,09 % 1,83 % 0,28 % 2,34 % 0,24 % 2,00 % 0,33 % 1,62 % 0,28 % 

Arg 2,05 % 1,92 % 0,92 % 0,64 % 1,62 % 0,96 % 1,80 % 1,93 % 2,20 % 2,02 % 2,21 % 1,65 % 

Orn 0,03 % 0,01 % 0,00 % 0,00 % 0,07 % 0,07 % 0,02 % 0,03 % 0,06 % 0,05 % 0,00 % 0,00 % 

Urea 4,49 % 0,16 % 5,86 % 0,14 % 4,96 % 0,12 % 3,85 % 0,07 % 4,00 % 0,10 % 8,25 % 0,02 % 

 

 
Table 10.12 Isotopologue profiling data of Streptococcus pneumoniae D39∆cpsΔglnR 

using 15N-glutamine  

 
D39 X1 SD D39 X2 SD D39 X3 SD D39 X4 SD D39 X5 SD D39 X6 SD 

Ala 70,92% 0,12 % 70,73% 0,10 % 70,59% 0,17 % 68,16% 0,37 % 70,64% 0,11 % 70,27% 0,06 % 

Asp 17,62% 0,15 % 17,80% 0,14 % 17,39% 0,15 % 17,21% 0,36 % 17,54% 0,21 % 17,64% 0,05 % 

Glu 77,10% 0,04 % 76,63% 0,20 % 76,07% 0,17 % 74,24% 0,24 % 76,58% 0,08 % 76,43% 0,10 % 

Gly 0,47 % 0,02 % 0,32 % 0,13 % 0,48 % 0,10 % 0,35 % 0,09 % 0,63 % 0,13 % 0,34 % 0,06 % 

His 0,05 % 0,08 % 0,09 % 0,10 % 0,14 % 0,12 % 0,06 % 0,10 % 0,06 % 0,11 % 0,09 % 0,12 % 

Ile 12,85% 0,37 % 12,79% 0,24 % 12,85% 0,20 % 13,09% 0,31 % 12,35% 0,12 % 12,89% 0,29 % 

Leu 10,11% 0,09 % 10,23% 0,12 % 10,38% 0,21 % 10,57% 0,11 % 10,10% 0,19 % 10,34% 0,25 % 

Lys 1,09 % 0,03 % 1,29 % 0,12 % 1,33 % 0,13 % 1,39 % 0,16 % 1,07 % 0,16 % 1,14 % 0,08 % 

Met 3,39 % 0,13 % 3,48 % 0,14 % 3,16 % 0,68 % 3,52 % 0,22 % 3,77 % 0,29 % 3,45 % 0,25 % 

Phe 12,38% 0,57 % 12,27% 0,18 % 11,99% 0,17 % 12,19% 0,21 % 13,37% 0,50 % 13,18% 0,29 % 

Pro 51,41% 0,13 % 51,16% 0,30 % 50,40% 0,04 % 48,63% 0,15 % 51,68% 0,19 % 51,12% 0,13 % 

Ser 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 

Thr 26,81% 0,53 % 27,40% 0,11 % 26,46% 0,43 % 26,57% 0,06 % 28,09% 0,50 % 28,10% 0,34 % 

Tyr 5,36 % 0,94 % 5,72 % 0,28 % 5,49 % 0,27 % 5,36 % 0,54 % 6,27 % 0,16 % 6,43 % 0,52 % 

Val 1,94 % 0,16 % 2,25 % 0,19 % 2,20 % 0,17 % 2,07 % 0,35 % 2,17 % 0,15 % 1,99 % 0,45 % 

Arg 1,09 % 1,25 % 13,94% 19,03% 4,02 % 3,70 % 2,41 % 1,51 % 2,97 % 2,44 % 0,99 % 0,69 % 

Orn   
 

  
 

  
 

  
 

  
 

  
 

Urea 4,58 % 0,07 % 5,18 % 0,14 % 6,80 % 0,15 % 5,53 % 0,08 % 5,25 % 0,11 % 4,89 % 0,10 % 
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Table 10.13  Isotopologue profiling data of Streptococcus pneumoniae TIGR4∆cpsΔargR2 
using 15N4-arginine    

T4 X1 SD T4 X2 SD T4 X3 SD T4 X4 SD T4 X5 SD T4 X6 SD 

Ala 0,23 % 0,06 % 0,17 % 0,18 % 0,30 % 0,05 % 0,25 % 0,26 % 0,14 % 0,08 % 3,37 % 0,08 % 

Asp 0,02 % 0,03 % 0,04 % 0,06 % 0,00 % 0,00 % 0,08 % 0,13 % 0,00 % 0,00 % 4,03 % 0,20 % 

Glu 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,11 % 0,20 % 0,00 % 0,00 % 4,90 % 0,34 % 

Gly 0,04 % 0,05 % 0,04 % 0,05 % 0,11 % 0,11 % 0,11 % 0,18 % 0,00 % 0,00 % 2,29 % 0,01 % 

His 0,14 % 0,13 % 0,41 % 0,20 % 0,12 % 0,11 % 0,06 % 0,10 % 0,01 % 0,02 % 1,61 % 0,05 % 

Ile 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 4,09 % 0,07 % 

Leu 0,00 % 0,00 % 0,02 % 0,03 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 4,61 % 0,13 % 

Lys 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 2,78 % 0,19 % 

Met 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 4,88 % 0,05 % 

Phe 0,95 % 0,28 % 0,66 % 0,21 % 1,01 % 0,23 % 0,88 % 0,32 % 0,99 % 0,26 % 9,92 % 0,20 % 

Pro 0,09 % 0,12 % 0,06 % 0,11 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 5,31 % 0,08 % 

Ser 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 2,08 % 0,20 % 

Thr 1,56 % 0,44 % 1,91 % 0,21 % 1,92 % 0,28 % 1,90 % 0,40 % 1,85 % 0,25 % 6,25 % 0,25 % 

Tyr 0,15 % 0,27 % 0,00 % 0,00 % 0,00 % 0,00 % 0,12 % 0,21 % 0,00 % 0,00 % 9,10 % 0,12 % 

Val 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 4,93 % 0,24 % 

Arg 97,51% 1,88 % 98,37% 0,74 % 95,41% 1,80 % 98,10% 0,27 % 84,19% 11,76% 96,28% 0,00 % 

Orn 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 0,00 % 2,77 % 0,00 % 

Urea 1,48 % 0,11 % 2,33 % 0,18 % 1,53 % 0,14 % 1,49 % 0,07 % 2,01 % 0,08 % 2,77 % 0,12 % 
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10.3 N-acetyl-ornithinase activity of the recombinant ArcT protein 
The catalytic activity of N-acetyl-ornithinase with purified recombinant ArcT was determined 

while using N-acetyl-L-ornithine as a substrate under standard buffer conditions. The product 

ornithine was measured by LC-MS. 

 
10.3.1 Deacetylase activity of ArcT, using N-acetyl-L-ornithine as a substrate in the presence 

of different concentration of Mn2+
  

 

 

 
10.3.2 Deacetylase activity of ArcT, using N-acetyl-L-ornithine as a substrate in the presence 

of MnCl2  

  

 

  

 

 

 

 

10.3.3 Deacetylase activity of ArcT in the presence of CoCl2  

 

 

 

 

 

Concentration N-acetyl-L-ornithine Ornithine 

Apo 1027267 0 

0.01 1075633 18946 

0.1 1021418 10448 

0.5 1119428 4255 

1.0 1087016 0 

Time Blank N-acetyl-L-Ornithine Ornithine 

0 2184387 1068283 0 

10 2120542 1025658 3359 

20 2102154 1078017 3671 

60 1981362 1074492 4742 

Time N-acetyl-L-ornithine Ornithine 

0 2625984 113310 

15 2023381 186312 

30 1991351 260167 
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10.4 Amino acids sequence alignment among AmiA, AliA and AliB 

10.4.1  Protein sequence alignment between AmiA (spd_1671) and AliA (spd_0334) 
 

AmiA spd_1671 vs. AliA spd_0334 
Identity:  392/662 (59.2%) 
 

AmiAMspd_1671      1 MKKNRVFATAGLVLLAAGVLAACSSSKSSDSSAPKAYGYVYTADPETLDY 50 

                     ||.:::.|.||:.||||..|||||.|.|| :...|.:.|:|..||:.|:| 

AliA spd_0334      1 MKSSKLLALAGVTLLAATTLAACSGSGSS-AKGEKTFSYIYETDPDNLNY 49 

 

EMBOSS_001        51 LISSKNSTTVVTSNGIDGLFTNDNYGNLAPAVAEDWEVSKDGLTYTYKIR 100 

                     |.::|.:|..:|||.:|||..||.|||..|::||||.||||||||||.|| 

EMBOSS_001        50 LTTAKAATANITSNVVDGLLENDRYGNFVPSMAEDWSVSKDGLTYTYTIR 99 

 

EMBOSS_001       101 KGVKWFTSDGEEYAEVTAKDFVNGLKHAADKKSEAMYLAENSVKGLADYL 150 

                     |..||:||:|||||.|.|:|||.|||:||||||:|:||.:.|:|||..|: 

EMBOSS_001       100 KDAKWYTSEGEEYAAVKAQDFVTGLKYAADKKSDALYLVQESIKGLDAYV 149 

 

EMBOSS_001       151 SGTSTDFSTVGVKAVDDYTLQYTLNQPEPFWNSKLTYSIFWPLNEEFETS 200 

                     .|...|||.||:||:|:.|:|||||:||.|||||.|..:..|:||||..| 

EMBOSS_001       150 KGEIKDFSQVGIKALDEQTVQYTLNKPESFWNSKTTMGVLAPVNEEFLNS 199 

 

EMBOSS_001       201 KGSDFAKPTDPTSLLYNGPFLLKGLTAKSSVEFVKNEQYWDKENVHLDTI 250 

                     ||.||||.|||:|||||||:|||.:..||||||.||..||||:|||:|.: 

EMBOSS_001       200 KGDDFAKATDPSSLLYNGPYLLKSIVTKSSVEFAKNPNYWDKDNVHIDKV 249 

 

EMBOSS_001       251 NLAYYDGSDQESLERNFTSGAYSYARLYPTSSNYSKVAEEYKDNIYYTQS 300 

                     .|:::||.|......||..|:.:.|||||||::::::.:..||||.|||. 

EMBOSS_001       250 KLSFWDGQDTSKPAENFKDGSLTAARLYPTSASFAELEKSMKDNIVYTQQ 299 

 

EMBOSS_001       301 GSGIAGLGVNIDRQSYNYTSKTTDSEKVATKKALLNKDFRQALNFALDRS 350 

                     .|....:|.|||||||.|||||:|.:|.:|||||||||||||:.|..||: 

EMBOSS_001       300 DSITYLVGTNIDRQSYKYTSKTSDEQKASTKKALLNKDFRQAIAFGFDRT 349 

 

EMBOSS_001       351 AYSAQINGKDGAALAVRNLFVKPDFVSAGEKTFGDLVAAQLPAYGDEWKG 400 

                     ||::|:||:.||:..:|||||.|.||.|..|.|||:|..:|..||||||. 

EMBOSS_001       350 AYASQLNGQTGASKILRNLFVPPTFVQADGKNFGDMVKEKLVTYGDEWKD 399 

 

EMBOSS_001       401 VNLADGQDGLFNADKAKAEFAKAKKALEADGVQFPIHLDVPVDQASKNYI 450 

                     |||||.||||:|.:||||||||||.||:|:||.||||||:||||.:...: 

EMBOSS_001       400 VNLADSQDGLYNPEKAKAEFAKAKSALQAEGVTFPIHLDMPVDQTATTKV 449 

 

EMBOSS_001       451 SRIQSFKQSVETVLGVENVVVDIQQMTSDEFLNITYYAANASSEDWDVSG 500 

                     .|:||.|||:|..||.:||::||||:..||..||||:|.||:.||||:|. 

EMBOSS_001       450 QRVQSMKQSLEATLGADNVIIDIQQLQKDEVNNITYFAENAAGEDWDLSD 499 

 

EMBOSS_001       501 GVSWGPDYQDPSTYLDILKTTSSETTKTYLGFDN-PNSPSVVQVGLKEYD 549 

                     .|.||||:.||||||||:|.:..|:||||||||: .::.:..:|||.:|: 

EMBOSS_001       500 NVGWGPDFADPSTYLDIIKPSVGESTKTYLGFDSGEDNVAAKKVGLYDYE 549 

 

EMBOSS_001       550 KLVDEAAKETSDLNVRYEKYAAAQAWLTDSSLFIPAMASSGAAPVLSRIV 599 

                     |||.||..||:|:..||:||||||||||||:|.||..:.:|. |:||::| 

EMBOSS_001       550 KLVTEAGDETTDVAKRYDKYAAAQAWLTDSALIIPTTSRTGR-PILSKMV 598 

 

EMBOSS_001       600 PFTGASAQTGSKGSD--VYFKYLKLQDKAVTKEEYEKAREKWLKEKAESN 647 

                     |||...|.:|:||:.  |.:|||:|||||||.:||:||:|||:|||.||| 

EMBOSS_001       599 PFTIPFALSGNKGTSEPVLYKYLELQDKAVTVDEYQKAQEKWMKEKEESN 648 

 

EMBOSS_001       648 EKAQKELASHVK    659 

                     :|||::||.||| 

EMBOSS_001       649 KKAQEDLAKHVK    660 
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10.4.2 Protein sequence alignment between AmiA (spd_1671) and AliB (spd_1357) 

AmiA spd_1671 vs. AliB spd_1357 
Identity: 373/662 (56.3%) 
 

AmiA spd_1671      1 MKKNR--VFATAGLVLLAAGVLAACSSSKSSDSSAPKAYGYVYTADPETL 48 

                     |||::  ....|||||....:|:||.:|    |:|.|.|.|||::||.:| 

AliBEspd_1357      1 MKKSKSKYLTLAGLVLGTGVLLSACGNS----STASKTYNYVYSSDPSSL 46 

 

EMBOSS_001        49 DYLISSKNSTTVVTSNGIDGLFTNDNYGNLAPAVAEDWEVSKDGLTYTYK 98 

                     :||..::.:|:.:.:|.:|||..||.|||:.|::||||.||:|||||||| 

EMBOSS_001        47 NYLAENRAATSDIVANLVDGLLENDQYGNIIPSLAEDWTVSQDGLTYTYK 96 

 

EMBOSS_001        99 IRKGVKWFTSDGEEYAEVTAKDFVNGLKHAADKKSEAMYLAENSVKGLAD 148 

                     :||..|||||:|||||.|||:|||.||::||||||||:||.::||.||.| 

EMBOSS_001        97 LRKDAKWFTSEGEEYAPVTAQDFVTGLQYAADKKSEALYLVQDSVAGLDD 146 

 

EMBOSS_001       149 YLSGTSTDFSTVGVKAVDDYTLQYTLNQPEPFWNSKLTYSIFWPLNEEFE 198 

                     |::|.::|||||||||:||.|:||||.:||.:||||...:|.:|:|.:|. 

EMBOSS_001       147 YITGKTSDFSTVGVKALDDQTVQYTLVKPELYWNSKTLATILFPVNADFL 196 

 

EMBOSS_001       199 TSKGSDFAKPTDPTSLLYNGPFLLKGLTAKSSVEFVKNEQYWDKENVHLD 248 

                     .|||.||.| .||:|:|||||||:|.|.:||::|:.||..|||.:||.:| 

EMBOSS_001       197 KSKGDDFGK-ADPSSILYNGPFLMKALVSKSAIEYKKNPNYWDAKNVFVD 245 

 

EMBOSS_001       249 TINLAYYDGSDQESLERNFTSGAYSYARLYPTSSNYSKVAEEYKDNIYYT 298 

                     .:.|.|||||||||||||||:|||:.|||:|.||:|..:.|:||:||.|: 

EMBOSS_001       246 DVKLTYYDGSDQESLERNFTAGAYTTARLFPNSSSYEGIKEKYKNNIIYS 295 

 

EMBOSS_001       299 QSGSGIAGLGVNIDRQSYNYTSKTTDSEKVATKKALLNKDFRQALNFALD 348 

                     ...|.......|:||:||||||||:|.||.:|::|:|||:||||:|||.| 

EMBOSS_001       296 MQNSTSYFFNFNLDRKSYNYTSKTSDIEKKSTQEAVLNKNFRQAINFAFD 345 

 

EMBOSS_001       349 RSAYSAQINGKDGAALAVRNLFVKPDFVSAGEKTFGDLVAAQLPAYGDEW 398 

                     |::|.||..||:||...:|||.|.|:|||...|.||::||:::..||.|| 

EMBOSS_001       346 RTSYGAQSEGKEGATKILRNLVVPPNFVSIKGKDFGEVVASKMVNYGKEW 395 

 

EMBOSS_001       399 KGVNLADGQDGLFNADKAKAEFAKAKKALEADGVQFPIHLDVPVDQASKN 448 

                     :|:|.|||||..:|.:||||:||:|||.|||.|||||||||..|:...|. 

EMBOSS_001       396 QGINFADGQDPYYNPEKAKAKFAEAKKELEAKGVQFPIHLDKTVEVTDKV 445 

 

EMBOSS_001       449 YISRIQSFKQSVETVLGVENVVVDIQQMTSDEFLNITYYAANASSEDWDV 498 

                     .|..:.|.|||:|:|||.:|||:||||:|||||.:..|:|..|:.:|:|: 

EMBOSS_001       446 GIQGVSSIKQSIESVLGSDNVVIDIQQLTSDEFDSSGYFAQTAAQKDYDL 495 

 

EMBOSS_001       499 SGGVSWGPDYQDPSTYLDILKTTSSETTKTYLGFDNPNSPSVVQ-VGLKE 547 

                     ..| .||||||||||||||..|.|....:. ||.:...:....: |||.. 

EMBOSS_001       496 YHG-GWGPDYQDPSTYLDIFNTNSGGFLQN-LGLEPGEANDKAKAVGLDV 543 

 

EMBOSS_001       548 YDKLVDEAAKETSDLNVRYEKYAAAQAWLTDSSLFIPAMASSGAAPVLSR 597 

                     |.::::||.|| .|...||||||..||||.||||.:|:: |.|..|.|.| 

EMBOSS_001       544 YTQMLEEANKE-QDPAKRYEKYADIQAWLIDSSLVLPSV-SRGGTPSLRR 591 

 

EMBOSS_001       598 IVPFTGASAQTGSKGSDVYFKYLKLQDKAVTKEEYEKAREKWLKEKAESN 647 

                     .|||..|...||:||.:.| ||||:|||.||.:||.||||||||||.||| 

EMBOSS_001       592 TVPFAAAYGLTGTKGVESY-KYLKVQDKIVTTDEYAKAREKWLKEKEESN 640 

 

EMBOSS_001       648 EKAQKELASHVK    659 

                     :|||:|||.||| 

EMBOSS_001       641 KKAQEELAKHVK    652 
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10.4.3 Protein sequence alignment between AliA (spd_0334) and AliB (spd_1357) 
 

AliA spd_0334 vs AliB spd_1357 
Identity:     387/662 (58.5%) 
 

AliAEspd_0334      1 MKSSK--LLALAGVTLLAATTLAACSGSGSSAKGEKTFSYIYETDPDNLN 48 

                     ||.||  .|.|||:.|.....|:||   |:|:...||::|:|.:||.:|| 

AliBMspd_1357      1 MKKSKSKYLTLAGLVLGTGVLLSAC---GNSSTASKTYNYVYSSDPSSLN 47 

 

EMBOSS_001        49 YLTTAKAATANITSNVVDGLLENDRYGNFVPSMAEDWSVSKDGLTYTYTI 98 

                     ||...:|||::|.:|:||||||||:|||.:||:||||:||:|||||||.: 

EMBOSS_001        48 YLAENRAATSDIVANLVDGLLENDQYGNIIPSLAEDWTVSQDGLTYTYKL 97 

 

EMBOSS_001        99 RKDAKWYTSEGEEYAAVKAQDFVTGLKYAADKKSDALYLVQESIKGLDAY 148 

                     ||||||:||||||||.|.||||||||:|||||||:||||||:|:.|||.| 

EMBOSS_001        98 RKDAKWFTSEGEEYAPVTAQDFVTGLQYAADKKSEALYLVQDSVAGLDDY 147 

 

EMBOSS_001       149 VKGEIKDFSQVGIKALDEQTVQYTLNKPESFWNSKTTMGVLAPVNEEFLN 198 

                     :.|:..|||.||:||||:|||||||.|||.:|||||...:|.|||.:||. 

EMBOSS_001       148 ITGKTSDFSTVGVKALDDQTVQYTLVKPELYWNSKTLATILFPVNADFLK 197 

 

EMBOSS_001       199 SKGDDFAKATDPSSLLYNGPYLLKSIVTKSSVEFAKNPNYWDKDNVHIDK 248 

                     ||||||.|| ||||:|||||:|:|::|:||::|:.|||||||..||.:|. 

EMBOSS_001       198 SKGDDFGKA-DPSSILYNGPFLMKALVSKSAIEYKKNPNYWDAKNVFVDD 246 

 

EMBOSS_001       249 VKLSFWDGQDTSKPAENFKDGSLTAARLYPTSASFAELEKSMKDNIVYTQ 298 

                     |||:::||.|......||..|:.|.|||:|.|:|:..:::..|:||:|:. 

EMBOSS_001       247 VKLTYYDGSDQESLERNFTAGAYTTARLFPNSSSYEGIKEKYKNNIIYSM 296 

 

EMBOSS_001       299 QDSITYLVGTNIDRQSYKYTSKTSDEQKASTKKALLNKDFRQAIAFGFDR 348 

                     |:|.:|....|:||:||.|||||||.:|.||::|:|||:|||||.|.||| 

EMBOSS_001       297 QNSTSYFFNFNLDRKSYNYTSKTSDIEKKSTQEAVLNKNFRQAINFAFDR 346 

 

EMBOSS_001       349 TAYASQLNGQTGASKILRNLFVPPTFVQADGKNFGDMVKEKLVTYGDEWK 398 

                     |:|.:|..|:.||:||||||.|||.||...||:||::|..|:|.||.||: 

EMBOSS_001       347 TSYGAQSEGKEGATKILRNLVVPPNFVSIKGKDFGEVVASKMVNYGKEWQ 396 

 

EMBOSS_001       399 DVNLADSQDGLYNPEKAKAEFAKAKSALQAEGVTFPIHLDMPVDQTATTK 448 

                     .:|.||.||..||||||||:||:||..|:|:||.||||||..|:.|.... 

EMBOSS_001       397 GINFADGQDPYYNPEKAKAKFAEAKKELEAKGVQFPIHLDKTVEVTDKVG 446 

 

EMBOSS_001       449 VQRVQSMKQSLEATLGADNVIIDIQQLQKDEVNNITYFAENAAGEDWDLS 498 

                     :|.|.|:|||:|:.||:|||:||||||..||.::..|||:.||.:|:||. 

EMBOSS_001       447 IQGVSSIKQSIESVLGSDNVVIDIQQLTSDEFDSSGYFAQTAAQKDYDLY 496 

 

EMBOSS_001       499 DNVGWGPDFADPSTYLDIIKPSVGESTKTYLGFDSGEDNVAAKKVGLYDY 548 

                     .. |||||:.||||||||...:.|...:. ||.:.||.|..||.|||..| 

EMBOSS_001       497 HG-GWGPDYQDPSTYLDIFNTNSGGFLQN-LGLEPGEANDKAKAVGLDVY 544 

 

EMBOSS_001       549 EKLVTEAGDETTDVAKRYDKYAAAQAWLTDSALIIPTTSRTGRPILSKMV 598 

                     .:::.||..|. |.||||:|||..||||.||:|::|:.||.|.|.|.:.| 

EMBOSS_001       545 TQMLEEANKEQ-DPAKRYEKYADIQAWLIDSSLVLPSVSRGGTPSLRRTV 593 

 

EMBOSS_001       599 PFTIPFALSGNKGTSEPVLYKYLELQDKAVTVDEYQKAQEKWMKEKEESN 648 

                     ||...:.|:|.||...   ||||::|||.||.|||.||:|||:||||||| 

EMBOSS_001       594 PFAAAYGLTGTKGVES---YKYLKVQDKIVTTDEYAKAREKWLKEKEESN 640 

 

EMBOSS_001       649 KKAQEDLAKHVK    660 

                     |||||:|||||| 

EMBOSS_001       641 KKAQEELAKHVK    652 
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Table 10.14: Condition selected for SpectraST database 

Condition/ Strain Number of proteins identified 

D39 (6 samples) 434 

D39 lux (3 samples) 438 

D39 SP257 (4 samples) 441 

D39 lux PN149 (3 samples) 267 

SP257 paraquat (2 samples) 420 

SP257 H2O2 (2 samples) 660 

SP257 heat (2 samples) 716 

SP257 NaOCl (2 samples) 707 

PN306 D39cpsA rex (2 samples) 540 

Bacteria on filter (10 samples) 658 

 

 

10.5 Proteins with differential abundance between S.p. D39ΔcomDE or S.p. 

 D39ΔaliB strains and the wild-type strain  
Proteins with a p-value of 0.05 or less and an absolute fold change of at least 1.5 were 

regarded as significantly regulated. Furthermore, proteins, which were quantified in all 

replicates of one condition and not detected in all replicates of the comparison condition 

(mutant or wt, early or mid-exponential phase), were classified as regulated with an on-off 

effect. In addition, less stringent criteria, which allowed the quantification of a protein in one 

of four replicates in one condition while requiring quantification in all replicates of the other 

condition and an absolute fold change of at least 2, were applied for further defining on-off 

regulated proteins.  

  

Table 10.15  Regulated proteins (n=24) in the comparison of S.p. D39ΔcomDE strain and 

S.p. D39 wild-type strain in early exponential growth phase.  

  

       Growth phase early exp.    mid-exp. growth phase    growth phaseearly 

exp.    mid-exp. growth phase  
identifier  gene  description  

  fold  sign.a    changefold  sign.a    
change  

fold  sign.a    changefold   sign.a  
change  

spd_0102 | 
spd_rs00535  sdhA  

L-serine dehydratase, 
iron-sulfur-dependent 
subunit alpha  
(EC:4.3.1.17)  

  1.56  s.    1.13  n.s.    1.13  n.s.    1.41  N/A  

spd_0114 | 
spd_rs00600  

namex 
120  hypothetical protein    -4.09  off    1.17  n.s.    N/A  off    -3.30  N/A  

spd_0115 | 
spd_rs00605  

namex 
121  hypothetical protein    -2.70  off    1.01  n.s.    N/A  off    N/A  off  

spd_0203 | 
spd_rs01095  rplN  

5S ribosomal protein  
L14    1.55  s.    1.30  s.    1.14  n.s.    1.15  n.s.  

spd_0308 | 
spd_rs01645  clpL  

ATP-dependent Clp 
protease, ATP-binding  
subunit    1.69  s.    1.54  s.    1.76  s.    2.72  s.  

spd_0489 | 
spd_rs02610  

namex 
520  hypothetical protein    1.50  s.    1.20  N/A    1.19  n.s.    -1.03  n.s.  

spd_0608 | 
spd_rs03250  pyrF  

orotidine 5-phosphate 
decarboxylase 
(EC:4.1.1.23)    2.78  s.    1.28  N/A    2.08  n.s.    1.23  n.s.  

  Δ comDE 
  vs. . wt 

  Δ aliB 
  vs. . wt 
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spd_0609 | 
spd_rs03255  pyrE  

orotate 
phosphoribosyltransferase 
(EC:2.4.2.1)    1.99  s.    -1.15  n.s.    1.36  n.s.    1.01  n.s.  

spd_0696 | 
spd_rs03690  

namex 
735  

MutT/nudix family protein  
  N/A  on    1.09  N/A    N/A  on    1.23  N/A  

spd_0852 | 
spd_rs04545  pyrDb  

dihydroorotate 
dehydrogenase 1B  
(EC:1.3.98.1)    2.65  s.    -1.01  n.s.    2.03  n.s.    1.02  n.s.  

spd_1131 | 
spd_rs05980  carB  

carbamoyl phosphate 
synthase large subunit  
(EC:6.3.5.5)    2.35  s.    1.09  n.s.    1.71  n.s.    1.16  n.s.  

spd_1133 | 
spd_rs05990  pyrB  

aspartate 
carbamoyltransferase 
catalytic subunit 
(EC:2.1.3.2)  

  1.99  s.    1.18  n.s.    1.59  n.s.    1.17  s.  

spd_1134 | 
spd_rs05995  pyrR  

bifunctional pyrimidine 
regulatory protein 
PyrR/uracil 
phosphoribosyltransferase 
(EC:2.4.2.9)  

  1.87  s.    1.29  n.s.    1.64  s.    1.21  n.s.  

spd_1334 | 
spd_rs07025  atpC  

FF1 ATP synthase subunit 
epsilon (EC:3.6.3.14)  

  1.55  s.    1.13  n.s.    1.29  s.    -1.12  n.s.  

spd_1485 | 
spd_rs07835  recR  

recombination protein 
RecR    N/A  on    1.46  N/A    N/A  N/A    1.25  N/A  

spd_1667 | 
spd_rs08820  amiF  

oligopeptide ABC 
transporter ATPbinding 
protein AmiF    -1.53  s.    -1.50  s.    -1.59  s.    -1.27  s.  

spd_1668 | 
spd_rs08825  amiE  

oligopeptide ABC 
transporter ATPbinding 
protein AmiE    -1.82  s.    -1.95  s.    -1.92  s.    -1.74  s.  

spd_1669 | 
spd_rs08830  amiD  

oligopeptide ABC  
transporter permease  
AmiD    -2.92  s.    -2.93  s.    -2.04  s.    -1.97  s.  

spd_1670 | 
spd_rs08835  amiC  

oligopeptide ABC 
transporter permease  
AmiC    -2.83  s.    -3.16  s.    -2.42  s.    -2.43  s.  

spd_1793 | 
spd_rs09475  

namex 
1888  

universal stress protein 
family protein    1.76  s.    1.30  n.s.    -1.19  n.s.    1.28  n.s.  

spd_1848 | 
spd_rs09755  

namex 
1944  hypothetical protein    1.52  s.    1.13  n.s.    1.16  n.s.    1.19  N/A  

spd_1908 | 
spd_rs10050  rr4  response regulator    1.67  s.    1.35  n.s.    1.41  n.s.    1.30  n.s.  

spd_2000 | 
spd_rs10505  adcR  

adc operon repressor AdcR  
  N/A  on    1.30  n.s.    N/A  N/A    1.41  n.s.  

spd_2063 | 
spd_rs10830  

comE  response regulator  
ComE    N/A  off  

  N/A  off  
  -1.02  0.83  

  17.05  n.s.  

a significance level or on-off effect (s. – significant with p ≤ 0.05; n.s. – not significant with p > 0.05; N/A – p-value not available; on – on-off 

effect: quantified only in mutant; off – on-off effect: not quantified in mutant)  
Because of missing intensity values in the proteomics data set, not all fold change values could be calculated. Those are indicated by „N/A“.  
  

 
Table 10.16.  Regulated proteins (n=11) in the comparison of S.p. D39ΔcomDE strain and 

S.p. D39 wild-type strain in mid-exponential growth phase.  

   

       growth phaseearly exp.    mid-exp. growth phase    growth phaseearly 

exp.    mid-exp. growth phase  
identifier  gene  description  

  fold  
change  

sign.a  
  fold  

change  
sign.a  

  fold  
change  

sign.a  
  fold  

change  
sign.a  

spd_0308 | 
spd_rs01645  clpL  

ATP-dependent Clp 
protease, ATP-binding 
  subunit  1.69   s.    1.54   s.    1.76   s.    2.72  s.  

spd_0697 | 
spd_rs03695  

namex 
736  

GNAT family    
acetyltransferase  N/A  N/A    N/A  on    N/A  N/A    N/A  on  

spd_0989 | 
spd_rs05280  rplU  

5S ribosomal protein    
L21  1.40   s.    1.53   s.    1.13  n.s.    1.24  n.s.  

  Δ comDE 
  vs. 

  wt 
  Δ aliB 

  vs . wt 
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spd_1621 | 
spd_rs08570  

namex 
1707  

ABC transporter ATP- 
binding protein/   
permease  

-1.17   s.    -1.66   s.    1.04  n.s.    -1.10  n.s.  

spd_1622 | 
spd_rs08575  

namex 
1708  

ABC transporter ATP- 
binding protein/   
permease  

-1.07  n.s.    -1.51   s.    1.09  n.s.    -1.13  n.s.  

spd_1668 | 
spd_rs08825  amiE  

oligopeptide ABC  
transporter ATP-   
binding protein AmiE  

-1.82   s.    -1.95   s.    -1.92   s.    -1.74  s.  

spd_1669 | 
spd_rs08830  amiD  

oligopeptide ABC 
transporter permease   
AmiD  

-2.92   s.    -2.93   s.    -2.04   s.    -1.97  s.  

spd_1670 | 
spd_rs08835  amiC  

oligopeptide ABC 
transporter permease   
AmiC  

-2.83   s.    -3.16   s.    -2.42   s.    -2.43  s.  

spd_1671 | 
spd_rs08840  amiA  

oligopeptide ABC  
transporter   
oligopeptide-binding 
protein AmiA  

-959.64  off    N/A  off    -2036.0  off    N/A  off  

spd_1900 | 
spd_rs10010  

namex 
1995  

ABC transporter ATP- 
binding protein/   
permease  

-1.03  n.s.    -1.52   s.    1.05  n.s.    -1.20  n.s.  

spd_2063 | 
spd_rs10830  comE  

response regulator   
ComE  N/A  off    N/A  off    -1.02  n.s.    17.05  n.s.  

a significance level or on-off effect (s. – significant with p ≤ 0.05; n.s. – not significant with p > 0.05; N/A – p-value not available; on – on-off 

effect:  
quantified only in mutant; off – on-off effect: not quantified in mutant)  
Because of missing intensity values in the proteomics data set, not all fold change values could be calculated. Those are indicated by „N/A“.  
    

 

 

Table 10.17. Regulated proteins (n=33) in the comparison of S.p. D39ΔaliB strain and S.p. 
D39 wild-type strain in early exponential growth phase.  

  

       growth phaseearly exp.    mid-exp. growth phase    growth phaseearly 

exp.    mid-exp. growth phase  
identifier  gene  description  

  fold  sign.a    changefold  sign.a   
change  

fold  sign.a    changefold  
 sign.a  
change  

spd_0052 | 
spd_rs00280  

namex 
56  

phosphoribosylformylglycinamidine 
synthase (EC:6.3.5.3)    -2.43  n.s.    -1.14  n.s.    -3.83  s.    -1.75  n.s.  

spd_0059 | 
spd_rs00315  purE  

phosphoribosylaminoimidazole 
carboxylase catalytic subunit 
(EC:4.1.1.21)    -1.35  n.s.    1.28  n.s.    -2.35  s.    -1.23  n.s.  

spd_0109 | 
spd_rs00570  

namex 
114  

amino acid ABC transporter 
periplasmic amino acid-binding 
protein    N/A  N/A    N/A  N/A    363.52  on    N/A  on  

spd_0110 | 
spd_rs00575  argG  

argininosuccinate synthase 
(EC:6.3.4.5)    N/A  N/A    N/A  N/A    N/A  on    N/A  on  

spd_0111 | 
spd_rs00580  argH  

argininosuccinate lyase 
(EC:4.3.2.1)    N/A  N/A    N/A  N/A    N/A  on    N/A  on  

spd_0114 | 
spd_rs00600  

namex 
120  hypothetical protein    -4.09  off    1.17  n.s.    N/A  off    -3.30  #NV  

spd_0115 | 
spd_rs00605  

namex 
121  hypothetical protein    -2.70  off    1.01  n.s.    N/A  off    N/A  off  

spd_0260 | 
spd_rs01390  rsuA-1  

ribosomal small subunit 
pseudouridine synthase A  

  1.15  n.s.    1.02  N/A    N/A  off    -1.06  N/A  

spd_0308 | 
spd_rs01645  clpL  

ATP-dependent Clp protease, ATP-
binding  
subunit    1.69  s.    1.54  s.    1.76  s.    2.72  s.  

spd_0661 | 
spd_rs03520  exp5  

PTS system transporter subunit 
IIABC (EC:2.7.1.69)  

  1.02  n.s.    -1.72  n.s.    2.14  s.    2.39  s.  

spd_0696 | 
spd_rs03690  

namex 
735  

MutT/nudix family protein  
  N/A  on    1.09  N/A    N/A  on    1.23  N/A  

  Δ comDE 
  vs . wt 

  Δ aliB 
  vs . wt 
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spd_0719 | 
spd_rs03805  

namex 
758  

amino acid ABC transporter 
permease    1.04  n.s.    -1.29  n.s.    1.91  s.    1.76  s.  

spd_0721 | 
spd_rs03815  folD  

bifunctional 5,1methylene-
tetrahydrofolate dehydrogenase/ 
5,1-methylene-tetrahydrofolate 
cyclohydrolase    -1.08  n.s.    -1.13  n.s.    1.76  s.    1.82  s.  

spd_0722 | 
spd_rs03820  

namex 
761  YjeF-like protein    N/A  N/A    -1.24  N/A    N/A  on    1.22  N/A  

spd_0981 | 
spd_rs05230  

namex 
1042  hypothetical protein    N/A  N/A    N/A  N/A    N/A  on    N/A  N/A  

spd_1037 | 
spd_rs05515  

namex 
1099  histidine triad protein    -1.48  n.s.    -1.16  n.s.    1.61  s.    1.03  n.s.  

spd_1134 | 
spd_rs05995  pyrR  

bifunctional pyrimidine regulatory 
protein PyrR/ uracil 
phosphoribosyltransferase 
(EC:2.4.2.9)    1.87  s.    1.29  n.s.    1.64  s.    1.21  n.s.  

spd_1226 | 
spd_rs06470  

namex 
1289  

amino acid ABC transporter 
amino acid-binding protein  

  -1.07  n.s.    -1.18  n.s.    4.50  s.    3.73  s.  

spd_1357 | 
spd_rs07140  aliB  

oligopeptide ABC transporter 
oligopeptide-binding protein AliB  

  -1.11  0.57    -1.06  n.s.    N/A  off    N/A  off  

spd_1518 | 
spd_rs08005  

namex 
1595  

transcriptional activator,  
Rgg/GadR/MutR  
family protein    -1.19  n.s.    -1.03  n.s.    -2.16  s.    1.05  n.s.  

spd_1607 | 
spd_rs08500  

namex 
1693  

ABC transporter permease  
  N/A  N/A    N/A  N/A    N/A  on    N/A  on  

spd_1608 | 
spd_rs08505  

namex 
1694  

ABC transporter ATPbinding protein  
  1.22  n.s.  

  -1.07  n.s.  
  32.20  s.  

  54.44  s.  

spd_1609 | 
spd_rs08510  

namex 
1695  

ABC transporter substrate-binding 
protein    1.54  n.s.    1.17  n.s.    38.40  s.    107.54  s.  

spd_1610 | 
spd_rs08515  

namex 
1696  hypothetical protein    1.37  n.s.    1.00  n.s.    24.62  s.    43.93  s.  

spd_1613 | 
spd_rs08525  galT-1  

galactose-1phosphate  
uridylyltransferase (EC:2.7.7.12)  

  N/A  N/A    N/A  N/A    N/A  on    N/A  on  

spd_1617 | 
spd_rs08545  

namex 
1702  

cell wall surface anchor family 
protein    N/A  N/A    N/A  N/A    N/A  on    N/A  on  

spd_1628 | 
spd_rs08605  xpt  

xanthine phosphoribosyltransferase  
(EC:2.4.2.22)  

  -1.55  n.s.    1.11  n.s.    -2.41  s.    -1.47  n.s.  

spd_1667 | 
spd_rs08820  amiF  

oligopeptide ABC transporter 
ATPbinding protein AmiF  

  -1.53  s.    -1.50  s.    -1.59  s.    -1.27  s.  

spd_1668 | 
spd_rs08825  amiE  

oligopeptide ABC transporter 
ATPbinding protein AmiE  

  -1.82  s.    -1.95  s.    -1.92  s.    -1.74  s.  

spd_1669 | 
spd_rs08830  amiD  

oligopeptide ABC  
transporter permease  
AmiD    -2.92  s.    -2.93  s.    -2.04  s.    -1.97  s.  

spd_1670 | 
spd_rs08835  amiC  

oligopeptide ABC  
transporter permease  
AmiC    -2.83  s.    -3.16  s.    -2.42  s.    -2.43  s.  

spd_1671 | 
spd_rs08840  amiA  

oligopeptide ABC transporter 
oligopeptide-binding protein AmiA  

  -959.64  N/A    N/A  off    -2036.0  off    N/A  off  

spd_1874 | 
spd_rs09880  

namex 
1969  

LysM domain- 
containing protein    1.19  n.s.  

  -1.00  n.s.  
  1.63  s.  

  1.13  n.s.  

a significance level or on-off effect (s. – significant with p ≤ 0.05; n.s. – not significant with p > 0.05; N/A – p-value not available; on – on-off 

effect: quantified only in mutant; off – on-off effect: not quantified in mutant)  
Because of missing intensity values in the proteomics data set, not all fold change values could be calculated. Those are indicated by „N/A“. 
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Table 10.18.  Regulated proteins (n=50) in the comparison of S.p. D39ΔaliB strain and S.p. 
D39 wild-type strain in mid-exponential growth phase.  

  

       Growth phase early exp.    mid-exp. growth phase    growth early exp. 

phase   mid-exp. growth phase  
identifier  gene  description  

  fold  sign.a    changefold  sign.a    
change  

fold  sign.a    changefold   sign.a  
change  

spd_0005 | 
spd_rs00025  pth  

peptidyl-tRNA 
hydrolase 
(EC:3.1.1.29)  

  
N/A  N/A    N/A  N/A    N/A  N/A    N/A  on  

spd_0109 | 
spd_rs00570  

namex 
114  

amino acid ABC 
transporter 
periplasmic amino 
acid-binding protein  

  
N/A  N/A    N/A  N/A    363.52  on    N/A  on  

spd_0110 | 
spd_rs00575  argG  

argininosuccinate 
synthase (EC:6.3.4.5)    N/A  N/A    N/A  N/A    N/A  on    N/A  on  

spd_0111 | 
spd_rs00580  argH  

argininosuccinate 
lyase (EC:4.3.2.1)    N/A  N/A    N/A  N/A    N/A  on    N/A  on  

spd_0115 | 
spd_rs00605  

namex 
121  hypothetical protein    -2.70  off    1.01  n.s.    N/A  off    N/A  off  

spd_0200 | 
spd_rs01080  rplP  

5S ribosomal protein  
L16    1.23  n.s.    -1.09  n.s.    1.01  n.s.    1.63  s.  

spd_0235 | 
spd_rs01260  pfl  

pyruvate formatelyase 
(EC:2.3.1.54)    1.22  N/A    N/A  N/A    N/A  N/A    N/A  on  

spd_0251 | 
spd_rs01345  rpsL  

3S ribosomal protein  
S12    -1.03  n.s.    -1.05  n.s.    1.14  n.s.    1.89  s.  

spd_0308 | 
spd_rs01645  clpL  

ATP-dependent Clp 
protease, ATP-binding  
subunit  

  
1.69  s.  

  
1.54  s.  

  
1.76  s.  

  
2.72  s.  

spd_0322 | 
spd_rs01715  cps2G  

glycoside hydrolase 
family protein 
(EC:2.4.1.-)  

  
-1.05  n.s.  

  
1.00  n.s.  

  
-1.15  n.s.  

  
1.51  s.  

spd_0402 | 
spd_rs02140  

namex 
427  hypothetical protein    1.09  N/A    1.41  n.s.    -1.43  N/A    2.39  s.  

spd_0430 | 
spd_rs02290  trkA  

potassium transporter 
peripheral membrane  
protein  

  
N/A  N/A  

  
-1.07  n.s.  

  
N/A  N/A  

  
1.68  s.  

spd_0453 | 
spd_rs02405  hsdS  

type I 
restrictionmodification 
system subunit S  

  
N/A  N/A    

1.25  n.s.    
-1.41  N/A    

2.13  s.  

spd_0466 | 
spd_rs02480  

namex 
495  hypothetical protein    N/A  N/A    N/A  N/A    N/A  N/A    N/A  on  

spd_0587 | 
spd_rs03145  

namex 
627  

short chain 
dehydrogenase/ 
reductase family 
oxidoreductase  

  
N/A  N/A  

  
-1.07  n.s.  

  
N/A  N/A  

  
1.60  s.  

spd_0661 | 
spd_rs03520  exp5  

PTS system 
transporter subunit 
IIABC (EC:2.7.1.69)  

  
1.02  n.s.  

  
-1.72  n.s.  

  
2.14  s.  

  
2.39  s.  

spd_0697 | 
spd_rs03695  

namex 
736  

GNAT family 
acetyltransferase    N/A  N/A    N/A  on    N/A  N/A    N/A  on  

spd_0719 | 
spd_rs03805  

namex 
758  

amino acid ABC 
transporter permease    1.04  n.s.    -1.29  n.s.    1.91  s.    1.76  s.  

spd_0721 | 
spd_rs03815  folD  

bifunctional 
5,1methylene-
tetrahydrofolate 
dehydrogenase/ 5,1-
methylene-
tetrahydrofolate 
cyclohydrolase  

  

-1.08  n.s.  

  

-1.13  n.s.  

  

1.76  s.  

  

1.82  s.  

spd_0814 | 
spd_rs04325  

namex 
861  

agmatine deiminase 
(EC:3.5.3.12)    N/A  N/A    N/A  N/A    -1.08  N/A    N/A  on  

spd_0960 | 
spd_rs05115  cpoA  

glycosyl transferase 
CpoA (EC:2.4.1.-)    N/A  N/A    1.52  n.s.    N/A  N/A    1.63  s.  

spd_0968 | 
spd_rs05165  

namex 
1029  

GNAT family 
acetyltransferase    N/A  N/A    N/A  N/A    N/A  N/A    N/A  on  

spd_1020 | 
spd_rs05435  rnhB  

ribonuclease HII 
(EC:3.1.26.4)    N/A  N/A    N/A  N/A    N/A  N/A    N/A  on  

spd_1171 | 
spd_rs06190  

namex 
1233  hypothetical protein    N/A  N/A    N/A  N/A    N/A  N/A    N/A  on  

  Δ comDE 
  vs . wt 

  Δ aliB 
  vs . wt 
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spd_1194 | 
spd_rs06305  

thrB  homoserine kinase 
(EC:2.7.1.39)    1.17  n.s.  

  1.10  n.s.  
  1.01  n.s.  

  1.66  s.  

spd_1226 | 
spd_rs06470  

namex 
1289  

amino acid ABC 
transporter amino 
acid-binding protein  

  
-1.07  n.s.  

  
-1.18  n.s.  

  
4.50  s.  

  
3.73  s.  

spd_1245 | 
spd_rs06565  rpsU  

3S ribosomal protein  
S21    1.10  n.s.    1.18  n.s.    1.10  n.s.    1.61  s.  

spd_1311 | 
spd_rs06890  

namex 
1373  

oxidoreductase, 
Gfo/Idh/MocA family 
protein  

  
1.24  n.s.  

  
1.14  n.s.  

  
1.13  n.s.  

  
1.72  s.  

spd_1349 | 
spd_rs07095  murC  

UDP-N- 
acetylmuramate--
Lalanine ligase 
(EC:6.3.2.8)  

  
1.03  n.s.  

  
1.16  n.s.  

  
-1.04  n.s.  

  
1.55  s.  

spd_1357 | 
spd_rs07140  aliB  

oligopeptide ABC 
transporter oligopeptide-
binding protein AliB  

  
-1.11  n.s.    -1.06  n.s.    N/A  off    N/A  off  

spd_1439 | 
spd_rs07580  rpsO  

3S ribosomal protein  
S15    1.46  n.s.    1.49  n.s.    -1.05  n.s.    5.08  s.  

spd_1514 | 
spd_rs07985  

namex 
1591  

ABC transporter 
ATPbinding protein    N/A  N/A    -1.09  n.s.    N/A  N/A    N/A  off  

spd_1516 | 
spd_rs07995  

namex 
1593  hypothetical protein    N/A  N/A    -1.52  N/A    N/A  N/A    N/A  off  

spd_1559 | 
spd_rs08230  

namex 
1640  

GTP-binding protein 
YqeH    1.13  n.s.    1.11  n.s.    -1.06  n.s.    1.73  s.  

spd_1607 | 
spd_rs08500  

namex 
1693  

ABC transporter 
permease    N/A  N/A    N/A  N/A    N/A  on    N/A  on  

spd_1608 | 
spd_rs08505  

namex 
1694  

ABC transporter 
ATPbinding protein    1.22  n.s.    -1.07  n.s.    32.20  s.    54.44  s.  

spd_1609 | 
spd_rs08510  

namex 
1695  

ABC transporter 
substrate-binding 
protein  

  
1.54  n.s.  

  
1.17  n.s.  

  
38.40  s.  

  
107.54  s.  

spd_1610 | 
spd_rs08515  

namex 
1696  hypothetical protein    1.37  n.s.    1.00  n.s.    24.62  s.    43.93  s.  

spd_1613 | 
spd_rs08525  galT-1  

galactose-1phosphate  
uridylyltransferase 
(EC:2.7.7.12)  

  
N/A  N/A    N/A  N/A    N/A  on    N/A  on  

spd_1617 | 
spd_rs08545  

namex 
1702  

cell wall surface 
anchor family protein    N/A  N/A    N/A  N/A    N/A  on    N/A  on  

spd_1658 | 
spd_rs08770  

namex 
1747  hypothetical protein    N/A  N/A    N/A  N/A    N/A  N/A    N/A  on  

spd_1668 | 
spd_rs08825  amiE  

oligopeptide ABC 
transporter 
ATPbinding protein 
AmiE  

  
-1.82  s.  

  
-1.95  s.  

  
-1.92  s.  

  
-1.74  s.  

spd_1669 | 
spd_rs08830  amiD  

oligopeptide ABC  
transporter permease  
AmiD  

  
-2.92  s.    

-2.93  s.    
-2.04  s.    

-1.97  s.  

spd_1670 | 
spd_rs08835  amiC  

oligopeptide ABC  
transporter permease  
AmiC  

  
-2.83  s.  

  
-3.16  s.  

  
-2.42  s.  

  
-2.43  s.  

spd_1671 | 
spd_rs08840  amiA  

oligopeptide ABC 
transporter oligopeptide-
binding protein AmiA  

  
-959.64  N/A    N/A  off    -2036.0  off    N/A  off  

spd_1729 | 
spd_rs09140  

namex 
1821  hypothetical protein    1.23  s.    1.03  n.s.    -1.04  n.s.    1.78  s.  

spd_1745 | 

spd_rs09230  
namex 

1839  
transcriptional 

regulator PlcR    N/A  N/A    N/A  N/A    N/A  N/A    N/A  on  

spd_1784 | 
spd_rs09430  

namex 
1879  

ABC transporter 
ATPbinding protein    -1.70  N/A    N/A  N/A    -1.86  N/A    N/A  on  

spd_1943 | 
spd_rs10230  

namex 
2038  hypothetical protein    1.25  N/A    -1.03  N/A    1.32  N/A    1.70  s.  

spd_2025 | 
spd_rs10630  

namex 
2118  

ABC transporter 
substrate-binding 
protein  

  
-1.01  n.s.  

  
1.13  n.s.  

  
-1.14  n.s.  

  
1.60  s.  

spd_2025 | 
spd_rs10630  

namex 
2118  

ABC transporter 
substrate-binding 
protein  

  
-1.01  n.s.  

  
1.13  n.s.  

  
-1.14  n.s.  

  
1.60  s.  

a significance level or on-off effect (s. – significant with p ≤ 0.05; n.s. – not significant with p > 0.05; N/A – p-value not available; on – on-off 

effect:  
quantified only in mutant; off – on-off effect: not quantified in mutant) Because of missing intensity values in the proteomics data 

set, not all fold change values could be calculated. Those are indicated by „N/A“.  
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10.6 Sequences selected for the heterologous expression of proteins 
Cloning of the heterologous gene expression vectors were carried out by amplifying the 
concerned DNA sequences from the chromosomal DNA of S. pneumoniae (D39 or TIGR4). 
 

10.6.1 Sequence for the heterologous expression of His6-AliB24  
 aliB in S. pneumoniae D39 (spd_1357) 

 
GCTAGCGGAAATTCTAGCACTGCATCAAAAACCTATAACTATGTTTATTCAAGTGATCCATCTAGTTTGAACTATCTAGC 

AGAAAACCGCGCAGCAACATCCGATATTGTTGCAAATTTGGTAGACGGGTTATTAGAAAATGACCAATATGGGAATATTA 

TTCCATCATTAGCAGAGGATTGGACTGTTTCTCAGGACGGTTTGACCTATACCTACAAACTTCGTAAGGATGCCAAGTGG 

TTTACTTCTGAGGGAGAAGAATATGCGCCTGTAACTGCCCAGGATTTTGTGACAGGTTTGCAATATGCAGCTGATAAAAA 

ATCAGAAGCTTTGTATCTAGTGCAGGACTCTGTTGCTGGTTTGGATGACTATATCACTGGTAAAACAAGCGACTTTTCAA 

CTGTCGGTGTCAAGGCACTTGATGACCAAACGGTTCAATATACTTTGGTTAAACCAGAACTTTACTGGAATTCAAAAACA 

CTTGCAACGATACTTTTTCCTGTTAATGCAGATTTCCTGAAATCAAAAGGGGATGATTTTGGGAAGGCGGATCCATCTAG 

TATTTTGTACAATGGACCTTTCTTAATGAAAGCACTTGTCTCAAAATCTGCTATTGAATATAAGAAAAACCCTAATTACT 

GGGATGCTAAGAATGTCTTTGTAGACGATGTGAAATTGACCTACTATGATGGTAGCGACCAAGAATCACTGGAACGTAAT 

TTTACAGCTGGTGCTTATACTACGGCTCGTCTTTTTCCTAACAGCTCCAGCTATGAAGGGATTAAAGAAAAATACAAAAA 

CAATATCATCTATAGTATGCAAAATTCAACTTCATATTTCTTTAATTTTAACCTAGATAGGAAGTCTTACAATTATACTT 

CTAAAACAAGTGACATTGAAAAGAAATCGACTCAGGAAGCAGTTCTCAATAAAAACTTCCGTCAGGCTATCAATTTTGCT 

TTTGACAGAACATCTTATGGGGCTCAGTCTGAAGGGAAAGAAGGTGCAACAAAGATTTTGCGTAACCTAGTGGTTCCTCC 

AAACTTTGTCAGTATCAAGGGAAAAGACTTTGGTGAAGTTGTAGCCTCTAAGATGGTCAACTATGGTAAGGAATGGCAAG 

GTATCAACTTTGCGGATGGTCAAGACCCTTACTACAATCCTGAGAAAGCCAAGGCTAAGTTTGCGGAAGCTAAGAAAGAA 

CTCGAAGCAAAGGGTGTTCAATTCCCAATCCACTTGGATAAGACTGTGGAAGTAACAGATAAAGTAGGCATACAAGGAGT 

TAGTTCTATCAAACAATCAATTGAATCTGTTTTAGGTTCTGATAATGTAGTGATTGACATTCAGCAATTAACATCAGATG 

AGTTTGACAGTTCAGGCTACTTTGCTCAAACAGCTGCTCAGAAAGACTATGATTTATATCATGGCGGTTGGGGACCTGAT 

TATCAAGACCCGTCAACCTATCTCGATATTTTTAATACTAATAGTGGAGGATTTCTGCAAAATCTTGGACTAGAGCCTGG 

TGAGGCCAATGACAAGGCTAAGGCAGTTGGACTGGATGTCTATACTCAAATGTTGGAAGAAGCTAATAAAGAACAAGATC 

CAGCCAAACGTTATGAGAAATATGCTGATATTCAAGCTTGGTTGATTGATAGTTCTTTAGTTCTTCCAAGTGTTTCGCGT 

GGGGGAACACCATCATTGAGAAGAACCGTACCATTTGCTGCTGCCTATGGTTTAACCGGTACAAAAGGGGTTGAATCATA 

TAAATACCTCAAAGTACAAGATAAGATTGTCACAACAGACGAATATGCAAAAGCTAGAGAAAAATGGTTGAAAGAAAAAG 

AAGAATCCAATAAAAAAGCCCAAGAAGAATTGGCAAAACATGTCAAATAAGAGCTC 

 

NheI:   GCTAGC 

SacI:  GAGCTC 

P1288_f: GGAAATTCTAGCACTGCATC 

P1277_r: GGCAAAACATGTCAAATAA 

 

                                                           
24 The crystallization and structure analysis of the AliB protein is under investigation in collaboration with the 
research group of Prof. Dr. Juan A. Hermoso, Department of Crystallography and Structural Biology, Instituto 
Quimica-Fisica ``Rocasolano´´, CSIC, Madrid, Spain. 
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            Native PAGE 

 

 

10.6.2 Sequence for the heterologous expression of glutamine synthetase His6-GlnA 
 glnA in S. pneumoniae D39 (spd_0502) 

 
GCTAGCCCAATCACAGCTGCAGATATTCGTCGTGAAGTCAAGGAAAAAAATGTTACCTTTATTCGTCTTATGTTCTCAGA 

TATTTTGGGAACCATGAAAAACGTCGAAATTCCTGCTACAGATGAACAGTTAGATAAGGTCTTGTCGAACAAGGTTATGT 

TTGATGGATCTTCTATTGAAGGTTTTGTACGTATCAATGAGTCGGATATGTACTTGTACCCGGACTTGGATACATGGACA 

GTCTTCCCTTGGGGAGATGAAAATGGAAGTGTTGCAGGTCTGATCTGTGATGTCTATACAACAGAAGGTGAACCATTTGC 

GGGTGACCCTCGTGGTAATTTGAAACGAGCTCTTCGTCACATGGAAGAAGTTGGATTCAAATCCTTCAACCTTGGTCCAG 

AGCCAGAATTCTTCCTATTTAAGTTGGATGAAAATGGGGACCCAACACTTGAAGTGAATGACAAGGGTGGCTACTTTGAC 

TTGGCACCTACTGACCTTGCGGACAACACACGTCGTGAGATTGTGAATGTCTTGACCAAAATGGGATTTGAAGTAGAAGC 

GAGTCACCACGAGGTTGCGGTTGGACAGCATGAGATTGACTTTAAGTACGATGAAGTTCTCCGTGCTTGTGATAAGATTC 

AAATCTTTAAGCTTGTTGTTAAAACCATTGCTCGCAAACACGGACTTTACGCAACATTTATGGCGAAGCCAAAATTTGGT 

ATTGCTGGATCAGGTATGCACTGTAATATGTCCTTGTTTGATGCAGAAGGAAATAACGCCTTCTTTGATCCAAATGATCC 

AAAAGGAATGCAGTTGTCAGAAACAGCTTACCATTTCCTAGGCGGTTTGATCAAGCATGCTTACAACTATACTGCCATCA 

TGAACCCAACAGTTAACTCATACAAACGTTTGGTTCCAGGTTATGAAGCGCCTGTTTACATTGCTTGGGCTGGTCGTAAC 

CGTTCGCCACTTGTGCGCGTACCTGCTTCACGTGGTATGGGAACTCGTCTTGAGTTGCGTTCAGTGGATCCAATGGCGAA 

CCCTTACGTTGCTATGGCTGTTCTTTTGGAAGTTGGTTTGTATGGTATTGAAAATAAAATCGAAGCACCAGCTCCTATCG 

AAGAAAATATCTACATCATGACAGCAGAAGAGCGCAAGGAAGCTGGTATTACAGACCTTCCATCAACTCTTCACAACGCT 

TTGAAAGCTTTGACAGAAGATGAAGTGGTTAAAGCTGCTCTCGGAGATCACATCTATACTAGCTTCCTTGAAGCCAAACG 

AATCGAATGGGCAAGTTATGCAACCTTCGTTTCACAATGGGAAATTGATAATTATTTAGACCTTTACTAAGTCGAC 

 

NheI:   GCTAGC   

SalI:   GTCGAC   

P1312_f:  CCAATCACAGCTGCAGATATTC 

P1313_r:  ATTATTTAGACCTTTACTAA 
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10.6.3 Sequence for the heterologous expression of glutamine transporter His6-GlnHP´  
 glnHP in S. pneumoniae D39 (spd_1098) 

ATGAAGAAAAAATTTCTAGCATTTTTGCTAATTTTATTCCCAATTTTCTCATTAGGTATTGCCAAAGCAGAAACGATTAA 

GATTGTTTCTGATACCGCCTATGCACCTTTTGAGTTTAAAGATTCAGATCAAACTTATAAAGGAATTGATGTTGACATTA 

TTAACAAAGTCGCTGAGATTAAAGGCTGGAACATTCAGATGTCCTATCCTGGATTTGACGCAGCAGTCAATGCGGTTCAA 

GCTGGGCAAGCCGACGCTATCATGGCAGGGATGACAAAGACTAAAGAACGTGAAAAAGTCTTCACCATGTCTGATACTTA 

CTATGATACAAAAGTTGTCATTGCTACTACAAAGTCACACAAAATTAGCAAGTACGACCAATTAACTGGCAAAACCGTTG 

GTGTTAAAAACGGAACTGCCGCTCAACGTTTCCTTGAAACAATCAAAGATAAATATGGCTTTACTATTAAAACATTTGAC 

ACTGGTGATTTAATGAACAACAGCTTGAGTGCTGGTGCCATCGATGCCATGATGGATGACAAACCTGTTATCGAATATGC 

CATTAACCAAGGTCAAGACCTCCATATTGAAATGGATGGTGAAGCTGTAGGAAGTTTTGCTTTCGGTGTGAAAAAAGGAA 

GTAAATACGAGCACCTGGTTACTGAATTTAACCAAGCCTTGTCTGAAATGAAAAAAGATGGTAGTCTTGATAAAATTATC 

AAGAAATGGACTGCTTCATCATCTTCAGCAGTGCCAACTACAACTACTCTCGCAGGATTAAAAGCTATTCCTGTTAAGGC 

TAAATATATCATTGCCAGCGATTCTTCTTTTGCCCCTTTTGTTTTCCAAAATTCAAGCAACCAATACACTGGTATTGATA 

TGGAATTGATTAAGGCAATCGCTAAAGACCAAGGTTTTGAAATTGAAATCACCAACCCTGGTTTTGATGCTGCTATCAGT 

GCTGTCCAAGCTGGTCAAGCCGATGGTATCATCGCTGGTATGTCTTCTAGAGTCACAGATGCTCGTAAGGCAACTTTTGA 

CTTCTCAGAATCATACTACACTGCTAATACCATTCTTGGTGTCAAAGAATCAAGTAATATTGCTTCTTATGAAGATCTAA 

AAGGAAAGACAGTCGGTGTTAAAAACGGAACTGCTTCTCAAACCTTCCTAACAGAAAATCAAAGCAAATACGGCTACAAA 

ATCAAAACCTTTGCTGATGGTTCTTCAATGTATGACAGTTTAAACACTGGTGCCATTGATGCCGTTATGGATGATGAACC 

TGTTCTCAAATATTCTATCAGCCAAGGTCAAAAATTGAAAACTCCAATCTCTGGAACTCCAATCGGTGAAACAGCCTTTG 

CCGTTAAAAAAGGAGCAAATCCAGAACTGATTGAAATGTTCAACAACGGACTTGCAAACCTTAAAGCAAACGGTGAATTC 

CAAAAGATTCTTGACAAATACCTAGCTAGCGAATCTTCAACTGCTTCAACAAGTACTGTTGACGAAACAACGCTCTGGGG 

CTTGCTTCAAAACAACTACAAACAACTCCTTAGCGGTCTTGGTATCACTCTTGCTTAAAAGCTTCTAGCTCTTATCTCAT 

TTGCTATTGCCATTGTCATCGGAATTATCTTCGGTATGTTTAGCGTTAGCCCATACAAATCTCTTCGCGTCATCTCTGAG 

ATTTTCGTTGACGTTATTCGTGGTATTCCATTGATGATTCTTGCAGCCTTCATCTTCTGGGGAATTCCAAACTTCATCGA 

GTCTATCACAGGCCAACAAAGCCCAATTAACGACTTTGTAGCTGGAACCATTGCCCTCTCACTCAATGCGGCTGCTTATA 

TCGCTGAAATCGTTCGTGGTGGTATTCAGGCCGTTCCAGTTGGCCAAATGGAAGCCAGCCGAAGCTTGGGTATCTCTTAT 

GGAAAAACCATGCGTAAGATTATCTTGCCACAAGCAACTAAATTGATGTTGCCAAACTTTGTCAACCAATTCGTTATCGC 

TCTTAAAGATACAACTATCGTATCTGCTATCGGTTTGGTTGAACTCTTCCAAACTGGTAAGATTATCATTGCTCGTAACT 

ACCAAAGTTTCAAGATGTATGCAATCCTTGCTATCTTCTATCTTGTAATTATCACACTTTTGACTAGACTAGCGAAACGC 

TTAGAAAAGAGGATTCGTTAA 

XbaI:    TCTAGA  

HindIII:    AAGCTT 

P1418_f:       GTCACAGATGCTCGTAAGGCAACT 

P1419_r:       GCGGTCTTGGTATCACTCTTGCTTAA 

Amplified seq: TTTGA----CCTTA 

 
 

10.6.4 Sequence for the heterologous expression of putative peptidase His6-ArcT  
 arcT in S. pneumoniae TIGR (sp_2153) 

GCTAGCAAAATAGATATAACAAATCAAGTTAAAGATGAATTTCTTATATCATTAAAAACCTTGATTTCCTATCCTTCAGTACT

CAATGAAGGAGAAAATGGAACACCTTTTGGACAAGCAATCCAAGATGTCCTAGAAAAAACTTTAGAGATTTGTCGAGACATAG

GTTTCACTACCTATCTTGACCCTAAAGGTTATTACGGATATGCAGAAATCGGTCAGGGAGCAGAGCTTCTGGCCATTCTCTGT

CATTTGGATGTTGTTCCATCAGGTGATGAAGCAGATTGGCAGACACCGCCATTTGAAGCAACTATCAAAGACGGCTGGGTATT

CGGACGTGGTGTCCAAGATGATAAAGGCCCTTCGCTCGCAGCTCTCTATGCAGTAAAAAGCTTGCTGGACCAAGGTATTCAGT

TCAAAAAGCGCGTACGCTTTATCTTTGGTACCGATGAGGAAACCCTCTGGCGCTGCATGGCACGCTACAATACCATCGAAGAA

CAGGCCAGTATGGGCTTTGCACCTGACTCATCTTTTCCTCTGACCTATGCTGAAAAAGGGCTTCTACAGGTCAAACTTCATGG

CCCTGGATCGGATCAACTAGAGCTTGAAGTAGGAGGCGCCTTTAACGTTGTACCAGACAAGGCCAACTACCAAGGTCTCCTCT

ATGAACAGGTTTGTAACGGTCTCAAAGAAGCTGGTTATGATTACCAAACCACTGAACAAACCGTAACGGTTCTCGGAGTGCCA

AAGCATGCTAAGGATGCTAGTCAAGGTATCAATGCTGTCATCCGACTAGCTACCATTCTTGCTCCTCTCCAAGAACACCCTGC

TCTCAGTTTTCTTGCAACACAAGCAGGTCAAGACGGCACAGGAAGACAAATCTTTGGTGATATAGCAGATGAACCTTCTGGTC

ACCTATCCTTTAATGTCGCAGGTCTCATGATCAATCATGAACGTTCTGAAATCCGTATTGACATTCGGACTCCTGTCTTAGCT

GACAAGGAAGAACTAGTAGAGTTGCTTACAAGATGTGCACAAAACTACCAACTCCGCTACGAAGAGTTTGACTATCTAGCGCC

TCTATACGTCGCAGAAGACAGTAAACTCGTTAGCACACTGATGCAAATCTACCAAGAAAAGACTGGCGATAACAGTCCTGCTA

TTTCATCCGGTGGTGCCACTTTTGCTCGCACCATGCCAAATTGTGTAGCCTTCGGCGCCTTATTCCCAGGAGCGAAGCAGACA

GAACATCAGGCAAATGAATGTGCCGTTCTAGAAGATTTGTACCGTGCTATGGATATTTATGCCGAAGCCGTCTATCGACTTGC

AACTTAAGAGCTC 

NheI:   GCTAGC  

SacI:   GAGCTC 

P1314_f  AAAATAGATATAACAAATC 

P1315_r  CGTCTATCGACTTGCAACTTAA 
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10.6.5 Sequence for the heterologous expression of putative peptidase ArcD 
 arcD in S. pneumoniae TIGR (sp_2152) 

 
GCTAGCGCGGGGGCCTTTATAGAAGGTATTTACGAGACTCAGCCTCAAAATCCACAAGGGATTTGGGATGTCCTCATGGCACC

GATTCGGGCTATGCTAGGTACTCATCCAGAGGAAGGTTCGCTCATTAAAGAAACGAGCGCAGCGATTGATGTAGCCTTCTTCA

TCCTTATGGTTGGTGGTTTCCTTGGCATTGTCAACAAAACTGGTGCTCTTGACGTAGGGATTGCCTCTATCGTGAAGAAGTAT

AAGGGCCGCGAAAAAATGTTAATTTTGGTACTGATGCCTTTGTTTGCCCTCGGTGGTACAACTTATGGTATGGGTGAAGAAAC

AATGGCCTTCTATCCACTCCTTGTGCCAGTTATGATGGCCGTTGGTTTTGATAGCCTGACTGGTGTTGCAATTATTTTGCTCG

GTTCTCAAATCGGCTGTTTGGCATCTACTCTGAATCCATTTGCGACAGGTATTGCTTCAGCGACTGCGGGAGTTGGTACAGGG

GACGGTATCTAAAAGCTT  

 

NheI:   GCTAGC  

HindIII: AAGCTT 

P1408_f  GCGGGGGCCTTTATAGAAG 

P1409_r  GTTGGTACAGGGGACGGTATCTAA 
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10.7 Graphical representation of transmembrane domains in ArcD with 

 TMHMM 2.0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

10.8 Sequence for the glnR mutagenesis in S. pneumoniae 
 

10.8.1 Sequence of the glnR 
 
ATGAAGGAAAAAGAATTTCGCCGAAATATGGCTGTTTTTCCTATCGGCAGTGTTATGAAGTTGACCGATCTATCG

GCGCGTCAGATTCGTTATTATGAAGATCAAGAGTTGATCAAGCCCGATCGAAACGAAGGAAATCGTCGCATGTAT

TCCTTGAATGACATGGATCGTCTGCTTGAAATCAAAGATTATATCTCTGAAGGTTATAATATCGCTGCCATTAAG

AAAAAATATGCTGAACGTGAAGCGAAATCCAAGAAAGCGGTTAGTCAGACTGAAGTACGTCGTGCACTTCACAAT 

GAACTCCTCCAACAGGGGCGTTTTGCTTCAGTACAGTCACCTTTTGGTCGCGGTTAG 

 

Deleted region upstream of glnR:   ATG…GGC 

Deleted region downstream of glnR:  GTC…TAG 

 

 

10.8.2 Amplified sequence up stream of glnR (fragment 1) 
 

GCATGCAAGAGAGGGATGAGAGTTCCTCTTTTCTTTTGCTTAAAATAAAAACGCTTCCTCTCAACTATTACTCATAAAAATCA

CCGATTTATGATAAAATGGAAATAGAAAGTTGAGATTATGAGTTATTTTAAAAAATATAAATTCGATAAATCCCAGTTCAAAC

TTGGTATGCGAACCTTTAAAACAGGTATTGCTGTTTTTCTAGTTCTCTTGATTTTTGGCTTTTTTGGCTGGAAAGGTCTTCAA

ATTGGTGCTTTGACAGCCGTTTTTAGCCTGAGGGAGAGTTTTGATGAGAGTGTTCATTTTGGGACTTCGCGTATTCTAGGAAA

TAGTATCGGTGGACTCTATGCCTTGGTCTTCTTCTTATTAAATACTTTTTTCCACGAAGCCTTTTGGGTGACCTTGGTAGTTG

TTCCAATCTGCACCATGTTAACCATTATGACAAATGTAGCCATGAATAACAAAGCAGGGGTTATTGGTGGTGTAGCAGCTATG 

TTAATCATTACCCTATCAATCCCAAGTGGTGAGACAATTTTGTACGTGTTTGTGCGTGTATTAGAAACGTTTATGGGAGTTTT

TGTCGCAATTATCGTAAATTACGATATTGATCGTATTCGTCTCTTTTTAGAGAAAAAAGAAAAATAATGTTACATTTTATAAC

ATTATCAATTGACGTTTGTCTTTTTTTAGACTATAATAGACAGAAAGAAGGAAATTGTAAATGAAGGAAAAAGAATTTCGCCG

AAATATGGCAACCATGG 

 

SphI:    GCATGC  

NcoI:    CCATGG 

P1425_f:   AAGAGAGGGATGAGAGTTCC 

P1426_r:   GAATTTCGCCGAAATATGGCAA 

Deleted region:  ATGAAGGAAAAA 
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10.8.3 Amplified sequence downstream of glnR (fragment 2)  
 
GTCGACCGTCGTGCACTTCACAATGAACTCCTCCAACAGGGGCGTTTTGCTTCAGTACAGTCACCTTTTGGTCGCGGTTAGGC

AACCGCAAGTAGTCATAGATTAAGGAGAAAACTTATGCCAATCACAGCTGCAGATATTCGTCGTGAAGTCAAGGAAAAAAATG

TTACCTTTATTCGTCTTATGTTCTCAGATATTTTGGGAACCATGAAAAACGTCGAAATTCCTGCTACAGATGAACAGTTAGAT

AAGGTCTTGTCGAACAAGGTTATGTTTGATGGATCTTCTATTGAAGGTTTTGTACGTATCAATGAGTCGGATATGTACTTGTA

CCCGGACTTGGATACATGGACAGTCTTCCCTTGGGGAGATGAAAATGGAAGTGTTGCAGGTCTGATCTGTGATGTCTATACAA

CAGAAGGTGAACCATTTGCGGGTGACCCTCGTGGTAATTTGAAACGAGCTC 

SalI:       GTCGAC 

SacI:       GAGCTC 

P1427_f      CCGTCGTGCACTTCACAATGAAC 

P1428_r      CCTCGTGGTAATTTGAAAC 

Deleted region downstream of glnR  TCCTCCAACAGGGGCGTTTTGCTTCAGTACAGTCACCTTTTGGT 

      CGCGGTTAG 

 

 

10.9 Sequences for the generation of plasmid based complementation 

 construct in Streptococcus pneumonaie  
For complementation, corresponding genes were amplified using total DNA from 
pneumococcal strain D39 or TIGR4. Primers were designed were designed containing 
restriction sites of cloning into the vector. In addition, two additional bases were added for 
cloning the sequences in frame. 
 
 

10.9.1 glnR in S. pneumoniae D39 (spd_0447) 
 

CTTAAGAGTGTGTTGATAGTGCAGTATCTTAAAATTTTGTATAATAGGAATTGAAGTTAAATTAGATGCTAAAAATTTGTAAT

TAAGAAGGAGTGATTCCATGGCTATGAAGGAAAAAGAATTTCGCCGAAATATGGCTGTTTTTCCTATCGGCAGTGTTATGAAG

TTGACCGATCTATCGGCGCGTCAGATTCGTTATTATGAAGATCAAGAGTTGATCAAGCCCGATCGAAACGAAGGAAATCGTCG

CATGTATTCCTTGAATGACATGGATCGTCTGCTTGAAATCAAAGATTATATCTCTGAAGGTTATAATATCGCTGCCATTAAGA

AAAAATATGCTGAACGTGAAGCGAAATCCAAGAAAGCGGTTAGTCAGACTGAAGTACGTCGTGCACTTCACAATGAACTCCTC

CAACAGGGGCGTTTTGCTTCAGTACAGTCACCTTTTGGTCGCGGAAGCTT 

 

Promoter pE:  CTT…ATT 

NcoI:    CCATGG 

HindIII:  AAGCTT 

P1318_f:  ATGAAGGAAAAAGAATTTCG 

P916_r:  ATGAAGGAAAAAGAATTTCG 

Additional seq: CT  

 

 

10.9.2 argR2 in S. pneumoniae TIGR4 (sp_0893) 
 

ACTTAAGAGTGTGTTGATAGTGCAGTATCTTAAAATTTTGTATAATAGGAATTGAAGTTAAATTAGATGCTAAAAATTTGTA 

ATTAAGAAGGAGTGATTCCATGGCTATGAATAAATCAGAACACCGCCACCAACTTATACGCGCTCTTATCACAAAAAACAAG 

ATTCATACACAGGCTGAGTTGCAAGCCCTTCTTGCTGAGAACGACATTCAAGTAACCCAGGCAACCCTCTCACGCGACATCA 

AAAATATGAACCTATCAAAAGTCCGCGAAGAAGATAGCGCTTATTATGTTCTTAACAATGGTTCCATCTCAAAATGGGAAAA 

ACGTCTCGAACTCTACATGGAAGACGCCCTTGTCTGGATGCGCCCAGTTCAACACCAAGTCCTACTAAAAACCCTTCCTGGA 

CTGGCTCAATCCTTTGGTTCTATCATTGATACTTTGAGCTTCCCTGACGCTATCGCTACCCTTTGTGGTAATGATGTCTGTC 

TTATCATCTGTGAAGATGCAGATACTGCTCAAAAGTGCTTTGAAGAACTGAAAAAATTCGCCCCACCATTTTTCTTTGAAGA 

ATAAGCTT 

 

Promoter pE:   ACT…ATT  

NcoI:   CCATGG  

HindIII   AAGCTT 

P1326_f  ATGAATAAATCAGAACACCGCC 

P1327_r  CCATTTTTCTTTGAAGAAT 

Additional seq: CT 
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10.9.3 arcT in S. pneumoniae TIGR (sp_2153) 
 

ACTTAAGAGTGTGTTGATAGTGCAGTATCTTAAAATTTTGTATAATAGGAATTGAAGTTAAATTAGATGCTAAAAATTTGTA 

ATTAAGAAGGAGTGATTCCATGGTTAAAATAGATATAACAAATCAAGTTAAAGATGAATTTCTTATATCATTAAAAACCTTG 

ATTTCCTATCCTTCAGTACTCAATGAAGGAGAAAATGGAACACCTTTTGGACAAGCAATCCAAGATGTCCTAGAAAAAACTT 

TAGAGATTTGTCGAGACATAGGTTTCACTACCTATCTTGACCCTAAAGGTTATTACGGATATGCAGAAATCGGTCAGGGAGC 

AGAGCTTCTGGCCATTCTCTGTCATTTGGATGTTGTTCCATCAGGTGATGAAGCAGATTGGCAGACACCGCCATTTGAAGCA 

ACTATCAAAGACGGCTGGGTATTCGGACGTGGTGTCCAAGATGATAAAGGCCCTTCGCTCGCAGCTCTCTATGCAGTAAAAA 

GCTTGCTGGACCAAGGTATTCAGTTCAAAAAGCGCGTACGCTTTATCTTTGGTACCGATGAGGAAACCCTCTGGCGCTGCAT 

GGCACGCTACAATACCATCGAAGAACAGGCCAGTATGGGCTTTGCACCTGACTCATCTTTTCCTCTGACCTATGCTGAAAAA 

GGGCTTCTACAGGTCAAACTTCATGGCCCTGGATCGGATCAACTAGAGCTTGAAGTAGGAGGCGCCTTTAACGTTGTACCAG 

ACAAGGCCAACTACCAAGGTCTCCTCTATGAACAGGTTTGTAACGGTCTCAAAGAAGCTGGTTATGATTACCAAACCACTGA 

ACAAACCGTAACGGTTCTCGGAGTGCCAAAGCATGCTAAGGATGCTAGTCAAGGTATCAATGCTGTCATCCGACTAGCTACC 

ATTCTTGCTCCTCTCCAAGAACACCCTGCTCTCAGTTTTCTTGCAACACAAGCAGGTCAAGACGGCACAGGAAGACAAATCT 

TTGGTGATATAGCAGATGAACCTTCTGGTCACCTATCCTTTAATGTCGCAGGTCTCATGATCAATCATGAACGTTCTGAAAT 

CCGTATTGACATTCGGACTCCTGTCTTAGCTGACAAGGAAGAACTAGTAGAGTTGCTTACAAGATGTGCACAAAACTACCAA 

CTCCGCTACGAAGAGTTTGACTATCTAGCGCCTCTATACGTCGCAGAAGACAGTAAACTCGTTAGCACACTGATGCAAATCT 

ACCAAGAAAAGACTGGCGATAACAGTCCTGCTATTTCATCCGGTGGTGCCACTTTTGCTCGCACCATGCCAAATTGTGTAGC 

CTTCGGCGCCTTATTCCCAGGAGCGAAGCAGACAGAACATCAGGCAAATGAATGTGCCGTTCTAGAAGATTTGTACCGTGCT 

ATGGATATTTATGCCGAAGCCGTCTATCGACTTGCAACTTAAGAGCTC 

 
Promoter pE:   ACT…ATT 

NcoI:    CCATGG 

SacI:    GAGCTC 

P1597_f  AAAATAGATATAACAAATC 

P1315_r  CGTCTATCGACTTGCAACTTAA 

Additional seq: TT 
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10.10. Chemical reactions for the biosynthesis of amino acids in  

  Streptococcus pneumomniae 
 

10.10.1 Biosynthesis of glutamine, glutamate and 2-oxoglutarate 
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10.10.2 Biosynthesis of Aspartate, asparagine, Lysin from oxaloacetate 
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10.10.3 Biosynthesis of proline and alanine 
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10.10.4 Biosynthesis of BCAA (Leu, Ile, and Val) 
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