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Summary 

 

The staphylococcal peptidoglycan (PGN) is a major and essential component of the 

cell wall. It is a dynamic structure that undergoes constant cycles of polymerization 

and hydrolysis which is carried out by transglycosylases/peptidases and PGN 

hydrolases. The major autolysin, Atl, is the most predominant PGN hydrolase in 

staphylococci. Though its structure and function have been studied extensively, little 

is known about the activity and interplay of its domains AmiA and GlcA during cell 

division and separation. 

 

With this study, a highly resolved complex structure of the catalytic amidase domain of 

S. aureus Atl was elucidated. Moreover, its specific molecular ligand interaction 

mechanism and natural substrate specificity was resolved. Investigating the deletion 

mutants of both AmiA and GlcA, as well as Atl revealed that each of the enzymes plays 

a significant role in cell aggregation, proper septum formation and cell separation. 

Notably, loss of GlcA activity results in aberrant septum formation manifested by 

deformed and in part “kidney” like cell clusters. Despite a lowered peptidoglycan 

crosslinking, the atl, amiA und glcA mutants were 10,000 to 100,000 times more 

tolerant to oxacillin than the parent strain. 

 

For the first time, this work shows the activity of both AmiA and GlcA on their natural 

substrate, PGN. We found out that AmiA activity is specific to its host PGN while the 

naked glycan backbone is the natural substrate of GlcA. Our results revealed that the 

resolution of PGN during cell separation occurs in a defined order, in which AmiA first 

hydrolyzes the crosspeptides, followed by GlcA chewing back the naked glycan and 

releasing disaccharides. Additionally, we disproved the hitherto conclusion and 

showed that GlcA is not an endo- but an exo--N-acetylglucosaminidase.  

 

One of the crucial steps in staphylococcal PGN biosynthesis is the addition of the five 

glycine residues to the stem peptide by the non-ribosomal peptidyl transferases FemA, 

FemB and FemX. In the second part of this thesis, we have examined the effects of a 

femB deletion and the consequent alteration of the cell wall structure of S. carnosus 

and its effect on the morphology, physiology and antibiotic susceptibility of the 
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organism. We have found out that shortening of the interpeptide bridge from five to 

three glycine residues poses a life-threatening problem for the organism leading to 

expanded cells, retarded growth, reduced peptidoglycan crosslinking, high 

susceptibility to cell wall antibiotics and surprisingly high secretion and release of 

proteins into the culture supernatant. This led us to further investigate the excretion 

pattern of cytoplasmic proteins in the pathogenic S. aureus. As a result, we were able 

to show that the main excretion of cytoplasmic proteins takes place at the septum 

mainly during the exponential growth phase and that they are significant factors in 

staphylococcal pathogenicity. 
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Zusammenfassung 

 
Peptidoglycan (PGN) ist ein wichtiger und essenzieller Bestandteil der Zellwand von 

Staphylokokken. Es ist eine dynamische Struktur, die konstante Polymerisations- und 

Hydrolysezyklen durchläuft, die hauptsächlich von PGN-Transglycosylasen/ 

Peptidasen bzw PGN-Hydrolasen durchgeführt werden. Das Hauptautolysin Atl ist die 

prominente PGN-Hydrolase in Staphylokokken, deren Struktur und Funktion bereits 

ausführlich untersucht wurden. Trotzdem ist bisher wenig über die genaue Aktivität 

und das Zusammenspiel der Enzymdomänen AmiA und GlcA während der Zellteilung 

und -trennung bekannt. 

 

Im Rahmen dieser Arbeit konnte die komplexe Struktur der katalytischen 

Amidasedomäne von S. aureus Atl hochaufgelöst dargestellt werden. Darüber hinaus 

wurden der spezifische Mechanismus der Wechselwirkung mit molekularen Liganden 

und die natürliche Substratspezifität aufgeklärt. Die Erzeugung und Untersuchung von 

amiA-, glcA- und atl-Deletionsmutanten ergab, dass jedes der zugehörigen Enzyme 

eine signifikante Rolle bei der Zellaggregation, der korrekten Septumbildung und der 

Zelltrennung spielt. Insbesondere führt der Verlust der GlcA-Aktivität zu einer 

aberranten Septumbildung, die sich in deformierten und teilweise „nierenähnlichen“ 

Zellclustern manifestiert. Trotz einer verringerten Peptidoglykanvernetzung waren die 

atl-, amiA- und glcA-Mutanten 10.000- bis 100.000-mal toleranter gegenüber 

Oxacillin als der Ausgangsstamm. 

 

Diese Arbeit zeigt erstmalig die Wirkungsweise von AmiA und GlcA an ihrem 

natürlichen Substrat PGN. Wir konnten darlegen, dass AmiA spezifisch am Wirts-PGN 

agiert und der nackte Glykanstrang das natürliche Substrat von GlcA darstellt. Unsere 

Ergebnisse zeigen weiterhin, dass die Auflösung von PGN während der Zelltrennung 

in einer definierten Reihenfolge erfolgt, bei der zunächst von AmiA das Stammpeptid 

hydrolysiert wird und anschließend von GlcA das nackte Glykan zurückgeschnitten 

wird, so dass Disaccharide freigesetzt werden. Zusätzlich konnten wir zeigen, dass 

GlcA eine exo-beta-N-Acetylglucosaminidase ist und damit die bisherige Annahme, es 

handele sich um eine endo-beta-N-Acetylglucosaminidase, widerlegen. 
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Einer der wichtigen Schritte bei der PGN-Biosynthese von Staphylokokken ist die 

Anknüpfung der fünf Glycinreste an das Stammpeptid durch die nicht-ribosomalen 

Peptidyltransferasen FemA, FemB und FemX. Im zweiten Teil dieser Arbeit haben wir 

die Effekte einer femB-Deletion , insbesondere die daraus resultierende Veränderung 

der Zellwandstruktur von S. carnosus sowie deren Auswirkungen auf die Morphologie, 

Physiologie und Antibiotikasuszeptibilität untersucht. Wir konnten zeigen, dass die 

Verkürzung der Interpeptidbrücke von fünf auf drei Glycinreste ein lebensbedrohliches 

Problem für den Organismus darstellt und  zu expandierten Zellen, verzögertem 

Wachstum, verringerter Peptidoglykanvernetzung und hoher Anfälligkeit für 

Zellwandantibiotika führt. Außerdem konnten wir, überraschenderweise deutlich 

höhere Mengen an sekretierten und freigesetzten cytoplasmatischen Proteinen im 

Kulturüberstand der untersuchten Mutanten nachweisen. Dies führte uns dazu, das 

Sekretionsmuster der cytoplasmatischen Proteine im pathogenen S. aureus näher zu 

untersuchen. Wir konnten zeigen, dass die Sekretion von cytoplasmatischen Proteinen 

überwiegend am Septum und hauptsächlich während der exponentiellen 

Wachstumsphase stattfindet und diese sekretierten Proteine wichtige Faktoren für die 

Pathogenität von Staphylokokken darstellen.  



List of publications 

 13 

List of publications and personal contributions 

 

Accepted publications 
 

This thesis is based on the following publications and manuscripts. 

 

Publication 1:  

Büttner, F. M., Zoll, S., Nega, M., Götz, F., & Stehle, T. (2014). Structure function 

analysis of Staphylococcus aureus amidase reveals the determinants of peptidoglycan 

recognition and cleavage. J. Biol. Chem. 289, 11083-11094.  

Personal contributions:  

Experimental design, activity determination, substrate specificity analysis, HPLC 

method development and analysis, contribution to manuscript preparation.   

 

Publication 2:  

Nega, M., Dube, L., Kull, M., Ziebandt, A. K., Ebner, P., Albrecht, D., Krismer, B., 

Rosenstein, R., Hecker, M., & Götz, F. (2015) Secretome analysis revealed adaptive 

and non-adaptive responses of the Staphylococcus carnosus femB mutant. 

Proteomics 15: 1268-1279. 

Personal contributions:  

Experimental design, cell wall isolation and purification, antimicrobial susceptibility 

determination, cell wall analysis,  enzyme susceptibility determination, HPLC method 

development and analysis, manuscript preparation.   

 

Publication 3:  

Ebner, P., Prax, M., Nega, M., Koch, I., Dube, L., Yu, W., Rinker, J., Popella, P., 

Flotenmeyer, M., & Götz, F. (2015) Excretion of cytoplasmic proteins (ECP) in 

Staphylococcus aureus. Mol Microbiol 97: 775-789. 

Personal contributions:  

Peptidoglycan isolation preparation and digestion, peptidoglycan binding assay, LysM 

domain binding studies, PAGE analysis, contribution to manuscript preparation.   

 



List of publications 

 14 

 

Publication 4:  

Ebner, P., Rinker, J., Nguyen, M. T., Popella, P., Nega, M., Luqman, A., Schittek, B., 

Di Marco, M., Stevanovic, S., & Götz F. (2016) Excreted Cytoplasmic Proteins 

Contribute to Pathogenicity in Staphylococcus aureus. Infect Immun 84: 1672-1681. 

 

Personal contributions:  

Isolation and purification of recombinant Atl-amidase, Atl-N-acetylglucosaminidase 

and Atl-R1,2 repeat domains. Binding studies of Atl domains with FbaA and GapDH, 

contribution to manuscript preparation.   

 

Publication 5:  

Nega, M., Tribelli, P.M., Hipp, K. et al. New insights in the coordinated amidase and 

glucosaminidase activity of the major autolysin (Atl) in Staphylococcus 

aureus. Commun Biol 3, 695 (2020). https://doi.org/10.1038/s42003-020-01405-2 

 

Personal contributions:  

Study design, experimental design, construction of all plasmids and mutants (except 

Atl complementation plasmid), all chromatographic analyses, MS analysis of 

disaccharides, purification of enzymes, enzyme-substrate digestion studies, 

manuscript preparation.   

 

  



List of publications 

 15 

List of publications not included in this thesis 
 

1. Pasztor L, Ziebandt AK, Nega M, Schlag M, Haase S, Franz-Wachtel M, Madlung J, 

Nordheim A, Heinrichs DE, Götz F: Staphylococcal major autolysin (Atl) is involved in 

excretion of cytoplasmic proteins. J Biol Chem 2010, 285(47):36794-36803. 

 

2. Volz T, Nega M, Buschmann J, Kaesler S, Guenova E, Peschel A, Rocken M, Götz F, 

Biedermann T: Natural Staphylococcus aureus-derived peptidoglycan fragments 

activate NOD2 and act as potent costimulators of the innate immune system 

exclusively in the presence of TLR signals. FASEB J 2010, 24(10):4089-4102. 

 

3. Muller-Anstett MA, Muller P, Albrecht T, Nega M, Wagener J, Gao Q, Kaesler S, Schaller 

M, Biedermann T, Götz F: Staphylococcal peptidoglycan co-localizes with Nod2 and 

TLR2 and activates innate immune response via both receptors in primary murine 

keratinocytes. PLoS One 2010, 5(10):e13153. 

 

4. Saising J, Dube L, Ziebandt AK, Voravuthikunchai SP, Nega M, Götz F: Activity of 

gallidermin on Staphylococcus aureus and Staphylococcus epidermidis biofilms. 

Antimicrob Agents Chemother 2012, 56(11):5804-5810. 

 

5. Krismer B, Nega M, Thumm G, Götz F, Peschel A: Highly efficient Staphylococcus 

carnosus mutant selection system based on suicidal bacteriocin activation. Appl 

Environ Microbiol 2012, 78(4):1148-1156. 

 

6. Towhid ST, Nega M, Schmidt EM, Schmid E, Albrecht T, Munzer P, Borst O, Götz F, 

Lang F: Stimulation of platelet apoptosis by peptidoglycan from Staphylococcus 

aureus 113. Apoptosis 2012, 17(9):998-1008. 

 

7. Bertsche U, Yang SJ, Kuehner D, Wanner S, Mishra NN, Roth T, Nega M, Schneider A, 

Mayer C, Grau T et al: Increased cell wall teichoic acid production and D-alanylation 

are common phenotypes among daptomycin-resistant methicillin-resistant 

Staphylococcus aureus (MRSA) clinical isolates. PLoS One 2013, 8(6):e67398. 

 

8. Chu YY, Nega M, Wolfle M, Plener L, Grond S, Jung K, Götz F: A new class of quorum 

quenching molecules from Staphylococcus species affects communication and growth 

of gram-negative bacteria. PLoS Pathog 2013, 9(9):e1003654. 

 

9. Krismer B, Liebeke M, Janek D, Nega M, Rautenberg M, Hornig G, Unger C, 

Weidenmaier C, Lalk M, Peschel A: Nutrient limitation governs Staphylococcus aureus 

metabolism and niche adaptation in the human nose. PLoS Pathog 2014, 

10(1):e1003862. 

 

10. Schuster S, Yu W, Nega M, Chu YY, Zorn S, Zhang F, Götz F, Schreiber F: The role of 

serum proteins in Staphylococcus aureus adhesion to ethylene glycol coated surfaces. 

Int J Med Microbiol 2014, 304(8):949-957. 

 



List of publications 

 16 

11. Feng X, Hu Y, Zheng Y, Zhu W, Li K, Huang CH, Ko TP, Ren F, Chan HC, Nega M et 

al: Structural and functional analysis of Bacillus subtilis YisP reveals a role of its 

product in biofilm production. Chem Biol 2014, 21(11):1557-1563. 

 

12. Pozzi R, Coles M, Linke D, Kulik A, Nega M, Wohlleben W, Stegmann E: Distinct 

mechanisms contribute to immunity in the lantibiotic NAI-107 producer strain 

Microbispora ATCC PTA-5024. Environ Microbiol 2016, 18(1):118-132. 

 

13. Nguyen MT, Deplanche M, Nega M, Le Loir Y, Peisl L, Götz F, Berkova N: 

Staphylococcus aureus Lpl Lipoproteins Delay G2/M Phase Transition in HeLa Cells. 

Front Cell Infect Microbiol 2016, 6:201. 

 

14. Popella P, Krauss S, Ebner P, Nega M, Deibert J, Götz F: VraH Is the Third Component 

of the Staphylococcus aureus VraDEH System Involved in Gallidermin and 

Daptomycin Resistance and Pathogenicity. Antimicrob Agents Chemother 2016, 

60(4):2391-2401. 

 

15. Luqman A, Nega M, Nguyen MT, Ebner P, Götz F: SadA-Expressing Staphylococci in 

the Human Gut Show Increased Cell Adherence and Internalization. Cell Rep 2018, 

22(2):535-545. 

 

16. Ernst CM, Slavetinsky CJ, Kuhn S, Hauser JN, Nega M, Mishra NN, Gekeler C, Bayer 

AS, Peschel A: Gain-of-Function Mutations in the Phospholipid Flippase MprF 

Confer Specific Daptomycin Resistance. mBio 2018, 9(6). 

 

17. Reichert S, Ebner P, Bonetti EJ, Luqman A, Nega M, Schrenzel J, Sproer C, Bunk B, 

Overmann J, Sass P et al: Genetic Adaptation of a Mevalonate Pathway Deficient 

Mutant in Staphylococcus aureus. Front Microbiol 2018, 9:1539. 

 

18. Schlatterer K, Beck C, Hanzelmann D, Lebtig M, Fehrenbacher B, Schaller M, Ebner P, 

Nega M, Otto M, Kretschmer D et al: The Mechanism behind Bacterial Lipoprotein 

Release: Phenol-Soluble Modulins Mediate Toll-Like Receptor 2 Activation via 

Extracellular Vesicle Release from Staphylococcus aureus. mBio 2018, 9(6). 

 

19. Nguyen MT, Saising J, Tribelli PM, Nega M, Diene SM, Francois P, Schrenzel J, Sproer 

C, Bunk B, Ebner P et al: Inactivation of farR Causes High Rhodomyrtone Resistance 

and Increased Pathogenicity in Staphylococcus aureus. Front Microbiol 2019, 10:1157. 

 

 



Introduction 

 17 

Chapter I 

 

Elucidation of the structure, activity and functional 
mechanism of the amidase and glucosaminidase domains 
of the major autolysin (Atl) of Staphylococcus aureus 

 

Introduction 

 

Staphylococcal cell wall 
 

Staphylococcus aureus is a Gram-positive commensal bacterium that dwells on the 

human skin and in nasal passages. It is an important human pathogen causing 

hospital- and community-acquired infections, such as serious skin infections, 

endocarditis, osteomyelitis and toxic shock syndrome.  

 

The cell wall of S. aureus, and bacteria in general, is a complex weave of 

macromolecular components holding the bacterial cell intact while enabling it to grow, 

divide and stay motile. It is an essential structure that protects the cell from mechanical 

damage, thermal and chemical change in the environment as well as internal and 

external osmotic rupture. The constituting macromolecules are mostly the 

peptidoglycan, teichoic acids, various polysaccharides and proteins. S. aureus has a 

typical Gram-positive cell envelope, which consists of a cytoplasmic membrane 

surrounded by a thick peptidoglycan layer. It is typically 20 to 30 nm thick and is 

characterized by short linear glycan strands of 5 to 25 disaccharide units [3] stacked 

to 20-40 layers and cross linked by peptides. The staphylococcus peptidoglycan is 

unique in that it shows a very high degree of cross-linking determined as a ratio of 

bridged peptides to the total amount of all peptide. It lies in general in the order of 80 

to 90%  and makes up to 40% of cell dry mass [1, 4].  In order for the bacteria to grow 

and divide, the peptidoglycan layer stays as a dynamic macromolecular structure 

undergoing constant cycles of polymerization and hydrolysis [5]. The staphylococcal 
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cell wall is not only essential for its survival and pathogenesis but is also a virulence 

factor during infection and primary target of a number of important cell wall acting 

antimicrobials. 

 

Structure and biosynthesis of the staphylococcus peptidoglycan 
 

Peptidoglycan of S. aureus is composed of a linear glycan polymer made up of 

repeating N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc) linked 

via a β-1,4-linkage. The D-lactoyl group of each of the MurNAc is amide-linked to a 

pentapeptide unit unique to staphylococci. This stem peptide is composed of L-Ala-D-

Glu-L-Lys-D-Ala-D-Ala where the  α-carboxyl group of the D-glutamic acid is amidated 

[6, 7]. Neighboring stem peptides are cross-linked between the -amino group of L-Lys 

and the carboxyl group of D-Ala at position 4 of the next stem peptide via pentaglycine 

cross bridges detaching the D-Ala at position 5 by D,D-Decarboxylases in the process. 

Together, the glycan strands and cross-linked wall peptides generate the three-

dimensional exoskeletal network of staphylococcal peptidoglycan (Fig. 1).  

 

Figure 1. Structure of staphylococcal peptidoglycan. S. aureus peptidoglycan is composed 
of  N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc) linked via a β,1-4 
glycosidic linkage. The MurNAc is amide-linked to the stem peptide units through its lactoyl 
moiety. The stem peptide is further cross-linked between the -amino group of  its L-Lys and 
the carboxyl group of  D-Ala of the next stem peptide via a pentaglycine cross bridge. This 
interconnection of the glycan strands and cross-linked wall peptides makeup the three-
dimensional exoskeletal network of peptidoglycan. 
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Staphylococcal PGN biosynthesis starts in the cytoplasm and proceeds in distinct 

enzymatic catalysis involving various substrates and steps (Fig. 2). The first step starts 

with the synthesis of glucosamine-6-phosphate (GlcN6P) by the aminotransferase 

GlmS through conversion of fructose-6- phosphate (F6P) into GlcN6P. GlcN6P is 

processed to N-acetylglucosamine uridyl diphosphate (UDP-GlcNAc) by the 

phosphoglucosamine mutase GlmM and the uridyltransferase GlmU [8] In the following 

step, MurA – catalyzes the transfer of enolpyruvate from phosphoenolpyruvate to the 

C3 hydroxyl of UDP-GlcNAc (Marquardt et al. 1992) whereas MurB reduces the C3 

enolate to the lactate, resulting in formation of UDP-MurNAc [9]. 

Subsequently, the Mur ligases MurC, MurD and MurE sequentially add the amino acids 

L-Ala, D-Glu, and L-Lys to UDP-MurNAc. The last D-Ala-D-Ala dipeptide is made by 

the combined action of an L-Ala racemase, Alr, that converts L-Ala to D-Ala and a D-

Ala-D-Ala ligase, Ddl, that binds the two amino acids, and is added by the MurF ligase 

to the UDP-tripeptide. In these steps, the Mur ligases use ATP to activate the amino 

acids and provide the necessary energy for coupling, since formation of peptide bonds 

is not a thermodynamically favorable reaction [10, 11]. The product, UDP-MurNAc-L-

Ala-D-Glu-L-Lys-D-Ala-D-Ala, which is also known as Park’s nucleotide is then linked 

to the lipid carrier undecaprenyl-diphosphate by MraY, the membrane translocase, 

yielding membrane-bound lipid I [12-14]. The membrane anchored Lipid I is then linked 

to UDP-GlcNAc by the membrane glycosyltransferase MurG resulting in the 

undecaprenyl-diphosphate-GlcNAc-MurNAc-pentapeptide, lipid II [15, 16]. 

In S. aureus, lipid II is further modified by the addition of five glycine residues catalyzed 

by the FemX, FemA and FemB proteins. These non-ribosomal peptidyl-transferases 

utilize glycyl-tRNA donors to sequentially add the five glycines to the PGN-lysyl side 

chain of lipid II. FemX adds the first glycine,  FemA the next two and FemB adds last 

two glycyl units completing the pentapeptide side chain [17-20]. The Lipid II goes 

through further modification by amidation of the α-carboxylate of iso-glutamic acid at 

position 2 of the peptide chain. The enzymes involved in this modification are MurT 

and GatD [21, 22]. The final cytoplasmic step involves the translocation of Lipid II 

across the membrane which is  accomplished by the flippase MurJ [23-25]. 
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Once Lipid II translocation is accomplished and it is on the outside of the cell 

membrane, it is polymerized and crosslinked by a group of enzymes commonly known 

as penicillin binding proteins (PBP). S. aureus has four PBPs that polymerize the Lipid 

II units to peptidoglycan polymer. The N-terminal domain of each of PBP1, PBP2 and 

PBP3 harbors transglycosylase activity and polymerizes the MurNAc-GlcNac 

disaccharide of Lipid II to glycan chain. The C-terminal domain, which is also the 

penicillin binding domain, harbors transpeptidase activity and therefore catalyzes the 

transpeptidase activity between the pentaglycine bridge and the D-Ala at position 4 of 

the stem peptide. The decarboxylation of the last D-Ala-D-Ala is necessary for the 

cross linking to be completed and this is catalyzed by the PBP4, which is a 

carboxypeptidase with a D,D-carboxypeptidase activity [26]. 

 

 

  

M
M
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Figure 2.  Peptidoglycan synthesis pathway of S. aureus. Peptidoglycan synthesis starts 
with glucosamine-6-phosphate (GlcN6P), a central metabolite controlling cell wall synthesis 
and glycolysis. It passes through many cytoplasmic and inner membrane bound steps 
involving a number of dedicated enzymes for each step. The assembled final building block, 
the Lipid II-Gly5 is then translocated to the outer membrane by a flippase and incorporated 
into the growing peptidoglycan polymer by transglycolsylases and transpeptidases known as 
penicillin binding proteins (PBPs). Image taken from Jarick, M. et al. The serine/threonine 

kinase Stk and the phosphatase Stp regulate cell wall synthesis in Staphylococcus aureus. Sci 

Rep 8, 13693 (2018).  
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Staphylococcus Peptidoglycan hydrolases  
 

The peptidoglycan layer is a dynamic macromolecular structure that undergoes 

through constant cycles of polymerization and hydrolysis to enable bacteria grow and 

divide [5]. The balance between degradation and polymerization is constantly 

controlled and maintained. This permanent peptidoglycan remodeling is carried out by 

cell wall (peptidoglycan) hydrolases. The activities of these cell wall hydrolases is 

therefore carefully regulated to maintain cell integrity or induce cell lysis. The 

physiological functions of cell wall hydrolases include the regulation of cell wall growth, 

the turnover of peptidoglycan during growth, the separation of daughter cells during 

cell division and autolysis [27]. Most bacteria therefore possess a range of 

peptidoglycan hydrolases, including lytic transglycosylases, amidases, 

glucosaminidases, or endopeptidases, that cleave bonds in the murein sacculus. In 

staphylococci, cell wall hydrolases have been studied extensively. They were classified 

as N-acetylglucosaminidases, N-acetylmuramoyl-L-alanine amidases, 

endopeptidases, and transglycosidases depending on their cleavage site. To date  four 

N-acetylglucosaminidases, namely Atl-GlcA, SagA, SagB, and ScaH are characterized 

in S. aureus. They are described to be important for proper peptidoglycan build up and 

remodeling in the growth phase as well as septum formation and cell separation at the 

different stages of cell division. The glucosaminidase domain of the major autolysin Atl 

was described as an endo-acting -1,4-glucoseaminidase responsible for daughter cell 

separation [28] whereas SagB was found to be responsible for shortening of newly 

synthesized glycan strands to their physiological length, thus ensuring flexibility during 

the cell elongation process [29, 30]. IsaA and SceD were described as lytic 

transglycosylases based on Sequence similarity to E. coli soluble lytic 

transglycosylase Slt, and demonstration of peptidoglycan hydrolase activity of purified 

proteins on peptidoglycan embedded in SDS-PAGE gels [31]. Similarly, three 

enzymes are described as amidases in S. aureus; the amidase domain of the major 

autolysin Atl-AmiA, SleI and LytN. The Atl-AmiA enzymatic activity was characterized 

by using mainly synthetic muropeptide substrates showing that it cuts the bond 

between the lactoyl moety of N-acetylmuramic acid and neighboring L-Ala. SleI 

containing a cell wall binding LysM and a catalytic domain, was characterized by 

comparing the HPLC and mass spectrometric analysis of the products of mutanolysin 

and mutanolysin/SleI digested peptidoglycan that it has an N-acetylmuramoyl-l-alanine 

amidase activity [32].  In the same way, LytN is composed of a cell wall binding LysM 
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and a catalytic CHAP domain. It was characterized to have both an N-acetylmuramoyl-

L-alanine amidase and D-alanyl-glycine endopeptidase activities by analyzing its 

peptidoglycan digestion products using LC-MS [33]. Although these are some of the 

characterized proteins containing a CHAP domain, Staphylococcus aureus contains a 

set of more than ten different CHAP proteins that are not yet characterized. The CHAP 

domain, often in association with other domains that usually have cell wall binding or 

hydrolase functions,  occurs mainly in cell wall hydrolases. It is therefore to be expected 

that there might be more proteins with an amidase function. The autolysin Aaa is also 

composed of LysM and CHAP domains. It contains three N-terminal LysM domains 

and a C-terminal CHAP domain. Its hydrolytic activity is not yet elucidated except that 

both the LysM and the CHAP domains were found to possess adhesive functions. LytM 

and Lss (lysostaphin) are two hydrolases that are known to act as glycyl-glycine 

endopeptidases cleaving within the pentaglycine interpeptide bridge [34, 35]. 

Interestingly, there is not any hydrolase found and described in the S. aureus genome 

that possesses an  N-acetylmuramidase activity so far. 

 

The staphylococcal major autolysin Atl  
 

The staphylococcal major autolysin, Atl, is the most predominant peptidoglycan 

hydrolase and an important player in cell separation and daughter cell formation in 

staphylococci. Atl of S. aureus [36] and AtlE of Staphylococcus epidermidis [37] are 

quite similar in both sequence and domain organization. In both S. aureus and S. 

epidermidis, atl is flanked by the same genes. Investigation of the amino acid 

sequences of Atl proteins derived from 15 staphylococcal species representatives 

revealed that the overall organization of the bifunctional precursor protein consisting 

of the signal peptide, a propeptide (PP), the amidase (AmiA), six repeat sequences 

(R1a,b, R2a,b and R3 a,b), and the N-acetylglucosaminidase (GlcA) was highly conserved 

in all of the species (Fig. 3). The most conserved domains being the enzyme domains 

AmiA and GlcA and the least-conserved; the PP and R regions [38]. Similarly, the 

three-domain enzyme Atl is roughly 137 kDa in size and is composed of a signal and 

pro-peptide as well as  two catalytic domains; an N-terminal N-acetylmuramoyl-L-

alanine amidase and a C-terminal -N-acetylglucosaminidase [37, 39] (Fig. 3). These 

catalytic domains are separated by repeat domains that have cell wall binding functions 

[39]. The extracellular 62 kDa N-acetylmuramoyl-L-alanine amidase (AmiA) and 51 
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kDa -N-acetylglucosaminidase (GlcA) are generated by extracellular proteolytic 

processing of the Atl forming a ring structure on the cell surface at the septal region for 

the next cell division site [28]. 

 

 

It has been already suggested that the two enzymes, AmiA and GlcA, which are 

involved in the partitioning of daughter cells after cell division, may be bound by a 

cellular component extending from the cell membrane, such as LTA [28]. The role of 

the propeptide (PP) has not been investigated so far except that it is not relevant for 

enzymatic activity of AmiA or GlcA. Most likely it is cleaved off by an extracellular 

protease. There are assumptions that it might play a role as an intra-molecular 

chaperone that facilitates the translocation of Atl as was shown for the staphylococcal 

lipases [40, 41]. 

 

The repeat domains of the Atl belong to the family of SH3b (bacterial SH3) domains 

that exhibit structural homology to the well-studied eukaryotic SH3 (Src Homology 3) 

domains. These cell wall binding domains comprise three repeat domains denoted 

R1a,b, R2a,b and R3a,b (Fig. 3). In previous studies, based on sequence alignments, 

each of the two repeat units, a and b, were considered to be a single repeat domain 

[36, 37, 42]. However, structural studies showed that each repeat domain unit can 

further be subdivided in to smaller units that show higher homology to each other than 

the following repeat unit [43]. The function of the repeat domains is mainly to direct the 

corresponding amidase and N-acetylglucosaminidase towards the septum region that 

forms between dividing daughter cells [44]. Targeting of the repeats is based on an 

exclusion strategy mediated by wall teichoic acid and binding is very likely mediated 

by lipoteichoic acids (LTA) [43].   

Figure 3. Organization of the domain structure of the S. aureus major autolysin (Atl). Atl 
is organized as a multidomain protein starting with the signal peptide (SP), followed by the 
propeptide (PP), the amidase (AmiA-R1R2) and the N-acetylglucosaminidase (R3-GlcA) 
domains. A certain proportion of Atl is post-translocationally processed as indicated by arrows. 
Structural analysis of the repeats R revealed that each repeat folds into two half-open -barrel 
subunits connected by a linker [2]. The repeats represent LTA-binding domains that target the 
enzymes to the septum.  
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Cell wall turnover and recycling 
 
The peptidoglycan layer is a dynamic macromolecular structure that undergoes 

through constant cycles of polymerization and hydrolysis. During this process a 

permanent turnover of peptidoglycan building blocks takes place. Kluj et al. recently 

reported the mechanism by which the glycan backbone is internalized and re-inserted 

in to the newly synthesized peptidoglycan in S. aureus. According to this mechanism, 

the MurNAc-GlcNAc disaccharide is released from PGN by the major autolysin Atl 

which is taken up and is concomitantly phosphorylated by a phosphotransferase 

system transporter MurP. The uptaken and phosphorylated disaccharide is 

intracellularly hydrolysed by the  6-phospho-N -acetylmuramidase, MupG to MurNac 

6-phosphate and GlcNac which is further utilized and integrated by the PGN 

biosynthetic machinery. With such a mechanism, about 5% of the MurNac of the PGN 

in S. aureus per generation is recycled [45, 46]. These findings further cement the 

important function of Atl in cell wall recycling and biogenesis. 

 

Peptidoglycan and host immune response 
 
The innate immune system recognizes microbial products using germline-encoded 

receptors that initiate inflammatory responses to infection.  

Immune cells detect microorganisms based on their unique molecules or pathogen-

associated molecular patterns (PAMPs) that are recognized by multiple classes of 

pattern-recognition receptors (PRRs) that initiate inflammatory responses [47] The 

bacterial cell wall peptidoglycan is a prime example of a conserved pathogen-

associated molecular pattern (PAMP) for which the innate immune system has evolved 

sensing mechanisms. 

 

The polymer structure of PGN as well as its fragments are recognized as PAMPs by a 

number of pattern recognition receptors (PRRs) that are secreted, intracellularly 

expressed or expressed on the cell surface. In addition, proteins and lipoproteins that 

are associated with the peptidoglycan structure are recognized by the PRRs. Two 

PRRs are associated with recognition of peptidoglycan and its fragments; Toll like 

receptors (TLRs) and the nucleotide-binding oligomerization domain (NOD)-

like receptors (NLRs). The role of TLRs in direct recognition of peptidoglycan has been 

controversial. Early studies identified peptidoglycan as a TLR2 ligand [48-50]. 
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However, later studies showed that the TLR2-inducing activity of peptidoglycan was 

most likely to be due to cell wall lipoproteins and lipoteichoic acids (LTAs) that 

commonly co-purify with peptidoglycan [51]. 

 

In a previous work, we have addressed this question by using a strain of S. aureus 

deficient in diacylglyceryl transferase (lgt) and therefore fails to lipidate lipoproteins. 

Our results showed that lgt-deficient bacteria are poor activators of TLR2-expressing 

reporter cells and peptidoglycan monomers from these bacteria activate cells only in 

the presence of other defined TLR2 ligands such as PAM3CSK4. The most well-defined 

sensors of peptidoglycan are the cytosolic NLRs, NOD1 and NOD2, which are 

expressed by diverse cell types [52]. As cytosolic sensors, NOD1 and NOD2 must 

either detect bacteria that enter the cytosol, or peptidoglycan must be degraded to 

generate fragments that could be transported into the cytosol for these sensors to 

function. While NOD1 is activated mainly by DAP type gram negative peptidoglycan, 

NOD2 is activated by the Lys type gram positive peptidoglycan fragments. The minimal 

ligand for NOD1 is iE-DAP, a dipeptide composed of the D-Glu‒mDAP residues of the 

peptide chain from mDAP-type peptidoglycans specific to Gram-negative bacteria. 

Similarly, the muramyl dipeptide of gram positive peptidoglycan, MDP, is defined as 

the minimal fragment of peptidoglycan that is a NOD2 ligand [53, 54] 

 

Most of the Nod agonist activity produced by bacteria is found in the culture 

supernatant of growing bacteria [55]. The cell wall of bacteria is remodeled by 

hydrolases that degrade intact PGN into smaller fragments during cell growth and 

division, which are imported and recycled. It has been shown that mutants that are 

defective in the recycling of PGN fragments exhibit increased Nod1-dependent NF-κB 

activation [56]. These results suggest that Nod senses bacterial growth through the 

recognition of PGN fragments released by growing bacteria, most likely through 

degradation by cell wall hydrolases.
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Aim of the study 

 
 
The staphylococcal major autolysin, Atl is the most predominant peptidoglycan 

hydrolase in staphylococci. In addition to its role in cell division, several studies have 

identified the importance of the atl gene products in cell wall recycling, biofilm 

formation, host cell recognition and immune evasion. But there are still a number of 

unanswered questions that need to be answered. This dissertation deals with the 

further characterization of the major autolysin of Staphylococcus aureus (Atl) and its 

catalytic active components; the amidase AmiA, and N-acetylglucosaminidase, GlcA.  

 

To determine the specificity of recognition and the mechanism of catalysis of the 

amidase AmiA, in cooperation with the department of biochemistry, work group of Prof. 

Thilo Stehle, we aim to resolve the crystal structures of the enzyme in the absence and 

presence of a substrate ligand and determine its substrate specificity with regard to 

different natural peptidoglycan structures. 

 

Enzymatic activities of both the AmiA and GlcA are so far determined and described 

using either synthetic substrates or zymogram analysis with heat inactivated whole 

cells. We  therefore aim to elucidate the substrate interaction, specificity and proper 

enzymatic mechanism of both the AmiA and GlcA using the natural substrate of both 

enzymes, staphylococcal peptidoglycan. Deletion of Atl showed impaired cell 

separation and formation of large clusters. We therefore aim to further elaborate the 

role played by AmiA and GlcA in cell division and separation of S. aureus. Furthermore, 

we aim to find out the effect of these enzymes on the antibiotic susceptibility or 

tolerance of S. aureus. 
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Results and discussion 

 

Under this section, results of the following publications are summarized and 

discussed. 

 

1. Büttner, F. M., Zoll, S., Nega, M., Gotz, F., and Stehle, T. (2014) Structure 

function analysis of Staphylococcus aureus amidase reveals the determinants 

of peptidoglycan recognition and cleavage. J. Biol. Chem. 289, 11083–11094. 

doi: 10.1074/jbc.M114.557306 

 

2. Nega, M., Tribelli, P.M., Hipp, K. et al. New insights in the coordinated amidase 

and glucosaminidase activity of the major autolysin (Atl) in Staphylococcus 

aureus. Commun Biol 3, 695 (2020). https://doi.org/10.1038/s42003-020-

01405-2 
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Crystal structure of the catalytic domain of S. aureus Atl amidase 
 
 
Several hydrolytic enzymes ensure the plasticity of the staphylococcal cell wall by 

processing the complex PGN network. Of these the predominant one is the major 

autolysin Atl which is composed of two enzymes with hydrolytic activity, an amidase 

(AmiA) and a N-acetylglucosaminidase (GlcA), that cleave PGN at different locations. 

 

The staphylococcal Atl domain organization is highly conserved in all of the species, 

with the amidase being the most conserved domain. To acquire knowledge about 

peptidoglycan (PGN) engagement and binding, the structure of the catalytic domain of 

AmiA (AmiA‐cat) was solved to the atomic resolution of 1.12 Å. AmiA‐cat features a 

mixed α/β‐fold with a central, six‐stranded β‐sheet that is surrounded by seven helices. 

The active site is located in a well‐defined binding cleft that is made up of two α‐helices 

and loops. A catalytic zinc ion is coordinated by two histidine and one aspartate side 

chains (Fig. 4A). 

 

 
 

 
Figure 4.   Structure of AmiA catalytic domain (AmiA-cat) with and without its ligand. 
A) Mixed fold of unliganded AmiA-cat in a schematic representation with a transparent 
surface. The zinc ion (orange) and its coordinating residues (dark gray) are highlighted. B) 
AmiA-cat in complex with the ligand MurNAc tetrapeptide in the active site. 
 

To establish the structural requirements of PGN recognition and the enzymatic 

mechanism of cleavage, as well as obtain data on the molecular interactions upon 

substrate binding, crystal structure of the catalytic domain of AmiA (AmiA-cat) in 

complex with a peptidoglycan-derived ligand was solved at a 1.55 Å resolution. For 

 

A 
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this, the purified amidase catalytic domain, AmiA‐cat, was EDTA treated to chelate the 

zinc ion and avoid possible ligand degradation. Modified Muramoyltetrapeptide 

(MurNAc-tetP) containing an amidated D‐Ala and acetylated L‐Lys was chosen as it 

approximates the natural ligand best. Binding of the ligand to AmiA‐cat was successful, 

and a complex structure at 1.55 Å resolution with excellent statistics was obtained.  

 

The complex structure reveals a dense interaction network of the four amino acids of 

the stem peptide with AmiA‐cat, although some hydrogen bonds are water‐mediated. 

Of all the amino acids, D‐iGln forms the majority of hydrogen bonds and contributes 

strongly towards binding and orientation of the ligand, while L‐Ala D‐Ala and L‐Lys only 

make one hydrophobic interaction each. The active site is formed by the three amino 

acid residues; H265, H370, and D384, which coordinate the zinc ion, as well as a 

catalytic E324 (Fig. 5). A structurally conserved water molecule, “w10”, is present in 

both apo and ligand structures and in good position to attack the scissile bond. This 

catalytic water makes it possible to infer a plausible mechanism in which E324 and 

D266 bind the hydrogens and the zinc ion contacts one free electron pair of w10. Well 

Figure 5. Proposed reaction mechanism of AmiA. (A) Water-10 (w10) is hydrogen-
bonded to Asp-266 and Glu-324, and its free electron pairs face towards the scissile bond. 
Zn2+ is complexed by His-265, His-370, and Asp-384 and probably renders Wat-10 more 
reactive, enabling a nucleophilic attack. (B) tetrahedral intermediate is stabilized by 
hydrogen bonds of the resulting hydroxyl groups with N of His-382 as well as Asp-266, Glu-
324, and zinc, respectively. (C) reformation of a carbonyl group with the peptide moiety as 
leaving group. His-382 can accept a hydrogen atom from the tetrahedral intermediate, 
whereas the peptide is poised to accept a hydrogen from Glu-324. (D) product release. 
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oriented, the remaining lone pair of w10 attacks the lactyl carbon, introducing a 

tetrahedral intermediate. This tetrahedral intermediate is stabilized by H382 providing 

a proton for the resulting oxanion. Re‐formation of a carbonyl leads to the release of 

cleaved carbohydrate backbone and peptide stem. 

 

The entire mechanism of PGN engagement is, however, more complex. To further 

enhance our understanding, we examined surface properties of AmiA‐cat and the 

conservation of residues among related amidases as well as the upper and lower ends 

of the binding site. Mapping the conserved residues onto the molecular surface and 

examination of the electrostatic surface potential of the upper part of the binding site 

gave further insights where neighboring sugar moieties may bind. Similarly, examining 

the properties of Ami-cat at the lower end of the binding site hints the binding of the 

pentaglycine bridge which correlates with the biological assay results that the enzyme 

discriminates PGN based on the presence of the pentaglycine bridge.  

 

AmiA and GlcA are required  for proper septum formation and cell 
separation  
 

Deletion of each of the AmiA and GlcA separately as well as altogether brings about 

interesting phenotypes. Comparative fluorescent and scanning electron microscopic 

(SEM) analysis showed that cell separation is significantly affected. This is manifested 

in increased cell cluster formation in all the mutants (Fig. 6, 7). Deletion of the whole 

atl shows a substantially higher cluster formation suggesting that the coordinated 

action of both enzymes to be crucial for proper cell separation. A comparative view on 

the surface of the WT and mutant cell surfaces reveals that, all the mutants show a 

more “rough” surface of most likely unprocessed “old” peptidoglycan, which is more 

pronounced in the atl mutant (Fig. 7A).   

 

Transmission electron microscopic (TEM) imaging of each of the mutants further 

revealed that, lack of amidase results most likely in a weak peptidoglycan layer that 

cannot withstand osmotic pressure differences between the inner and outer cellular 

milieu. This is presumably due to over expression and over activity of other hydrolases 

that weaken the PGN or that improper crosslinking is taking place that costs rigidity 

deficits of the wall structure. Even more interesting is the phenotype of the glcA deletion 

mutant which shows improper septum formation. Some of the cells show asymmetric 
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septa leading to “kidney like” structures while others have multiple septa formed next 

to each other in parallel instead of the regular perpendicular septum formation (Fig. 

7B). This irregular septum formation might be due to the separate activity of AmiA, 

since it does not require the presence of or pre-digestion with the GlcA. What is 

interesting is that though the function of AmiA is still intact, it seems that it is not 

determinant in properly localizing the next septation point. If it plays any role, then at 

least it needs the coordinated action with the GlcA to localize the septation point 

properly. This complete disarray of coordination in proper septum formation gives a 

preliminary evidence that the GlcA might have additional functions not only in the 

proper septum formation but also in coordination of a cell division complex. 

 

 

 

Figure 6. Fluorescence microscopic images SA113 and its mutants. WT and deletion 
mutants amiA, glcA as well as atl were grown to mid-exponential phase and labelled 
with BODIPYTM FL Vancomycin (green) and cell wall staining FM5-95 (red). Images reveal 
impaired cell separation and different degree of aggregation. Deletion of the whole Atl leads 
to formation of much larger cell clusters.  
 

 BF Van-FL FM5-95 Merge 
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Deletion of AmiA and GlcA, results in lowered peptidoglycan 
crosslinking 
 

Comparative analysis of the peptidoglycan layers of each mutant with The WT was 

carried out by isolation and subsequent digestion of the peptidoglycan with the 

muramidase mutanolysin. Equal amounts of peptidoglycan from the WT and mutants 

were digested and the released muropeptides were resolved with RP-HPLC. 

Comparison of the peak area units of the whole chromatogram with peak areas of 

individual fragments revealed significant differences in the degree of crosslinking. The 

total composition of the PG fragments was largely the same in the WT and its atl 

mutant. However, in the atl mutant, the short PG fragments (mono- to pentamer) were 

increased 1.5 to 2-fold, while the longer PG fragments (≥ octamer) were about 2-fold  

Figure 7. S. aureus major autolysin (atl) amidase and N-acetylglucosaminidase are 
important factors for proper cell separation. A) Scanning electron microscopic (SEM) 
pictures of the WT and deletion mutants of the amidase only (amiA), the N-
acetylglucoseaminidase only (glcA) as well as both the amiA and glcA (atl) showing 
impaired cell separation and different degree of aggregation. Deletion of the whole Atl leads 
to formation of much larger cell clusters. B) Transmission electron microscopic (TEM) 
images of exponential grown SA113 and its mutants. In amiA cells, the old CW is rougher 
than in the WT and particles are released consisting presumably of unprocessed PG. In 
glcA, proper septum formation is disrupted asymmetric septa formation is now clearly 
visible. In atl, even separated cells are still connected by thread-like structures forming 
unseparated cell clusters. 
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lesser compared to the WT and plasmid complemented mutant values (Fig. 8). 

Although to a lower proportion compared to the Atl mutant, loss of each of the enzymes 

AmiA and GlcA results in a lower degree of PGN crosslinking as well. These results 

clearly show that Atl plays a very important role not only in cell separation, but also in 

coordination of proper cell division and peptidoglycan synthesis.  

   

Deletion of AmiA and GlcA, show increased oxacillin tolerance 
 

In previous studies with Bacillus and Staphylococcus, it has been shown that mutants 

with reduced autolysin activity show increased tolerance towards antibiotics active on 

the cell wall. It has been assumed that antibiotics that inhibit the biosynthesis of a 

structurally functional cell wall ultimately lead to cell death, since the autolysins on the 

cell surface hydrolyze more peptidoglycan than the cell can rebuild. The consequence 

is that the cell wall becomes too weak to maintain the turgor pressure in the cell, which 

leads to leakage and lysis of the cells [57, 58]. To verify this observation and evaluate 

the role of AmiA and GlcA as well as Atl, each of the strains were inoculated from an 

overnight culture to an OD of 0.1 and incubated for two hours.  
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Figure 8. Distribution of muropeptide fragments and cross-linking pattern of SA113 

WT, SA113△atl and SA113△atl (pRC14) strains digested with mutanolysin. Deletion of 
the Atl leads to a significantly lower degree of crosslinking of the peptidoglycan mesh. This 
is readily visible in the lower amount of the higher-order cross linked portion while showing 
higher proportion of the lower-order cross linked fragments of solubilized muropeptide 
fragments from monomers to heptamers in the mutant strain. 
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From each culture, a serial dilution of 10-2 to 10-8 was prepared and 5µl aliquots were 

spotted on TSA plates containing 0.1 µg/ml oxacillin. The results clearly confirm that 

loss of activity of each of the enzymes leads to reduced oxacillin efficacy and increased 

tolerance. We see that the atl, amiA und glcA mutants were 10,000 - to 100,000-

times more tolerant to oxacillin than the parent strain (Fig. 9). This result is in 

agreement with earlier observations that hydrolytic enzymes on the cell surface are 

required to augment the wall damage initiated by oxacillin and other β-lactam 

antibiotics to produce a bactericidal effect [58]. 

The AmiA repeat domains R1ab and R2ab hinder cell separation 
and foster aggregate formation 
 

The Atl amidase, AmiA is composed of the catalytic Ami domain and repeats R1ab 

and R2ab. Crystal structure elucidation reveals that each repeat folds into two half-

open beta-barrels. Small-angle X-ray scattering of the mature amidase reveals the 

presence of flexible linkers (L1 and L2) separating the Ami, R1ab, and R2ab units. The 

linkers act as a hinge region allowing a high flexibility and fidelity of the amidase 

domain [2]. In order for proper cell separation to take place, the repeat regions target 

AmiA and GlcA to the septum in two ways: The repeats a) are repelled by the wall 

teichoic acid (WTA) which is mainly present in the mature cell wall [43], and b) bind to 

the lipoteichoic acid (LTA) which is localized in the septum [2]. In this way they direct 

AmiA and GclA to the septum, where their active sites can optimally carry out the final 

step of cell division by resolving the PG-interlinked daughter cells. All data suggest that 

the repeats direct the catalytic amidase domain to the septum, where it can optimally 

Figure 9. Antibiotic susceptibility profile of SA113 WT, SA113DamiA, SA113DglcA and 
SA113Datl. Deletion of Atl, AmiA and GlcA results in reduced oxacillin susceptibility. Each of 
the strains were inoculated from an overnight culture to an OD of 0.1 and incubated for two 
hours. From each culture a serial dilution of 10-2 to 10-8 was prepared and 5µl aliquots were 
spotted on TSA plates containing 0.1 µg/ml oxacillin.  
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perform the final step of cell division [59].  Based on these evidences, we question 

whether the external addition of purified R1ab-R2ab repeats interferes with cell 

separation. If the repeats are localized in the septum, they can sterically hinder the 

attachment of Atl, which should lead to restricted cell separation and increased 

aggregation. We therefore, recombinantly produced and purified the repeat domains 

R1-R2 together and added them to an early exponentially growing cultures of OD 0.1 

of the corresponding WT and mutant strains. After 2h of cultivation, microscopic 

analysis of the WT, amiA and glcA cultures show massive increase in cell 

aggregation (Fig. 10). Understandably, the atl culture that has already formed large 

cell clusters, showed hardly any change after the repeats were added. This 

observation cements the findings of previous works that the repeats are binding 

domains that localize the enzymes to the septum by binding to LTA and peptidoglycan 

that are not yet covered by wall teichoic acids. Addition of excess purified repeat 

domains leads to excess binding to the septum, thereby blocking the action of Atl and 

hence leading to a phenotype of an Atl mutant strain, namely aggregation.    

 

5
0

 µ
g

/m
l 

2
0

 µ
g

/m
l 

0
 µ

g
/m

l 

WT amiA glcA atl 

Figure 10. Atl amidase repeat domains AMR1,2 hinder cell separation and foster 
aggregate formation. The amidase repeat domains  AMR1,2 are purified and added to TSB 
medium inoculated with each of the WT and mutants to an OD of 0.1. After two hours of 
incubation at 37 °C under shaking, samples were observed under the microscope. All the 
cultures show increased aggregation except the atl deletion mutant which any way has built 
large cell clumps.   
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AmiA degrades staphylococcal peptidoglycan specifically and 
releases peptides of varying lengths 
 

The cell wall degrading activity of the amidase domain of the staphylococcal major 

autolysin, Atl, was described in several previous works. Oshida et al. described the 

activity of the amidase using zymogram analysis using heat inactivated staphylococcal 

whole cells as amidase- and M. luteus cells as N-acetylglucosaminidase substrates 

without showing any structural evidence [36]. Later Lutzner et al. developed  a novel 

fluorescent substrate for S. epidermidis Atl amidase AmiE. But this substrate has no 

similarity with the natural peptidoglycan since it neither has glycan components nor is 

the peptide sequence the same as the natural substrate [60]. Biswas et al. have used 

PGN to show the mass difference extracted from an HPLC-MS analysis after a 

lysostaphin and amidase double digestion [42]. But surprisingly, none of these and 

other studies made so far have used the natural substrate, purified staphylococcal 

whole peptidoglycan and shown the specific activity of the Atl-amidase. As there are 

Figure 11. Muramidase (mutanolysin) and amidase digestion pattern of staphylococcal 
PG. (A) RP-HPLC analysis of soluble PG released after digestion with mutanolysin showing 
the characteristic peak pattern of monomeric up to heptameric PG fragments ending in a hump 
of unresolved polymeric fraction as described previously [1]. (B) HPLC analysis of soluble PG 
fragments released after digestion with AmiA shows a distinctly different peak pattern.  

A 

B 
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enzymes with diverse hydrolytic activities even on a single substrate, for example LytN 

shows both amidase and peptidase activities when tested on staphylococcus 

peptidoglycan [33], it is necessary and important to verify the activity spectrum of Atl-

amidase on its natural environment and substrate. Therefore, after getting more insight 

through the crystal structure studies, we incubated purified S. aureus and B. subtilis 

peptidoglycan first with the muramidase Mutanolysin for 16 hours followed by Atl-

amidase to verify its specificity. As expected, Atl-amidase did not digest B. subtilis PGN  

(Fig. 11A) while it degraded the S. aureus PGN (Fig. 11B). These results confirm our 

observations on the crystal structure and substrate docking studies that, polymeric 

peptidoglycan with its pentaglycine bridge is the natural substrate of Atl-amidase. To 

further verify the specific activity mechanism of the Atl-amidase, we compared the 

digestion pattern of S. aureus PGN with Mutanolysin and Atl- amidase (Fig. 12A). As 

expected, HPLC chromatogram of the solubilized products from both digestions 

showed distinctly different peak patterns. While the peak patterns of the Mutanolysin 

digestion products are already well characterized, analysis of the solubilized products 

Figure 12. HPLC profile of Mutanolysin and AmiA solubilized staphylococcal PG. (A) 
showing peaks of released muropeptides and peptides by mutanolysin and AmiA hydrolysis 
of PGN (B) Molecular structures of the released peptides, uncrosslinked and with single 
bridge crosslink (monomer and dimer) representing the first two peaks. Each further peak 
depicts the peptide elongated by one cross linkage unit shown in brackets up to an extension 
of 12-15mer length.  
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by HPLC-MS confirmed amidase activity by the release of PGN peptides of increasing 

lengths (Fig. 12B).  The masses of the major peaks revealed that, the amidase 

effectively cleaved between the N-acetylmuramic acid and the L-Ala of the stem 

peptide releasing cross linked peptides of increasing lengths, each time by a mass 

value that exactly matches the mass of the next crosslinking peptide fragment (Table 

1). The peptides were resolved so well according to their length, that it was even 

possible to enumerate the peaks according to the number of the pentaglycine bridges 

contained. 

 

 

GlcA requires uncrosslinked glycan strand to render its activity 
 

In the same way as the determination of the Atl-amidase activity in previous works of 

Oshida et al. [36],  activity of the Atl-N-acetylglucosaminidase was determined by 

zymogram analysis using heat inactivated M. luteus cells, since GlcA showed hardly 

Table 1. Amino acid composition and mass analysis of AmiA released peptide 
fragments of S. aureus peptidoglycan 

 

Peptide m/z calc. m/z Obs. 

AQK(G)5AA 772.818 773,440 

AQK(G)5 [AQ (G)5KA]AA 1456,542 1456,819 

AQK(G)5 [AQ (G)5KA]2AA 2140,266 2140,299 

AQK(G)5 [AQ (G)5KA]3AA 2823,990 2823,861 

AQK(G)5 [AQ (G)5KA]4AA 3507,714 3507,236 

AQK(G)5 [AQ (G)5KA]5AA 4190,062 4190,753 

AQK(G)5 [AQ (G)5KA]6AA 4874,400 4874,270 

AQK(G)5 [AQ (G)5KA]7AA 5557,735 5557,631 

AQK(G)5 [AQ (G)5KA]8AA 6241,070 6241,171 

AQK(G)5 [AQ (G)5KA]9AA 6924,405 6924,679 

AQK(G)5 [AQ (G)5KA]10AA 7608,744 7609,011 

AQK(G)5 [AQ (G)5KA]11AA 8291,075 8290,972 

AQK(G)5 [AQ (G)5KA]12AA 8975,414 8975,952 
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any cell wall activity in S. aureus. But there was no explanation as to why an enzyme 

expressed, secreted and processed by S. aureus does not show any activity on its cell 

wall. To verify its activity, S. aureus peptidoglycan was isolated and digested with 

purified GlcA and AmiA. The solubilized digestion products were then further analyzed 

by HPLC. The results verify that, while the amidase digested peptidoglycan showed 

solubilized fragments (Fig. 13A), no fragment peaks were observed in the HPLC 

chromatogram of the GlcA digestion (Fig. 13B). This is in line with previous zymogram 

analysis results where GlcA showed hardly any cell wall activity in S. aureus.   

 

 

We therefore postulated that the N-acetylglucosaminidase activity might be dependent 

on amidase activity or both enzymes work in coordination as they are expressed 

together. We therefore used an amidase pre-digested PGN as a substrate and 

digested it further with GlcA overnight. After this double digestion, two additional main 

peaks appeared at RT 4.8 and 13.1 min in the HPLC chromatogram while the peaks 

 
 
Figure 13. RP-HPLC profile of soluble fragments obtained after hydrolysis of PGN*.   
(A) with AmiA, (B) with GlcA, (C) with GlcA after prior digestion with AmiA; AmiA was heat-
inactivated at 95 oC for 3 min before digestion with GlcA. After the double digestion, two 
distinct peaks at RT 4.8 and 13.1 min appear as main products, indicated by red arrows. * 
please note the different scales in A = 250, B = 600 and C = 600 mAU.   
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specific to amidase remain unaltered (Fig. 13C). MS analysis of the peaks revealed 

that the peak at RT 4.8 min corresponds to MurNAc-GlcNAc disaccharide and that of 

RT 13.1 min corresponds to its O-acetylated form (Fig. 14A,B). This shows that 

unsubstituted glycan chain is the natural substrate of GlcA while O-acetylation of 

MurNAc does not affect its activity. 

 

GlcA is not an endo- but an exo--N-acetylglucosaminidase 
 

Since we observed only MurNAc-GlcNAc disaccharides as products of N-

acetylglucosaminidase  digestion, the next logical and equally important question is if 

GlcA is an endo--1,4-N-acetylglucosaminidase as described heretofore or if it is rather 

an exo-acting enzyme. To answer this question, GlcA digestion and product formation 

on a previously Atl-amidase digested peptidoglycan was monitored over a period of 0 

Figure 14. Mass spectrometric and time lapse profile of the GlcA digestion 
disaccharide products, MurNac-GlcNac. The mass of the two distinct HPLC peaks at Rt 
4.8 min (A) and 13.1 min (B) shown in Fig. 13C was determined. (C) The mass of m/z = 498 
corresponds to MurNAc-GlcNAc and of m/z = 540 to O-acetylated MurNAc-GlcNAc. (D) Time 
course of MurNAc-GlcNAc release by AmiA and GlcA digestion measured by RP-HPLC. 
Black bar represents MurNAc-GlcNAc and grey bar O-acetylated MurNAc-GlcNAc.  
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to 8 hours by HPLC analysis. If the Atl N-acetylglucosaminidase is an endo-enzyme, 

as described in the literature, glycan products of different sizes should be detected in 

at least some of the timepoints. If it is an exo-enzyme, only disaccharide products with 

increasing concentrations over time should be found. Indeed, HPLC analysis of the 

samples at different time points revealed that only the MurNAc-GlcNAc-disaccharide 

peaks appeared increasing with time (Fig. 14D). There was no other glycan chain of 

any length detected other than the disaccharides. These results clearly show two 

important facts. First; GlcA requires the prior removal of attached peptides to the 

glycan backbone for it to render its activity and second; GlcA is not an endo- but an 

exo-acting enzyme chewing down the glycan ends up to the point where the stem 

peptide is intact.  

 

Concluding remarks 

 

The major autolysin of staphylococcus, Atl, in general, and of S. epidermidis, AtlE in 

particular, has been studied extensively in its structural arrangement; its genetic 

organization and regulation; its function in cell division and separation; its role in biofilm 

formation; its role in host cell adhesion and invasion as well as its activity on 

peptidoglycan. Although several studies have focused on these different functional and 

structural aspects of Atl, little is known about the interplay of its domains AmiA and 

GlcA during cell division and separation. 

 

With this study, we provide a highly resolved complex structure of the catalytic amidase 

domain of S. aureus Atl, AmiA‐cat. We resolved its specific molecular ligand interaction 

mechanism that significantly broadens our knowledge on how Staphylococci process 

their peptidoglycan. Although structures of other cell wall lytic enzymes have been 

determined before [61-64], this is the second structural elucidation of a bacterial 

amidase at all. It is also the first of any bacterial amidase resolution in which both the 

PGN component and the water molecule that carries out the nucleophilic attack on the 

carbonyl carbon of the scissile bond are present, as well as it is the first peptidoglycan 

amidase complex structure of an important human pathogen.  
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In order to understand the role played by each enzyme domains, we generated S. 

aureus atl mutants carrying deletions of the amiA (amiA-R1-R2) and glcA (R3-glcA) 

domains as well as the entire atl (atl) gene and compared the resulting morphological 

changes. Through electron microscopic studies, we were able to show that each of 

these enzymes play a significant role in cell aggregation, proper septum formation and 

cell separation. Notably, loss of GlcA activity results in aberrant septum formation 

manifested by deformed and in part “kidney” like cell clusters. Despite a lowered 

peptidoglycan crosslinking, we observed that the atl, amiA und glcA mutants were 

10,000 - to 100,000-times more tolerant to oxacillin than the parent strain. This result 

elaborates not only the importance of this study in understanding the role of Atl 

domains in cell division and separation, but also that hydrolytic enzymes on the cell 

surface are required to augment the wall damage initiated by oxacillin and other β-lactam 

antibiotics to produce a bactericidal effect. 

 

 

In all studies made hitherto, AmiA activity has been investigated mainly with synthetic 

substrates or in zymograms but not exclusively with its natural substrate, the 

staphylococcal peptidoglycan. This work shows for the first time, the activity of both 

GlcA 

AmiA 

PGN Peptide 

GlcNac-MurNac 

WTA LTA 

Figure 15. Illustration of the concerted action of AmiA and GlcA at the septum during 
cell separation in Staphylococcus aureus. At the septum, where the wall teichoic acids are 
not yet attached, both the amidase (AmiA) and glucoseamonidase (GlcA) attach to the 
peptidoglycan with their repeat domains. While the AmiA cuts the peptides off the glycan 
backbone, the GlcA follows chewing down the GlcNAc-MurNAc polysacchride and releasing 
disaccharides. 
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AmiA and GlcA on their natural substrate, the staphylococcal peptidoglycan. Both the 

AmiA-R1-R2 and the R3-GlcA were cloned and purified. Comparative peptidoglycan 

digestion with the purified AmiA revealed that, AmiA is specific to its host 

staphylococcal peptidoglycan. In addition, digestion products of AmiA, the cross-

peptides, were resolved using HPLC separation methods. Structural compositions 

were determined by HPLC-MS analysis and the results confirmed the hitherto showed 

amidase activity that it cuts between the MurNAc of the glycan backbone and L-Ala of 

the stem peptide of its substrate peptidoglycan. It was possible to resolve crosslinked 

peptide products up to a length of 20-mer for the first time. Each peak showed 

additional mass value that corresponds to a tetrapeptide-pentaglycine fragment 

(monomer) which is exactly the fragment of the next crosslinking. Moreover, we 

revealed the mechanism by which GlcA digests peptidoglycan thereby answering the 

recurring question why it does not digest S. aureus whole peptidoglycan in zymograms. 

We identified that the naked glycan backbone is the natural GlcA substrate and it in 

turn is a product of prior digestion of peptidoglycan by AmiA. This implies that the 

cutting (resolution) of PGN occurs in a defined order, in which AmiA first hydrolyses 

the crosspeptides, and only then can GlcA chew back the naked glycan strand until 

the next peptide crosslinking position. Equally significant and novel are analysis results 

in this work which disproved the hitherto conclusion that the staphylococcal N-

acetylglucosaminidase, GlcA, is an endo--1,4-N-acetylglucosaminidase. Identifying 

the right substrate and digestion products revealed that GlcA is not an endo- but an 

exo--N-acetylglucosaminidase that cuts back the glycan backbone from its end 

releasing only GlcNAc-MurNAc disaccharide product.  

 

Taking all together, this study shows, for the first time, a complete functional picture of 

the S. aureus major autolysin, Atl, from its crystal structure to its ligand interaction and 

activity mechanisms. Moreover, it reveals the specific enzymatic activity mechanism 

and coordination in digesting the septal peptidoglycan during cell separation as well 

as the specific role of the amidase and glucosaminidase component domains in cell 

division and separation processes. 
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Chapter II 

 

Adaptive and non-adaptive responses of the S. carnosus 
femB mutant in its structure, antimicrobial susceptibility 
and excretion of cytoplasmic proteins 

  

 

Introduction 

 

Peptidoglycan biosynthesis is one of the preferred targets for antibiotics, as this 

macromolecule is unique to eubacteria and inhibition of its production is generally 

bactericidal. The most widely used class of antibiotics that target the cell wall are β-

lactams and their derivatives. Their introduction into therapy has, however, invariably 

been followed by the development and spread of resistance in the target bacteria. 

Gram-positive bacteria have developed two main strategies against β-lactams: drug 

inactivation by β-lactamases and intrinsic resistance mediated by modified, low-affinity 

variants of the target enzymes, the penicillin-binding proteins (PBPs). However, the 

effectiveness of these low-affinity PBPs in peptidoglycan synthesis depends on 

correctly synthesized peptidoglycan precursors in order to reach high-level β-lactam 

resistance. Specifically, the pentaglycyl interpeptide structure, which is characteristic 

of the peptidoglycan of S. aureus has a great impact on the level of β-lactam resistance 

that is achieved. In methicillin resistant S. aureus (MRSA) strains, the major 

determinant of methicillin resistance is the acquired mecA gene, which encodes for 

PBP2A, an enzyme insensitive to β-lactam acylation [65].  

 

High-level β-lactam resistance is also dependent on several additional elements, which 

were initially identified by transposon mutagenesis and termed fem (factor essential 

for methicillin resistance) or aux (auxiliary) genes. Around 30 fem/aux determinants 

have been identified so far and most are housekeeping genes, involved in a variety of 

cellular processes [66, 67]. Among them are three closely related factors - fmhB and 

the co-transcribed femA and femB genes that encode the FemX, FemA and FemB 
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proteins, respectively. the FemABX family proteins are non-ribosomal peptidyl 

transferases, which use glycyl-tRNA as a glycine donor to sequentially transfer the five 

glycine residues to the stem peptide of the PG precursor lipid II during the inner 

membrane stages of PGN synthesis. The process takes place with strict substrate 

specificity in which FemX adds the first glycine whereas FemA adds the second and 

third glycines, while FemB adds the fourth and fifth glycines. Although structurally and 

functionally related, these factors cannot substitute for one another [18, 20]. 

 

The FemX, encoded by fmhB was shown to be essential [68]. However, mutants from 

transposon inactivation or deletion of  femA and femB grew poorly but were viable. 

These mutants with shortened interpeptide bridge show not only impaired growth but 

also display massive reduction in cell wall crosslinking, aberrant septum formation, and 

hypersusceptibility to antibiotics including all β-lactams [69, 70]. For instance, 

methicillin resistance is completely abolished upon inactivation of femA in a methicillin-

resistant S. aureus strain. These results lead the Fem-proteins to be regarded as  

potential targets for novel antibacterial agents, which could restore β-lactam 

susceptibility in MRSA [71]. 

 

Similar to the peptidoglycan, the cytoplasmic membrane is one of the dynamic 

structures of a bacterial cell. One of its main functions is the selective passage of larger 

molecules like proteins, that are usually above the size of 100 Da, by distinct protein 

secretion systems. The two major secretion pathways that are usually referred to the 

“classical secretion systems” are the SEC and Twin-Arginine (TAT) pathways. They 

rely on a distinct signal peptide motif at the N-terminus of the substrate to select and 

carry out their function. In many organisms where the classical secretion systems are 

not involved in the excretion of cytosolic proteins, the “nonclassical protein secretion” 

takes place. They are the holin-antiholin systems, the ABC transporters and the ESAT-

6 secretion system that translocate proteins independent of any signal sequence. In S. 

aureus, over 20 typical cytosolic proteins are excreted, starting already in the 

exponential phase and it appears to be more pronounced in clinical isolates than in the 

non-pathogenic staphylococcal species [72, 73]. 

 

However, in bacteria as well as in eukaryotes, typical cytoplasmic proteins that do not 

possess any signal sequence and not transported by the non-classical pathways, are 
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found in the supernatant. Various S. aureus mutants have been analyzed with respect 

to the release of cytoplasmic proteins. For example, we have shown in a previous study 

that, in the major autolysin, Atl, deletion mutant, cytosolic proteins were hardly found 

in the supernatant, but were entrapped within the huge cell clusters of the mutant [70]. 

In the wall teichoic acid deficient tagO mutant, with its increased autolysis activity, 

excretion of cytosolic proteins was increased compared to the WT, confirming the 

importance of peptidoglycan integrity and autolysis in the excretion and/or release of 

cytosolic proteins [72]. 
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Aim of the study 

 

In our previous study using the atl deletion mutant, we have observed that 

peptidoglycan integrity and autolysin activity are factors that play important roles in 

excretion of cytoplasmic proteins.  

 

The factors essential for the expression of methicillin resistance (fem), encode the 

FemABX peptidyl transferases involved in non-ribosomal pentaglycine interpeptide 

bridge biosynthesis. While femX is essential, Tn inactivation of femA and femB lead to 

viable mutants that grew poorly. Both mutants showed reduced peptidoglycan (PGN) 

cross linking, reduced whole-cell autolysis and increased sensitivity to -lactam 

antibiotics. They also show aberrant placement of cross walls, and stunted cell 

separation showing key functions of the pentaglycine interpeptide bridge.  

 

We therefore aim to investigate the role of femB deletion on the morphology and 

physiology of the cell, integrity of its peptidoglycan as well as susceptibility towards 

antibiotics and cell wall hydrolytic enzyme Lysostaphin. Lowering of lysostaphin 

susceptibility is aimed with the intention of using S. carnosus as an expression platform 

for cell wall hydrolytic enzymes that target the pentapeptide bridge structure. 

 

Moreover, we aim to find out the role of FemB, and consequently, the effect of 

peptidoglycan structural alteration in the pentaglycine bridge on the excretion of 

cytoplasmic proteins as was observed with the deletion of the staphylococcal major 

autolysin Atl. 
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Results and discussion 

 

Under this section, results of the following publications are summarized and 

discussed. 

 

1. Nega M, Dube L, Kull M, Ziebandt AK, Ebner P, Albrecht D, Krismer B, 
Rosenstein R, Hecker M & Götz F (2015) Secretome analysis revealed adaptive 
and non-adaptive responses of the Staphylococcus carnosus femB mutant. 
Proteomics 15: 1268-1279. 
 

2. Ebner P, Prax M, Nega M, Koch I, Dube L, Yu W, Rinker J, Popella P, 
Flötenmeyer M & Götz F (2015) Excretion of cytoplasmic proteins (ECP) in 
Staphylococcus aureus. Mol Microbiol 97: 775-789. 
 

3. Ebner P, Rinker J, Nguyen MT, Popella P, Nega M, Luqman A, Schittek B, Di 
Marco M, Stevanovic S & Götz F (2016) Excreted Cytoplasmic Proteins 
Contribute to Pathogenicity in Staphylococcus aureus. Infect Immun 84: 1672-
1681. 
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The effect of femB deletion on growth, methicillin susceptibility and 
lysostaphin tolerance 

The femAB operon and the pentaglycine crossbridges are unique features of 

staphylococci which makes both the FemAB proteins and the pentaglycine structure 

interesting targets for staphylococcus specific drug design. In this work we investigated 

if depletion of the FemB protein is lethal and determine the phenotypic defects 

associated with lack of its expression in S. carnosus which is generally regarded as 

safe (GRAS) strain. We used the S. carnosus strain background with the assumption 

that a viable strain with a good growth could be used as an expression platform for cell 

wall hydrolytic enzymes that target the pentapeptide bridge structure such as 

lysostaphin. 

We constructed a femB deletion mutant in S. carnosus TM300, in which the femAB 

operon is orthologous to that of S. aureus, by replacing femB with an erythromycin 

cassette, ermB. The femB mutant was complemented with the plasmid pPSHG5femB, 

which was constructed by cloning femB under the control of a galactose-inducible 

promoter. The deletion mutant has a shortened glycine interpeptide bridge in the 

murein structure which is a stress factor that leads to metabolic adjustments to be 

made. Therefore, the mutant growth was severely affected with a growth rate lowered 

by more than half the WT values. This growth deficiency could be restored successfully 

by the plasmid complemented mutant (Fig.1A). The mutant also showed a much higher 

sensitivity towards methicillin compared to the WT (Fig. 1B) while showing high 

resistance to lysostaphin. Since lysostaphin targets exclusively the pentapeptide 

 

 
Figure 1. Comparative phenotypic features of S. carnosus, its femB mutant, and the complementary 

mutant. (A) Growth was severely affected in the femB mutant; arrow indicates sampling time for 

protein analysis. (B) Agar diffusion assay showing femB mutant methicillin susceptibility. S.c. 

TM300: wild type; femB: femB deletion mutant; femB-c: mutant complemented with 

pPSHG5femB 
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bridge, this alteration of the target peptide leads to a more than 3000-fold increase in 

MIC values from 0.01µg/mL in the WT to 32 µg/mL in the femB deletion mutant strain.  

 

The role of FemB on cell physiology and cell separation 
 

Microscopic analyses showed that cells of the femB mutant form cell clusters indicating 

a defect in daughter cell separation. Peptidoglycan staining with fluorescent 

Vancomycin (Van-FL) revealed a massive accumulation of fluorescence intensity in 

the septum region of the femB mutant suggesting that the degree of cross-linking of 

the PGN network was considerably decreased. In order to confirm and measure the 

degree of crosslinking, peptidoglycan was isolated from the WT, mutant and the 

complemented mutant and digested with the muramidase mutanolysin, that degrades 

peptidoglycan by hydrolyzing the MurNac-GlcNac glycosidic bond of the glycan 

backbone. Comparison of the amount of each of the solubilized peptidoglycan 

Figure 2. Peptidoglycan composition is altered in the S. carnosusfemB strain. (A) HPLC analysis 

of mutanolysin digested PGN of the wild-type strain of S. carnosus TM300, the mutant S.cfemB, 

and the complemented mutant. (B) Eluted UV-absorbing peaks were integrated, and the 

corresponding muropeptides highlighted by the dotted area in (A) were quantified as a percentage 

of the total area of identified peaks. Dotted areas represent monomers to pentamers (left to right). 
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fragments showed that the mutant contained more of the un-crosslinked and lower 

crosslinked fragments and less of the fragments with higher crosslinking. The 

monomeric fragments were roughly 50% more abundant in the mutant compared to 

the WT, and the tri- and tetramer fragments were less in comparative abundance.  

 

As with vancomycin, fluorescence intensity with FM 464, a cell impermeant membrane 

stain, was increased in the septum region of the femB mutant, indicating increased 

penetration of the dye through the cell wall to the membrane site, which correlates with 

the lower peptidoglycan crosslinking observed. Ultimately, DNA staining with DAPI 

revealed enlarged nucleoid in the mutant, which could have resulted from decreased 

chromosomal condensation. In all microscopic image analyses, the femB mutant cells 

were enlarged with an average cell diameter 132% higher than the WT or the 

complemented mutant. 

 

Deletion of femB and its effect in excretion of cytoplasmic proteins  
 

A very surprising effect of the femB deletion was the drastic increase of secreted 

proteins. We have analyzed and compared the amount of both the cytoplasmic and 

secreted proteins in the exponential and stationary phases. Our first observation was 

Figure 3. Comparative phenotypic features of S. carnosus, its femB mutant, and the complementary 

mutant: SDS-PAGE of culture supernatant proteins; cells were cultivated for 13 h in the presence of 0.25% 

galactose. WT: wild type; S.c. TM300; femB: femB deletion mutant; femB-c: mutant complemented 

with pPSHG5femB; M: marker proteins. 
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a massive release of proteins in the supernatant which was readily visible on SDS-

PAGE analysis (Fig. 2), while the cytosolic protein content remained more or less the 

same. We compared the secreted protein amount in the supernatant quantitatively 

using five different femB mutant isolates in the exponential and stationary growth 

phases. The results revealed that the protein content in the femB mutant was always 

roughly 5 to 6 times higher than in the WT.  Therefore, comparative secretome analysis 

was performed to determine the qualitative protein abundance in the supernatant of 

the femB deletion mutant using 2D-PAGE and mass spectroscopic analysis. Due to 

the growth rate difference (Fig. 1A), protein samples were taken at the exponential 

growth phase after 4 h (for the WT) and 8 h (for the femB mutant), as well as after 12 

h (for the WT) and 16 h (for the femB mutant) for the stationary growth phase. Protein 

spots of each of three 2D gels of the WTand the femB mutant were analyzed by mass 

spectroscopy and 82 different proteins could be identified and quantified. Using the 

Delta2D software (DECODON) for better visualization, thirty six selected protein spots 

showing the most significant differences in intensity between the WTand femB mutant 

were identified and characterized.  

 

Proteins showing increased abundance in the secretome of the femB mutant belong 

mainly to cytosolic proteins followed by cell wall/membrane anchored proteins and 

extracellular proteins. From the 30 proteins analyzed that are more abundant in the 

femB mutant, four proteins belonged to signal peptide-dependent transported proteins. 

These enzymes are involved in murein turnover and daughter cell separation, and their 

increased production in the femB mutant is most likely a compensatory response to 

partially resolve the cell wall interlinked cell clusters. 

 

Out of the 20 cytosolic proteins identified, eleven proteins belonged to enzymes of the 

central metabolic pathways whereas four were enzymes involved in protein folding and 

oxidative stress situations. The rest represent 50S ribosomal proteins such as RplC, 

RplE, RplF, and RplJ. 

 

To verify this secretome analysis data, four cytosolic proteins: fructose-bisphosphate 

aldolase (FabA), glyceraldehyde-3-phosphate dehydrogenase (GapA), enolase (Eno), 

and NADH-dehydrogenase (Ndh-2) were chosen and analyzed. Each protein was 

detected using specific antibodies in the cytoplasm, cell wall and supernatant fractions 
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at different time points among the WT, mutant and complemented mutant strains. The 

results show no marked difference in protein amounts in the cytosolic fractions. There 

was however, a clear difference in the cell wall fraction and culture supernatant 

showing a significant increase in the femB mutant confirming that the cytosolic target 

proteins were abundantly exported. Transcriptome analysis showed that transcription 

of genes encoding cell wall lytic enzymes was up-regulated in the femB mutant, while 

that of cytosolic target genes was unchanged. 

 

Spatial and temporal pattern of excretion of cytoplasmic proteins 
 

Having observed that, excretion of cytoplasmic proteins is not due to cell lysis but a 

common physiological feature in bacteria and eukaryotes, and that cell stress 

situations such as in the femB mutant lead to increased excretion; the next logical 

question is to find out the spatial and temporal pattern of this excretion mechanism. 

These investigations were carried out using the pathogenic S. aureus instead of S. 

carnosus. Two glycolytic model proteins which we already analyzed in the experiments 

with the S. carnosus femB mutant; fructose-bisphosphate aldolase (FabA) and enolase 

(Eno), were chosen and their relative abundance in the supernatant was measured 

using western blot analysis. The IgG binding protein, Sbi, which is secreted via the 

sec-pathway was used as a control. The results show that both FabA and Eno were 

secreted during the exponential growth phase. FabA showed a steady increase until 8 

hours with a slight decrease afterwards whereas Eno showed its strongest excretion 

after 4 hours with a steady decrease afterwards until 10 hours.  

 

In order to find out the location of this excretion, a cell wall back binding approach was 

followed. Both proteins were fused to the cell wall binding domain LysM. These fusion 

proteins were then detected on the cell surface using protein specific primary 

antibodies followed by fluorescent labelled secondary antibodies. In this case, the not 

excreted Ndh2 was used as a control. The results show that fluorescent signals were 

only visible at the cross walls and septum regions. There was no signal on single or 

non-dividing cells. This results were further confirmed using transmission electron 

microscopy with an immunogold-labelling of the three proteins. These results lead to 

the conclusion that excretion of cytoplasmic proteins occur during cell division across 

the septum region. 



Results and discussion 

 

 54 

 

Excretion of cytoplasmic proteins and its role in S. aureus 

Pathogenicity 
 
 

Similar to the “nonclassical protein export”, little is known about the role of these 

excreted proteins in staphylococcal pathogenicity. We therefore selected two of the 

typical cytoplasmic proteins, aldolase (FbaA) and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), which we already found out as to whether, how and where 

they are excreted, to investigate their impact on staphylococcal pathogenicity.  

 

The first question was if there is any correlation between pathogenicity of a strain and 

the amount of excreted proteins. Indeed, comparative analysis shows a correlation 

between pathogenicity and amount of excreted protein. The more virulent the strain, 

the more abundant excreted proteins are in the supernatant. To find out how FbaA and 

GAPDH specifically contribute to virulence, binding studies to different host matrix 

proteins was carried out. The results show that both proteins bind to plasminogen, 

vitronectin and fibrinogen. They also increase adherence of JE2 to HaCaT and 

HEK293 cells by a factor of 1.5 to 1.8, whereas invasion was rather decreased in the 

presence of these proteins.  

 

Investigation of cytotoxicity with cell proliferation (MTT) assay in MonoMac6 cells and 

keratinocyte cell line HaCaT cells showed cytotoxicity in a dose dependent manner. 

FbaA showed comparatively high cytotoxicity to both MM6 and HaCaT cells, while 

GAPDH was cytotoxic only to MM6 cells.  

 

Since exogenously applied FbaA and GAPDH contribute to host cell adherence and 

are cytotoxic to host cells, a Galleria mellonella infection model was used to compare 

the virulence of JE2 with and without exogenously applied proteins to investigate their 

effects in vivo. Larvae infected with JE2 together with FbaA and GAPDH were 

significantly more rapidly killed than those without and the control group injected with 

PBS and proteins only. The results clearly showed that GAPDH and FbaA enhance 

virulence of S. aureus USA300 JE2 in a Galleria mellonella infection model. 
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Concluding remarks 

 

Understanding Peptidoglycan biosynthesis is crucial in finding ways of combating 

antibiotic resistance, since peptidoglycan is one of the preferred targets for antibiotic 

treatment.  One of the crucial steps in staphylococcal peptidoglycan biosynthesis is the 

addition of the five glycine residues to the stem peptide of the PG precursor lipid II by 

the non-ribosomal peptidyl transferases FemA, FemB and FemX using glycyl-tRNA as 

a glycine donor. In this study we have examined the effects of deletion of the femB and 

the consequent alteration of the cell wall structure of S. carnosus and its effect on the 

morphology, physiology and antibiotic susceptibility of the organism. We have found 

out that shortening of the interpeptide bridge from five to three glycine residues poses 

a life-threatening problem for the organism leading to expanded cells, retarded growth, 

reduced peptidoglycan crosslinking, high susceptibility to cell wall antibiotics and 

surprisingly high secretion and release of proteins into the culture supernatant.  

 

We further investigated the excretion pattern of cytoplasmic proteins in the pathogenic 

S. aureus. We were able to show that the main excretion of cytoplasmic proteins takes 

place at the septum mainly during the exponential growth phase. Furthermore, we 

investigated the role of these excreted proteins during infection. The excreted 

“moonlighting proteins” FbaA and GAPDH are surface exposed by interacting with Atl 

and lead to increased adherence of S. aureus USA300 JE2 in keratinocytes and 

monocytes. We showed that these proteins bind to both vitronectin and fibrinogen as 

well as plasminogen of host cells. This binding property to certain extracellular host 

matrix proteins and their ability of back binding to staphylococcal surface via Atl as well 

as the weak interaction with PGN explains their role in adherence. Summing up these 

evidences, excretion of cytoplasmic proteins are important factors in staphylococcal 

pathogenicity.  
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