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1 Introduction 

1.1 Bovine mastitis - infectious disease in the dairy cattle 

Definition of the word mastitis literally comes from mastos (greek), the breast and -itis (greek), 

the suffix used always for inflammation [1]. Thus, the bovine mastitis is an inflammatory disease 

of the cow’s mammary gland, which can vary from self-cure or easily treated local infection of 

the udder to a systemic infection in the worst case [2]. Mastitis is one of the most common and 

most costly infectious diseases for the dairy industry [3] and estimates for example at £300 

million annually in the UK [4] or 118€ million annually in the Dutch dairy sector [5]. 

Briefly, in case of clinical mastitis a high grade of the bacterial infection is observed. The cow 

gets fever, a hot and swollen udder, flacks, gloats in the milk, and can even die if the infection 

becomes systemic [4]. On the contrary the sub-clinical mastitis proceeds without visible signs of 

the disease, the bacteria persist in the mammary tissue and the immune system of the cow does 

not react efficient enough to the presence of bacteria [6]. The problem in this case is the not 

identified and therewith untreated infection.  

Generally, the differentiation between healthy and infected gland is possible by monitoring the 

changes in the somatic cell count (SCC) of the milk. Whereas the milk from the uninfected gland 

has a cell count of about 200,000 cells/ml, the sub-clinically infected gland contains ~250,000 

cells/ml and clinically infected gland even in excess of ~2,000,000 cells/ml [7]. Healthy cow 

produces milk, which contains losted epithelial cells, leucocytes, macrophages, and neutrophils. 

With the invasion of bacteria in the mammary gland, SCC, especially the number of neutrophils 

increases dramatically [7]. This inflammatory response affects the milk quality and the milk yield, 

the latter of which is well investigated [8]. The quality deteriorates due to loss of protein and lipid 

amount in the milk. Decrease of proteins was monitored for example in infections with bovine 

Streptococcus agalactiae species [9], and SCC in the milk have negative effects on the yield and 

quality of Cheddar cheese [10]. Beside the unmarketable milk products and the loss of usual milk 

yield, the consequences of the mastitis infected cow are veterinary services and drug treatment of 

the cow – all of them lead to an economy loss [4, 11]. Antibiotic treatment is one of successful 

therapies against bovine mastitis. However this therapy accompanies the risk of the development 

of various antimicrobial resistance responses of bacteria [12–14] and of the drug residues in the 

milk. Additionally, bovine mastitis is a painful disease and a high cytokines activity leads to 

changes not only in the milk but in cows` blood, and to adverse effects like tissue destruction, 
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hormone disorders or affection of the reproduction organs [15]. Thus, the increase of the disease 

outbreaks contributes to the welfare and care of animals in cattle. 

A preventive five-point-plan was developed in the 1960ies with recommendations and requests 

like disinfection of dipping teats after every milking, culling of chronic mastitis cases and treating 

and strict recording of all clinical cases [16]. In the 1970ies the relative merits of hygiene 

procedures were determined. It became clear, that the level of infections in a herd is dependent 

from the new infection rate and the duration of infection, and that it is important to made the 

duration of infection shorter [17]. In the last 40-50 years the implementation of this guide rules 

helped the dairy cattle to minimize constantly the transmission of infection. In the 1960ies the 

clinical mastitis incidence was detected of more than 140 cases /100 cows/ year [4], and in the 

studies since 1980 and 2008 incidence account varies between 17 and 65 cases/ 100 cows/ year 

[18–20]. At the end of the last century the five-point-plan was extended by the National Mastitis 

Council (NMC) to a ten-point-plan points with more guide lines to control the disease [21]. In 

consideration of the fact that the inflammation of the cows` mammary gland is still a big problem 

in the cattle the pharmaceutical industry, variable research branches and the veterinary medical 

care still quest for better knowledge of bovine mastitis pathogenesis and for better effective 

treatment solutions. 

 

1.2  Causes of mastitis 

Bovine mastitis can be caused by more than 135 different microorganisms, most of which are 

bacteria, but fungi and algae were also detected [22]. Worldwide Staphylococcus aureus [23], 

Streptococcus uberis [24], S. agalactiae [25, 26], Streptococcus dysgalactiae and Escherichia coli 

[23] represent the five common pathogen types of bacterial bovine mastitis. Other bovine mastitis 

Gram-negative bacteria are further present Klebsiella spp., Serratia spp. and Enterobacter spp. 

species [27], and representative Gram-positive bacteria are e. g. coagulase-negative staphylococci 

(CNS) or Mycobacterium bovis [21].  

In the most causes of clinical mastitis S. uberis, E. coli, and coagluase-positive staphylococci 

(CPS) are still observed. In the cases of subclinical mastitis comprise a big cause CPS, CNS, and 

streptococci like S. uberis, S. agalactiae, S. dysgalactiae [28, 29]. 
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1.3 Genus Streptococcus  

Molecular biological investigations such as DNA-DNA reassociation experiments and 16S RNA 

sequencing improved the taxonomy of streptococci noticeably during the last 20 years. Thus, 

Enterococcus and Lactococcus split off from the genus Streptococcus and became own 

genera [30]. Today the genus Streptococcus belonging to the Streptococcaceae family contains of 

over 50 species, which are catalase-negative Gram-positive cocci, tending to form chains in liquid 

medium [31, 32]. Streptococci can be differentiated by the hemolysis reaction which is helpful for 

their clinical identification. Beta-hemolytic streptococci were subdivided in 1933 by Lancefield 

into defined antigen groups A, B, C, E, F, and G [33]. Based on serogrouping the current division 

and identification of the streptococci remain Lancefield groups [31]. Pyogenic streptococci are 

closely related to each other and include beta-hemolytic S. agalactiae, S. canis, S. dysgalactiae 

[subdivided in S. dysgalactiae subsp. dysgalactiae (zoonotic pathogens) and S. dysgalactiae 

subsp. equisimilis (human pathogens)], S. equi, and S. pyogenes. Thereby S. dysgalactiae subsp. 

dysgalactiae represents an exception of the pyogenic streptococcal group as non-hemolytic 

species [30, 31].  

Streptococci are characterized by their incapability of respiratory metabolism due to the lack of 

heme compounds. Bacteria of the genus Streptococcus are facultative anaerobic, their temperature 

optimum is around 37°C and some of them like viridans streptococci and S. pneumoniae require 

5% CO2 for an adequate growth [30].  

 

1.3.1 Characteristics of Streptococcus agalactiae 

S. agalactiae is non-motile coccus, it possesses the Lancefield Group B carbohydrate. A 

peptidoglycan-anchored antigen in their cell envelope, which assighnes it to the Group B 

streptococci (GBS) [31], and is a common human as well as zoonotic pathogen. In humans 

S. agalactiae can persist often asymptomatically in genitourinary tract of woman [34], is capable 

to cause meningitis, sepsis and respiratory infections of neonates and infants in the first 3 months 

of life [35, 36]. Furthermore, the infections by S. agalactiae of elderly people are known [37].  

S. agalactiae was at first identified as bovine mastitis pathogen in 1887 [38]. It has been detected 

as agent of clinical mastitis [29], but causes mostly subclinical mastitis in ruminants [9] and in 

sheep [39]. This bacterial specie is associated with a high SCC (> 700,000 cells/ml) in the clinical 

mastitis cases [40]. S. agalactiae persists mainly in the udder and hardly survives in the 

environment. It was defined by A. Biggs as the most contagious (transfer from cow to cow) of the 
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contagious bovine mastitis causative agents [2]. In the 1970ies-1980ies this bacterial strain was 

very common in dairy herds [17]. Especially the contagious character of S. agalactiae helped to 

minimize its eradication by cleaning and disinfection sanctions as well as successful antibiotic 

treatments, and in 1998 it was described even as eliminated [41, 42]. Nevertheless S. agalactiae is 

still common in dairy industry and has been frequently isolated in several countries [28, 29, 43]. 

Determination of pathogens and their resistances of ca. 1% samples from all bavarian milk 

suppliers identified 1.7% S. agalactiae strains in 1997-1998 and 4.3% S. agalactiae pathogens in 

2008-2009 [44]. Penicillin resistance possessed 2.5% of isolated S. agalactiae species of this 

study, resistances of bovine GBS against other antimicrobials are also described [28, 29, 44].  

In mouse and rat models different virulence factors of S. agalactiae have been identified, like 

laminin-binding protein (lmb), fibronectin-binding protein (pavA), fibrinogen-binding protein 

(fnb, fbsA), α-C protein, β-C protein (cba), C5a peptidase (scp), β-hemolysin/cytolysin [45], and 

capsule [46]. Bovine S. agalactiae isolates were identified to be positive for the cfb, and negative 

for the pavA (16 of 17), fnb, lmb, scpB, and cba genes, whilst the human S. agalactiae pathogen 

species were positive for all these mentioned virulent factors. Thus, the bovine S. agalactiae 

isolates were discussed either to be less virulent than human strains or to possess otherwise 

adherence and invasion facilities [47]. Another study sequenced for the presence of laminin-

binding protein and the C5a peptidase genes in GBS, which were present in all human isolates. 

The scp gene was identified in all bovine species, but laminin-binding protein was produced only 

by 32% of bovine S. agalactiae [48].  

Strain-variable genes of surface proteins are putative virulent factors, which can be used as 

marker for serotyping of S. agalactiae species. This are the α-like proteins Alp (bca), Alp1 (alp1), 

Alp2 (alp2), Alp3 (alp3), Alp4 (alp4), R4 (rib), non-Alp proteins Cβ (bac), protein R3 and 

recently recognized proteins Z1 and Z2 [49, 50]. 

CAMP factor (cfb) is an extracellular protein of GBS, which renders streptococci haemolytic 

reaction, a lysis of erythrocytes by growing on agar media supplemented with blood [51]. It was 

established as a useful characteristic for GBS identification in the clinical laboratory, and the 

cationic antimicrobial peptide CAMP factor was presumed to be also a virulent factor of GBS 

[52]. Later this protein was observed in the mouse model, and was postulated to be non virulent 

[53]. A new CAMP factor II of S. agalactiae was characterized in 2012, it may confere co-

hemolytic activity in case of loss of genomic CAMP factor. This toxin can be transferred by 

conjugation (ICEs – Integrative and Conjugative Elements) to other Streptococcus species and 

lead to the result, that hemolytic properties possess not only GBS [54, 55]. Further discussed 

pathogenic factors of GBS are pili proteins from human S. agalactiae species which were shown 

to be relevant for adherence and invasion of lung and cervical epithelial cells [56].  
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Beside of the virulence of the veterinary and human GBS isolates molecular biologists attempt to 

find out the transmission routes and the origin lineage of virulent species. Multilocus sequence 

typing (MLST) was used to screen humans and cows from the farms for virulent and nonvirulent 

GBS species, in which the species were symptomatic or asymptomatic in one or in both groups. 

The investigation demonstrated the transmission of the genes between human and bovine isolates 

[57]. Bisharat et al. proved by MLST that hyperinvasive neonatal GBS has arisen from a bovine 

lineage [58], however investigations of GBS genes applying multiple-locus variant-repeat assay 

(MLVA) could not confirm this [59]. In 2011 the first complete sequenced genome of bovine 

clinical mastitis S. agalactiae FSL S3-026 was published. The comparison of 8 recognized novel 

islands between 20 human and 20 bovine GBS isolates revealed a strong differentiation, 

especially in fermentation of lactose of both pathogenic groups [60]. Additionally, the same study 

demonstrated 99% of similarity of lactose and fructose operon sequences of bovine S. agalactiae 

with bovine mastitis isolate S. dysgalactiae subsp. dysgalactiae and the similarity of nisin U 

operon with bovine mastitis isolate S. uberis and proved therewith the lateral gene transfer (LGT) 

of streptococci in the udder. The authors refer to published tetracycline resistance genes of S. 

pneumoniae and S. dysgalactiae subsp. equisimilis associated with LGT and warn of transmission 

of antibiotic resistances between bovine mastits streptococci in the same environment [60]. 

 

1.3.2 Characteristics of Streptococcus dysgalactiae  

S. dysgalactiae subsp. dysgalactiae was first described 1932 by Diernhofer as an udder pathogen. 

It belongs to the Lancefield group C Streptococcus (GCS) and is non-hemolytic [61]. It is 

exclusively a zoonotic pathogen, and is reported to be a contagious as well as an environmental 

bacterium. S. dysgalactiae was identified to be transmitted from cow to cow during milking 

processes and was identified in reservoirs like cow´s tonsils, mouth and vagina, and in herds 

during the nonlactating period (rewieved in [39, 62]). S. dysgalactiae subsp. dysgalactiae is 

mostly associated with subclinical bovine mastitis [63, 64], but it was also isolated from clinical 

infected udder [65]. S. dysgalactiae represents one of 5 causative agents of summer mastitis, a 

bacteriological inflammation and udder sepsis of non-lactating cows and heifers, which occurs in 

particular during the summer months [16, 66]. 

The bacterium was additionally described to cause subcutaneous cellulitis with toxic shock-like 

syndrome in a cow [67], ovine subclinical mastitis [39], piscine granulomatous inflammatory 

disease, and septicemia and bacteremia in puppies [68].  

In case of S. dysgalactiae a variety of surface proteins has been identified acting as virulence 

factors such as plasminogen activator PadA [63, 69], the proteins Mig and Mag with α2-
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macroglobulin-, albumin- and IgG- binding domains [70, 71], receptors binding host-derived 

proteins fibronectin, fibrinogen, vitronectin, und collagen [62]. Sequencing of GCS genes 

revealed a range of virulence genes coding for Mig [72], Mag [70] and M-like protein [73], 

antibiotic resistances, especially against tetracycline of all investigated S. dysgalactiae species, or 

bacteriophage-associated virulence genes [74].  

 

1.4 Cell envelope of Gram-positive bacteria 

 

Figure 1.1 General architecture of the cell envelope of the Gram-positive bacteria. 

The names of the proteins were taken from [75]. 

 

The cell surface of Gram-positive bacteria (Figure 1.1) consists of one cytoplasmic membrane, 

and up to 70% of peptidoglycan (PGN) with repeating disaccharide β-D-MurNAc(1→4)-β-D-

GlcNAc, which is cross-linked by short peptides to many layers [76]. The peptidoglycan peptides 

linkage vary in their composition and contain either four L- and D- amino acids, or meso-

diaminopimelic acid (DAP), as the third amino acid (DAP-type PGN) or L-lysine as the third 

amino acid (Lys-type PGN) [77]. The PGN itself can be decorated by addition of teichoic acids, 

phosphorylation or carbohydrates attachment [78, 79]. 
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Further typical anionic polymers of Gram-positive bacterial cell wall are teichoic acids. Wall 

teichoic acids (WTA) are covalently attached to the PGN by distinct linkages and consist of 

repetitive polyol phosphate, glucosylpolyol phosphate units (Table 1.1) [80–82] or even the 

mixture of both [83]. Additionally, the repeating units of the WTA hydrophilic backbone can be 

substituted by carbohydrates or esterified by D-alanine (D-Ala) [84]. The mutation of the first 

synthesis enzyme was shown to be not essential for the viability of Bacillus subtilis. The WTA 

was reported to be important for maitanance of the cell shape and cell form [85], adherence to 

host cells and colonization of the host tissue [86] and to contribute to lysozyme [87] as well to 

antibiotic resistance [88]. 

Table 1.1 Examples of different WTA structures from selected Gram-positive bacterial species. 

Strain Teichoic acid Linkage unit PGN Ref. 

Staphylococcus 

aureus 

    R 

-[Rbo-P]n-Rbo-P- 

[Gro-P]2-β-ManNAc-

(1→4)-GlcNAc-P- 

-GlcNAc-(1→4)-

MurNAc 
[80] 

Bacillus subtilis 
    R 

-[Gro-P]n-[Gro-P]a- 

-β-ManNAc-(1→4)-

GlcNAc-P- 

-GlcNAc-(1→4)-

MurNAc 
[81] 

Bacillus coagulans 

AHU 1366 

[→6)-α-Gal-(1→2)-Gro-P-

(1→]n-  

-[Gro-P]2-β-Glc-

(1→4)-GlcNAc- 

-GlcNAc-(1→4)-

MurNAc 
[82] 

R =, in Staph. aureus –H, D-Ala, N-actetylglucosamine (-GlcpNAc); in B. subtilis –H, D-Ala, -GlcpNAc. 

 

Lipoteichoic acids are produced by low G+C Gram-positive bacteria, and represent amphiphile 

molecules with a hydrophilic backbone and a glycolipid anchor, which is localized in the 

cytoplasmic membrane [89, 90]. Type I LTA contains repetitive units of glycerol phosphate (Gro-

P) or ribitol phosphate (Rbo-P) substituted by D-Ala, sugars or amino sugars, and is linked to a 

lipid anchor containing kojibiose or gentiobiose (Figure 1.2). It is the most common LTA type. 

Type II LTA is made up of two galactose residues linked to GroP (Gal-Gal-GroP) repeats and 

type III of Gal-GroP repeating units. The tetrasaccharide repeating units of S. pneumoniae species 

are substituted by phosphorylcholine and connected by RboP, and represent the LTA polymer of 

type IV [91–94].  
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Figure 1.2 Type I LTA from Staph. aureus with gentiobiose in the lipid anchor [95]. 

 

Lipoteichoic acid was discussed to be indispensable for bacterial viability [96], but to play a role 

in cell division and separation [97], adhesion capacity to host cells [98, 99] and to be relevant in 

the inflammatory response of the host [89]. Moreover, mutations in LTA as well as in WTA 

expression genes in Staph. aureus lead to synthetic lethality and demonstrated that the bacteria 

need at least one of both polymers for the growth [97]. 

Some Gram-positive bacteria produce teichuronic acids in low amount beside teichoic acid (TA), 

while under phosphate-limiting conditions they are capable to build them in higher quantities 

instead of TA. These polymers consist of uronic acids and amino sugars in the repeating unit part 

and are also covalently attached to the peptidoglycan [100].  

Long-chain polymers of all TA extend through and beyond PGN layers. Their long chains of 

repetitive glycerolphosphates as long as negative charges of anionic cell wall polysaccharides 

(CWPs) of some bacteria result in a negatively charged cell envelope of Gram-positive bacteria 

[101]. On the contrary, D-alanyl esters of TAs are protonated, positive charged and rende teichoic 

acids zwitterionic. The negative charges of TA are described to be capable to asssimilate the 

cations and to function as a kind of biophysical barrier [91].  

Gram-positive bacteria are capable to produce a hydrated layer around the cell, which is rich of 

carbohydrates, so called capsular polysaccharide (CPS) or K-antigen [102]. The attachment of the 

capsule to the cell wall is poorly understood. Covalent linkages between capsular polysaccharide 

and the PGN are known for Staph. aureus, S. pneumoniae and S. agalactiae [103–105]. Gram-

positive bacteria are classified into serotypes according to the variability of capsule 

polysaccharides [102]. The diversity of CPS of Group A streptococci S. pneumoniae is very high 

(93 different types) and the differences between the species are also remarkable [106]. The typical 

component of all 10 different types (Ia, Ib, II-IX) of S. agalactiae is N-acetylneuraminic acid 

(NeupNAc) [107, 108] (Figure 1.3). Group C and D streptococci possess hyaluronic acid as CPS 

component [109]. Prevention of cell dehydration and entrance of unfavorable factors as well as 

the regulation of the water regime are believed to be the important functions of the capsule. The 
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cases, where the capsules of different species are identical or are different only in one molecule 

are known and are investigated with great interest for their immunological properties [110] 

(Figure 1.4). Due to the immunogenicity of the capsules, the induction of specific antibodies 

against this polysaccharide by the immune system of humans and animals, CPS conjugate 

vaccines have been developed [111]. 

 

Figure 1.3 Examples of different polysaccharide capsules of Gram-positive bacteria. 

GlcA stands for glucuronic acid, ManNAc for mannosamine. From [106, 108]. 

 

 

Figure 1.4 Schematic structures of CPSs of S. pneumoniae Type 14 and S. agalactiae Type III.  

From [110], modified.  

 

Some Gram-positive bacteria produce so called S-layer, a crystalline layer of surface proteins 

with considered functions to be a protective layer, a setting up for enzymes, a virulent factor, and 

other more [112, 113]. Furthermore, the Gram-positive cell envelope is rich of inner membrane 

proteins, glycoproteins, and of phospholipids and glycolipids. The proteins can be associated with 

the membrane, anchored in the membrane, covalently linked to the PGN or reside only for a while 

in the outer leaflet of the cytoplasmic membrane and act as superantigens, or present protein 

systems, which influence the protein folding and help to transfer other proteins across the cell 

wall [75, 114].  

The glycolipids or glycoglycerolipids are composed of fatty acids covalently linked to the mono- 

or disaccharideglycerol. The phosphoglycolipids contain GroP groups linked to one, two or three 

pyranoses. Their distribution across the Gram-positive bacteria and the different types are well 

investigated, but their function needs elucidation. Some glycolipids were demonstrated to anchor 

the LTA in the membrane [98], to play a role in biofilm formation [115], and to act as 

immunostimulating agents [116]. 
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1.5 Immunological background of infections 

1.5.1 Innate immune recognition / TLR signaling 

The conserved Toll-Dorsal pathway in Drosophila discovered first in the 90ies has a great 

similarity to the interleukin-1 receptor (IL-1R) pathway of mammalians and even to innate 

immune pathway of plants [117]. The sequencing of the Drosophila and mammalian genes 

identified a common Toll-like pathway. Innate immunity is not antigen-specific, but essential for 

organisms having the task to alert them in case of infections, to initiate the protective signaling 

cascades and to stimulate the adaptive immune response in vertebrates [118]. Microbial pathogens 

invading a host carry a variety of conserved toxins or pathogen-associated molecular patterns 

(PAMPs), which have three basic properties. PAMPs are build only by a microbe and not by the 

host, they are invariant in a given pathogen class, and they are essential for the pathogen [118]. 

These characteristics allow the detection of PAMPs by pattern recognition receptors (PRR), 

especially by the family of Toll-like receptors (TLRs), and to initiate the signaling pathways of 

the early innate immune response [119]. Altogether 13 TLRs are described [120]. Briefly, there 

are ten human and twelve murine TLRs - TLR1 to TLR10 in humans, and TLR1 to TLR13 in 

mice, in which TLR13 is the homolog of TLR10 being a pseudogen. Every TLR subfamily 

identifies specific PAMPs, and most of these ligands are already characterized. For example, 

TLR2 recognizes lipopeptides, TLR3 recognizes dsRNA, TLR4 is responsible for the 

identification of lipopolysaccharide (LPS), TLR5 recognize flagellin and TLR 7-9 detect nucleic 

acid and heme motifs [120]. TLRs reside on the surface of a rash of innate immune cells capable 

to interact with conserved bacterial molecules during the inflammation process. These are 

macrophages, dendritic cells, neutrophils, eosinophils, mast cells and Natural Killer cells [121]. 

Finally, innate immunity is necessary not only for the instant elimination of the pathogen, but also 

for the development of the adaptive immune response. 

TLRs are type I transmembrane glycoproteins. They consist of the conserved extracellular N-

terminal domain, the transmembrane helix domain and an intracellular C-terminal toll-interleukin-

1 receptor (TIR) homology domain [122]. The α-helices and β sheets of TLR glycoproteins build 

horseshoe-like tertiary structures. The polypeptide chain above the plasma membrane contains 16-

28 leucine-rich repeats (LRRs), and bind as recognition domain to the ligands or PAMPs on the 

concave site of the horseshoe-like loop of TLRs [123, 124]. The twist of the tertiary structure is 

dependent from the amount and place of the leucine and other amino acids. TLRs initiate the 

signaling cascades as dimers. TLR4 and TLR3 form homodimers whereas TLR2 forms 

heterodimers with either TLR6 or TLR1 in order to recognize the agonists [125]. For example, the 

interaction of TLR1 and TLR2 is supported by hydrogen bonds and by hydrophobic interaction of 

the region nearby the binding pockets of both TLRs [126]. The binding pockets of TLR 1 and 2 
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are decorated with hydrophobic residues and together in a complex they are capable to 

accommodate tri-acetylated lipopeptides [126]. On the basis of the hydrophobicity of one pocket 

from TLR2 and one pocket from TLR6, the TLR2/TLR6 complex binds di-acetylated 

lipopeptides [127]. Some TLRs such as TLR3, TLR7, TLR8 and TLR9 are located in intracellular 

vesicles, like endosome and ER, whilst the other TLRs are expressed in the cell surface. 

Nevertheless of the expression of TLRs in different cellular compartments, nearly all signaling 

cascades are MyD88 (myeloid differentiation primary – response gene 88) -dependent except of 

endosomal TLR3 [124]. 

 

Figure 1.5 TLR signaling in conventional dendritic cells, macrophages and plasmoid dendritic cells.  
MyD88, myeloid differentiation primary response gene; TIRAP, TIR adaptor protein; TRAM, TRIF-related 

adaptor molecule; IRAK, interleukin-1 receptor associated kinase; TRAF, TNF receptor associated factor; 

TAK, transforming growth factor beta-activated kinase 1; IKK, kinase complex; NF-κB, nuclear factor κB; 

IRF, interferon regulatory factor. From [122], modified. 
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The TLR dimerization process and agonist recognition leads to recruitment of the adaptor proteins 

like MyD88, TIRAP (or Mal), TRAM and TRIF, which possess TIR domains for TLR binding. 

The crystal structures and the binding sites of some signaling complexes formed by adaptor 

proteins are published. Thus, the investigation of the human adaptor protein MyD88 by NMR 

spectroscopy revealed a protein with a TIR domain consist of 4 helices, which surround 5 central 

parallel β-sheets with the most structure similarity with the TLR2 TIR domain [128]. For TLR4 

signaling required TIR domain of Mal adaptor protein binds to the sites II and III of MyD88 TIR 

[128]. The 6 MyD88, 4 IRAK4 and 4 IRAK2 death domains form Myddosome (MyD88-IRAK4-

IRAK2) complex, which represents a left-handed helical oligomer. The Myddosome complex 

leads to the phosphorylation of IRAK2 and triggers TLR/IL-1R signaling pathway in mammals 

[129]. The phosphorylation of IRAK2 is the beginning of the signaling cascade, which initiates 

the expression of inflammatory cytokines and type I IFN (Figure 1.5). 

The immunological investigations of the PAMPs from Gram-positive bacteria revealed the LTA 

to be capable to activate the release of IL-8, IL-1β, IL-10, IFN-γ and TNF-α in innate immune 

cells and to be agonist of TLR2 and TLR4 [90, 130, 131]. The in vitro tests of the synthetic LTA 

revealed the release of IL-8, but TLR4 or TLR2 activity could not be determined [132]. Even little 

amounts of lipoproteins can contaminate the LTA preparations. The elegant solution of hydrogen 

peroxide (H2O2) treatment of the purified LTA samples and putative lipoproteins inside lead to 

the oxidation of the thioether group of the N-terminal cysteine to the sulfoxide and inactivates the 

lipoproteins [133]. The receptor of LTA still has to be identified. 

 

1.5.2 HEK293 cells  

Immunologists established different methods to work with different cells in vitro for the 

elucidation of immune processes. The generation of the HEK293 cell line from primary human 

embryonic kidney cells (HEK) and the transformation of HEK293 cells with sheared adenovirus 5 

DNA has been developed in 1973 [134]. HEK293 cells are since then a widespread useful tool in 

cell biology and biotechnology. The neuronal kidney cells are published to be the cellular origin 

of HEK293 cells [135]. The cells are very easy to handle, to grow and to transfect with different 

genes. The transfected gene of the HEK293 is overexpressed and demonstrate in case of positive 

stimulation the identification of the antagonist by the receptor [136]. 
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1.5.3 NKT cells  

Natural killer T (NKT) cells were discovered in early 1980ies and originally described as a subset 

of the T cells, presenting some characteristics of T cells and of NK cells [137]. Mice, humans and 

other mammalian species possess NKT cells. The cells are classified in three groups: “TH1-like”, 

dedicated “TH2-like” and “TH17-like” invariant (iNKT) cells [138].  

NKT cells play a role both in innate and adaptive immunity. They are involved during bacterial 

infections, in autoimmune diseases and in rejection of tumor cells [139–141]. NKT cells produce 

cytokines like IFN-γ, IL-1, IL-2, IL-4, IL-5, IL-9, IL-10, IL-13, IL-17, IL-21 and GM-CSF and 

express molecules like CD4 (mouse NKT), CD8 (human NKT), IL-15 receptor, IL-17RB or CC-

chemokine receptor 6 (CCR6) in order to perform their immunomodulatory activities [138]. iNKT 

cells recognize glycolipids presented by CD1d tetramer, a major histocompatibility complex 

(MHC) class I-like molecule [142]. CD1d accommodates the lipid part of the glycolipids in the 

hydrophobic pockets A´ and F´ and present it to the TCR of NKT cells [143]. Antigen presenting 

cells (APC) can be B lymphocytes or dendritic cells (DC), thereby the work of Im et al. 

demonstrated CD11c
+
 DC as predominant APC for iNKT cells [144]. 

A characteristic features of iNKT cells are expression of the invariant variable region 14-joining 

region 18 (Vα14-Jα18) T cell antigen receptor (TCR) α-chain in mice and Vα14 T cell antigen 

receptor in humans, and their preference for the glycolipid α-galactosylceramide (α-GalCer) 

restricted by CD1d molecule [137]. NKT cell with invariant recognition region Vα10-Jα50
+
 belong 

neither to type I NKT cells nor to type II NKT cells. They are also CD1d-restricted, but beside α-

GalCer glycolipids they recognize bacterial α-glucuronic acid-containing glycolipids α-

glucuronosyl ceramide (GSL-1) and α-glucuronosyl diacylglycerol [142].  

 

Figure 1.6 Activation of CD1d-restricted NKT cells.  

APC: antigen presenting cell, NKT: natural killer cell, TCR: T cell receptor. From [138], modified.  

 

The in vitro tests with stimulation of mouse and human NKT cells by co-cultivation of antigen 

presenting cells (APC) have shown that NKT cells recognize a variety of microbial and synthetic 
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antigens [145]. This assays help to find out the relevance of NKT cells in innate and adaptive 

immunity and the possible antigens, which can be recognized during infections.  

 

1.5.4 Immunological and inflammatory processes in the bovine 

mammary gland 

The udder of the dairy cow is capable to produce on average 40 to 50 l milk per day. The udder 

blood volume of a lactating cow is about 8% of the total blood volume, which is a requirement for 

the udder to be adequately supplied with nutrients. The teats of the cow have a thin, keratinized 

epidermis with normal epithelium cell layer beneath it and a deeper dermis with blood vessels and 

nerves as long as two muscle layers. The innermost muscle layer covers the lumen of the teat 

cistern and is lined by a double layer of cuboidal epithelium, which acts as a barrier between the 

milk and the blood immune mediators. A disruption of this blood-milk barrier can occur after 

infection of the udder with pathogens and subsequent inflammation (mastitis) which damages the 

epithelium. The streak canal of the cow´s teat builds on one side a barrier between the 

environment and the mammary gland tissue, and on the other hand it functions like a connector 

between them. Especially 20 - 30 min after milking, when sphincter muscles of the teat are 

relaxed and the canal is open, microorganisms have a very high possibility to enter the udder [2]. 

Thus, bacteria like S. agalactiae and Staph. aureus enter the teat duct and the udder´s cisternal 

spaces, adhere to tissues and grow in the milk collecting interior [7]. In the case of infection the 

bovine mammary gland tissue is protected by mechanisms of innate and adaptive immunity [146]. 

In the healthy mammary gland macrophages and some lymphocytes predominate. The important 

task of the macrophages is to engulf and to eliminate the entered microorganisms. They are able 

to release pro-inflammatory cytokines for neutrophil recruitment and to multiply the innate 

immune response [146]. For example, in a murine model of mastitis mammary alveolar 

macrophages produce tumor necrosis factor (TNF)-α, IL-1β, IL-8 and nitrate oxide (NO) for 

LPS/TLR4 signaling, and trigger the migration of neutrophils from the blood to the infected area 

[147]. The polymorphonuclear neutrophil leucocytes (PMN) have an essential role in the 

ruminant innate immune response. Phagocytes like neutrophils and macrophages express 

glycosylphosphatidylinositol anchored protein CD14, which was shown to be required for the 

activation of the TRAM-TRIF-dependent signaling induced by LPS [148]. CD14 positive 

(CD14+) neutrophils and macrophages were found in the ruminant´s mastitis infected udder in 

presence of Gram-positive bacteria like Staph. aureus und S. uberis [149]. Beside their intiative 

role in the inflammatory response, macrophages are capable to ingest apoptotic neutrophils and to 

resolve inflammation [150]. 
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PMN possess a convoluted surface, phagocytize bacteria and kill them by producing of 

bactericidal effector molecules like the lingual antimicrobial peptide β-defensin or enzymes: 

peroxidase and alkaline phosphatase, or PMN take control over the growth of bacteria by 

releasing lactoferrin [151]. Beside the increased number of milk somatic cells in the acute phase 

of the udder inflammation several other molecules are detectable in blood and in milk like 

increasing concentrations of the acute phase proteins serum amyloid A and haptoglobin, secreted 

by the liver, but also locally by the tissues of the mammary gland [152]. Furthermore, the actions 

of neutrophils are reflected by their release of lysosomal enzyme N-acetyl-β-D-glucosaminidase 

during phagocytosis and cell lysis [153].  

During the time some days before and after parturition the immune healthy state of the cow is 

imbalanced and the animal is most susceptible to get mastitis [154]. The reasons for that are the 

open and leaking teat canal, colostrogenesis, low numbers of mature neutrophils in blood and 

milk around calving, and the neutrophil susceptibility to apoptosis around that time [151].  

Clinical mastitis caused by Gram-negative E. coli in ruminants is characterized by obvious 

characteristic signs of acute inflammation and by strong immune reactions in the cow´s body. In 

vivo experiments demonstrated the up-regulation of the β-defensin gene BNBD5 as well as of the 

PRR genes TLR2 and TLR4 in udder tissue and in local udder lymph nodes after the first 24 h of 

infection [155, 156]. In cows, TLR signal transduction leads to NF-κB-dependent induction of 

cytokines in case of infection with Gram-negative bacteria [157]. The pro-inflammatory cytokines 

CXCL8, TNF-α, IL-1β are expressed in primary mammalian epithelial cells as demonstrated by 

Bannerman et al. after the stimulation of pbMECs with LPS [158]. 

The infection of the mammary gland infection with Staph. aureus is less invasive and the disease 

can be classified as subclinical mastitis. In the first 24 h after bacteria inoculation inflammatory 

signs are not detectible, and further bacterial inoculations are necessary to evoke tissue 

inflammation [156]. The transcriptional profiles of mammary gland tissue infected with Staph. 

aureus showed gene up-regulations associated with response to stress, the expression of 

inflammatory TNF-α, CD14, of the chemokines CXCL1, CXCL2, CXCL10, and IL-1β, IL-6, IL-

8 [156, 159, 160]. Indeed, the cytokine expression activated by NF-κB is low in case of infection 

with Staph. aureus. The NF-κB activation in bMECs is even described to be inhibited by the 

strain itself [161], presuming to evoke not sufficient strong host immune response and subclinical 

mastitis with persistent infection. 

Streptococcal bovine mastitis infections may cause clinical mastitis, but usually infections are 

subclinical [162]. The innate immune responses proceed slowly and with delay. The first 

comprehensive study of mastitis by S. agalactiae in a mouse model demonstrated the increase of 

neutrophils in infected tissue as early as 6 h after infection as well as the increase of the pro-

http://dict.leo.org/#/search=aetiopathology&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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inflammatory cytokines, however the infection was not under control until 24 h after bacteria 

injection. At the timepoint of 72 h after infection the early immune response cytokines decreased, 

and IL-12 and IL-10 increased. The highest level of CD4+ and CD8+ production was observed on 

the fifth day, and 10 days after infection anti-S. agalactiae antibodies were detectible. Thus, the 

infection triggers an adaptive immune response against this strain.  

The biofilm formation of bacteria, their adherence to epithelial cells as long as their invasion are 

helpful processes for establishment of infection, which have been determined for different 

pathogens, including bovine mastitis isolates [163]. Processes of the receptor- and caveolae-

mediated endocytosis in bMECs of bovine S. uberis enhanced by binding of host collagen, 

lactoferrin, or fibronectin are well investigated [164]. Intracellular trafficking in bMECs was 

shown for Staph. aureus, S. dysgalactiae, and pathogenic human and bovine S. agalactiae 

isolates, but also their ingestion by macrophages without losing their viability [165, 166]. 

Bacterial survival in the phagocytizing cells and the reinfection of the tissue have been discussed 

to be a possible cause of persistent ruminant intramammary infections [62, 167].  

 

1.6 Surveillance, hygiene, vaccine development 

Due to the development of guide lines and preventive measures in the cattle the incidence of 

mastitis infection was reduced successfully [25] worldwide in the last 40 years. On the contrary, 

in countries with bad hygiene standards and poor experiences in the farmer´s cattle like Vietnam 

[168], Ethiopia [169], and India [47] the infection rate of the clinical and subclinical mastitis is 

high, and results in the mentioned consequences.  

The bacterial ability to acquire antimicrobial resistance leads to the requirement of other 

antimicrobial strategies. The research efforts in vaccine development for bovine mastitis strains 

are immense. Vaccination of cows were performed for example by injections of live or killed cells 

of S. uberis and with the antigen plasminogen activator (PauA), a protein released by all S. uberis 

strains in the culture medium for protein hydrolysis of the milk [170–172]. Vaccines for bovine 

mastitis obtained from Staph. aureus were tested in vivo in cows between 1984 and 2010, 

compared and investigated for their efficacy [173]. Especially vaccines that apply new 

technologies like DNA and/or recombinant protein vaccines and some bacterins demonstrated 

better protection and control of mastitis [173]. This implies to apply these technologies in 

combination with two or more yet not tested virulence factors to obtain an efficient vaccine [173]. 

However, natural bacterial infections of the ruminant mammary gland showed that the adaptive 

immunity of the cow is relatively short-lived, thus, the development of an efficient vaccine 

represents a big challenge [157]. 
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2 Aims of the project 

The diversity and high number of bovine mastitis causative agents, which are constantly in the 

cow´s environment, make it likely that this disease may never be eliminated. Nevertheless the 

ruminant health and the economically important high-quality milk are the motives for the fight 

against this infection disease.  

At first, in case of the infection the bacterial cell envelope components have to be identified by 

the immune system agents of the host. Different structures often present different inflammatory 

potential. Therefore, the objectives of this thesis were to outline the structural characteristics of 

the cell envelope components from two bovine mastitis bacterial strains S. agalactiae 0250 and S. 

dysgalactiae 2023 by using biochemical isolation and structural investigation methods. It was 

aimed to determine possible structural differences in the cell envelope components of closely 

related streptococci and to investigate their biological importance. 

CPS, LTA, WTA and glycolipids were demonstrated to be immunomodulatory active in murine 

innate immunity. Hence, these components were aimed to be structural elucidated applying 

compositional analysis, gas chromatography (GC), electrospray-ionization Fourier-transformed 

ion cyclotron mass spectrometry (ESI FT-ICR-MS), matrix-assisted laser desorption/ionization 

Fourier-transformed ion cyclotron mass spectrometry (MALDI FT ICR-MS) and high-resolution 

nuclear magnetic resonance (NMR) spectroscopy. For the determination of immunological 

activities it was planned to apply in vitro tests using pbMECs, HEK293 cells and/or splenocytes. 
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3 Materials and Methods 

3.1 Materials 

3.1.1 Chemicals and reagents 

Table 3.1 Chemical products 

Product Company 

(R)-(-)-2-Butanol Sigma-Aldrich, Germany 

(S)-(+)-2-Butanol Sigma-Aldrich, Germany 

(R)-(-)-2-Octanol Sigma-Aldrich, Germany 

(S)-(+)-2-Butanol Sigma-Aldrich, Germany 

1-Butanol Sigma-Aldrich, Germany 

1-Propanol Sigma-Aldrich, Germany 

Acetic acid Merck, Darmstadt, Germany 

Acetic anhydride Fluka, Germany 

Acetone Merck, Darmstadt, Germany 

Ammonium acetate Merck, Darmstadt, Germany 

Ammonium heptamolybdate tetrahydrate Merck, Darmstadt, Germany 

Chloroform Merck, Darmstadt, Germany 

Citric acid Merck, Darmstadt, Germany 

Dimethyl sulfoxide Merck, Darmstadt, Germany 

Di-sodium hydrogenphosphate dihydrate Merck, Darmstadt, Germany 

DNase Sigma-Aldrich, Germany 

Ethanol Merck, Darmstadt, Germany 

Hexane  Merck, Darmstadt, Germany 

Hydrazine Kodak 

Hydrochloric acid Merck, Darmstadt, Germany 

Hydrofluoric acid Merck, Darmstadt, Germany 

Hydrogen peroxide 30% Merck, Darmstadt, Germany 

Iodmethan Sigma-Aldrich, Germany 

L-Ascorbic acid Sigma-Aldrich, Germany 

Lysozyme Sigma-Aldrich, Germany 
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Table 3.1 continued  

Magnesium chloride Merck, Darmstadt, Germany 

Methanol Merck, Darmstadt, Germany 

Natrium chloride Merck, Darmstadt, Germany 

Perchloric acid Merck, Darmstadt, Germany 

Phenol Merck, Darmstadt, Germany 

Potassium chloride Merck, Darmstadt, Germany 

Potassium dihydrogenphosphate Merck, Darmstadt, Germany 

Proteinase K Roche 

Pyridine Merck, Darmstadt, Germany 

Pyridine, destilled Fluka 

RNase  Roche 

Silica gel Merck, Darmstadt, Germany 

Sodium borodeuteride Sigma-Aldrich, Germany 

Sodium borohydride Merck, Darmstadt, Germany 

Sodium dodecylsulfate Roth, Karlsruhe, Germany 

Sodium hydroxide Merck, Darmstadt, Germany 

Sulfuric acid Merck, Darmstadt, Germany 

Trichloracetic acid Roth, Karlsruhe, Germany 

Trifluoracetic acid Merck, Darmstadt, Germany 

Tri-sodium citrate dihydrate Merck, Darmstadt, Germany 

Water Aqua B. Braun Ecotainer, Melsungen, Germany 

Water, pyrogen-free Millipore, Darmstadt, Germany 

α-Naphtol Sigma-Aldrich, Germany 

 

 

3.1.2 Buffers, solutions and media 

All experiments were performed in a LPS-free laboratory. The pyrogen-free deionized water 

(Milli-Q
®
 Integral Water Purification Systems device) was used for all solutions of structural 

analysis experiments. All glass vials, round flasks and bottles were heated at 240°C for 4 h to 

avoid endotoxin contamination. All washing steps in the experiments were performed with water 

Aqua B. Braun.  
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Table 3.2 Nutrient media. 

Medium, buffer, component Company 

Agar Bacto
TM

 Agar, BD, USA 

Brain Heart Infusion (BHI) Roth, Germany 

Todd Hewitt Broth (THB) Bacto
TM

 Todd-Hewitt Broth, BD, USA 

Casein hydrolysate Fluka, Sigma-Aldrich, Germany 

Citric buffer, 0.1 M, pH 4.7 460 ml 0.1 M citric acid monohydrate 

540 ml 0.1 M trisodium citrate dihydrate 

sterile filtered (0.22 μm filter, Millipore, USA) 

Phosphate buffer saline (PBS) 1.5 l of 37.5 mM Na2HPO4 × 2 H2O and 102.7 mM NaCl 

0.4 l of 12.5 mM KH2PO4 and 34.2 mM NaCl 

1 and 2 were given together, adjusted to pH 7.2 and to 
volume of 2 l with water, and sterile filtered (0.22 μm filter, 

Millipore, USA) 

Brain Heart Infusion  

BHI used as liquid medium in the cultivation of a variety of bacterial species as well of yeasts and 

molds. The major constituents of BHI are calf brain infusion, beef heart infusion and peptone of 

digested animal tissue, including 5% sodium chloride [174]. 

Todd Hewitt Broth  

THB was designed in 1932 by Todd and Hewitt for production of hemolysin by Streptococcus 

species [175]. The liquid THB medium is still most commonly used for growing of streptococci. 

The major constituents of THB are heart infusion as a nitrogen source, yeast enriched peptone 

providing vitamins and essential minerals, dextrose as a carbon supplier and as activator of 

hemolysin production and sodium chloride for support of osmotic balance in the medium [176].  

 

3.1.3 Cell lines 

Table 3.3 Cell lines 

Cell type Abbreviation Culture medium 

Human mononuclear cells hMNC RPMI 1640 PAA, Pasching, Austria 

Human embryonic kidney cells HEK293 DMEM, Biochrom AG, Berlin, Germany 

Murine spleen cells - RPMI 1640/15% FBS, Biochrom AG, Berlin, 
Germany 
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RPMI  

RPMI was developed by scientists of Roswell Park Memorial Institute in 1966. It is very useful 

for growing of various mammalian and hybrid cells. RPMI is often mixed with 10-20% fetal 

bovine serum (FBS) depending on the aim and cells. NaCl, NaHCO3, Na2HPO4 × 7 H2O, amino 

acids and vitamins belong to the constituents of RPMI [177].  

 

Dulbecco´s Minimal Essential Medium (DMEM) 

Different mammalian cells can grow on modified Dulbecco’s MEM. Beside usual major 

constituents of NaCl, NaHCO3, Na2HPO4 × 7 H2O, the medium contains amino acids and 

vitamins four times higher concentrated compared to Minimal Essential Medium (MEM). 

Additionally, non-essential amino acids, trace elements and bicarbonate are included [178]. 

 

3.1.4 Equipment and materials for chromatography 

Table 3.4 Materials and equipment for chromatography 

Methode, Matrices: Company Detection Software 

Thin-layer chromatography (TLC) 

TLC Silica Gel 60W 
F254S, aluminum 

sheets 20 × 20 cm 

Merck, Darmstadt, 
Germany 

  

TLC Silica Gel 60 
F254, glass plates 20 × 

20 cm 

Merck, Darmstadt, 
Germany 

  

Gel filtration 

BioGel P60 BioRAD, USA  RI Detector K-2301 
KNAUER 

Smartline RI Detector 

230 KNAUER 

Clarity 
Chromatography 

station for 

Windows 

Sephadex G10 GE Healthcare Life 
Science 

Hydrophobic interaction chromatography (HIC) 

HiPrep column (16 × 
100 mm, bed volume 

20 ml) of octyl-

sepharose 

GE Healthcare Life 
Science 

HPLC device; Gilson, 
Detector 15X Series of 

UV/VIS 

Trilution
®
 LC 

Anion-exchange chromatography 

HiTrap Q Sepharose 
HP 5 ml 

GE Healthcare Life 
Science 

ÄKTA FPLC UPC 
900, Detector P-920, 

Amersham Pharmacia 
Biotech 

Unicorn Version 
4 
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3.1.5 Equipment and plastic material 

Table 3.5 Equipment 

Equipment Company 

Acrodisc
®
 syringe filter with GHP 

membrane, 0.45 µm 

Pall Life Sciences Corporation 

Agar plates Sarstedt 

Analytical balance Sartorius, Kern 

Autoclave V 150 Systec 

Cell homogenizer B. Braun 

Centrifuges Beckmann Coulter, Hereaus, Hettich 

CO2 incubator for cell cultures Hereaus Instruments 

Filter for organic and watery solutions, 
0.45 µm 

Dionex 

Gas chromatograph 7890 A GS System; 689011 Network System, 
Agilent Technologies 

Glass beads Roth, Karlsruhe, Germany 

Long pasteur pipettes for NMR tubes Deutero, Roth 

Lyophilizator Christ, Osterode, Germany 

MALDI-TOF MS Reflex II Bruker Daltonics, USA 

Membrane tubing 3.5 ku Spectra/Por, Spectrum Laboratories, Inc., USA 

NMR Shigemi tubes Shigemi Inc. 

NMR tubes 5 mm, 3 mm Deutero 

Pasteur pipettes Brand 

UV/VIS spectrometer  Helios β, Thermo; Helios ε, Thermo Spectronic, 

Electron Corporation 

Pipette tips Sarstedt 

Steritop
TM

 Filter Units 22 µm Millipore, USA 

Transmission electron microscope Zeiss 

Vibrogen cell mill Edmunt Bühler, Hechingen, Germany 

 



24 General methods 

 

 

 

3.2 General methods 

3.2.1 Microorganisms and growth conditions 

S. agalactiae 0250 and S. dysgalactiae 2023 were isolated from cases of bovine mastitis in the 

UK [63] and are included in the National Institute for Research in Dairying (NIRD) culture 

collection (Prof. Dr. James Leigh, University of Nottingham, UK, kindly provided both isolates 

for this study).  

Both Streptococcus species were cultivated on THB medium at 37°C with for 8 h without 

shaking. The growth curves of the bacteria were obtained by measuring the light absorbance at 

600 nm (OD600). Additionally, the growth of bacteria was examined by supplying 5% CO2. 

For the isolation of the capsular polysaccharide the bacteria were grown on BHI and on BHI 

supplemented with (2%, w/v) of casein hydrolysate. Liquid cultures were inoculated with 

bacterial colonies grown on agar plates (1.5%, w/v) with the medium states above mentioned. 

Purity of the culture was determined by plating on THB agar.  

 

3.2.2 Photography of bacterial species 

Both, S. agalactiae 0250 and S. dysgalactiae 2023 were grown for 48 h at 37°C on THB agar. 

The photos were taken under the clean bench using the camera Canon IXUS 210 (14.1 

megapixels). 

 

3.2.3 Transmission electron microscopy (TEM) 

For the microscopy, the osmium fixation protocol [179] was used. S. agalactiae 0250 and 

S. dysgalactiae 2023 were grown on agar plates at 37°C (THB, BHI or BHI supplemented with 

2% casein hydrolysate) for 24 h. The cell were resuspended in liquid media, transferred to falcon 

tubes, centrifuged (6,000 g, 4°C, 30 min; rotor JA 14, model Avanti J-26 XP, Beckman Coulter, 

USA), and the pellet was taken for fixation. First, the pellet was embedded in a soft agar. A 

2% solution of osmium tetroxide (ChemPur, Karlsruhe, Germany) was applied for 1.5 h in order 

to fixate the preparations, which were washed afterwards three times with water. The post fixation 

positive stain was performed with 2% uranyl acetate solution (Serva, Heidelberg, Germany) for 

1 h at 22°C, followed by washing of the preparations three times with water. Subsequently, a 

dehydration was achieved with a series of ethanol washing steps (30%, 50%, 70%, 90%, 100%), 

15 min each. The 15 min incubation of the preparations in propylene oxide (Serva, Heidelberg, 
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Germany) followed. The preparations were impregnated at 4°C for 16 h with a mixture of 

propylene oxide/Epon resin (1:1, by vol.) (Serva, Heidelberg, Germany). The polymerization was 

achieved by transferring the material to Epon resin and incubation at 60°C for 20 h. The 

embedded preparations were cut with a diamond knife on a pyramytom (ultrathin slices 80 - 

100 nm) and placed on copper grids. The counter staining was achieved with lead citrate (Serva, 

Heidelberg, Germany) in CO2 free environment. The cells were investigated and analyzed using a 

combined scanning/transmission electron microscope Zeiss EM910. 

 

3.3 Isolation of bacterial components 

3.3.1 Isolation of the LTA 

LTA was isolated from wet cell pellets as published by Morath et al. [180], with few 

modifications. Briefly, Streptococcus cultures (20 l) were harvested after 12 h, bacterial cells 

(~30 g of wet mass) were washed once with citric buffer (0.1 M, pH 4.7). The bacterial cells were 

disrupted with the Vibrinogen cell mill. An equal volume of glass beads (0.1 mm) was given to 

~30 g of biomass resuspended in 100 ml citric buffer. The disruption process took 3 min. 

Afterwards, the glass beads were separated from the debris by centrifugation (5,000 g, 10 min., 

4°C) and by two additional washing steps with citric buffer. Collected supernatants were 

subjected for butan-1-ol – water extraction (20-22°C, 30 min). 

LTA was recovered from the aqueous phase after butan-1-ol – water extraction. The water phase-

containing LTA was dialyzed (3.5 ku cut off) against 50 mM ammonium acetate for 7 d and 

lyophilized. Next, the dried water phase-containing LTA was dissolved in buffer A (15% propan-

1-ol/ 0.1 M ammonium acetate), filtrated (0.45 µm), and loaded on HiPrep column (100 × 16 mm, 

bed volume 20 ml) of octyl-sepharose [181]. Bound material was eluted with a gradient from 

100% buffer A to 100% buffer B (60% propan-1-ol/ 0.1 M ammonium acetate) over 60 min. 

Phosphate-containing fractions were combined after their characterization by a photometric 

phosphate assay [182]. The purified LTA was washed repeatedly with water and freeze-dried to 

remove residual buffer. 

 

3.3.2 Isolation of glycolipids 

3.3.2.1 Bligh and Dyer extract ion  

The butanol phase left after butanol/water extraction of LTA isolation method was used for the 

isolation of streptococci glycolipids. The glycolipids of S. agalactiae and S. dysgalactiae were 
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obtained by Bligh and Dyer extraction (CHCl3/MeOH/sodium acetate buffer 2:2:1.8, by vol.) 

[183]. Subsequently, the glycolipid crude extracts of both Streptococcus species were separated 

by column chromatography (silica gel, 7 × 1 cm) with an increased gradient of MeOH in 

CHCl3/MeOH solutions (3% - 50%).  

 

3.3.2.2 Visualizat ion of the glycolipids  

The glycolipids were applyied on a TLC plate, put into the chamber with the running buffer and 

incubated there till 95% of the TLC were saturated with buffer. The glycolipids visualized by 

using Hanessian´s Stain (detection of hydrocarbons and phosphate-containing compounds) [184] 

and charred at 150°C on a heat plate. The staining with α-naphtol buffer (detection of 

carbohydrates) was developed at 110°C. 

 

The isolated products were always resuspended in CHCl3/MeOH (8:2, by vol.) at a concentration 

of 4 mg/ml. Single glycolipids were isolated via silica gel chromatography or via scraping out 

from TLC. To remove the rests of silica gel from the eluted sample, the solution was transferred 

by filtration (0.2 µm PTFE) to a new vial, dried under nitrogen (N2) and the mass of the isolated 

glycolipid was determined. Purity of the isolated glycolipids preparations was evaluated by TLC.  

 

 

 

Buffers for glycolipid extraction and isolation: 0.1 M sodium acetate buffer, pH 4.6 

Running buffer for TLC: 65 ml CHCl3 mixed slowly with 

25 ml MeOH 

4 ml H2O added dropwise 

Hanessian´s Stain: 471 ml H2O 

29 ml H2SO4 (98%) 

0.5 g Ce(SO4) × 4 H2O 

25 g (NH4)6Mo7O24 × 4 H2O 

α-Naphtol buffer: 50 ml MeOH 

6 ml H2SO4 (98%) added slowly 
under the hood on ice! 

4 ml H2O added in drops 

1.92 g α-naphtol 
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3.3.3 Isolation of the WTA 

3.3.3.1 WTA isolat ion us ing 5%  TCA 

For the WTA isolation the bacteria cells were disrupted applying a Vibrinogen mill (chapter 

3.3.1), then washed with citric buffer, and separated from the glass beads by centrifugation. In 

order to separate the LTA from the mixture of cell envelope components, the combined 

supernatants were boiled in 4% SDS solution and centrifuged afterwards at 8,000 g, 4°C, 30 min 

(rotor JA 14, model Avanti J-26 XP, Beckman Coulter, USA).  

Next, the pellet (WTA covalently bound to PGN) was incubated three times for 24 h with 

5% TCA [185]. Each 5% TCA extract was centrifuged at 5,000 g, 4°C for 20 min and WTA 

preparations were dialyzed (3.5 ku cut off) against 50 mM ammonium acetate for 4-5 d. Further 

the WTA preparations were freeze-dried, dissolved in buffer A (15% propan-1-ol/ 0.1 M 

ammonium acetate) and filtered (0.45 µm). The sample was further purified applying anion-

exchange chromatography on a HiTrep Q Sepharose column (25 × 16 mm) with a gradient from 0 

to 1 M of NaCl of 36 columns volume (5 ml/column) as eluent with a flow rate of 3 ml/min. After 

the elution the column was washed, first with 20 columns volume of 1 M NaCl, then with 

5 columns volume of 2 M NaCl. The Q Sepharose fractions 1–86 were combined to three samples 

according to their phosphate content [132]. The gel-permeation chromatography on a column 

(100 × 2.5 cm) of Sephadex G-10 eluted with a buffer containing 4 ml pyridine and 10 ml glacial 

acetic acid in 1 l water (pH 4.2) without a pump was used in order to remove the salt from the 

samples. 

The Q Sepharose fractions were combined to three samples according to their phosphate content 

[182]. 

 

3.3.3.2 WTA isolat ion v ia enzymatic treatment  

The WTA (which is covalently linked to the PGN) was treated enzymatically to identify its linker 

as published by Bychowska et al. [186] with some modifications. In brief, the pellets of the 

broken cells were incubated in digestion buffer (pH 6.0) with lysozyme (0.1 mg/ml) at 37°C for 

16 h, with DNase and RNase (0.1 mg/ml) at 37°C for 6 h and afterwards with proteinase K 

(0.1 mg/ml) at 56°C for 16 h. In order to avoid the hydrolysis of Ala the pH of the digestion 

buffer was adjusted to 6.0. However the conditions should not be too acidic because of the pH 

optima of the enzymes. Next, the samples were centrifuged and the supernatant was dialyzed 

(3.5 ku cut off) against water for 3 d and lyophilized. The sample was purified by high-

performance liquid chromatography on octyl-sepharose, anion-exchange chromatography on 
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Q Sepharose and gel-permeation chromatography on Sephadex G10 using eluents as described in 

chapter 3.3.3.1. 

 

3.3.4 Acetone precipitation of EPS 

The bacteria were grown for 14 h in Brain-Heart-Infusion medium with 2% of casein hydrolysate 

at 37°C. The bacterial cells were harvested and washed three times with PBS, pH 7.2 by 

centrifugation at 8,000 g, 4°C, 30 min (rotor JLA 8.1000, model Avanti J-26 XP, Beckman 

Coulter, USA). The yielded nutrient medium and the supernatants were sterile filtrated and 

evaporated/lyophilized. One third of the yielded nutrient medium was dialyzed (3.5 ku cut off). 

For the precipitation of EPS 300 ml acetone was added to every 100 ml of sterile 

medium/supernatant. Subsequently, the samples were incubated with stirring for 8 h at 4°C and 

stored afterwards at -20°C for 12 h.  

The precipitates were centrifuged at 10,000 g, 4°C, 30 min and washed twice with acetone. The 

supernatants and the precipitates were evaporated, dissolved in water and freeze-dried. The dried 

supernatants were treated enzymatically as described in chapter 3.3.4.1 and dialyzed afterwards 

for 2 d against pyrogen-free water with 3-4 water changes a day. All samples were purified on 

Biogel P60 (100 × 2.5 cm) with a pump and eluted with a buffer containing 4 ml pyridine and 

10 ml glacial acetic acid in 1 l. The positive fractions were combined and the isolated preparations 

were investigated by 1D and 2D NMR spectroscopy. 

 

3.3.4.1 Enzymatic treatment of the supernatants  

Substances used for enzymatic treatment: 

 RNase A from bovine pancreas (1 mg of enzyme/50 mg of substance)  

 DNase I from bovine pancreas (0.5 mg of enzyme/50 mg of substance)  

 Proteinase K recombinant PCR grade (0.5 mg of enzyme/50 mg of substance) 

10 × digestion buffer (pH 7.5, adjusted with HCl): 

 1 M Tris/HCl 

 0.5 M NaCl 

 0.1 M MgCl2 

Concentration of the substance:  

 5-10 mg/ml 
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RNase and DNase were added together to the samples and incubated at 37°C for 5 h in digestion 

buffer (1 ×), next proteinase K was directly used at 56°C for 1 h. The vials were shaken gently or 

just stirred from time to time in the process of enzymatic digestion.  

 

3.3.5 Isolation of capsular polysaccharide 

The isolation of the capsular polysaccharide was performed three times by using THB medium, 

BHI medium and BHI medium with 2% casein hydrolysate. 

After the harvest and washing of the cells with PBS (pH 7.5) the biomass was incubated with 

stirring in 200 ml of 0.9% NaCl for 6 h at 22°C. Next, the cells were centrifuged (10,000 g, 4°C, 

30 min, rotor JA 14, model J2-21, Beckman, USA). The supernatant was removed and dialyzed 

(3.5 ku cut off). 

The pellet was incubated in 1% aqueous phenol solution for 48 h at 4°C with gentle stirring. The 

cells were centrifuged (10,000 g, 4°C, 30 min, rotor JA 14, model J2-21, Beckman, USA). The 

supernatant was taken up and dialyzed (3.5 ku cut off). All extracts were purified on the Biogel 

P60 (80 × 2.5 cm) and eluted with a buffer containing 4 ml pyridine and 10 ml glacial acetic acid 

in 1 l. The CPS containing fractions were combined, lyophilized and subjected for NMR. In case 

of S. agalactiae 0250 the extracts were purified on Biogel P60 (80 × 2.5 cm) and eluted with 

pyrogen free Millipore water to avoid acidic conditions, which can cleave the sialic acid, a typical 

component of GBS. 

 

3.3.6 Isolation of rhamnan 

The rhamnose–rich molecule of S. agalactiae 0250 was yielded in the phosphate-less fraction 

combined after Sephadex G10 WTA isolation process (chapter 3.3.3). Furthermore, the NaCl 

extract of CPS isolation from S. agalactiae 0250 and 1% phenol extract of CPS isolation from 

S. dysgalactiae 2023 revealed the presence of rhamnose-rich polymers (chapter 3.3.5). The 

rhamnan molecules were investigated by compositional analysis and subjected for 1D and 2D 

NMR spectroscopy.  
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3.4 Analytical methods 

3.4.1 Chromatographic methods 

Identification and analysis of neutral sugars, amino sugars, fatty acids and methylated products 

was performed applying gas liquid chromatography (GLC) and GLC/MS with GC ChemStation 

software. 

To monitor and determine the components of the isolated molecules after methanolysis and 

acetylation, GLC-MS [Hewlett Packard HP 5890 (series II) gas chromatograph equipped with a 

fused-silica SPB-5 column (Supelco, 30 m × 0.25 mm × 0.25 µm film thickness), FID and MS 

5989A mass spectrometer with vacuum gauge controller 59827A] was used. The temperature 

program was 150°C for 3 min, then 5°C min
-1
 to 330°C.  

The components of neutral sugar analysis were detected as alditol acetates by GLC [HP 7890 A 

gas chromatograph with FID and a column of Phenyl MethylSiloxane HP-5 (Agilent 

Technologies, 30 m × 0.25 mm × 0.25 µm film thickness)] with temperature program was 150°C 

for 3 min, then 3°C min
-1

 to 250°C and afterwards 25°C min
-1

 to 320°C. 

The fatty acids were determined as methylated derivates by GLC [HP 6890 N gas chromatograph 

with FID and a column of Phenyl MethylSiloxane HP-5 (Agilent Technologies, 30 m × 0.25 mm 

× 0.25 µm film thickness)]. The temperature program was 120°C for 3 min, then 5°C min
-1

 to 

320°C. 

 

3.4.2 Neutral sugar analysis 

The neutral sugar analysis was performed like in [187] with some modifications. Briefly, for the 

quantitative determination of neutral sugars, doublets with 50 or 100 µg of each sample were 

prepared. The hydrolysis was performed in 0.1 M hydrochloric acid (100°C, 48 h). Next, 30 µl of 

a xylose solution (0.1 mg/ml) were added to each sample as the internal standard. The samples 

were dried under N2 and rinsed 3 times with 10% ether/hexane solution (v/v) to remove fatty 

acids. After evaporation again under N2, 0.15 ml of water was added to each sample and pH 8 was 

adjusted with 1 M NaOH. 

For reduction 3-4 × 25 µl of a NaBH4 solution (3 mg/ml) were added to the samples, till the 

solution in the vial did not foam anymore. After incubation of the solutions in the dark for 16 h, 

2 M HCl was added dropwise, and the reduction of the sugars was terminated. All samples were 

rinsed three times with 5% HAc/MeOH solution and afterwards rinsed three times with methanol. 

The samples were peracetylated by adding 50 µl acetic anhydride (Ac2O) and 50 µl distilled 

pyridine, incubated at 85°C for 10 min and evaporated under N2. Before injection in GLC (2 µl of 
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20 µl), the samples were transferred salt-free with CHCl3 to new 1.5 ml vials. The concentration 

of neutral sugars was quantified relatively to the internal standard. 

 

3.4.3 Amino sugar analysis 

The amino sugar analysis was performed like in [187] with some modifications. First, 100 μg of 

the investigated molecule were hydrolyzed in 200 μl 0.5 M hydrochloric acid at 100°C for 48 h. 

Afterwards, the sample was dried under N2 and rinsed three times with methanol. The sample was 

peracetylated as described above and washed again with methanol. Then, repeated reduction and 

peracetylation of the sample followed as described above (chapter 3.4.2). Two μl of 100 µl CHCl3 

were injected in GLC. The amino sugars were analysed in GLC only qualitatively. 

 

3.4.4 Fatty acids analysis 

The fatty acid analysis was performed as described in [133] with some modifications. Briefly, 

200 μg of the investigated substance was taken for the quantification of fatty acids. The aliquot of 

20 μl of a 17:0 fatty acid solution (0.5 mg/ml) as internal standard was added to the sample and 

evaporated under N2. Hydrolysis was performed in 1 ml of 0.5 M NaOH/MeOH (1:1, by vol.) at 

85°C for 2 h. After the hydrolysis the samples were evaporated under N2, diluted with 4 ml of 

water, and pH 3 of the sample was adjusted with 4 M HCl. Extraction of fatty acids was 

performed three times with 1 ml of CHCl3. The samples were strongly shaken for 2 min, the 

extracted CHCl3 phases were combined and their volumes were reduced under N2. Both phases 

were separated by short centrifugation at 2,000 g for 2 min. The obtained CHCl3 phases were 

combined in fresh 1.5 ml vials, and the volume was reduced by evaporation under N2. 

Subsequently followed a twice treatment of the samples with diazomethane for 3 min. 

Diazomethane was evaporated under N2 until the yellow color was gone. The samples were 

subjected for GC (1 μl of 100 μl). Fatty acids were quantified relatively to the standard. 

 

3.4.5 Methanolysis 

Weak methanolysis of each sample 200 mg proceeded with 200 µl of 0.5 M HCl/MeOH at 85°C 

for 45 min, and strong methanolysis with 200 µl 2 M HCl/MeOH at 85°C for 45 min [187]. In 

both cases the samples were cooled, dried under N2 and 25 μl of distilled pyridine and 25 μl of 

Ac2O were added for peracetylation at 85°C for 10 min. The samples were dried, rinsed once with 

methanol and dissolved in 50 μl CHCl3. One μl of the sample was injected in GLC/MS. 
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3.4.6 Determination of the phosphate content 

The determination of phosphate content was performed as described in [182] with some 

modifications. Briefly, for the determination of the inorganic phosphate content 5, 10 and 15 µl of 

each sample (5 mg/ml) and pairs of 2, 4, 6, 8, 10 µl of the standard solution were pipetted into 

glass tubes and 100 µl of water was added to each tube. One blank was used for calibration. All 

samples were incubated with 900 µl of the reagent at 37°C for 30 min. The extinction was 

measured at 820 nm. The following reagents were used for the measurement: 

Standard: 5 mM Na2HPO4 

Reagent: 700 µl 5 M H2SO4 

4700 µl H2O 

600 µl 2.5% ammonium heptamolybdate 

3000 µl 10% ascorbic acid (freshly prepared) 

 

In order to determine the total content of phosphate, 2, 4 and 8 µl of each sample (5 mg/ml) and 

the doublets of 2, 4, 6, 8, 10 µl of the standard were pipetted into glass tubes. After addition of 

50 µl water the tubes were placed in a vacuum dessicator for 18 h. One blank was used for 

calibration. Dried samples were incubated with 100 μl releasing reagent at 100°C for 1 h and then 

at 165°C for 2 h. Next, the samples were cooled on ice and 1 ml of the color reagent was added to 

each tube. Later the solutions were incubated at 37°C for 90 min. The total phosphate 

measurement was performed at 820 nm.  

The following reagents were used for the total phosphate measurement: 

Standard:   5 mM Na2HPO4 

Releasing reagent: 62.7 ml H2O 

30.6 ml concentrated H2SO4 

6.7 ml 70% HClO4 

Colour reagent: 1 ml 1 M NaAc 

(freshly prepared in ice bath) 1 ml 2.5% ammonium heptamolybdate solution 

7 ml H2O 

1 ml 10% ascorbic acid (freshly prepared) 
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3.4.7 Methylation analysis 

The methylation was performed as published in [188] with some modifications. The dried sample 

(not less than 500 µg) was dissolved in 1 ml DMSO and 300 μg of powdered NaOH was added. 

Methylation proceeded with 500 μl CH3I at 22°C for 1 h with stirring. Afterwards the sample was 

dried under N2. The methylated product was extracted with CHCl3/H2O (2:7, by vol.). The 

chloroform extract was washed with water to remove DMSO and the rest of MeI, taken up in new 

vial, evaporated to dryness under N2 and methylated again. Hydrolysis was performed by 

incubation of the sample with 2 M trifluoracetic acid (TFA) at 100°C for 2 h. Next, the sample 

was reduced with NaBD4 in H2O/MeOH (1:1, by vol.) for 16 h at 22°C. Reduction was terminated 

by adding of 2 M HCl. Then the sample was dried under N2, rinsed 3 times with 200 µl of 5% 

AcOH/MeOH to remove boric acid and 3 times with MeOH, and evaporated each time. After the 

peracetylation (85°C, 8 min) the sample was analyzed by GLC/MS.  

 

3.4.8 Determination of the absolute configuration 

The determination of phosphate content was performed as already published in Rietschel et. al 

with some modifications [187]. To determine the absolute configuration of sugars and Ala, 

250 μg of sample was dissolved in 2 M HCl/MeOH and methanolysis was performed at 85°C for 

16 h. Next the samples were dried under N2 and washed three times with methanol. Butanolysis 

was performed with 2 M HCl/R-BuOH and octanolysis with 2 M HCl/R-OctOH at 60°C for 16 h. 

The samples were then peracetylated (85°C, 10 min) and analyzed in GLC as described above. 

The respective D- and L-configured standards were used for the determination. 

 

3.5 Preparative methods 

3.5.1 Hydrofluoric acid treatment 

LTA preparations of both streptococci treated with 48% aq. HF (50 µl per 50 mg, 4°C, 48 h) 

which cleaved the glycerol phosphate backbone of the LTA. After repeated extraction with 

H2O/CHCl3/MeOH (3:3:1, by vol.), the lipid anchor was yielded in the organic phase. The 

combined organic phases were dried under N2, resuspended in water, lyophilized, and subjected 

for NMR spectroscopy. 
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3.5.2 Hydrazinolysis 

Mild hydrazine treatment removes ester-linked fatty acids (as in glycerol) and this was used to 

obtain the deacylated lipid anchor (recovered after HF treatment) as well as O-deacylated LTA. 

Hydrazinolysis was performed as described in [189]. First, 1 ml/20 mg abs. hydrazine was added 

to the dried LTA (9.2 mg, S. agalactiae; 9.2 mg, S. dysgalactiae) and lipid anchors (4.1 mg, 

S. agalactiae; 2.5 mg, S. dysgalactiae). The mixture was incubated at 37°C for 1 h. Hydrazine 

was destroyed by adding to the cooled sample 10 volumes of cold acetone. Sample was washed 

twice with acetone and the desired product was recovered from the water phase by chloroform – 

water extraction. O-Deacylated LTA but not the lipid anchor was dialyzed (3.5 ku cut off) against 

water in order to remove free Ala. 

 

 

3.6 Structural analysis 

3.6.1 NMR spectroscopy 

The 1D [
1
H proton, 

13
C carbon, 

31
P phosphate] and 2D [correlation spectroscopy (

1
H,

1
H COSY), 

total correlation spectroscopy (TOCSY), rotating nuclear Overhauser effect spectroscopy 

(ROESY), 
1
H,

13
C heteronuclear single quantum coherence with distortionless enhancement by 

polyrization transfer (HSQC-DEPT), 
1
H,

13
C heteronuclear multiple bond correlation (HMBC), 

1
H,

13
C heteronuclear multiplequantum coherence (HMQC), HMBC without decoupling, 

1
H,

31
P 

HMBC and 
1
H,

31
P HMBC-TOCSY] NMR spectra were recorded with a Bruker DRX Avance 700 

MHz spectrometer (operating frequencies 700.75 MHz for 
1
H NMR, 176.2 MHz for 

13
C NMR 

and 238.7 MHz for 
31

P NMR). The resonances of hydrophilic samples were recorded on D2O 

solutions at 27°C relative to internal acetone (δH 2.225; δC 31.45) and to external 85% phosphoric 

acid (δP 0.00). The samples of the glycolipids were measured in MeOD/CDCl3 solutions (1:2, by 

vol.) at 27°C relative to an internal standard of tetramethylsilan (TMS) (δH 0.00; δC 0.00). All 

NMR experiments were recorded and the spectra investigated applying standard Bruker software 

TopSpin 2.1. 

The TOCSY experiments were measured in the phase sensitive mode with mixing times of 120 

and 180 ms. The best resolution of the signals were obtained from measurements of TOSCY with 

mixing time of 180 ms. The 
1
H,

13
C correlations were monitored in 

1
H-detected mode via HSQC-

DEPT with proton decoupling in the 
13

C domain. HMBC spectra were adjusted to a J coupling 

constant value of 145 Hz and a long range proton carbon coupling constant of 10 Hz. 
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3.6.2 Mass spectrometry 

3.6.2.1 ESI FT-ICR MS  

A 7 Tesla Apex Qu-Instrument (Bruker Daltonics, Billerica, MA, USA) and a dual Apollo ion 

source were used for data generation of ESI FT-ICR MS analyses. The LTA preparations 

(~10 ng/µl) were dissolved for the negative ion mode in a water/2-propanol/triethylamine solution 

(50:50:0.001, by vol.) and sprayed at a flow rate of 2 μl/min. The applied settings were 3.8 kV of 

capillary entrance voltage and 200°C of drying gas temperature. The mass spectra were charge 

deconvoluted, and mass numbers were expressed accordingly to the monoisotopic peaks of the 

neutral molecules. 

 

3.6.2.2 MALDI FT-ICR MS  

Structural investigations of the glycolipids were achieved applying MALDI FT ICR-MS. The 

experiments were performed on a Bruker Reflex II instrument (Bruker Franzen Analytik, Bremen, 

Germany) on APEX Qe-Instrument (Bruker Daltonics, Billerica, USA) equipped with a 7 Tesla 

actively shielded magnet and a dual Apollo ion source in positive ion mode. The methanol – 

water (1:1, v/v) solution was added to the samples (~1 µg/µl). Matrix solution contained 2,5-

dihydroxybenzoic acid (2,5-DHB) in 1% TFA at a concentration of 15 µg/µl. Matrix solution and 

sample solution mixture (1:1, by vol.) were applied onto a stainless steel sample plate as 1.5 µl 

droplets. The samples crystallized at 22°C. Laser irradiance was regulated in order to reduce the 

formation of DHB-adduct ions. 

 

 

3.7 Immunological methods 

Stimulation of the HEK293 cells in vitro by S. agalactiae 0250 and S. dysgalactiae 2023 bacterial 

cells were performed in cooperation with Prof. Dr. Hans-Martin Seyfert and Dr. Juliane Günther, 

Leibniz Institute for Farm Animal Biology, Dummerstorf, Germany.  

 

3.7.1 Preparation of bacteria for stimulation of HEK293 cells 

The Streptococcus bacteria were grown on Todd Hewitt Broth (37°C) to the logarithmic phase 

[optical density at 600 nm (OD600) of 0.5; 1 × 10
7
 cells/ml]. Dilution series were prepared and 

plated in order to calculate the cell counts accordingly to the OD. Subsequently, incubation of 
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S. agalactiae 0250 and S. dysgalactiae 2023 at 80°C for 1 h or E. coli 1303 at 60°C for 1 h killed 

the cells. Cell death was controlled by plating of the preparations. Finally, cells were centrifuged, 

the pellets were washed two times and resuspended in RPMI 1640 medium at a density of 5 × 10
8
 

cells/ml. Aliquots of cell suspension were taken up and stored at -20°C. The HEK293 were 

stimulated with 10
7
 cells/ml. 

 

3.7.2 Transfection of HEK293 cells 

The assay of luciferase activity in HEK293 cells for evidence of the TLR signaling cascade were 

described [190]. All plasmid DNAs applied for transfection of HEK293 cells were prepared 

endotoxin-free. The eukaryotic cells were transiently transfected by plasmid DNAs using 

Lipofectamin 2000 (Invitrogen, Karlsruhe, Germany). An expression vector (100 ng) of the 

Renilla luciferase was used for the transfection. The vector is driven by an artificial promoter 

featuring five NF-κB attachment sites [ELAM-promoter; recloned from the pNiFty vector 

(Invitrogen)]. Additionally, HEK293 cells were transfected with bovine TLR2 (boTLR) gene 

cloned into pFLAG-CMV-1 expression vector [190]. Two different premixes were prepared, in 

order to transfect a single well of a six well plate:  

Premix one: 3 μg of DNA in 100 μl of the salt base from the DMEM medium, no additives 

Premix two: 6 μl of Lipofectamin 2000 in 100 μl of the salt base from the DMEM medium 

After 5 min of incubation of each premix, both were combined and incubated again for 20 min. 

Double washings steps of the HEK293 cells (80% confluent) with PBS were performed in the 

meanwhile. Subsequently, the cells were covered with 800 μl of DMEM salt base medium and 

200 μl of the premix were added. The cell were incubated for 3 h. Afterwards, 1 ml of DMEM 

medium, supplemented with twice the complement of all usual additives (including 20% foetal 

calf serum) was added. The cells were allowed to recover overnight. Immediately after the 

distribution of the cells in 24 well plates, the heat-inactivated Streptococcus or E. coli bacteria 

were added and incubated together with the HEK293 cells transfected 1) only with NF-κB and 2) 

with boTLR2 and NF-κB (boTLR2 + NF-κB) for the duration of the stimulation experiment.  

 

3.7.3 Stimulation of HEK293 cells by cell envelope components 

Biological tests on human cells in vitro with cell envelope components as stimuli were conducted 

in cooperation with Prof. Dr. Holger Heine and under technical assistance of Ina Goroncy, 

Division of Innate Immunity, RCB. Briefly, HEK293 cells were transfected with the expression 
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plasmids as already described [191] and stimulated with appropriate cell wall components of 

S. agalactiae 0250 and S. dysgalactiae 2023 after 24 h of transfection. After 18 h of stimulation, 

supernatants were collected and the content of the interleukin CXCL-8 was quantified using a 

commercial ELISA (Biosource, Solingen, Germany). As positive controls the synthetic 

lipopeptide N-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]-[R]-cysteinyl-[S]-seryl-[S]-lysyl-

[S]-lysyl-[S]-lysyl-[S]-lysine (Pam3C-SK4) for TLR2, lipopolysaccharide (LPS) from S. enterica 

sv. Friedenau (kind gift of Prof. Helmut Brade, RCB) for TLR4, γ-D-glutamyl-meso-

diaminopimelic acid (iE-DAP) (courtesy of Prof. Koichi Fukase, Osaka, Japan) for NOD1, and N-

acetylmuramyl-L-alanyl-D-isoglutamine (MDP) (provided by Prof. Shoichi Kusomoto, Osaka, 

Japan) for NOD2 were used. 

 

3.7.3.1 Dealanylat ion of LTA samples  

The native LTA preparations were incubated for 24 h in 0.1 M ammonium acetate buffer to cleave 

D-Ala from the hydrophilic backbone. Subsequently, the samples were dialyzed (3.5 ku cut off) 

against pyrogen-free water for 2-3 d with 3 water changes per day, lyophilized, subjected to 

1
H NMR spectroscopy in order to prove whether the dealanylation was successful, and then used 

for biological investigations. 

 

3.7.3.2 Hydrogen peroxide treatment of LTA samples  

For the oxidation of putative lipopeptides present in the LTA preparations the samples were 

treated with H2O2 by incubation for 1 h at 37°C as published in [192]. The H2O2 was removed by 

drying of the samples under N2. The H2O2-treatment inactivates lipopeptides and -proteins, since 

the thioether group of the N-terminal cysteine will be oxidized to sulfoxide. Such lipoprotein is 

not capable to function as TLR2 ligand anymore [193]. The LTA preparations were examined by 

1
H NMR spectroscopy prior to biological investigations to prove that the LTA has still the same 

structure compared to H2O2-untreated samples.  

 

3.7.4 hMNC assay 

Human mononuclear cells (hMNC) were separated from sodium citrate blood of healthy adult 

donors applying the Ficoll-Isopaque density gradient centrifugation [194]. The hMNC were 

washed with PBS and cultivated in RPMI 1640 medium supplemented with 10% autologous 

human serum, 100 U/ml penicillin and 100 μg/ml streptomycin. The hMNC (1 × 10
6
/ml) were 

stimulated in duplicates of different concentrations of the indicated cell wall component from 
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Streptococcus species. LPS was used as a positive control. The IL-6 and TNF-α concentration of 

collected supernatants after 20 h of stimulation was quantified by ELISA. 

 

3.7.5 Phagocytosis assay 

The experiment of phagocytosis capacity of bovine leukocytes in presence of the LTA was 

performed by Dr. Jamal Hussen in the group of Prof. Dr. Hans-Joachim Schuberth, Immunology 

Unit, University of Veterinary Medicine, Hannover, Germany.  

3.7.5.1 Separation of bovine leukocytes  

Blood was obtained from four healthy ruminants by venipuncture of the vena jugularis externa 

into heparinized vacutainer tubes (Becton Dickinson, Heidelberg, Germany), and was diluted with 

PBS (1:1, by vol.). The blood preparations were centrifuged at 4C for 10 min at 1,000 g and the 

supernatant was removed. The hypotonic lysis of the erythrocytes was performed twice by adding 

distilled water (20 ml for 20 sec), the addition of 20 ml double concentrated PBS followed. At 

last, the bovine leukocytes were resuspended in RPMI medium (PAA, Pasching, Austria).  

3.7.5.2 Phagocytos is capacity assay  

Heat-killed Staph. aureus (Pansorbin, Calbiochem, Merck, Nottingham, UK) or E. coli (Institute 

of Veterinary Microbiology, Hannover, Germany) bacterial strains were used for the 

determination of the phagocytosis capacity. The bacteria were labeled with fluorescein 

isothiocyanate (FITC, Sigma-Aldrich, St. Louis, Missouri, USA) and centrifuged at 14,000 g for 

5 min. The supernatant was removed, the pellet was resuspended in RPMI medium (PAA, 

Pasching, Austria) and dissolved to 2 × 10
8
 particles/ml. Peripheral blood leukocytes were added 

in 96 well plates (3 × 10
5
 cells/well) and incubated with Staph. aureus or E. coli (adjusted ratio of 

50 bacteria to one monocyte) for 60 min. at 37°C and 5% CO2. Samples without bacteria were 

used as negative controls. Three different concentrations (1, 10, 20 µg/ml) of LTA from 

S. agalactiae 0250 or S. dysgalactiae 2023 were performed as parallel set ups in order to 

determine the effect of LTA on the phagocytosis capacity of monocytes and neutrophils. 

Subsequently, double washing steps of the cells with PBS followed. The cells were resuspended 

in 100 µl PBS containing 2 µg/ml propidium iodide to stain dead cells. Phagocytosis rates were 

determined flow cytometrically (Accuri C6, BD Biosciences) according to the characteristic 

forward and side scatter of neutrophils and monocytes and expressed in % of phagocytozing cells.  
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3.7.6 Stimulation of splenocytes by glycolipids  

The in vitro assays of the glycolipids activity in iNKT cells were conducted and performed in 

cooperation with Dr. Gonzalez Roldan, Division of Immunobiology, RCB. 

3.7.6.1 Assay with murine spleen cells  

The murine spleen cells were used in order to prove of the biological activity of the glycolipids of 

bovine mastits isolates. The spleen cells from the WT mouse consists of an assembly of 

immunological active cells, i. e. dendritic cells, macrophages, neutrophils, T cells (including NKT 

cells), B cells and mature iNKT cells (∼10
6
) [195].  

First, spleens were collected from freshly sacrificed mice and placed in 15-ml polypropylene 

tubes containing 5 ml ice-cold RPMI-1640/10% FBS. Next, erythrocyte-free single cell 

suspensions were obtained by pressing the spleens against a 100 µm-mesh cell strainer followed 

by rinsing with 5 ml of phosphate buffer saline (PBS) solution. Cells contained in the suspension 

were centrifuged at 400 g for 5 min and 4°C. For removal of erythrocytes, the cell pellet was 

resuspended in 2 ml of ice-cold ACK buffer and maintained on ice for 2 min. Next 10 ml of 

RPMI-1640/10% FBS were added to stop the cell lysis and the cell suspension was again 

centrifuged at 400 g for 5 min and 4°C. The resulting cell pellet was resuspended in 5 ml of 

complete media and the cell number was determined by using a hemacytometer. Finally, the cell 

concentration was adjusted to 10
6
 cells/ml in RPMI-1640/10% FBS and 100 µl of the cell 

suspension were seeded into individual wells of a 96-well microtiter plate. Cells were kept in the 

incubator at 37°C and 5% CO2 while preparing the glycolipid antigens.  

The synthetic glycolipid α-galactosyl ceramide (αGalCer), which is the most potent iNKT ligand 

[196] was used as positive control. The glycolipid antigens to be tested were the G1, G2 and G3 

isolated from S. agalactiae 0250 and S. dysgalactiae 2023. All antigens were resuspended in PBS 

(pH 7.0) containing 0.5% Tween-20 (as vehicle and as negative control) and added to the spleen 

cells at a final concentration of 20 µg/ml.  

The cells were incubated at 37°C and 5% CO2 with the indicated stimuli, and culture supernatants 

were collected after 72 h and analyzed for the presence of IFN-γ and IL-4 by ELISA. 
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4 Results 

4.1 Morphology and growth of the bacteria 

4.1.1 Growth of streptococci 

First, the growth of S. agalactiae 0250 and S. dysgalactiae 2023 in THB medium as standing 

culture was monitored. Additionally screening of the growth of the bacteria with and without 

5% CO2 was performed (Figure 4.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Growth curves of S. agalactiae 0250 (A) and S. dysgalactiae 2023 (B).  
The bacteria were incubated in THB medium and in THB medium with 5% CO2 at 37°C for 8 h. The 

growth is demonstrated as mean ± SD of 3 (S. agalactiae 0250) and of 2 (S. dysgalactiae 2023) 

measurements. 
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Both Streptococcus species entered after 2 h the log-phase and after 5-6 h of the exponential 

growth the stationary phase. The monitoring was stopped after 8 h of biomass cultivation in THB 

medium, because the bacteria entered the death phase. Both streptococci grew better under 

5% CO2 conditions. The mean value of maximum OD600 of S. agalactiae 0250 measured by 

growing without CO2 was 0.6 and with CO2 0.8, and the S. dysgalactiae maximum OD600 was 1.0 

without CO2 and 1.4 with CO2. Especially, the maximum OD600 of S. dysgalactiae showed 

considerable fluctations. 

The colonies of S. agalactiae 0250 and S. dysgalactiae 2023 looked smooth, round, light beige 

and glossy (Figure 4.2). After 24 h of growing on the agar plate S. dysgalactiae 2023 colonies 

became irregular with white-beige colonies, which appeared to grow on the already existent 

bacterial lawn (Figure 4.2). Presuming a contamination, both phenotypes were aimed to be 

separated by plating of unique colonies on a fresh THB agar plate, but the separation did not 

succeed. On fresh plates the strain grew again as irregularly shaped white colonies. Thus, it 

appeared clear that the culture was pure, and liquid media were inoculated with regular single 

colonies. 

 

Figure 4.2 Colonies of S. agalactiae 0250 (A) and S. dysgalactiae 2023 (B) grown on THB agar plate at 

37°C for 48 h. 

The bar corresponds to 0.5 mm. 

 

 

4.1.2 Transmission electron microscopy analyses 

S. agalactiae 0250 and S. dysgalactiae 2023 were grown on different agar media: THB, BHI and 

BHI supplemented with 2% of casein hydrolysate, in order to prove if this can lead to some 

effects on cell surface representation or expression of different components in the cell envelope of 

the bacteria.  
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Figure 4.3 Transmission electron micrograph of ultrathin sections of fixed S. agalactiae 0250 after 

24 h of growing on THB medium (A) and BHI medium (B). 

The bar corresponds to 0.15 µm. C stands for cytoplasm, CM for cytoplasmic membrane, PGN for 

peptidoglycan. 

 

In Figure 4.3 the cells of S. agalactiae 0250 are demonstrated possessing a thin, smooth cell 

envelope. The cytoplasm is surrounded by the cytoplasmic membrane and PGN. No encapsulation 

and no differences between the cells after growth on THB or BHI agar medium could be 

observed. 

On the contrary, the Gram-positive cell envelope of S. dysgalactiae 2023 looked very thick on the 

TEM micrographs. Additionally to cytoplasmic membrane and PGN the cells appeared to produce 

CPS (Figure 4.4). The cells possessed the same thickness of the cell envelope independent from 

the growth on THB or BHI agar medium supplemented with 2% casein hydrolysate.  

 

Figure 4.4 Transmission electron micrograph of ultrathin sections of fixed S. dysgalactiae 2023 after 

24 h of growing on THB medium (A) and BHI medium (B) supplemented with 2% of casein 

hydrolysate. 

The bar corresponds to 0.15 µm. C stands for cytoplasm, CM for cytoplasmic membrane. 
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4.2 Stimulation of HEK293 by Streptococcus cells 

Both, heat-inactivated S. agalactiae 0250 and S. dysgalactiae 2023 cells were investigated 

whether they could activate HEK293 cells transiently transfected with boTLR2 and NF-κB in 

vitro. E. coli 1303 was used as a positive control and unstimulated cells as negative control. 

 

Figure 4.5 Stimulation of HEK293 in vitro by whole cells of S. agalactiae 0250 (AG, unfilled) and 

S. dysgalactiae 2023 (DG, fasciated) and activation of HEK293 cells transfected with boTLR2 + NF-

κB (blue) and with NF-κB (brown). 

For the stimulation of HEK293 cells transiently transfected with boTLR2+NF-κB and with NF-κB were 

applied 10, 30 and 75 µg/ml of heat killed S. dysgalactiae 2023 (AG10, AG30, AG75) and S. agalactiae 

0250 (DG10, DG30, DG75) and 30 µg/ml of E. coli 1303 (107 heat killed cells/ml). The unstimulated cells 

served as a negative control. The induction of NF-κB was measured in relative light units (RLU) per mg 

protein produced by luciferase reporter gene. The calculations of total RNA are expressed as bold mean 

± SD of 3 measurements. Significance of the data above the bars is expressed in * p < 0.05, ** p < 0.01, 

*** p < 0.001 compared to the control by application of the unpaired t-test. Obtained results in case of 
equal bacterial concentrations were compared to each other using unpaired t-test. 

The HEK293 cells were stimulated for 3 h, 6 h and 24 h with heat-killed E. coli and Streptococcus 

cells. E. coli was used as a positive control and demonstrated high activation of HEK293 via 

boTLR2. The Streptococcus cells activated HEK293 NF-κB pathway via boTLR2 (Figure 4.5). 

The results for activation of boTLR2 were in case of both streptococci at each bacterial 

concentration and in case of E. coli statistically significant compared to the control (** p < 0.01, 

*** p < 0.001). The activation of HEK293 cells via boTLR2 by S. dysgalactiae 2023 was nearly 

two times more than the activation HEK293 cells via boTLR2 by S. agalactiae 0250 and the 

obtained activations in case of equal bacterial concentrations were statistically significant 

compared to each other (* p < 0.05, ** p < 0.01, *** p < 0.001).  
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4.3 Structural analysis of LTA 

4.3.1 Isolation and compositional analysis of LTA  

The first molecule investigated of both streptococci was the LTA. Successfully recovered after n-

butanol/water extraction [64], followed by hydrophobic interaction chromatography (HIC), native 

LTA were yielded 0.5 mg/g of the S. agalactiae 0250 wet mass (mean of 4 isolations) and 

0.6 mg/g of the S. dysgalactiae wet mass (mean of 3 isolations). First, LTA were analyzed by 

weak and strong methanolysis. The weak methanolysis of the isolated native LTA of 

S. agalactiae 0250 revealed in a bigger amount of Gro, Gro-P, Gro-Ala, 6-deoxyhexose (6d Hex), 

Gal, glucose (Glc), 18:0, 18:1, Gro-Hex, Gro-16:0 and Gro-18:0. The same compounds with 

additional 16:1, 18:0-ol acetate, Gro-Ala-P, but lacking Gal, were detected by weak methanolysis 

of native LTA of S. dysgalactiae 2023.  

Table 4.1 Calculated approx. molecular ratios of the FA from the LTA of S. agalactiae 0250 and 

S. dysgalactiae 2023.  

Fatty acid S. agalactiae 0250 S. dysgalactiae 2023 

12:0 1 1 

14:0 2.8 3 

16:1 2.8 2.6 

16:1 3.3 5.3 

16:0 17.8 18.2 

18:2 3.5 1.4 

18:1 22.3 18 

18:1 21.3 15.4 

18:0 19.3 11 

The two values of 16:1 fatty acid and 18:1 fatty acid corresponded to different localizations of the double 

bounds. 

 

Neutral sugar analysis of LTA from S. agalactiae 0250 identified Glc, rhamnose (Rha), and Gal 

(in an approx. molecular ratio 8:1:0.2), and Glc and Rha (calculated in particular approx. 

molecular ratio of 5:1) in the LTA from S. dysgalactiae 2023. The fatty acid analysis revealed the 

presence of 16:1, 16:0, 18:1, and 18:0 [approx. molecular ratios: 1:2.9:7.1:3.2 (S. agalactiae), 

1:2.3:4.2:1.4 (S. dysgalactiae)] (detailed calculation of approx. molecular ratios is demonstrated 

in Table 4.1). 
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The determination of the phosphate content of the LTA molecule revealed 3.3 µmol P/mg LTA in 

case of S. agalactiae 0250 and 3.7 µmol P/mg LTA in case of S. dysgalactiae 2023. The amino 

acid Ala was identified in both LTA preparations (185 nmol/mg LTA S. agalactiae 0250, 

144 nmol/mg LTA S. dysgalactiae 2023). The obtained molecular ratios of FA/Ala/P are 

2.7/1/17.8 for S. agalactiae LTA and 4/1/25.7 for S. dysgalactiae LTA. 

No signals of Rha and Gal were detected on NMR spectra during further investigations, thus those 

hexoses were considered as contamination. The absolute configurations of Ala and Glc were 

determined as D. 

 

4.3.2 NMR investigation of the LTA 

The native LTA of both Streptococcus species were investigated by 1D and 2D NMR 

experiments. 
1
H NMR spectra revealed no significant differences between both LTA preparations 

(Figure 4.6). The data discussed below refer to the LTA isolated from S. dysgalactiae 2023. The 

1D 
1
H NMR spectrum showed characteristic signals for Gro substituted by Ala at O-2 (H-2, 

δ 5.39), Ala (H-2, δ 4.29; H-3, δ 1.63), H-3 of free Ala (δ 1.50), other signals of Gro (δ 4.11 – 

3.65), and of fatty acids (δ 2.33 – 0.86). In addition, two less intense anomeric signals belonging 

to two Glcp residues (at δ 5.17 and δ 5.10) were observed.  

 

Figure 4.6 
1
H NMR spectra of the native LTA from S. agalactiae 0250 and S. dysgalactiae 2023. 

The spectra were recorded at 27°C and 700 MHz relative to external acetone (δH 2.225; δC 31.45).  
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Figure 4.7 Exerpt of 
1
H,

13
C HSQC-DEPT spectrum of the native LTA of S. dysgalactiae 2023. 

The spectra were recorded at 27°C and 700 MHz relative to external acetone (δH 2.225; δC 31.45). The 

chemical shifts of protons and carbons of the native LTA of S. agalactiae 0250 were very similar.  

 

Table 4.2 
1
H and 

13
C chemical shift data (in ppm) of the native LTA isolated from S. dysgalactiae 

2023 

Residue  1(a) 1b 2 3(a) 3b 

P-Gro-P 

1
H 3.90 3.96 4.04 3.90 3.96 

13
C 67.47 70.67- 67.47 

P-Gro(-P)-
Ala 

1
H 4.11 4.11 5.39 4.11 4.11 

13
C 64.89 75.44 64.89 

Ala-(P-

)Gro-P 

1
H - - 4.29 1.63 

13
C 171.23 50.11 16.5 

Ala free 

1
H - 3.92 1.50 

13
C 175.72 51.01 16.92 

1D and 2D NMR spectra were recorded in D2O at 700 MHz and 27°C relative to external acetone 

(δH 2.225; δC 31.45). Underlined and bold chemical shifts indicate substituted positions. The chemical shifts 

of protons and carbons of the native LTA of S. agalactiae 0250 were very similar. 
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All identified chemical shifts of the 2D NMR spectra such as 
1
H,

1
H COSY, TOCSY, ROESY, 

and 
1
H,

13
C HSQC and HMBC experiments could be assigned (Table 4.2). In a 

31
P NMR spectrum 

a phosphodiester group (δ 0.39) was observed, and in a 
1
H,

31
P HMBC the correlation of H-1b,3a 

and H-3a,1b of Gro with phosphodiester groups. A phosphodiester group (δ 0.39) was observed in 

31
P NMR spectrum and the linkage of H-1a,3b and H-3a,1b of P-Gro-P in 

1
H,

31
P HMBC with 

phosphodiester group. Additionally, the cross peak Gro H-2/Ala C-1 in the HMBC spectrum 

revealed the substitution of Gro by D-Ala at O-2.  

 

4.3.3 ESI/MS investigation of the LTA 

The native LTA of both Streptococcus species were investigated by ESI FT-ICR MS. The 

measurement of the native LTA from S. dysgalactiae 2023 (Figure 4.8) identified the prominent 

molecular mass at 918.632 u, which corresponded to the lipid anchor composed of 2 hexoses, 

1 Gro, 1 16:1, and 1 18:0 (calculated mass 918.628 u; Table 4.3). Additionally, ESI FT-ICR MS 

experiments revealed heterogeneous acylation patterns of the Gro residue in the lipid anchor i.e. 

16:1 + 16:0, 16:1 + 18:1, 16:1 + 18:0, 18:0 + 18:1, as well as the length of the poly(phospho-Gro) 

chain (m =154 u). The longest chain of the hydrophilic backbone from LTA of S. dysgalactiae 

2023 as observed by ESI FT-ICR MS contained 27 GroP units substituted with 11 D-Ala 

molecules and attached to the lipid anchor (Table 4.3). The measurements of two different LTA 

preparations of S. agalactiae 0250 did not succeed in identifying the mass composition. 

 

Figure 4.8 Part of the ESI FT-ICR mass spectrum from the native LTA of S. dysgalactiae 2023.  

The measurements were performed in the negative mode at 5 V. 
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Table 4.3 The assigned and calculated mass peaks from the LTA of S. dysgalactiae 2023.  

For calculations average mass units of 71.037 for Ala, 74.036 for Gro, 162.052 for Hex, 79.966 for P, 

210.198 for 16:0, 236.214 for 16:1, 264.245 for 18:1 and 278.261 were used. The ESI-MS analysis of the 

LTA from S. dysgalactiae 2023 revealed up to 27 GroP units of the hydrophilic backbone. 

Detected u Components Calculated u Repeating units 

890.601 16:1, 16:0, 2 Hex, 1 Gro 890.596  

918.632 16:1, 18:0, 2 Hex, 1 Gro 918.628  

946.661 18:1, 18:0, 2 Hex, 1 Gro 946.659  

1072.638 16:1, 18:0, 2 Hex, 2 Gro, 1 P 1072.631 1 

1143.680 16:1, 18:0, 2 Hex, 2 Gro, 1 P, 1 Ala 1143.668 1 

1297.683 16:1, 18:0, 2 Hex, 3 Gro, 2 P, 1 Ala 1297.671 2 

1380.654 16:1, 18:0, 2 Hex, 4 Gro, 3 P  1380.637 3 

1534.656 16:1, 18:0, 2 Hex, 5 Gro, 4 P 1534.640 4 

1767.749 16:1, 18:0, 2 Hex, 5 Gro, 4 P, 2 Ala 1767.715 4 

1759.703 16:1, 18:0, 2 Hex, 6 Gro, 5 P, 1 Ala 1759.681 5 

1830.725 16:1, 18:0, 2 Hex, 6 Gro, 5 P, 2 Ala 1830.718 5 

1984.734 16:1, 18:0, 2 Hex, 7 Gro, 6 P, 2 Ala 1984.721 6 

2055.767 16:1, 18:0, 2 Hex, 7 Gro, 6 P, 3 Ala 2055.758 6 

2138.744 16:1, 18:0, 2 Hex, 8 Gro, 7 P, 2 Ala 2138.724 7 

2181.745 16:1, 16:0, 2 Hex, 8 Gro, 7 P, 3 Ala 2181.730 7 

2207.770 16:1, 18:1, 2 Hex, 8 Gro, 7 P, 3 Ala 2207.745 7 

2434.857 16:1, 18:1, 2 Hex, 9 Gro, 8 P, 4 Ala 2434.801 8 

3346.919 16:1, 18:0, 2 Hex, 14 Gro, 13 P, 6 Ala 3346.891 13 

3808.937 16:1, 18:0, 2 Hex, 16 Gro, 15 P, 6 Ala 3808.900 15 

3879.993 16:1, 18:0, 2 Hex, 16 Gro, 15 P, 7 Ala 3879.938 15 

4638.095 16:1, 18:0, 2 Hex, 21 Gro, 20 P, 9 Ala 4638.024 20 

5858.151 16:1, 18:0, 2 Hex, 28 Gro, 27 P, 11 Ala 5858.120 27 

ESI FT-ICR mass spectrum of S. dysgalactiae 2023 LTA was performed in the negative mode at 5 V. 

 

4.3.4 Isolation and NMR investigation of the lipid anchor of the LTA 

Weak signals belonging to two Glcp residues in the NMR spectra of the native LTA were 

assumed to originate from the lipid anchor. The isolation and identification of its backbone 

structure was performed by depolymerization using 48% aq. HF. After the treatment of 16.8 mg 
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LTA of S. agalactiae 0250 and 10.1 mg LTA of S. dysgalactiae 2023 with 48% aq. HF the 

glycerol phosphate backbone was cleaved from the LTA. Successful CHCl3/MeOH/H2O 

extraction recovered the lipid anchor in the organic phase [4.1 mg (24.4%), S. agalactiae 0250; 

2.5 mg (24.7%), S. dysgalactiae 2023], which was subjected to NMR spectroscopy. Further, this 

lipid was deacylated with abs. hydrazine. The yields of the isolated LTA lipid backbone were 1.7 

mg (10.1%) for S. agalactiae 0250 and 1.4 mg (13.9%) for S. dysgalactiae 2023. These 

preparations were subjected to NMR spectroscopy.  

1
H NMR spectrum revealed both H-l of Glc (δH 5.17) and Glc’ (δH 5.10) (Table 4.4). COSY and 

TOCSY experiments were applied for assignment of the proton chemical shifts of the two hexoses 

and one Gro, which comprised the linker backbone of the LTA. The corresponding carbon 

chemical shifts were determined by a 
1
H,

13
C HSQC-DEPT NMR experiment (Figure 4.9). In a 

ROESY NMR experiment, the presence of intra-residual nOe contacts of the Glc residues 

between H-1 and H-2 and J1,2 values of 3.52 Hz (Glc) and J1,2 3.96 Hz (Glc’) identified both as α-

pyranoses. The gluco configuration was determined by an intra-residual H-2/H-4 nOe 

connectivity. NOe contacts observed between Glc’ H-1/Glc H-2 and Glc H-1/Gro H-3 identified 

the structure of the linker backbone as α-D-Glcp-(1→2)-α-D-Glcp-(1→3)-Gro, which was 

confirmed by the products of methylation analysis, i.e. 1,5-di-O-acetyl-2,3,4-tri-O-methyl-[1-

2
H]glucitol and 1,2,5-tri-O-acetyl-3,4-di-O-methyl-[1-

2
H]glucitol. 

 

Figure 4.9 Exerpts of the overlayed 
1
H,

13
C HSQC-DEPT spectra of O-deacylated lipid anchors of 

both Streptococcus species.  

The exerps of 1H,13C HSQC-DEPT spectra were taken from the anomeric region (A), ring proton and 

glycerol regions (B). The spectra were measured in D2O at 27°C relative to external acetone (δH 2.225; δC 

31.45). 
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Table 4.4 
1
H and 

13
C chemical shift data (in ppm) of the O-deacylated lipid anchor isolated from LTA 

of S. dysgalactiae 2023 

Residue  1(a) 1b 2 3(a) 3b 4 5 6a 6b 

α-D-Glcp 
1
H 5.17 3.68 3.85 3.46 3.70 3.77 3.86 

13
C 97.03 76.34 72.48 70.66 72.87 61.61 

α-D-Glcp’
 1

H 5.10 3.57 3.77 3.45 3.91 3.78 3.83 

13
C 97.03 72.39 73.89 70.53 72.95 61.52 

Gro 
1
H 3.60 3.68 3.96 3.89 3.52     

13
C 63.68 71.75 70.11     

1D and 2D NMR spectra were recorded in D2O at 700 MHz and 27°C relative to external acetone 

(δH 2.225; δC 31.45). Underlined and bold chemical shifts indicate substituted positions. The chemical shifts 

of protons and carbons of the native LTA of S. agalactiae 0250 were very similar. 

 

Table 4.5 
1
H and 

13
C chemical shift data (in ppm) of the aqueous phase components obtained after 

HF treatment of LTA isolated from S. dysgalactiae 2023 

Residue  1(a) 1b 2 3(a) 3b 

Gro 
1
H 3.55 3.66 3.78 3.57 3.65 

13
C 63.72 73.29 63.72 

Gro-Ala 

(Ala in pos. 2)
 

1
H 3.77 3.81 5.13 3.77 3.81 

13
C 61.19 78.69 61.19 

Gro’-Ala 

(Ala in pos. 1) 

1
H 4.28 4.37 4.02 3.64 3.67 

13
C 68.16 70.43 63.23 

Ala-Gro 
1
H - - 4.26 

13
C 170.21 50.04 16.32 

Ala free 
1
H - - 4.02 

13
C n.d. 50.04 16.74 

1D and 2D NMR spectra were recorded in D2O at 700 MHz and 27°C relative to external acetone 

(δH 2.225; δC 31.45). Underlined and bold chemical shifts indicate substituted positions. n.d. stands for not 

determined. The chemical shifts of protons and carbons of the native LTA of S. agalactiae 0250 were very 

similar. 

 

The analysis of the aqueous phase obtained after HF treatment of the native LTA confirmed D-Ala 

as the only substituent of Gro at O-2 (H-1a,3a δ 3.77; H-1b,3b, δ 3.81; H-2, δ 5.13, Table 4.5). 

Due to the migration of Ala to O-1 of Gro after cleavage of the phosphodiester bonds prominent 

signals belonging to a Gro’-Ala residue were observed (H-1a, δ 4.28; H-1b, δ 4.37; H-2, δ 4.02; 
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H-3a, δ 3.64; H-3b, δ 3.67). Additionally, signals corresponding to unsubstituted Gro, bound and 

free D-Ala were assigned (Table 4.5).  

In order to prove the linkage of the poly(phospho-Gro) chain to Glcp’ of the lipid anchor, the 

LTA (9.2 mg, S. agalactiae; 9.2 mg S. dysgalactiae) was O-deacylated with abs. hydrazine. The 

1
H NMR spectrum of the product (6.5 mg, 70%, S. agalactiae; 5.9 mg, 64%, S. dysgalactiae) as 

compared to native LTA lacked signals of fatty acids, Gro-Ala, and Ala. Signals corresponding to 

Glc and Glc’ were more pronounced, and the correlation Gro C-1/Glc’ H-6 was observed on the 

HMBC spectrum (not shown), identifying the linkage of the hydrophilic backbone of LTA to O-6 

of Glc’.  

The degree of LTA substitution by D-Ala was quantified as 37% (S. dysgalactiae), and 33% 

(S. agalactiae) by the integral ratio of total Gro signals (δ 4.11 – 3.62 and δ 5.35) and the signal at 

δ 1.64 corresponding to the CH3 group of bound D-Ala. The integral ratio of the anomeric proton 

of Glc (δ 5.17 ppm) in the 
1
H NMR spectrum of deacylated LTA and region of Gro signals 

(δ 4.05 – 3.87 ppm) identified the average chain length of 29 GroP units for S. dysgalactiae 2023, 

and 35 GroP units for S. agalactiae 0250. This average chain length of LTA from S. dysgalactiae 

was concordant with the 27 GroP units detected in ESI FT-ICR MS analysis.  

In summary, the isolated LTAs from both Streptococcus species possessed the lipid anchor 

structure α-D-Glcp-(1→2)-α-D-Glcp-(1→3)-1,2-diacyl-sn-Gro linked to the hydrophilic backbone 

consisting of poly(sn-glycerol-1-phosphate), randomly substituted at O-2 of glycerol by D-Ala 

(Figure 4.10).  

 

Figure 4.10 The structure of the LTA from S. agalactiae 0250 and S. dysgalactiae 2023.  

The lipid anchor structure of both Streptococcus species was α-D-Glcp-(1→2)-α-D-Glcp-(1→3)-1,2-diacyl-

sn-Gro. The hydrophilic backbone of the LTAs comprised poly(sn-glycerol 1-phosphate) randomly 
substituted at O-2 of glycerol by D-Ala. 
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4.4 Biological activity of the LTA 

4.4.1 HEK293 assay with native LTA  

LTA of Gram-positive bacteria has been controversly described in the past to be TLR2 or TLR4 

active. In presented study the native and H2O2-treated LTA preparations of both S. agalactiae 

0250 and S. dysgalactiae 2023 species were investigated with regard to their biological activity in 

HEK293 cells transiently transfected with NOD1, NOD2, TLR2 and TLR4. 

 

Figure 4.11 Activation 

either of TLR2- (A) or 

TLR4- (B) transfected 

HEK293 cells by LTA of 

S. agalactiae 0250 (AG, not 

filled) and S. dysgalactiae 

2023 (DG, fasciated).  

The activation was measured 

as CXCL8 release in pg/ml. 

The LTA preparations in blue 

were not treated by H2O2 and 

can contain putative lipo-

proteins, the preparations in 

white were H2O2-treated. The 

applied LTA concentrations 
were 0.1, 1 and 10 µg/ml. As 

positive controls Pam3C-SK4 

[nM] and TNF-α [ng/ml] 

were used in case of TLR2-, 

and LPS [ng/ml] and TNF-α 

[ng/ml] in case of TLR4-

transfected cells. Results are 

expressed as mean ± SD of 

three measurements. Signi-

ficance of the data above the 

bars is expressed in * p < 

0.05, ** p < 0.01, *** p < 
0.001 compared to the control 

applying unpaired t-test. 
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The activation of transiently transfected HEK293 cells by streptococci LTA showed clearly the 

importance of the H2O2-treatment (Figure 4.11). Especially the native LTA preparations of 

S. dysgalactiae resulted in high CLXL8 release. In case of activation of TLR2 by native 

S. dysgalactiae LTA the activation was even statistically significant. The TLR4 transfected cells 

demonstrated a slight activation by the LTA, the values were however under the smallest 

concentration (0.1 ng/ml) of LPS used as a positive control. The LTA preparations of 

S. agalactiae 0250 and S. dysgalactiae 2023 could neither activate the HEK293 cells via TLR2 

nor via TLR4. The preparations were also NOD1- and NOD2- inactive, demonstrating the lack of 

PGN and the purity of the samples (data not shown). 

4.4.2 Stimulation of hMNC by LTA  

 

 

Figure 4.12 Stimulation 

of hMNC by H2O2-

treated LTAs of 

S. agalactiae 0250 (AG, 

blue, not filled) and 

S. dysgalactiae 2023 (DG, 

blue, fasciated).  

The activation of hMNC 

was measured as IL-6 

release or TNF-α release 

in pg/ml. The applied 

LTA concentrations were 

0.5, 1, 10 and 50 µg/ml. 

The LTA preparations are 

H2O2-treated. As positive 
control LPS [ng/ml] was 

used. Results are 

expressed as mean ± SD 

of 3 measurements. 

Significance of the data 

above the bars is 

expressed in * p < 0.05, 

** p < 0.01, *** p < 0.001 

compared to the control, 

applying unpaired t-test. 
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Additionally, the H2O2-treated LTA preparations of S. agalactiae 0250 and S. dysgalactiae 2023 

were investigated concerning activation of hMNC (Figure 4.12). The cells were incubated for 

20 h with different concentrations of LTA (0.5, 1, 10 and 50 µg/ml), and IL-6 and TNF-α 

production was measured. LPS of E. coli (0.1, 1, 10 and 100 ng/ml) was used as a positive 

control. The LTA of both streptococci slightly activated the hMNC. To obtain results in the same 

range the stimulation dosis of LTA needs to be 1000 times higher than that of LPS. The increase 

of TNF-α was statistically significant in case of LTA of S. agalactiae 0250 as compared to the 

negative control. LTA of S. dysgalactiae 2023 only at 50 µg/ml concentration provoked 

statistically significant increase of TNF-α. The trend of increased IL-6 release after stimulation 

with LTA of both streptococci was observed, however determined results were not statistically 

significant. 

 

4.4.3 Effect of Ala on biological activity of LTA in HEK293 cells 

The significance of D-Ala substitution for biological activity of LTA has been discussed in the 

past. The alanylated and dealanylated native LTA preparations were tested for TLR2 and TLR4 

(data not shown) activity in the HEK293 transfection system (Figure 4.13).  

 

Figure 4.13 Activation of TLR2-transfected HEK293 cells by native LTA of S. agalactiae 0250 (AG, 

not filled) and S. dysgalactiae 2023 (DG, fasciated).  

As the activation CXCL8 release in pg/ml was measured. The LTA preparations in blue are alanylated, the 

preparations in white are dealanylated. The applied LTA concentrations were 1 and 10 µg/ml. As positive 

controls Pam3C-SK4 [nM] and TNF-α [ng/ml] were used. Results of one assay (N=1) with three 

measurements are expressed mean ± SD.  
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The measurements of CXCL8 after the stimulation of HEK293 by both Streptococcus strains 

demonstrated no differences between the alanylated and dealanylated LTA. Slight activity of the 

LTA preparation from S. agalactiae 0250 could originate from lipoprotein or lipoprotein-like 

components, since the samples were not H2O2-treated. 

 

4.4.4 Phagocytosis capacity of the leukocytes in the presence of LTA 

The effects of the presence of H2O2-treated native LTA from both Streptococcus species on 

phagocytosis capacity of bovine neutrophils and monocytes were examined. Leukocyte 

phagocytosis of E. coli or Staph. aureus cells in the presence or absence of streptococci LTA was 

investigated. LTA of S. agalactiae 0250 and S. dysgalactiae 2023 had a negative effect on 

phagocytosis capacity, especially Staph. aureus cells were less phagocytozed by neutrophils and 

monocytes (Figure 4.14, A and Figure 4.15, A) compared to the negative control. The data were 

statistically significant (* p < 0.05). 

 

Figure 4.14 Influence of LTA from S. agalactiae 0250 and S. dysgalactiae 2023 on the phagocytosis 

capacity of neutrophils.  

Bovine leukocytes (n = 4 cows) were incubated with Staph. aureus (A) or E. coli (B) in the presence or 

absence (medium) of LTA from S. agalactiae 0250 (AG) or S. dysgalactiae 2023 (DG). LTA was used at 1, 

10 or 20 µg/ml. Results are expressed as percent of viable neutrophils with ingested bacteria. (* p < 0.05, 

ANOVA one way test). 
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Figure 4.15 Influence of LTA from S. agalactiae 0250 and S. dysgalactiae 2023 on the phagocytosis 

capacity of monocytes.  

Bovine leukocytes (n = 4 cows) were incubated with Staph. aureus (A) or E. coli (B) in the presence or 

absence (medium) of LTA from S. agalactiae 0250 (AG) or S. dysgalactiae 2023 (DG). LTA was used at 1, 

10 or 20 µg/ml. Results are expressed as percent of viable monocytes with ingested bacteria. (* p < 0.05, 

ANOVA one way test). 

 

In the presence of LTA (20 µg/ml) from S. agalactiae 0250 the phagocytosis capacity of the 

neutrophils in presence of Staph. aureus was decreased from 50% (without LTA) to 41% and that 

of monocytes from 40 to 24%. The reduction effect on phagocytosis capacity of Staph. aureus 

was even bigger in the presence of LTA from S. dysgalactiae (neutrophils: 0, 1, 10, 20 µg/ml 

LTA - 50%, 45%, 40%, 35%; monocytes: 0, 1, 10, 20 µg/ml LTA - 41%, 38%, 24%, 19%) than in 

case of the presence of S. agalactiae 0250 LTA.  

The native LTA of both Streptococcus species reduced also the phagocytosis capacity of 

monocytes in case of E. coli (0, 1, 10, 20 µg/ml LTA from S. agalactiae 0250 - 38%, 36%, 24%, 

23%; 0, 1, 10, 20 µg/ml LTA from S. dysgalactiae 2023 - 38%, 31%, 24%, 20%; Figure 4.14, B). 

On contrary, the LTA from S. agalactiae 0250 had nearly no effect on the phagocytosis of E.coli 

by bovine neutrophils (0, 1, 10, 20 µg/ml LTA - 58%, 55%, 54%, 54%), and the presence of the 

LTA from S. dysgalactiae reduced slightly the phagocytosis capacity from 58% (without LTA) to 

47% (20 µg/ml LTA) (Figure 4.14, B).  

 

4.5 Investigation of the glycolipids of Streptococcus species 

4.5.1 Isolation of the glycolipids  

The glycolipids of S. agalactiae 0250 and S. dysgalactiae 2023 were successfully achieved from 

butanol phase of disrupted wet cells via Bligh and Dyer extraction. The crude extract of lipids and 

glycolipids of both Streptococcus species was separated by column chromatography (silica gel) 
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with an increased gradient of MeOH in CHCl3 (3% - 50%). The analysis of each eluted fraction 

showed that S. agalactiae 0250 produced 4 different glycolipids (G1-G4) and S. dysgalactiae 

2023 6 (G1-G6) (Figure 4.16). 

S.a.      I     II    III      IV     V S.a.     I     II    III      IV     VS.a.      I     II    III      IV     V

G1

G3

G1

G4

G2

S.d.    I      II     III      IV     V S.d.    I      II     III     IV     V

G1

G2

G4

G3

G5

G6 G6

S. agalactiae                                              S. dysgalactiae0250   2023  

 

Figure 4.16 TLC with overview of recovered lipids and glycolipids of S. agalactiae 0250 and 

S. dysgalactiae 2023.  

Lipids and glycolipids were stained with Hanessian´s stain (blue) and glycolipids were stained by α-

naphtol/sulfuric acid (pink). The lipids and glycolipids were eluted on silica gel column (7 × 1 cm) with 

CHCl3/MeOH fractions: I 97:3; II 95:5; III 90:10; IV 85:15; V 50:50. TLC was developed with 

CHCl3/MeOH/H2O (65/25/4, by vol.). 

 

The glycolipids G4, G5 and G6 were present in very small amount and, thus, were difficult to 

purify for structural investigation. G1, G2 and G3 of both Streptococcus species were structurally 

elucidated applying 1D and 2D NMR spectroscopy, ESI FT ICR MS and MALDI FT ICR MS. 

 

Figure 4.17 Purified glycolipids G1, G2, G3 of S. agalactiae 0250 and S. dysgalactiae 2023. 

TLC was developed with CHCl3/MeOH/H2O (65/25/4, by vol.). 

 

Both Streptococcus species produced three isolated glycolipids in bigger amounts. The yield of 

the revealed glycolipids was achieved in the ratio of G1/G2/G3 5/8/1.  
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4.5.2 ESI FT-ICR MS and MALDI FT-ICR MS analysis of the 

glycolipids  

Applying ESI FT ICR MS and MALDI FT ICR MS experiments the fatty acids composition of 

the glycolipids G2 and G3 of both Streptococcus species could be elucidated. The obtained 

different fatty acids substitution pattern in the glycolipids is depicted in the Table 4.6.  

 

Table 4.6 Summary of fatty acid composition of the glycolipids from S. agalactiae 0250 and 

S. dysgalactiae 2023.  

The data were generated applying ESI FT-ICR MS and MALDI FT-ICR MS experiments. The used 

calculation average mass units were 200.18 for 12:0, 228.21 for 14:0, 256.24 for 16:0, 254.22 for 16:1, 

284,27 for 18:0, 282.26 for 18:1 and 280.24 for 18:2. N. d. stands for not determined. 

 G1 G2 G3 

S. agalactiae 0250 
n.d. 

16:0 + 18:1; 16:0 + 16:1; 

18:0 + 16:1; 18:1 + 18:1 

16:0+16:1; 18:0+16:1; 

18:1+18:1; 18:1+18:2 

S. dysgalactiae 2023 n.d. 

12:0+14:0; 14:0+14:0; 

18:0+16:1; 18:0+18:1; 

18:0+18:2 

12:0+14:0; 14:0+14:0; 

16:0+14:0; 16:0+16:1; 

18:0+16:1; 18:1+18:1; 

18:1+18:2 

 

 

4.5.3 NMR spectroscopy of the glycolipids 

The isolated glycolipids of S. agalactiae 0250 and S. dysgalactiae 2023 were subjected to 1D and 

2D NMR spectroscopy. 
1
H NMR spectra of the glycolipids revealed the chemical shifts of Gro 

substituted by FA at O-2 (H-2, δ 5.26) and of one Glc (δ 4.83, G1) or two Glc (δ 5.00 and δ 4.96, 

G2; δ 4.98 and δ 4.92, G3) in the anomeric regions. Further characteristic fatty acids signals of all 

glycolipids were identified in the region δ 2.34 - 0.89 (Figure 4.18). 
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Figure 4.18 The 
1
H NMR proton spectra of the glycolipids from S. agalactiae 0250.  

The 1H NMR spectra were recorded in CDCl3/MeOD (2:1, by vol.) at 700 MHz and at 27°C relative to the 

internal standard TMS (δH 0.00; δC 0.00). 

 

Table 4.7 
1
H and 

13
C chemical shift data (in ppm) of glycolipid G1 of S. dysgalactiae 2023 

Residue  1(a) 1b 2 3(a) 3b 4 5 6a 6b 

α-D-

Glcp
 

1
H 4.83 3.43 3.64 3.39 3.56 3.79 3.77 

13
C 99.63 72.55 74.09 70.49 72.45 61.80 

Gro 

1
H 4.18 4.43 5.26 3.83 3.63  

13
C 62.95 70.40 66.44  

1D and 2D spectra were recorded in CDCl3/MeOD (2:1, by vol.) at 700 MHz and at 27°C relative to the 

internal standard of TMS (δH 0.00; δC 0.00). Underlined and bold chemical shifts indicate substituted 

positions. The chemical shifts of protons and carbons of G1 of S. agalactiae 0250 were very similar. 

 

The COSY and TOCSY 2D NMR experiments enabled identification of all proton chemical shifts 

data of tested glycolipids, and 
1
H,

13
C HSQC-DEPT experiment revealed the corresponding carbon 

chemical shifts of the molecules (Tables 4.7; 4.8; 4.9).  

The inter-residual nOe contact Glc 1/Gro 3a,b in the ROESY experiment and the cross peak Glc, 

H-1/Gro, C-3 in the 
1
H,

13
C HMBC experiment G1 glycolipids of S. agalactiae 0250 and S. 

dysgalactiae 2023 revealed the substitution of Glc by Gro. The linkages of G2 from both 

Streptococcus species were determined by ROESY as Glc` 1/Glc 2 and Glc 1/Gro 3a,b and 

HMBC revealed cross peaks Glc`, H-1/Glc, C-2.  

In G3 of both species inter-residual nOe contacts were observed in ROESY as Glc` 1/Glc 2 and 

Glc 1/Gro 3a,b and HMBC revealed cross peaks Glc`, H-1/Glc, C-2. The 
1
H,

13
C HSQC-DEPT 
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spectrum showed clearly the presence of Gro-P in G3. The linkages between Gro-P and Gro-Glc-

Glc` of G3, could not be identified from 
31

P and 
1
H,

31
P HMBC spectra. 

 

Table 4.8 
1
H and 

13
C chemical shift data (in ppm) of G2 of S. dysgalactiae 2023 

Residue  1(a) 1b 2 3(a) 3b 4 5 6a 6b 

α-D-

Glcp 

1
H 5.00 3.59 3.78 3.43 3.58 3.68 3.78 

13
C 97.07 77.27 72.39 69.90 72.39 61.61 

α-D-

Glcp’
 

1
H 4.96 3.44 3.69 3.32 3.87 3.78 3.83 

13
C 97.24 72.39 74.15 70.83 72.75 61.74 

Gro 

1
H 4.20 4.42 5.23 3.84 3.65  

13
C 63.20 70.49 66.24  

1D and 2D spectra were recorded in CDCl3/MeOD (2:1, by vol.) at 700 MHz and at 27°C relative to the 

internal standard of TMS (δH 0.00; δC 0.00). Underlined and bold chemical shifts indicate substituted 

positions. The chemical shifts of protons and carbons of S. agalactiae 0250 were very similar. 

 

Table 4.9 
1
H and 

13
C chemical shift data (in ppm) of G3 of S. dysgalactiae 2023 

Residue  1(a) 1b 2 3(a) 3b 4 5 6a 6b 

α-D-

Glcp 

1
H 4.99 3.57 3.77 3.47 3.56 3.78 3.80 

13
C 96.98 78.27 72.10 69.78 72.17 61.32 

α-D-

Glcp’
 

1
H 4.95 3.45 3.71 3.32 4.03 3.98 4.18 

13
C 97.20 72.17 73.56 70.35 71.82 65.43 

Gro 

1
H 4.18 4.44 5.26 3.65 3.81  

13
C 62.92 70.52 66.40  

Gro-P 

1
H 3.94 3.93 3.80 3.62 3.60  

13
C 66.78 71.27 62.49  

1D and 2D spectra were recorded in CDCl3/MeOD (2:1, by vol.) at 700 MHz and at 27°C relative to the 

internal standard of TMS (δH 0.00; δC 0.00). Underlined and bold chemical shifts indicate substituted 

positions. The chemical shifts of protons and carbons of S. agalactiae 0250 were very similar.  

 

Taken together, the cytoplasmic membrane of both Streptococcus species contained three 

glycolipids in bigger amounts: G1, α-D-Glcp-(1→3)-1,2-diacyl-sn-Gro (monoglucosyl 

diacylglycerol), G2, α-D-Glcp-(1→2)-α-D-Glcp-(1→3)-1,2-diacyl-sn-Gro (diglucosyl 

diacylglycerol), and G3, glyceryl-3-phospho-α-D-Glcp-(1→2)-α-D-Glcp-(1→3)-1,2-diacyl-sn-Gro 

(glycerophosphoryl diglucosyl diacylglycerol (Table 4.10).  
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Table 4.10 Glycolipid structures 

Glycolipid Structure 

G1 monoglucosyl 

diacylglycerol 

(MGlcDAG) 

 

G2 

diglucosyl 

diacylglycerol 

(DGlcDAG) 

 

G3 

glycerophosphoryl 

diglucosyl 

diacylglycerol 

(GroP-DGlcDAG) 

 

The linkage of Gro-P and Glc`could not be identified. 

4.5.4 Immunological activity of the glycolipids in HEK293 cells 

The isolated glycolipids G1, G2 and G3 of S. agalactiae 0250 and S. dysgalactiae 2023 were 

subjected to activate of TLR1, TLR2, NOD1 and NOD2 in transiently transfected HEK293 cells 

(Figure 4.19). The HEK293 cells were stimulated with appropriate glycolipids of S. agalactiae 

0250 and S. dysgalactiae 2023 after 24 h of transfection. As positive controls were used TNF-α 

and iE-DAP for NOD1 transfected cells, TNF-α and MDP for NOD2 transfected cells, Pam3C-

SK4 and TNF-α in case of TLR2 and LPS and TNF-α in case of TLR4 transfected cells. The 

glycolipids G1, G2 and G3 (applied at 1 or 10 µg/ml) could not activate such transfected HEK293 

cells via TLR4, TLR2, NOD1 or NOD2. These assays showed that the tested glycolipids were 

free of LPS, lipopeptides and PGN contamination. 
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Figure 4.19 Activation of 

HEK293 cells transfected with 

NOD1, NOD2, TLR2 or TLR4 

by G1 (blue), G2 (dark pink) 

and G3 (dark cyan) from S. 

agalactiae 0250 (AG, not filled) 

and S. dysgalactiae 2023 (DG, 

fasciated).  

The glycolipids were applied at 1 
or 10 µg/ml. As positive controls 

were used TNF-α [ng/ml] and iE-

DAP [ng/ml] for NOD1-

transfected cells, TNF-α [ng/ml] 

and MDP [ng/ml] for NOD2-

transfected cells, Pam3C-SK4 [nM] 

and TNF-α [µg/ml] in case of 

TLR2- and LPS [µg/ml] and TNF-

α [µg/ml] in case of TLR4-

transfected cells. Results are 

expressed as mean ± SD of one 

assay (N=1) with two 
measurements. 
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4.5.5 Stimulation of splenocytes by glycolipids 

The obtained glycolipids G1, G2 and G3 of S. agalactiae 0250 and S. dysgalactiae 2023 were 

investigated with regard to the induction of cytokine production by murine spleen cells. 

Especially iNKT cells were shown to produce cytokines after presentation of glycolipids by 

APCs [197]. The biological activity of G1, G2 and G3 was first investigated by their incubation 

with the splenocytes for 72 h. The amounts of IL-4 and IFN-γ were measured by ELISA.  

 

 

Figure 4.20 Release of IL-4 and IFN-γ by murine splenocytes after incubation with 20 µg/ml of G1, 

G2 and G3 of S. agalactiae 0250 (AG) and S. dysgalactiae 2023 (DG) for 72 h.  

As positive control was used αGalCer (20 µg/ml) und vehicle (0.5% Tween-20) was applied as negative 

control. The results were expressed as mean ± SD of three different measurements. Significance of the data 

above the bars is expressed in * p < 0.05, applying ANOVA one way test. In the case statistically 

significant data were achieved applying ANOVA one way test, Dunnett´s method (comparison of the data 
vesus control) was applied afterwards. 
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Despite the fact that glycolipids G1 and G3 of S. agalactiae 0250 and S. dysgalactiae 2023 

display the same structures, only G1 and G3 of S. agalactiae 0250 induced slight IL-4 production 

and additionally only the glycolipid G3 of S. agalactiae 0250 induced IFN-γ production by 

murine spleen cells. The range of all measurements of IL-4 release by spleen cells was 

statistically significant (* p < 0.05). Statistically significant IL-4 release was achieved applying 

αGalCer, but not in case of stimulation by glycolipids. The range of all measurements of IFN-γ 

release by murine spleen cells was not statistically significant (* p < 0.05). 

 

4.6 WTA 

4.6.1 Isolation and investigation of the WTA from streptococci 

The WTA preparation of S. agalactiae 0250 and S. dysgalactiae 2023 obtained by cleavage with 

TCA was purified first by HIC and separated further on Q Sepharose. Subsequently, the 

phosphate content of the obtained fractions was determined, which revealed three fractions i. e. 

phosphate-less fraction P1, low-grade phosphate fraction P2 and high-grade phosphate fraction P3 

(Figure 4.21). 

 

Figure 4.21 Phosphate content of the Q Sepharose fractions. 

The measurement was performed photometrically at 820 nm. The 87 fractions were recovered applying 

Q Sepharose column of the WTA preparation from S. dysgalactiae 2023. The diagram of the phosphate 

measurements of the WTA preparation from S. agalactiae 0250 was very similar. 

 

Three fractions P1, P2 and P3 were investigated by weak methanolysis, neutral sugar analysis, 

and subjected for 
1
H NMR spectroscopy. The results of these investigations demonstrated the 

differences of the fractions not only concerning their phosphate content. P1 of both species was 

rich of Rha, but in P1 of S. dysgalactiae also mannose (Man), Glc, GlcN and galactosamine 
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(GalN) were detectable. The 
1
H NMR spectrum of P1 of both Streptococcus species contained 

many signals in the anomeric region, characteristic signals of CH3 of Rha and NAc groups. The 

compositional analysis of P3 revealed high amounts of Rha and some Glc (Rha/Glc 13/1) (Table 

4.11). In the 
1
H NMR spectrum of P3 of both Streptococcus species CH3 shifts of bound and free 

Ala, CH shift of Gro substituted by Ala and two signals of anomeric protons were present (Figure 

4.22). The P3 fraction was considered the WTA preparation (chapter 4.6.2). The fraction P2 had 

characteristics of both P1 and P3 and appeared to be a mixture of P1 and P3.  

Table 4.11 Calculated molecular ratios of the neutral sugar analysis of the WTA preparations: 

fractions P1, P2 and P3.  

 Fractions of AG WTA 
preparation molecular ratio 

Fractions of DG WTA 
preparation molecular ratio 

Substance P1 P2 P3 P1 P2 P3 

Rha 2.7 3.6 12.7 39 9 2.5 

Man 2.3 0.1  1.5 2.3 - 

Glc 1 1 1 1 1 1 

Gal 0.6 0.4 - 0.2 0.4 - 

GlcN - 1 - 0.9 - - 

GalN - - - 1.4 1 - 

   AG stands for S. agalactiae 0250, DG stands for S. dysgalactiae 2023, Man for mannose. 

 

 

Figure 4.22 
1
H NMR spectra of P1, P2 and P3 isolated from S. dysgalactiae 2023.  

The fractions were recovered in process of the WTA preparation. The spectra were recorded at 27°C and 
700 MHz relative to external acetone (δH 2.225; δC 31.45). The revealed 1H NMR spectra of S. agalactiae 

0250 were likewise. 
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4.6.2 NMR spectroscopy of WTA  

1
H NMR spectra revealed no significant differences between both WTA (P3 fractions). The data 

discussed below refer to the WTA preparation isolated from S. dysgalactiae 2023. The 1D and 2D 

NMR analysis of the WTA of Streptococcus species revealed three different Glc residues: Glcp 

(A), which was covalently bound to the Glcp (B), but is not substituted at position C-6, or which 

was covalently bound to Glcp (B´), substituted by phosphate at C-6 (Figure 4.23). Subsequently, 

five different Gro were observed in the sample: P-Gro-P (D) – unsubstituted Gro of the GroP-

chain, P-Gro(-P)-Ala (E) – Gro of the GroP-chain substituted by Ala, Gro-Glc (F) – Gro 

substituted by Glc at C-3, P-Gro (G) - Gro with the phosphate group bound only at C-1 but not at 

C-3, and free Gro (H). 

 

 

Figure 4.23 Exerpt of the 
1
H,

13
C HSQC-DEPT spectrum of the WTA from S. dysgalactiae 2023. 

The spectrum was measured in D2O at 27°C relative to external acetone (δH 2.225; δC 31.45). The capital 

letters refer to the molecules defined in Table 4.12. The chemical shifts of protons and carbons of 

S. agalactiae 0250 were very similar. 
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Table 4.12 
1
H and 

13
C chemical shift data (in ppm) of the WTA preparation of S. dysgalactiae 2023 

Residue 
 

1a 1b 2 3a 3b 4 5 6a 6b 

α-D-Glcp 

A 

1
H 5.16 3.69 3.82 3.47 3.69 3.85 3.77 

13
C 97.06 76.79 72.61 70.70 72.86 63.25 

α-D-Glcp 

B/ B´ 

1
H 5.09 3.60 3.77 3.54 4.02 3.86/ 

4.02 

3.74/ 

4.09 

13
C 97.25 72.26 73.70 70.0 71.90 61.97/65.63 

P-Gro-P 

D 

1
H 3.96 3.89 4.05 3.96 3.89     

13
C

 
67.28 70.56 67.28     

P-Gro(-

P)-Ala 

E 

1
H 4.10 4.10 5.39 4.10 4.10     

13
C

 
64.58 75.29 64.58     

Gro-Glc 

F 

1
H 3.69 3.60 3.83 3.81 3.51     

13
C

 
63.25 71.98 70.60     

P-Gro 

G 

1
H 3.96 3.89 3.94 3.63 3.52     

13
C

 
67.28 73.22 63.83     

Gro free 

H 

1
H 3.61 3.55 3.77 3.63 3.52     

13
C

 
63.83 73.22 63.83     

Gro Ala-

(P-Gro-P) 

1
H - 4.30 1.63     

13
C

 
171.20 50.20 16.50     

Ala free 
1
H - 3.77 1.45     

13
C

 
176.30 51.37 17.15     

1D and 2D NMR spectra were recorded in D2O at 700 MHz and 27°C relative to external acetone 

(δH 2.225; δC 31.45). Underlined and bold chemical shifts indicate substituted positions. The chemical shifts 

of protons and carbons of S. agalactiae 0250 were very similar. 
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The Glc residues of the WTA of both Streptococcus species were identified as α-pyranoses 

[Glc (A) 
3
J1,2 = 3.56 Hz (Glcp), Glc (B, B´) 

3
J1,2 = 3.89 Hz (Glcp) S. agalactiae; Glc (A) 

3
J1,2 = 

2.98 Hz (Glcp), Glc (B, B´) 
3
J1,2 = 3.13 Hz (Glcp) S. dysgalactiae]. The integral ratio of the 

anomeric proton of Glc (δ 5.17 ppm) in the 
1
H NMR spectrum of WTA and the Gro signals (δ 

4.04 – 3.89 ppm) identified an average chain length of 48 for S. agalactiae 0250, and 20 for S. 

dysgalactiae 2023. Due to the impurification of the WTA preparation of S. agalactiae the results 

indicating the chain length are inprecise.  

The linkage between Glcp (B) or (B´) and Glcp (A) was identified by a ROESY experiment (cross 

peak at δ 5.09/3.51), and the inter-residual nOe contact between A H-1/F H-3b revealed the 

linkage between Glcp (A) and the Gro (F). The correlation P/Glc B´ H-6 could be obtained on 

1
H,

31
P HMBC spectrum, identifying the linkage of hydrophilic backbone of WTA to O-6 of Glcp 

(B )́. In the 
1
H,

31
P HMBC spectrum crosspeaks from phosphodiester groups at δ 1.43 to Gro D 

1a,3a (δ 3.96) and 1b,3b (δ 3.89) and Gro G 1a (δ 3.96) and 1b (δ 3.89), and at δ 1.11 to Gro E 

1a,b, 3a,b (δ 4.10) were identified. A cross peak P-Gro(-P)-Ala (E), H-2/Gro-Ala, C-1 was 

observed in the 
1
H,

13
C HMBC spectrum which confirmed the substitution of Gro by Ala at O-2.  

 

Figure 4.24 The proposed structure of the WTA from S. agalactiae 0250 and S. dysgalactiae 2023. 

The anchor structure of both Streptococcus species was identified as α-D-Glcp-(1→2)-α-D-Glcp-(1→3)-1,2-

diacyl-sn-Gro and the hydrophilic backbone of the WTA was shown to contain poly(sn-glycerol-1-

phosphate) randomly substituted at O-2 of glycerol by D-Ala. The capital letters refer to the molecules 

defined in Table 4.12. 

 

The WTA from the two Streptococcus species showed the presence of the linker structure α-D-

Glcp-(1→2)-α-D-Glcp-(1→3)-sn-Gro bound to the hydrophilic backbone, which consisted of 

poly(sn-Gro 1-phosphate) and was randomly substituted at O-2 of Gro by D-Ala (Figure 4.24). 

Additonally, the sample contained non-substituted linker with distal glucose depicted as Glc B. 
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4.6.3 WTA isolation by enzymatic treatment 

Per definition WTA is covalently linked to PGN. The linkage units of WTA to PGN of Gram-

positive bacteria are different. It was aimed to identify the linkage units of the WTA of both 

S. agalactiae 0250 and S. dysgalactiae 2023. Therefore, enzymatic treatment of the PGN after cell 

disruption was performed in order to isolate the WTA bound to a fragment of PGN.  

The extract obtained after the treatment by lysozyme, RNase, DNase and proteinase K and 

dialysis, was purified by the same procedure described above (chapter 4.6.1), samples were 

purified by HIC from the LTA and Q Sepharose. The diagram of the FPLC and obtained graph of 

the phosphate content were a bit different compared to the graphs after WTA isolation applying 

TCA. Three fractions were obtained after anion-exchange chromatography, namely P1, P2 and 

P3. The chemical composition of the fractions corresponded to the chemical composition of the 

P1-P3 fraction after TCA isolation (4.6.2). The P3 fraction was subjected to NMR spectroscopy.  

Unfortunatelly, 1D and 2D NMR spectra of the WTA preparation (P3) after enzymatic treatment 

revealed high level of contamination present in the sample. Thus, the sample was not further 

examined and structure elucidation was not possible. 

 

4.7 Rhamnose-rich polysaccharides 

4.7.1 Determination of the rhamnan structure of S. agalactiae 0250 

The rhamnose-rich molecule from S. agalactiae 0250 was isolated either applying a CPS isolation 

protocol or during WTA isolation (P1 fraction, chapter 4.6.1). In neutral sugar analysis 

Rha/Man/Glc/Gal in the approx. molecular ratios of 2.7/2.3/1/0.6 were detected. The absolute 

configuration of Rha was determined as L. 

Fourteen CH shifts of anomeric protons (δ 5.57 – 4.89), a crowded region of the ring protons and 

the strong 6-deoxy-Hex CH3 signals of Rha (δ 1.27 – 1.30) were observed in 
1
H NMR spectrum 

of the S. agalactiae 0250 rhamnan. Furthermore the CH3 shifts of N-acetyl group (δ 2.10) and of 

lactic acid (δ 1.36) were detected. 

Four terminal Rha, one Rha subtituted at C-2 and C-4, and three Rha subtituted at C-2 were 

detected by 2D NMR experiments (Table 4.14) and methylation analysis (Table 4.13). 

Furthermore, three Gal and one GlcNAc, both substituted on position C-3 were identified. Further 

detected components were N-acetylmuramic acid (MurNAc) and Gro.  
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Figure 4.25 Exerpt of 
1
H and overlayed 

1
H,

1
H TOCSY and 

1
H,

1
H ROESY NMR spectra of the 

rhamnose-rich polysaccharide preparation from S. agalactiae 0250. 

The spectra were recorded in D2O at 27°C and 700 MHz relative to external acetone (δH 2.225; δC 31.45). 

 

1
H NMR spectrum revealed additionally two spin systems named M und N with anomeric protons 

located close to each other (δH 4.53; δH 4.49). 2D NMR helped with finding other characteristic 

signals belonging to those spin systems, such as C-2 of carbon atom bearing an acetamido 

function (δH 3.77; δC 55.82/ δH 3.66; δC 56.55), CH3 group (δH 1.36; δC 18.63) of lactic acid, and 

C=O from N-acetyl groups (δC 181.90/175.84). Due to the fact that methylation analysis (Table 

4.13) showed components of PGN in the rhamnan preparation, it was assumed that M stands for 

4-β-GlcNAc and N for β-MurNAc. Characteristic PGN components were present in smaller 

amounts compared to the rhamnose-containing chains, as demonstrated on overlayed 
1
H,

1
H 

TOCSY and 
1
H,

1
H ROESY NMR spectra (Figure 4.25). However, after methylation the ratio of 

M/N to the rhamnan components was the other way round, i. e. PGN components were the major 

ones. Probably huge rhamnan polymer could not be well dissolved during methylation compared 

to PGN, thus was not accessible. PGN presence in the rhamnan preparation was considered as 

contamination. 
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Table 4.13 Methylation analysis data of the rhamnose-rich polysaccharide of S. agalactiae 0250.  

 

Additionally, GroP was present (
1
H,

31
P HMBC NMR revealed cross peaks at δH 4.13/δp 1.43 and 

δH 4.03/δp 1.43) which was neither linked to Rha-containing chains nor to PGN. 

The manno configuration of rhamnoses was determined by 
3
J1,2 values of ~ 1 Hz of anomeric 

protons and the gluco configuration of GlcpNAc was confirmed by detection of H-4/H-2 nOe 

connectivity in the NOESY NMR spectrum. The anomeric configurations of rhamnoses were 

determined applying a coupled 
1
H,

13
C HSQC spectrum, namely A as α-Gal (JC1,H1 = 178 Hz), D 

as α-Rha (JC1,H1 = 174 Hz), E, H, J as α-Rha (JC1,H1 = 173 Hz), F, G as α-Rha (JC1, H1 = 170 Hz), I 

as α-Rha (JC1, H1 = 171 Hz) and K as α-Rha (JC1, H1 = 172 Hz).  

 

 

 

 

Partially O-methylated alditol acetates Substitution at Approx. mol. ratio 

 Rhamnose   

1,5-di-O-acetyl-6-deoxy-2,3,4-tri-O-methyl-[1-2H]mannitol terminal 16.2 

1,2,5-tri-O-acetyl-6-deoxy-3,4-di-O-methyl-[1-2H]mannitol 2-substituted  11.5 

1,2,4,5-tetra-O-acetyl-6-deoxy-3-O-methyl-[1-2H]mannitol 2,4-substituted 5.7 

 Hexose  

1,5-di-O-acetyl 2,3,4,6- tetra-O-methyl-[1-2H]glucitol terminal 3.4 

1,3,5-tri-O-acetyl-2,4,6-tri-O-methyl-[1-2H]glucitol 3-substituted 3.0 

1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl-[1-2H]glucitol 4-substituted 3.0 

1,2,3,5-tetra-O-acetyl-4,6-di-O-methyl-[1-2H]glucitol 2,3-substituted 3.0 

1,3,5,6-tetra-O-acetyl-2,4-di-O-methyl-[1-2H]glucitol 3,6-substituted 3.0 

 N-HexNAc  

2-acetamido-1,4,5-tri-O-acetyl-2-deoxy-3,6-di-O-methyl-[1-
2H]glucitol  

4-substituted  20.6 

 N-MurNAc  

2-acetamido-3-carboxyethyl-1,5-di-O-acetyl-2,3-di-deoxy-
4,6-di-O-methyl-[1-2H]glucitol 

nonsubstituted 30.4 
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Figure 4.26 Exerpt of the 
1
H,

13
C HSQC-DEPT spectrum of the rhamnose-rich polysaccharide of 

S. agalactiae 0250  

The spectra were recorded in D2O at 27°C and 700 MHz relative to external acetone (δH 2.225; δC 31.45). 

The capital letters refer to the residues defined in the Table 4.14. * stands for not identified chemical 

signals. 
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Table 4.14 
1
H and 

13
C chemical shift data (in ppm) of the rhamnan of S. agalactiae 0250 

Residue 
 

1a 1b 2 3a 3b 4 5 6a 6b 

-α-D-Galp 
1
H 5.57 3.90 3.82 4.01 4.09 3.90 3.78 

A 
13

C 99.20 68.66 77.96 70.87 71.33 61.36 

-α-D-Galp 

B 

1
H 5.53 3.78 4.01 n.d. n.d. n.d. 

13
C 99.55 68.9 79.61 n.d. n.d. n.d. 

3-α-D-Galp 

C 

1
H 5.54 3.89 3.81 n.d. n.d. n.d. 

13
C 99.46 68.66 79.18 n.d. n.d. n.d. 

t-α-Rha 

D 

1
H 5.13 4.08 3.90 3.47 3.75 1.29 

13
C 101.92 69.71 71.10 73.19 71.41 17.83 

2,4-α-Rha 

E 

1
H 5.12 4.02 3.98 3.65 3.79 1.34 

13
C 101.58 79.71 71.01 81.44 70.24 19.67 

t--Rha 

F 

1
H 5.04 4.07 3.84 3.45 3.83 1.29 

13
C 102.52 71.30 71.10 73.09 71.19 17.83 

t-α-Rha 

G 

1
H 5.03 4.06 3.83 3.45 3.80 1.29 

13
C 103.41 71.30 71.10 73.09 71.12 17.83 

2-α-Rha 

H 

1
H 5.02 4.05 3.82 3.45 3.80 1.28 

13
C 102.52 78.76 71.10 73.09 71.12 17.89 

t-α-Rha 

I 

1
H 4.98 4.06 3.79 3.43 3.73 1.26 

13
C 103.88 71.36 71.10 73.22 70.35 17.73 

2-α-Rha 

J 

1
H 4.96 4.09 3.79 3.44 3.73 1.26 

13
C 103.88 79.37 71.10 73.22 70.35 17.73 

2-α-Rha 

K 

1
H 4.89 3.99 3.90 3.46 3.72 1.32 

13
C 99.85 79.57 71.12 73.22 70.35 18.31 

Gro 

O 

1
H 4.13 4.03 3.73 3.83 3.67 - - - 

13
C 68.21 72.06 69.77 - - - 

 
31

P
 

1.43 - - - - - 

1D and 2D spectra were recorded in D2O at 700 MHz and 27°C relative to external acetone (δH 2.225; 

δC 31.45). Underlined chemical shifts indicate substituted positions. n.d. stands for not determined. 
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The following linkages between the residues were determined applying the 
1
H,

13
C HMBC 

experiment: L, H-1/E, C-4; E, H-1/K, C-2; J, H-1/E, C-2; F/G, H-1/H, C-2 and H, H-1/A, C-3 

(Table 4.14). The ROESY experiments confirmed the HBMC data revealing the inter-residual 

nOe contacts between L-1/E-4, E-1/K-2, J-1/E-2, F/G-1/A-2, H-1/A-3 and addtitionally I-1/J-2 

K-1/C-3. 

 

Table 4.15 
1
H and 

13
C chemical shift data (in ppm) of the GlcNAc in the rhamnan of S. agalactiae 

0250 

Residue 
 

1 2 3 4 5 6a 6b 

4-β-

GlcpNAc 

L 

1
H 4.82 3.81 3.90 3.44 3.72 3.81 3.70 

13
C 102.61 55.49 71.08 76.36 70.28 61.36 

 N-CH3 
(NAc) 

CO     

1
H 2.1 -     

13
C 23.68 175.84     

1D and 2D spectra were recorded in D2O at 700 MHz and 27°C relative to external acetone (δH 2.225; δC 

31.45). Underlined and bold chemical shifts indicate substituted positions. 

 

Taken together, the data revealed propose structures of two chains without repeating units. The 

Rha-rich chain 1 was composed of L-(1→4)-E-(1→2)-K-(1→1)-C with I-(1→2)-J-(1→ 

substituting position 2 of E (Figure 4.27). The second chain 2 was composed of F/G-(1→2)-H-

(1→3)-A, which could not be determined to be connected to other molecules or to build a longer 

chain.  

The table consists of further components, but no crosspeaks between them or to other molecules 

could be detected. Some signals were identified only in ROESY, but could not be confirmed 

applying HMBC. The S. agalactiae 0250 rhamnose-rich molecule appeared to be very complex 

and requires further degradation/purification for elucidation of its whole structure. 

 

Figure 4.27 Proposed structure of the rhamnose-rich molecule of S. agalactiae 0250. 

The capital letters refer to the residues defined in the Table 4.14 and Table 4.15. 
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4.7.2 Determination of the rhamnan structure of S. dysgalactiae 2023 

The rhamnan molecule of S. dysgalactiae was obtained during WTA isolation method. 

Additionally, the same molecule was recovered from the 1% phenol extract.  

The molecular ratio of sugars of the rhamnose-rich fraction of S. dysgalactiae was identified as 

Rha/Man/Glc/Gal/GalN/GlcN = 39/1.5/1/0.2/1.4/0.9. The absolute configuration of Rha was 

determined as L. 

The 
1
H NMR spectrum of this molecule revealed 9 chemical shifts of anomeric protons (δ 5.57 – 

4.89), a crowded region of ring protons, the CH3 group of a N-acetyl (δ 2.03) and the strong 6-

deoxy CH3 signals (δ 1.26 – 1.30) of rhamnoses. 

The investigation of the 1D and 2D NMR spectra and the methylation analyses (Table 4.16) 

revealed two Rha substituted at C-2 and C-3, one 3-substituted Rha and one 2-substituted Rha. 

Also, one terminal N-acetylgalactosamine (GalNAc), one 3-substituted GalNAc, one 4-substituted 

GalNAc and a (1→3)-linked N-acelylhexosamine disaccharide were identified. ROESY and 

HMBC NMR spectra elucidated the linkages between the identified sugars and aminosugars.  

Table 4.16 Methylation analysis data of the rhamnose-rich polysaccharide of S. dysgalactiae 2023.  

Partially O-methylated alditol acetates Substitution at Ratio 

 Rhamnose  

1,5-di-O-acetyl-6-deoxy-2,3,4-tri-O-methyl-[1-2H]mannitol terminal 0.4 

1,2,5-tri-O-acetyl-6-deoxy-3,4-di-O-methyl-[1-2H]mannitol 2-substituted 20.5 

1,3,5-tri-O-acetyl-6-deoxy-2,4-di-O-methyl-[1-2H]mannitol 3-substituted 35.2 

1,2,3,5-tetra-O-acetyl-6-deoxy-4-mono-O-methyl-[1-2H]mannitol 2,3-substituted 22.1 

 Hexose  

1,4,5-tri-O-acetyl-2,3,6- tri-O-methyl-[1-2H]glucitol 4-substituted 5.5 

 HexNAc  

2-acetamido-1,5-di-O-acetyl-2-deoxy-3,4,6-tri-O-methyl-[1-2H]glucitol terminal 6.1 

2-acetamido-1,3,5-tri-O-acetyl-2-deoxy-4,6-di-O-methyl-[1-2H]glucitol 3-substituted 6.0 

2-acetamido-1,4,5-tri-O-acetyl-2-deoxy-3,6-di-O-methyl-[1-2H]glucitol 4-substituted 1.2 

 HexNAc 

disaccharide  
 

2-acetamido-1,3,5-tri-O-acetyl-2-deoxy-4,6-di-O-methyl-[1-2H]glucitol -
2-acetamido 1,5-di-O-acetyl-2-deoxy-3,4,6-tri-O-methyl-[1-2H]glucitol 

3-substituted 3.0 
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The assignment of 11 spin systems (A-K) of rhamnose-rich polysaccharides was performed 

applying 
1
H,

1
H COSY, TOCSY, ROESY, and 

1
H,

13
C HSQC and HMBC (Table 4.17, Figure 4.28, 

Figure 4.29). Furthermore, the nOe contacts to I´ and to X were identified and included to 

proposed structures. In the spin system of I´ H-1 could be identified at δ 4.89 and H-6 at δ 1.30, 

which confirmed it as Rha, but the full spin system of I´ was absent in the 
1
H,

1
H TOCSY NMR 

spectrum. X stands for an unknown molecule, the spin system of which was covered by the spins 

system of J. The full spin systems of the molecules present in small amounts were not detectable. 

Their importance and their belonging to the rhamnan of S. dysgalactiae could be elucidated 

applying further purification or degradation experiments of the molecule. 

 

Figure 4.28 Exerpt of overlayed 
1
H and overlayed 

1
H,

1
H COSY and 

1
H,

1
H TOCSY NMR spectra 

demonstrate the chemical shifts of the rhamnose-rich polysaccharide of S. dysgalactiae 2023. 

The spectra were recorded in D2O at 27°C and 700 MHz relative to external acetone (δH 2.225; δC 31.45). 

The capital letters refer to the residues defined in the Table 4.17. E1/E4 and E1/E5 are not seen on the 

figure and are not declared. 
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Figure 4.29 Exerpt of 
1
H,

13
C HSQC-DEPT spectrum of rhamnan of S. dysgalactiae 2023. 

The spectra were recorded in D2O at 27°C and 700 MHz relative to external acetone (δH 2.225; δC 31.45). 

The capital letters refer to the residues defined in the Table 4.17. * stands for not identified molecule. 

 

The manno configuration of rhamnoses was determined by J1,2 values of ~ 1 Hz of anomeric 

protons. The gluco configuration of GlcpNAc was obtained by detection of the nOe contact H-

4/H-2 in the NOESY NMR spectrum, and the galacto configuration of t--GalNAc and 3-β-

GalNAc by detection of intra-residual H-3/H-4 and H-3/H-5 nOe connectivities.  

The anomeric configurations of the sugars were determined applying a 
1
H,

13
C HSQC NMR 

experiment. This analysis revealed A as α-Rha (JC1, H1 = 178 Hz), B, D, E, G, H as α-Rha (JC1, H1 

= 177 Hz), C as α-GlcNAc (JC1, H1 = 172 Hz), F as α-GalNAc (JC1, H1 = 175 Hz), I as α-Rha (JC1, H1 

= 176 Hz) and J, K as β-GalNAc (JC1, H1 = 162 Hz).  
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Table 4.17 
1
H and 

13
C chemical shift data (in ppm) of the rhamnan of S. dysgalactiae 2023 

Residue 
 

1 2 3 4 5 6a 6b NAc 

2-α-Rhap 

A 

1
H 5.26 4.10 3.79 3.36 3.91 1.30   

13
C 102.06 80.28 70.43 73.44 70.44 17.86   

2,3-α-Rhap 

B 

1
H 5.21 4.09 3.86 3.56 3.73 1.26   

13
C 102.39 79.14 78.13 72.67 70.10 17.80   

t-α-
GlcpNAc 

C 

1
H 5.20 3.88 3.81 3.51 3.70 3.89 3.91 n.d. 

13
C 91.83 55.00 70.39 73.21 73.94 61.84 n.d. 

2-α-Rhap 

D 

1
H 5.19 4.07 3.95 3.52 3.83 1.32   

13
C 101.87 79.20 71.10 73.30 70.34 18.03   

2,3-α-Rhap 

E 

1
H 5.10 4.30 4.00 3.54 3.85 1.32   

13
C 102.14 77.69 80.98 72.93 70.43 17.94   

t--

GalpNAc 

F 

1
H 5.07 4.20 3.78 4.00 4.10 3.77 3.77 2.04 

13
C 94.58 50.50 68.83 69.57 70.89 62.34 175.69 

3-α-Rhap 

G 

1
H 5.03 4.14 3.91 3.55 3.88 1.30   

13
C 103.37 71.04 79.48 72.41 70.41 17.85   

3-α-Rha 

H 

1
H 5.01 4.15 3.91 3.56 3.79 1.28   

13
C 103.29 71.02 79.48 72.47 70.36 17.81   

3-α-Rhap 

I 

1
H 4.96 4.17 3.85 3.55 3.76 1.27   

13
C 103.44 70.98 78.49 74.66 70.39 17.80   

3-β-
GalpNAc 

J 

1
H 4.74 4.08 3.79 4.11 3.83 3.83 3.85 2.03 

13
C 103.88 52.09 75.86 70.77 75.89 62.13 175.29 

4--Glcp 

K 

1
H 4.69 3.74 3.55 3.45 3.43 3.75 3.87  

13
C 104.02 70.29 74.69 73.22 76.82 62.19  

1D and 2D spectra were recorded in D2O at 27°C relative to external acetone (δH 2.225; δC 31.45). 

Underlined and bold chemical shifts indicate substituted positions. n.d. stands for not determined. 

 

The following linkages between the residues were determined applying a HMBC experiment: A, 

H-1/B, C-3; B, H-1/E, C-2; D, H-1/B, C-3, I, H-1/D, B C-2 and K, H-1/A, C-2, E, H-1/B, C-3, E, 

H-1/D, C-3, J, H-1/E, C-3 and F, H-1/J, C-3. The ROESY experiments confirmed the HBMC 

data revealing the inter-residual nOe contacts between A-1/B-3, B-1/E-2, D-1/B-3, I-1/D, B-3, K-

1/A-2, E-1/B-3. E-1/D-3, J-1/E-3 and F-1/J-3. The very strong ROESY signal J-1/E-3 between 
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the 2,3-substituted Rha and β-GalNAc could not be confirmed by HMBC. This linkage was 

assigned from the data of methylation analysis. The same ratio of the terminal amino sugar and 

the 3-substituted amino sugar indicated that they formed a disaccharide. Furthermore, the 

hydrolysis of the molecule was not sufficient and 3% of amino sugar disaccharides was detected 

in the methylated sample (Table 4.16). 

Based on these data, structure of the elucidated rhamnose-rich polymers were proposed (1-4 

represented in Figure 4.30). The polymer 1 consisted of [→3)-B-(1→2)-E-(1→] and was 3-

substituted on E by the α-(1→3)-linked galactosamine disaccharide F-(1→3)-J. The polymer 2 

contained the rhamnose-rich chain [→2)-D-(1→3)-I-(1→]. The polymers 3 and 4 possessed the 

short chains C-(1→3)-G-(1→2)-H-(1→3)-X and I´-(1→4)-K-(1→2)-A, which lacked repeating 

units and could not be identified as a part of some other polymer.  

 

 

Figure 4.30 Proposed structures of the rhamnose-rich polymers of S. dysgalactiae 2023.  

The capital letters refer to the residues defined in the Figure 4.17. 

 

4.8 EPS  

4.8.1 EPS isolation and compositional analysis 

Three samples were prepared during EPS isolation. Two acetone precipitates were obtained from 

the BHI medium supplemented with 2% casein hydrolysate after growth of S. agalactiae 0250 

and S. dysgalactiae 2023, and the third sample was the blank, meaning medium without 

inoculation. The samples were enzymatically treated by DNase, RNase and proteinase K and then 

one part of the precipitate (100 mg) was further purified on Biogel P60.  

The recovered amounts were 1.5 mg in case of all three EPS preparations. Sugar analysis of EPS 

preparation of S. agalactiae 0250 revealed Rha/Man/Glc/ManN/GlcN in the approx. molecular 

ratio of 0.5/15/1/1/0.2. All samples were subjected to 
1
H NMR spectroscopy. The 

1
H NMR 

spectrum of the nutrient medium (blank) revealed various signals in the anomeric region and ring 

proton regions. The same strong signals were observed in the 
1
H NMR spectra of the precipitates 
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from S. agalactiae 0250 and S. dysgalactiae 2023 (Figure 4.31). Additionally, the precipitate of S. 

dysgalactiae possessed a strong CH3 signal (δ 0.80 – 1.20) of Rha, and that of S. agalactiae 0250 

possessed signals of a N-acetyl group and acetic acid. Since anomeric regions of all three samples 

were identical it was concluded that they all contained only mannose-rich polysaccharide. No EPS 

polymer produced by S. agalactiae 0250 and S. dysgalactiae 2023 was found. The precipitates 

consisted only of polysaccharide(s) present in the growth medium.  

 

Figure 4.31 
1
H NMR spectra of the supernatant preparations after growth of S. agalactiae 0250 and 

S. dysgalactiae 2023 and without growth of bacteria (blank).  

The cells were grown in BHI supplemented with 2% casein hydrolysate. The spectra were recorded in D2O 

at 27°C and 700 MHz relative to external acetone (δH 2.225; δC 31.45).  
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5 Discussion 

The structural composition of the cell wall components from bovine mastitis pathogens is quite 

poorly investigated. In the present work, the cell envelope components from the two bovine 

mastitis bacteria S. agalactiae 0250 and S. dysgalactiae 2023, isolated from clinical mastitis cases 

in the UK, were analyzed. Their cell envelope components can serve as representatives for other 

S. agalactiae and S. dysgalactiae species, which are still present in the dairy cattle [21, 44]. LTA, 

WTA, glycolipids, CPS and EPS structures were shown to be immunologically relevant. These 

components (except EPS) and the rhamnose-rich polysaccharide from both Streptococcus species 

were isolated and structurally investigated. The biological properties and activities of the LTA 

and the glycolipids were elucidated.  

First, the whole cells of the S. agalactiae 0250 and S dysgalactiae 2023 were investigated for 

boTLR2 and NF-κB stimulating activity in HEK293 cells. The results showed that these cells are 

capable of induce activity NF-κB on HEK293 cells that is mediated through boTLR2. Analogical 

assays with bovine S. agalactiae could not demonstrate this [136]. However, the TLR2 receptor 

was shown to be important in the defense against S. agalactiae as meningitis pathogen, since 

human isolates of WT GBS were virulent for TLR2-/- mice [198].  

 

5.1 Structural investigation and biological characterization of 

the LTA 

Both LTA polymers of the Streptococcus species as investigated in this study and the bovine 

mastitis isolate Streptococcus uberis 233 had a similar LTA structure of type I, with differences in 

the poly(phospho-Gro) chain length and the level of D-Ala substitution [64]. As shown by 

previous studies of the LTA from two human isolates of S. agalactiae, the LTA of S. agalactiae 

DS2242-77 contained D-Ala, D-Glc, glycerol, phosphate and 10 different major fatty acids, as 

well as 22 ± 1.8 GroP units in the hydrophilic backbone and was anchored in the cytoplasmic 

membrane via glycerophosphoryldiglucosyl diglyceride [199]. The LTA structure of S. agalactiae 

COH1 was similar to that of the present study, except for a shorter hydrophilic backbone of 19 

GroP units [95].  

The lipid anchor of the herein investigated LTA polymers contained kojibiose. Kojibiose-

containing anchor structures have been identified earlier in the LTA of Lactococcus spp., 
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Streptococcus spp., Enterococcus faecalis and Lactococcus lactis [200, 201]. The hydrophilic 

backbone of streptococci LTA has been shown to be linked to a lipid anchor containing 

gentiobiose [91]. LTA molecules containing a poly(phospho-Gro) chain substituted 

nonstoichiometrically by Ala and sugar residues have also been identified in Staph. aureus [180], 

E. faecalis [202, 203], L. lactis [200], B. subtilis [204, 205]. The type I structure of LTA with a 

lipid anchor containing a conserved kojibiose seems to be very common in Streptococcus, 

Lactococcus and Enterococcus species. All of these bacteria belong now to families 

Streptococcaceae (genera Streptococcus, Lactococcus) and Enteroccaceae (genus Enterococcus), 

and were classified previously in the same genus Streptococcus until rRNA analysis showed that 

the bacteria can be divided in three different clusters [30, 206]. Although LTA was shown to be 

dispensable for viability of the bacterial cells, it plays an important role in cell division, resistance 

to environmental stress, antimicrobial peptides, fatty acids, cationic antibiotics and lytic enzymes 

produced by the host [207, 208]. As a conserved and characteristic component of Gram-positive 

bacteria with clearly defined functions, being recognized by innate immunity, it fulfills the 

characteristics, which confirmed the LTA as a PAMP [118].  

LTA polymers of GBS containing long poly-GroP chains (30-35 GroP units) have been discussed 

to be characteristic for invasive GBS diseases, whereas GBS with a short LTA polymers of 10-15 

GroP units seemed to be asymptomatic [209]. The LTA from bovine S. agalactiae 0250 of this 

work possessed a long poly-GroP chain of 34 GroP units, and that of S. dysgalactiae 2023 of 28 

GroP units, which could be the reason for the difficulties to resolve the masses in ESI FT-ICR 

MS.  

The LTA was reported to be recognized by TLR2 and TLR4 [95, 131]. However, this was 

disproved by the identification of lipopeptide contaminations in LTA preparations [132]. 

Crystallography studies showed that TLR2/TLR6 dimer is not responsible for LTA recognition as 

well. The heterodimer TLR2/TLR6 recognizes diacylated lipopeptides, where the fatty acids 

accommodate in the pocket of TLR2 and the head-group of the lipopeptides in the pocket of 

TLR6 [127]. The LTA polymer possesses diacylated lipid anchor, but not the peptides head-

group. The receptor for LTA has not been found yet. LTA is considered to activate the C-type 

lectin pathway of complement [210, 211].  

The LTA preparations of bovine streptococci were examined for their biological activity by using 

in vitro HEK293 cells assays. The tests showed that H2O2-treated LTA preparations were TLR2-, 

TLR4-, NOD1- and NOD2-inactive. These results indicated that the samples were free of 

lipopeptides, LPS or PGN contaminations, suggesting that the signaling pathway of LTA is not 

directed through TLR2 and TLR4.  
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Nevertheless, the H2O2-treated LTA of S. agalactiae 0250 and S. dysgalactiae 2023 were capable 

to induce IL-6 and TNF-α release by hMNC. IL-6 and TNF-α are known as inflammatory 

cytokines inducing NF-κB signaling pathway [212, 213]. The amount of LTA, which was added 

upon stimulation of hMNC, was 1000 times higher than the amount of LPS used as a positive 

control. Thus, the question remains how relevant is this amount for triggering the immune 

response in the cow´s udder. Even if the LTA of S. agalactiae 0250 and S. dysgalactiae 2023 

would induce the inflammation, it would be only a minor one. Furthermore, it would be 

interesting to find out which other cytokines can be released upon hMNC or pbMEC stimulation 

with LTA of these streptococci. Especially the activation of pbMEC is of interest in the context of 

the immune response processes in the cows´udder. 

 

5.2 Influence of LTA on phagocytosis  

The phagocytosis assay using monocytes and neutrophils in the presence of native D-alanylated 

and H2O2-treated LTA of both Streptococcus species revealed diminished phagocytosis capacity 

of E. coli and Staph. aureus by bovine monocytes and neutrophils. Interestingly, it means that 

LTA of S. agalactiae and S. dysgalactiae exhibited protective role for both Gram-positive and 

Gram-negative bacteria. Treatment of S. dysgalactiae cells with 0.9% NaCl for 6 h allowed 

obtaining deacylated LTA (dLTA) molecule. However, the molecules which can be released by 

such mild treatment must be located on the surface of the cell [214]. It is attractive to speculate 

that the bacteria release a certain amount of LTA into the environment or, more precise, to the 

infected host and retard thereby the recognition of the pathogen and their phagocytosis. 

Several effects of PAMPs and antigens have been determined, providing the host-adaptation of 

the bacterial species and/or protection against host immune response mechanisms, in particular 

survival in the phagosomes or resistance the phagocytosis. For example, the two-component 

system CovS/CovR of different human S. agalactiae isolates of meningitis is responsible for 

production of the acidic environment in the phagosome and survival in the host macrophages 

[215]. Biofilm production of S. pneumoniae was shown to help to resist the neutrophil 

phagocytosis [216].  

The ΔdltA GAS cells with dealanylated LTA were shown to be more susceptible to antimicrobial 

peptides and lysozyme than wild-type (WT) cells. They were more rapidly killed by neutrophils 

and were less adherent and invasive in pharyngeal epithelial cells [217]. Bovine bacterial species 

were described to resist phagocytosis. The α2-macroglobulin-trypsin of S. dysgalactiae binds to 

own proteins, which was shown to protect the cells from phagocytosis by PMNs [218]. The 

indirect influence of different CpG motifs changed the kinetic of bovine PMN cell apoptosis. The 
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additive negative effect on PMN vitality was achieved in presence of CpG motifs in combination 

with LTA of Staph. aureus or LPS of E. coli [219]. Calvinho et al. reported that bovine 

S. dysgalactiae of hydrophilic character are more resistant to phagocytosis than hydrophobic cells, 

however, the hydrophobic cells could better adhere to MECs [220].  

 

5.3 Structural investigation and biological characterization of 

the glycolipids 

The isolated and purified glycolipids G1 (MGlcDAG), G2 (DGlcDAG) and G3 (GroP-

DGlcDAG) were characterized for both Streptococcus species. The MGlcDAG and DGlcDAG 

glycolipids and GroP-DGlcDAG have been described previously for S. agalactiae and 

S. dysgalactiae and various other streptococci such as S. pyogenes, S. suis and E. faecalis [197, 

221]. A glycosylbisphosphatidyl glycolipid and triglucosyl diacylglycerol have been identified in 

GBS as well, which were not detected in the present work. S. pneumoniae has also MGlcDAG in 

its glycolipids repertoire, and the second glycolipid in large amounts is α-D-Galp-(1→2)-α-D-

Glcp-(1→3)-1,2-diacyl-sn-Gro [197].  

The DGlcDAG has the same structure as the LTA lipid anchor of both investigated Streptococcus 

species. The DGlcDAG was proposed to anchor the LTA. In detail, S. agalactiae COH1 ∆iagA 

mutant was shown to produce only MGlcDAG, resulting in the inability to anchor LTA. The 

mutant was less virulent in a murine model of meningitis and was shown to be faster eliminated 

by the immune system of the mouse [98]. In contrast to S. agalactiae, mutant strain of E. faecalis 

without capability to produce DGlcDAG, was shown to anchor more and longer LTA polymers 

compared to the WT cells via MGlcDAG. Additionally, the absence of DGlcDAG was also 

described to play an important role in biofilm formation, especially in its last stage – in the 

accumulation of the bacteria in the growing biofilm of E. faecalis [115]. A recent published PhD 

work proved the inability of a bovine mastitis pathogen S. uberis O140J::ISS1P’ (sub0538 & 

sub0539) mutant to form biofilm, due to lower amounts of MGlcDAG and DGlcDAG [222]. The 

biofilm formation of bovine mastitis species is considered to lead to recurrent infections in cows´ 

udder, to protect the bacteria against the action of antimicrobial agents and thus enable them to 

persist in the invaded tissue [163, 223]. 

The aim of the current work was to investigate the immunological relevance of the glycolipids. 

The purity of the preparations was checked in HEK293 cells transfection system. The glycolipids 

of S. agalactiae 0250 and S. dysgalactiae 2023 could not activate the HEK293 cells via TLR2, 

TLR4, NOD1 or NOD2, which suggested that the samples did not contain contaminants such as 

LPS, PGN, lipopeptide or lipopeptide-like components.  
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It is known that bacterial and self glycolipids are immunomodulatory active and recognized by 

NKT cells restricted to CD1d receptor [224]. The responses of iNKT cells to glycosphinglipids 

(GSL) or αGalGer are known. As strong stimuli, αGalGer and GSL are therefore often taken as 

positive controls in stimulation experiments of the cells with glycolipids [225]. 

Galactosyldiacylglycerol (GalDAG) was already demonstrated to activate the NKTcells and to 

accommodate the A  ́and F´pockets of mCD1d [226].  

In the present work, the glycolipids MGlcDAG, DGlcDAG and GroP-DGlcDAG of S. agalactiae 

0250 and S. dysgalactiae 2023 stimulated murine splenocytes for 72 h. The ELISA measurements 

revealed that MGlcDAG (G1) and GroP-DGlcDAG (G3) of S. agalactiae 0250 could activate the 

NKT cells leading to release of IL-4, however GroP-DGlcDAG showed higher activity than 

MGlcDAG. MGlcDAG and DGlcDAG of human pathogen GBS and MGlcDAG of 

S. pneumoniae were shown to initiate cytokine responses by Vα14 iNKT cells in vivo. In this 

case, decreased responses to disaccharide glycolipids compared to MGlcDAGs were proven 

[197]. The glycolipids G1, G2 and G3 of S. dysgalactiae 2023 could not activate the murine 

splenocytes despite the fact to possess the same chemical structure compared to S. agalactiae 

0250. Furthermore, in case of the glycolipids was shown that the saturation of the fatty acids as 

well as the length [138]. It is necessary to perform further experiments, for example proliferation 

experiments of the spleenocytes, in order to obtain plausible results. Stimulation of bone marrow-

derived NKT cells with the glycolipids would be another possibility to show the activity against 

NKT cells and the relevance of the glycolipids of bovine streptococci in inflammatory responses.  

 

5.4 Structural investigation of the WTA 

The isolation of the WTA was first performed with TCA, which had already been applied ealier 

[185, 186]. The revealed WTA preparations of S. agalactiae 0250 and S. dysgalactiae 2023 

possessed the same structure like the dLTA. dLTA of these Streptococcus species comprises the 

linkage unit of kojibiose attached to glycerol and the poly(phospho-Gro) chains substituted by D-

alanine. The WTA structure of S. agalactiae DS2242-77 had earlier been discussed to possess the 

poly(phospho-Gro) chain substituted by Ala and Glc [199]. 2D NMR analysis of this work 

showed only substitution of the hydrophilic backbone by Ala. Erbing et al. described also TA 

isolated from S. agalactiae Type III with the same linkage unit and a poly(phospho-Gro) 

backbone, but without fatty acids residues and suggested that bacteria are able to release such 

deacylated TA to the surrounding medium [214].  

Gram-positive bacteria are capable to produce the GroP repeating units in the hydrophilic 

backbones of LTA and WTA [227], but the glycerols of the hydrophilic backbone in this case are 
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stereochemically opposite to each other. For example the LTA monomeric units of B. subtilis 

contain L-Gro-1-phosphate (S-Gro phosphate) and that of the WTA L-Gro-3-phosphate (R-Gro 

phosphate) [228]. Sutcliffe et al. discussed the enzymes TagB, TagD and TagF which are 

responsible for the Gro-3-phosphate polymerization. However, this enzymes are absent in 

S. agalactiae, suggesting the impossibility to produce WTA with Gro-3-phosphate units [228, 

229]. Furthermore, Kessler et al. had demonstrated that the streptococci of Group A possess 

enzymes which are proposed to be located in the membrane and active in the cytoplasm, and to be 

capable to deacylate the LTA [230]. In summary, this lead to the conclusion that the applied 

method might be not suitable for the WTA isolation of S. agalactiae 0250 and S. dysgalactiae 

2023, but revealed its dLTA. 

In the enzymatic treatment for WTA isolation the lysozyme should have cleaved the PGN, 

resulting in a WTA which was covalently bound to a MurNAc-GlcNAc disaccharide. 

Unfortunately the obtained preparations were not pure enough for the investigation. A pure WTA 

preparation of Streptococcus species would be important to prove the Gro stereochemistry, in the 

case it it present.  

 

5.5 CPS  

CPS represent a virulence factor of GBS, shielding the pathogens from the host [231] and 

contributing to a successful internalization by the host and to strategies of the defense against 

early immune response and host-adaptation processes. The capsules of bovine S. uberis and 

Staph. aureus were described to mask the cell, and to be resistant to phagocytosis by PMN [232, 

233]. In S. suis capsule was shown to protect the bacteria against antimicrobials such as penicillin 

G and ampicillin, and lead to less production of the cytokines by macrophages compared to non-

capsulated bacteria [234]. Pneumococcal 13-valent (Prevenar13
®
) or 23-valent (Pneumovax

®
) 

vaccines possess the CPS target of the 13 or 23 most commontly registered capsule types in 

infection of S. pneumoniae [235]. Serotypes Ia, Ib, II, III, V of 10 different serotypes of GBS 

(classified accordingly different CPS structures) are predominate in neonatal streptococcal 

diseases [236]. GBS of type III are the causes of invasive neonatal infections and his capsule was 

shown to be a virulent factor [237]. Streptococcal Group B glycoconjugate vaccines were 

developed on the basis of CPS type III [238]. The reported capsule switching in pnemococci but 

also in streptococci can lead to circumvention of applied vaccine targets and represent the next 

challenge in the vaccination development [239, 240]. All these data point to the importance of this 

molecule. 
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Transmission electron micrographs of S. dysgalactiae 2023 demonstrated a thick cell envelope. It 

was presumed that the cells produce CPS or EPS, or both. As CPS is considered as important cell 

envelope component there were attempts to isolate and characterize CPS from S. dysgalactiae 

2023 and S. agalactiae 0250. However, the isolation of the capsule by 0.9% NaCl and 1% phenol 

extractions of both streptococci failed. The change of the growth medium from THB to BHI was 

unsuccessful as well, and supplementation of 2% casein hydrolysate to BHI, which should mimic 

the conditions of the udder and was successful in case of S. uberis [232], was still without any 

achievement. A next attempt was made by inoculating the large cultures immediately after 

bacterial growth on the agar plate, omitting growth of pre-cultures. In case of too many passages 

the bacteria adapt to the laboratory conditions and may not produce virulent factors anymore. The 

0.9% NaCl extract of S. agalactiae 0250 revealed the rhamnose-rich polysaccharide and the 1% 

phenol extract the LTA. Both extracts of S. dysgalactiae 2023 contained dLTA molecules. 

Additionally, the lost of the capsule in case of of S. dysgalactiae during the storage as well as the 

unsuccessful attempts to initiate the capsule expression were reported [62]. The bovine 

S. dysgalactiae were shown to grow on THB media supplemented with whey, lactose, casein or 

skim milk and do not express the capsule under laboratory conditions [220].  

Since the capsular components could have been present in culture medium, this as well as three 

supernatants obtained after washing steps were investigated for the presence of capsular 

polysaccharide, however, nothing could be identified. It has been shown that GCS produce 

hyaluronic acid capsule [102]. This could not be shown for S. dysgalactiae 2023 in this work. 

Types IV and V were described as the most predominate capsule serotypes in bovine mastitis 

species, and types Ia, Ib, III, II were also detectable [59]. The recently published study (2013) of 

Rato et al. discovered the cpsE gene, and new cpsD-cpsE-cpsF sequences of GBS, which are 

suggestive to code for new CPS serotypes [241]. This shows that the field of studies on 

streptococci capsules is still not completely well understood. 

 

5.6 Rhamnose-rich polysaccharides 

5.6.1 Rhamnose-rich polysaccharide of S. agalactiae 0250 

The rhamnose-rich polysaccharides from S. agalactiae 0250 were obtained after 0.9% NaCl as 

well as after TCA treatment. The samples were investigated by chemical analysis, and by 1D and 

2D NMR spectroscopy. One branched polymer 1 could be identified with the structure →3)-α-D-

GlcNAc-(1→2)-α-L-Rhap-(1→2)-α-L-Rhap-(1→3)-α-D-Galp, which was substituted at C-3 of the 

second Rha with α-L-Rha-(1→2)-α-L-Rha-(1→ disaccharide. The second identified polymer 2 

was unbranched and consisted of α-L-Rhap-(1→2)-α-L-Rha-(1→3)-α-D-Galp.  
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It is known, that GBS species produce the Lancefield Group B antigen, which is bound to PGN 

and is mainly composed of Rha, Gal, glucitol (Glu) and phosphate. This molecule is extrem 

complex with one main branch, which is linked to PGN and other two branches. Each of these 

branches is further branched [242, 243] (Figure 5.1). The investigation of the role of GBS 

demonstrated that the antigen is important for growth, cell division, separation processes and 

normal cell morphology. Moreover, abnormalities in PGN synthesis, polymerization of the 

murein sacculus and altered localization of the PGN hydrolase PcsB (important for cell division 

of streptococci) were observed in gbcO mutants of S. agalactiae [244]. Caliot et al. discussed the 

essential function of the GBS antigen as a homolog of WTA of Staph. aureus und B. subtilis 

[244]. 

The complexity of this molecule made it difficult for structural studies. The investigation by 2D 

NMR spectroscopy and methylation analysis revealed two chains of the molecule which have 

similar components as GBS antigen, but their sequence was not consistent with the reported 

structure [242, 243]. However, the published structure of GBS antigen referr to human 

S. agalactiae isolate and structure of bovine isolate could be different. All seen spin systems in 

the NMR spectra could not be investigated. The sample requires further investigations to assign 

the molecule as GBS antigen or other polysaccharide of the cell envelope.  

 

Figure 5.1 The structure of GBS antigen.  

The multiantennary polymer is linked to an N-acetyl muramic (NAM) moiety [244]. 

 

5.6.2 Rhamnose-rich polysaccharide of S. dysgalactiae 2023 

The investigation of rhamnose-rich polysaccharides of S. dysgalactiae 2023 were also obtained 

using WTA isolation and 1% phenol extraction. First compositional analysis steps revealed Rha 

and GalNAc as the main constituents. 1D and 2D NMR spectroscopy and methylation analysis 

identified the composition of the 4 isolated polysaccharides. Polymer 1 contained a branch at C-3 

of the second Rha chain [→3)-α-L-Rhap-(1→2)-α-L-Rhap-(1→] with the GalpNAc-(1→3)-α-

GalpNAc disaccharide. The unbranched polymer 2 consisted of [→2)-α-L-Rhap-(1→3)-α-L-
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Rhap-(1→] and two short polymers present the unbranched chains 3 α-GlcpNAc-(1→3)-α-L-

Rhap-(1→2)-α-L-Rhap-(1→3)-X and 4 t-L-Rhap-(1→4)-ß-D-Glcp-(1→2)-α-L-Rhap.  

Group C antigen, a typical polysaccharide of their cell envelope, is described for Group C 

streptococci such as S. dysgalactiae. This antigen is composed particularly of Rha and GalNAc. 

The suggested structure of Group C antigen in 1978 was elucidated applying immunochemical 

and chemical investigations. The proposed structure contained a main chain [→2)-Rha-(1→3)-

Rha-(1→] with the substitution of GalNAc-(1→3)-GalNAc-(1→ on every second Rha [245, 246]. 

The constituents of the rhamnose-rich polysaccharide of S. dysgalactiae 2023 are concordant to 

the reported components of GCS antigen. This is the first description, yet not complete, of the 

structure of GCS polysaccharide applying NMR spectroscopy. 

 

5.7 Mannose-rich polysaccharides 

Mannose-rich polysaccharides were described for a variety of species, e.g. for Saccharomyces 

cerevisae [247], Candida sp. [248], Phomopsis foeniculi [249], but also Gram-negative bacteria 

[250]. All of them possessed nearly the same mannan structure with some modifications in the 

linkages or in branches. 

The NMR investigations of the nutrient medium after the growth of S. agalactiae 0250 and 

S. dysgalactiae 2023 and of the medium alone revealed the same 
1
H NMR spectrum of a 

mannose-rich polysaccharide like that of S. cerevisae [247]. No EPS molecule could be observed. 

Some additional signals, which were not in the blank could probably belong to some metabolism 

products after the bacterial growth or organic material. This experiment demonstrated the 

importantance of preparing a proper blank sample, which has to be run under the same 

experimental conditions as the investigated sample(s). 

 

5.8 Conclusion 

S. agalactiae and S. dysgalactiae species differ in the replacing niches. S. agalactiae species 

cause human and bovine diseases and a zoonotic pathogen S. dysgalactiae is capable to invade 

different animal hosts and to cause, apart from bovine mastitis in cows, also the summer mastitis. 

Their phylogenetic relationship was investigated by sequencing of 16S rRNA. Both Streptococcus 

species belong to the same taxonomic tree branch. Thereby both S. dysgalactiae subsp. 

dysgalactiae and S. dysgalactiae subsp. equisimilis originate from S. agalactiae and differentiate 

from it in two sequence pairs [31]. The successful invasion of different hosts and the niches 

diversity of closely related species reflect in the genes assembly of the Streptococcus species like 
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capability of milk degradation of bovine S. agalactiae [60] or exotoxin G (spegg) locus, detected 

in S. dysgalactiae subsp. dysgalactiae invading fishes, but not in porcine S. dysgalactiae [251]. 

Plasminogen activator PadA was investigated by J. Leigh et al. with hierein present 

S. dysgalactiae 2023 and other bovine streptococci. PadA was demonstrated to activate the bovine 

plasminogen, which helps the strains to hydrolyze milk proteins and to grow well in the cow´s 

udder [69]. The genetic differences of bovine Streptococcus isolates make it possible to find out 

the taxa-specific markers for the rapid detection and distinguishing of bovine common pathogens 

[252].  

In this work the two bovine mastitis isolates GBS S. agalactiae 0250 and GCS S. dysgalactiae 

2023 were investigated with regard to their cell envelope structures and their significance in 

mastitis infection. The whole cells of both streptococci activated the NF-κB pathway by TLR2-

dependent way. The LTAs and the glycolipids of S. agalactiae 0250 and S. dysgalactiae 2023 

were structurally very similar and appeared to be genetically conserved in many streptococci, but 

also other bacteria, which belong to Streptococcaceae produce such cell wall components. The 

LTA of both Streptococcus species were shown to be TLR2 inactive, but it could slight induce IL-

6 and TNF-α release in hMNC via an unknown receptor. The LTA was demonstrated to disturb 

the monocytes and neutrophils in their phagocytosis capability. The stimulation of murine 

splenocytes by glycolipids was investigated and revealed slight activities, however, these 

experiments have to be repeated. Bacteria were not observed to produce CPS or EPS in the liquid 

medium, nevertheless TEM of S. dysgalactiae demonstrated the presence of thick cell 

surroundings in addition to CM and PGN. The WTA of both Streptococcus species was shown to 

possess the same structure like a dLTA. 
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6 Deutsche Zusammenfassung 

Rindermastitis ist eine weit verbreitete Krankheit auf Bauerhöfen, die schwer auszurotten ist, da 

viele der Erreger in der unmittelbaren Umgebung der Kuh vorkommen. In der vorliegenden 

Arbeit wurden die Zellhüllenkomponenten zweier Gram-positiver Krankheitserreger der 

Rindermastitis, nämlich Streptococcus agalactiae 0250 und Streptococcus dysgalactiae 2023 

isoliert und strukturell sowie z. T. biologisch untersucht.  

Die Isolierung erfolgte mittels bekannter, teilweise modifizierten Methoden und zur strukturellen 

Analyse wurden biochemischen Komponentenanalysen, NMR Spektroskopie und ESI FT-ICR 

MS sowie MALDI FT-ICR MS angewendet. Die Untersuchungen der isolierten LTA Moleküle 

aus S. agalactiae 0250 und S. dysgalactiae 2023 haben gezeigt, dass die Polymere aus einem 

poly-(GroP) Rückgrat mit einer durchschnittlichen Länge von 34 (S. agalactiae 0250) und 28 

Einheiten (S. dysgalactiae 2023) bestanden. Der α-D-Glcp-(1→2)-α-D-Glcp-(1→3)-Diacyl-Gro 

Lipidanker war mit unterschiedlichen Fettsäurenkombinationen von 16:0, 16:1, 18:1 und 18:0 

kovalent gebunden. Die hydrophile Kette der LTA war unregelmäßig am O-2 des Gro mit D-Ala 

substituiert. Die H2O2-behandelten LTA Proben der beiden Stämme waren nicht TLR2 aktiv, 

induzierten jedoch leicht eine IL-6 Freisetzung in hMNC. Den Rezeptor, der die LTA als PAMP 

erkennen kann, gilt es immer noch herauszufinden. Um die möglichen Immunreaktionen im Euter 

zu prüfen, wurden die H2O2-behandelten LTA Proben dem Phagozytose-Kapazitätstest mit aus 

Kühen stammenden Macrophagen und neutrophilen Granulozyten unterzogen. Dabei reduzierte 

die LTA die Phagozytose-Kapazität der Immunzellen. Ganze Bakterienzellen von S. agalactiae 

0250 und S. dysgalactiae 2023 konnten den NF-κB Weg mittels boTLR2 in den HEK293 Zellen 

aktivieren.  

Die Abspaltung der WTA mittels TCA ergab, dass das isolierte Molekül eine Struktur wie 

deacylierte LTA der beiden Streptokokken zeigte. Die Strukturanalyse ergab den α-D-Glcp-

(1→2)-α-D-Glcp-(1→3)-diacyl-Gro Lipidanker sowie das hydrophile poly-(GroP) Rückgrat, das 

unregelmäßig am O-2 des Gro mit D-Ala substituiert war. Bakterienstämme, wie z. B. Bacillus 

subtilis, produzieren strukturell gleiche WTA und LTA Polymere, die dabei über umgekehrte 

Stereochemie von Gro in der hydrophilen Kette verfügen. Die Tatsache, dass die Streptokokken 

keine Enzyme besitzen in der WTA einen stereochemisch gegenüberliegenden Gro zu dem der 

LTA zu bilden, schließt jedoch die Möglichkeit nicht aus, dass die Streptokokken anderen 

Syntheseweg für die WTA Produktion haben können. Anschließend, um eine strukturell andere 
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WTA von S. agalactiae 0250 und S. dysgalactiae 2023 mit einem Stück von PGN zu isolieren, 

wurde die Methode des enzymatischen Verdaus angewandt.  

Zusätzlich wurden die Glycolipide der beiden Streptococcus Spezies isoliert und nach der 

Strukturanalyse auf ihre biologische Aktivität überprüft. Die Spezies besaßen die Glycolipide 

Monoglucosyldiacylglycerol, Diglucosyldiacylglycerol und Phosphatidyldiglucosyl-

diacylglycerol in größerer Menge. Dabei kann das Diglucosyldiacylglycerol als Lipidanker der 

LTA fungieren. Glycolipide MGlcDAG und PGro-DGlcDAG konnten die aus der Maus 

entnommenen Milzzellen leicht stimulieren. 

Während der WTA- sowie der Kapsel-Isolierung wurden Rhamnose-reiche Moleküle von beiden 

Streptococcus Spezies co-isoliert und strukturell charakterisiert. Die Auswertung der 

Methylierungsanalyse und der 1D und 2D NMR Spektren ergab, dass zwei große und zwei kleine 

Rhamnose-reiche Polymere isoliert wurden. Der erste Polymer hatte die Struktur 1 [→3)-α-L-

Rhap-(1→2)-α-L-Rhap-(1→] und war dabei am C-3 an der 2. Rhamnose mit GalpNAc-(1→3)-α-

GalpNAc substituiert. Das unverzweigte Polymer 2 bestand aus der repeating unit [→2)-α-L-

Rhap-(1→3)-α-L-Rhap-(1→]. Die kurzen Polymere 3 α-GlcpNAc-(1→3)-α-L-Rhap-(1→2)-α-L-

Rhap-(1→3)-X und 4 L-Rhap-(1→4)-β-D-Glcp-(1→2)-α-L-Rhap waren unverzweigt und hatten 

keine Wiederholungseinheiten. Bei dem Polymer 1 von S. dysgalactiae 2023 handelte es sich um 

das gruppenspezifische Lancefield Antigen C. Dieses wurde bis jetzt chemisch und 

immunhistochemisch analysiert. Im Fall von S. agalactiae ist die sehr komplexe Struktur des 

GBS Antigens bekannt. Das isolierte und strukturell untersuchte Polymer 1 von S. agalactiae 

0250 besaß eine Kette →3)-α-D-GlcNAc-(1→2)-α-L-Rhap-(1→2)-α-L-Rhap-(1→3)-α-D-Galp, 

die am C-3 der 2. Rha mit α-L-Rha-(1→2)-α-L-Rha-(1→ substituiert war. Das Polymer 2 enthielt 

α-L-Rhap-(1→2)-α-L-Rha-(1→3)-α-D-Galp. Beide kurzen Polysaccharide vom Rindermastitis-

Isolat waren anders gebaut als die bekannten Polysaccharid-Ketten des GBS Antigens. Um die 

vollständige Struktur des Rhamnose-reichen Polymers aus den Rindermastitis-Isolaten 

herauszufinden und ob sie den humanen Isolaten gleich sind, sind weitere strukturelle und 

biochemische Untersuchungen notwendig. 

S. agalactiae 0250 und S. dysgalactiae 2023 haben keine Kapsel in Flüssigkulturen gebildet und 

bei beiden Streptococcus Spezies konnte kein Exopolysaccharid isoliert werden.  
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