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1 Summary  

Background: Different surface molecules are correlated with the bacterial cell wall. Besides 

cell wall teichoic acids (WTA) and lipoteichoic acids (LTA), also surface proteins seems to be 

abundant in the membrane. Various mechanisms has been proposed for these surface proteins 

to attach to the wall and in one of them, sortase is involved. Sortase is a transpeptidase and 

has shown to anchor surface proteins to the membrane, by recognizing a LPXTG motif in the 

protein structure. If the surface protein is then associated with the cell wall, it may contribute 

to bacteria-host interaction. Indeed, surface proteins proved to bind different components in 

the host. This includes epithelial cells, ECM components, and mucus. The presence of surface 

proteins, attached by sortase is assumed, to be used by several gram-positive (G+) bacteria, 

probiotics as well as pathogens. Consequently, it is important to gain more information 

concerning the exact role of sortase during infection and in good health, since this may 

contribute to the development of advanced therapies. Researchers presume that disruption of 

the sortase activity leads to a decrease in display of surface proteins and a reduced possibility 

to attach to the host tissue.  

Aim of the work: The goal of this literature study is to review recent articles concerning 

gram-positive adhesion and the surface proteins involved herein, especially those anchored by 

sortase. Such an overview should give us better insight in sortase-mediated adhesion and may 

be helpful for the selection of targets for designing anti-bacterial drugs.  

Results: The function of sortase is demonstrated in various gram-positive species, including 

Staphylococcus aureus, Enterococcus faecalis and Lactobacillus acidophilus. In 

Staphylococcus aureus, they identified the fibronectin-binding protein, FnBPA, and the 

collagen-binding protein, Cna. For Enterococcus faecalis they observed the collagen-binding 

protein, Ace, and for Lactobacillus acidophilus they identified genes encoding fibronectin-

binding proteins and mucin-binding proteins. A LPXTG motif is detected in all these surface 

proteins and sortase homologues are identified in all these species, indicating that these 

bacteria utilize surface proteins, anchored by sortase, for host attachment. 

Conclusion: Sortase-mediated anchorage of surface proteins has shown to be a common 

phenomenon in most gram-positive bacteria, including gram-positive pathogens and 

probiotics. Because of this, they expect that by inactivating the sortase activity, adhesion of 

pathogens, and thus infection by these, can be inhibited.   
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2 Literature study  

2.1 Introduction Bacteria 

Although the existence of human only dated from 250 thousand years ago, there were other 

species that already existed long before. The oldest organism identified is the Algae. They 

belong to domain of the eukaryotics as well as to the domain of the bacteria
1
 (prokaryotics). 

An example of prokaryotic algae is the cyanobacteria. This organism is the oldest found 

organism, and dates back to around 3,5 miljard years ago. An important feature of 

cyanobacteria is that they are able to perform oxygenic photosynthesis. The possibility of 

these bacteria to produce oxygen is thought to have converted the early reducing atmosphere 

into an oxidizing one. This alternation dramatically changed the composition of life forms on 

earth by provoking an explosion of biodiversity (that’s how human were able to exist!). 

Furthermore, choloroplasts in plant and eukaryotic algae have evolved from cyanobacteria via 

endosymbiosis. Also mitochondria in Eukarya are believed to evolve from bacteria via 

endosymbiosis. Both endosymbiosis, where one partner lives inside the other, and 

ectosymbiosis, in which one organism lives on another, are forms of symbiotic relationships. 

But symbiosis, in this context defined as “the association of an organism with other 

organisms”, is not always favorable for the host. That’s why researchers categorized the 

symbiotic relationship as being mutualistic (both organism have benefit), parasitic (one 

organism reduces fitness of the host) or commensal (one organism benefits and the other is 

not significantly harmed or benefited). An example of mutualism in human is our gut flora, 

which we need for our digestion. Although, I have to draw attention to the fact that, it has not 

yet thoroughly been unraveled if our gut flora is commensal or mutualistic. After all, in 

popular language, they talk about “the commensal flora of an organism”, meaning the bacteria 

living with an organism in symbiosis. So, most of our body surfaces, both internal as external, 

have a residential commensal flora: skin flora, nasal flora, oral flora, vaginal flora, and faecal 

flora. Only certain parts of the body are kept sterile. These include the solid organs, blood, 

cerebrospinal fluid, urine, and the lower respiratory tract (in healthy conditions). Albeit 

commensals are not considered as dangerous, if commensals gain access to inappropriate 

anatomical sites for any reason, then infections can ensue.  

Maybe more dangerous are the pathogenic bacteria. Notorious pathogenic bacteria are 

Mycobacterium tuberculosis, which causes tuberculosis, Streptococcus and Pseudomonas, 

causing pneumonia, and Salmonella and Shigella, which cause foodborne illnesses. 

To approach bacteria in another way then pathogenic and non-pathogenic, taxonomists talk 

about the 27 phyla in the domain of the bacteria and Archaea. This is according to TOMA 

                                                 

 

 
1
 Prokaryotes are scientific classified in the domain of the Eubacteria and Archaea 
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7.7., Taxonomic Outline of the Bacteria and Archaea (1). On the website of NCBI, 27 phyla 

are distinguished in domain of the eubacteria and 5 in the domain of the Archaea (2). So as 

you can see, the bacterial classification remains a changing and expanding field, due to the 

upcoming, new techniques. An example is the phylum Firmicutes, characterized by a low 

amount of G+C. This subdivision predominantly exists out of Gram positive (G+) bacteria. In 

contrast to Gram negative (G-) bacteria, G+ bacteria have a high amount of peptidoglycan in 

their cell wall. As shown in the title of this thesis, only G+ bacteria will be discussed in this 

work.  

Most bacteria can also be classified, based on their response to gaseous oxygen (aerobic, 

anaerobic and facultative anaerobes), carbon metabolism (heterotrophs and autotrophs), and  

the kind of energy they use for their growth (phototrophy, lithotrophs and organotrophs).   

As there are different classes of bacteria, how can bacteriologists identify with which bacteria 

he/she is dealing? As I will describe in 2.3, one way to characterize bacteria is the Gram stain. 

In this staining procedure, bacteria are characterized based on structural features of their cell 

wall. The Gram stain method is used, to separate G+ bacteria from G- bacteria. While G+ 

bacteria colors purple with the Gram stain (due to their high peptidoglycan amount), G- 

bacteria will stain pink (due to the counter stain). Other techniques utilized, to identify 

bacteria are Ziehl-Neelsen, Kinyoun stain, culture techniques, microscopy, and Polymerase 

Chain Reaction (PCR). The first technique, Ziehl-Neelsen is used to identify members of the 

genus Mycobacteria. Because these MOs have a high mycolic acid content in the cell wall, 

they have a poor absorption followed by a high retention of the stain. This difficulty is solved 

by using concentrated dyes (carbolfuchsin and methylene blue) and decolorization with acid-

alcohol. The Kinyoun stain is an alternative for coloring Mycobacteria. Different from the 

Ziehl-Neelsen technique, is that the Kinyoun carbolfuchsin has a greater concentration of 

phenol then basic fuchsin and does not require heating in order to stain properly. The third 

mode is the culture techniques. Hereby, the MOs are grown in suspension or on a petri plate. 

At any rate, culture techniques are designed to promote the growth of particular bacteria and 

to identify these bacteria. And this while restricting the growth of other bacteria in the sample. 

This can be accomplished by using selective media on the petri plate or in the suspension. 

Next, the MO of interest can then be isolated from the culture and be further characterized by 

its morphology, growth patterns (such as aerobic or anaerobic growth, patterns of hemolysis) 

and staining. Consequently, with microscopy, bacteria are mostly identified based on their 

shape, size, color, and cellular structures as flagella. Besides the above mentioned techniques, 

a probably more modern technique for identifying MOs, is PCR. PCR is known for its speed, 

accuracy and specificity during genetic research. These are probably the main reasons why 

the technique is introduced into the Bacteriology and also in other research domains. A major 

drawback of PCR is the high cost of the device.  

With the investigation of bacteria, researcher also gains information about the cellular 

component present in these prokaryotes. In a research by Helm and Naumann, the use of FT-
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IR for the identification of cell components was described. In this article they could identify 

cellular components like endospores, granules and polypeptide capsules in some Bacilli and 

clostridia stains (3). Other cell components that are identified in bacteria are the nucleoid, 

ribosomes, plasmids, carboxysome, cell wall, plasmamembrane, pili and flagella.  

As Charles Darwin talked about natural and sexual selection in his evolution theory, this gives 

us the insight to say: The world, as we know it now, resulted from million years of evolution. 

Furthermore, the forms of life, that populate or planet currently, are the effect of continuous 

adaptation. The nowadays living organism survived extreme periods like the asteroid 

collision and the Ice Ages, or originated after these periods. This can by exemplify with an 

notable feature of mostly G+ bacteria: their ability to form endospores. Endospores are 

dormant and non-reproductive structure which ensures the survival of a bacterium through 

periods of environmental stress. This is probably one of the ways that favored bacteria in their 

struggle for survival. Another way for bacteria to ensure their survival is the formation of 

biofilms. A biofilm can be seen as a complex aggregation of MOs growing on a solid 

substrate. Because the bacteria, growing in biofilms, receive different properties
2
, they have 

an increased resistance against detergents and antibiotics. Biofilms can be formed, as the 

initially small amount of bacteria grow and reproduce.  

In conclusion: Besides infecting their host, bacteria were/are not always negative during 

evolution. As some bacteria need their host for their existence, it is probably that the host also 

needs some bacteria for a healthy life. This was seen for our gut flora, which we need for 

digestion. Another useful function of bacteria is, their involvement in recycling of nutrients 

such as carbon, nitrogen, and sulfur. After all, these components are necessary for the 

photosynthesis, health and growth of plants. Subsequently, bacteria are used in the industry 

for the production of cheese, yoghurt and sewage treatment. More important, cyanobacteria 

would be involved in foundation of an aerobic world that made it possible for you and me to 

be here today.  

                                                 

 

 
2
 Activation of stress-tolerance metabolism, layer of mucus protects the bacteria against dehydratation 
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2.2 Gram-positive Bacteria 

G+ bacteria are a large group of unicellular MO, typically 0,5-5 micrometers in length (4). 

Morphological, one distinguishes three distinct cellular components in G+ bacteria: the cell 

wall, the plasmamembrane and the cytosol (5). The G+ bacteria structure is displayed in 

figure 1 (3). Based on their morphology, G+ bacteria are discerned in cocci (spherical 

shaped), aerobic bacilli (rod shaped) and spirilla (helical shaped) (6). Examples of G+ bacteria 

are among others Staphyloccocus aureus, Staphylococcus pyogenes, Lactobacillus 

acidophilus and Enterococcus faecalis (5).  

 

 
 

Figure 1: G+ bacterium cell wall (7) 

 

2.3 Cell wall 

G+ bacteria are characterized by their blue-violet color reaction in the gram-staining 

procedure (5, 6, figure 2).  

 

 
 

Figure 2: G+ bacteria (purple rods) (8) 

 

This procedure uses crystal violet as primary stain, giving the violet colour. The fact that G+ 

bacteria are coloured purple in contrast to G- (gram-negative) bacteria is because their high 

amount of peptidoglycan in the cell wall (5, 6, 8). Peptidoglycan is the major component of 

the G+ cell wall (40-90%) and gives the cell wall its rigidity and strength. The peptidoglycan 

layer can be 20-50 nanometres thick in G+ bacteria (which explains their thick cell wall), 

http://en.wikipedia.org/wiki/Image:Gram_Stain_Anthrax.jpg
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while in G- bacteria the cell wall only is 2-3 nanometres thick (9). In G+ bacteria, the glycan 

strands of the cell wall consist of the repeating disaccharide N-acetylglucosamine (NAG)- N-

acetyl-muraminic acid (NAMA) (5, 10). These strands vary in length and are estimated to 

contain 5 to 30 subunits. In most cases, the D-lactyl moiety of each NAMA is amide linked to 

the short peptide component of peptidoglycan. Wall peptides are cross-linked with other 

peptides, that are attached to a neighbouring glycan strand, thereby generating a three-

dimensional molecular network (5, 10, figure 3).  

 

 
 

Figure 3: Diagram of peptidoglycan structures (11) 

 

Further, although G+ bacteria have a thick cell wall, they lack an outer membrane and are 

therefore grouped as monoderm prokaryotes. In contrast, G- bacteria are surrounded by a thin 

cell wall beneath the outer membrane (diderm prokaryotes) (9). 

The cell wall in bacteria has different functions. The primary function of the cell wall is to 

provide of a rigid exoskeleton, for protection against both mechanical and osmotic lysis (7, 

10). The cell wall of G+ bacteria also serves as an attachment site for proteins, teichoic acids 

(WTA), teichuronic acids, lipoteichoic acids (LTA), lipoglycans, and polysaccharides (5, 7, 

12). These components, on their turn, provide the cell wall of other functions, for example the 

survival within the infected host (7, 10). 

 

2.4 Surface molecules 

As already mentioned, although in G+ bacteria, the cell wall has a protective function, it also 

serves as an attachment site for molecules that interact with the bacterial environment (13). 

These surface molecules provide bacterial envelopes with species- and strain-specific 

properties that, for pathogens, contribute greatly to bacterial virulence and interactions with 

host immune systems (14). A brief summary of WTA and LTA is described below, since 
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these elements may be important for the protein targeting mechanism. Namely, both WTA 

and LTA would function as an anchor to attach surface proteins (2.5.1) (15). The surface 

proteins are reported more extensive below (2.4.3). It is important to note that there is still a 

lot of research to do concerning these and other surface molecules. Especially their role in 

bacterial interaction with the environment, researchers have to scrutinize. 

 

2.4.1 Teichoic acids 

As observed with electron microscopy (EM), WTA are thought to be uniformly distributed 

over the entire peptidoglycan exoskeleton (16). They are anionic polymers of polyglycerol 

phosphate (Gro-P), poly-ribitol phosphate (Rit-P), or poly-glucosyl phosphate (Glc-P), all of 

which may be modified (13). Both Gro-P and Rit-P repeating units can be decorated with a 

variety of different sugars or can also be esterified with D-alanine. Modifications of the 

repeating subunits differ from one bacterial species to another and occur at the surface of the 

cytoplasmic membrane (17, 18). But it seems that some WTA decorations, for example the 

esterified D-Ala, are unstable, and Staphylococcus aureus continuously reesterifies D-Ala 

residues (19). Furthermore, WTA, composing of 15 to 60 subunits, are tethered to the 

peptidoglycan by a linkage unit. The cell wall linkage unit consists of ManNac(1-4)GlcNAc, 

which is 1–6 1-6phosphodiester linked to MurNAc, within the glycan strands of the cell wall 

envelope (17, 18). Although many G+ bacteria are known, to synthesize identical linkage 

units, some species modify its structure with other carbohydrates whereas a few others use 

entirely different compounds to tether their WTA (20).  

About their function, the physiological role of WTA is still not completely understood. It is 

conceivable that the negatively charged WTA function, to capture divalent cations or provide 

a biophysical barrier, to prevent the diffusion of substances. But no experiments yet proved 

this speculation. Maybe more important, WTA appeared to be the binding sites for some 

enzymes that cleave the bacterial peptidoglycan. In this way, WTA may serve as species-

specific decorations, which allow G+ to synthesize an envelope structure, that is chemically 

distinct from the envelope of other organisms that display an otherwise identical 

peptidoglycan exoskeleton (21). 

 

2.4.2 Lipoteichoic acids 

In an earlier article membrane LTA were described as teichoic acids (TA) (21). But these 

denominations are not synonyms. Current practice favors using TA as an inclusive term for 

the several similar anionic molecules, mainly WTA and LTA. Older practice was to use the 

term TA for what is now called WTA, while using LTA, as at present, for lipoteichoic acid 

(22). After all the WTA and LTA possess different chemical structures in all G+ bacteria 

except for Streptococcus pneumoniae(18). As WTA, LTA also are anionic polymers of 
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repeating units as glycerol-phosphate. In contrast, they are attached to the membrane via a 

lipid moiety. Moreover, LTA of other bacteria have different repeating subunits and/or 

different lipid anchors. The precise function of LTA is unknown (13). Although, it is reported 

in several articles that LTA would have antigenic properties and is a regulator of autolytic 

wall enzymes (muramidases) (63, 64). Herewith, LTA binding proteins and some choline 

binding proteins associate with LTA in the cell wall (15). 

 

2.4.3 Surface proteins   

2.4.3.1 Introduction 

As described in 2.3, besides LTA and WTA, also surface proteins are attached in the cell wall 

(10). To date, there are more than 100 known surface proteins of G+ bacteria (24). An 

example is the surface protein, iron-regulated surface determinant C (IsdC), in Staphylococcus 

aureus, which is achored to the membrane by sortase B (SrtB) (25). The most defined surface 

protein definitely is the 42 kDa cell wall constituent, Staphylococcus aureus protein A. The 

protein is characterized by its binding affinity to the Fc portion (fragment crystallizable 

region, constant region) of some immunoglobulins (Igs), especially the immunoglobulin G 

(IgG) class. Protein A participates in a number of biological functions including anti-tumor, 

toxic and carcinogenic activities. Natural and recombinant Protein A residuals can be 

measured in monoclonal antibody preparations using the Protein A ELISA (Enzyme-Linked 

Immuno Sorbent Assay) (26).  

 

2.4.3.2 Structure 

Many surface proteins share conserved features, required for cell wall anchoring. In the 

structure of surface proteins they distinguish: an N-terminal signal peptide and an C-terminal 

cell wall sorting signal (CWS). The signal (leader) peptide has been studied in Escherichia 

coli. The peptide is generally composed of a core of 15 to 20 hydrophobic residues, flanked at 

the N-terminal end by positively charged residues. Their function is to initiate proteins into 

the secretory pathway. In this way signal peptides are necessary and sufficient for protein 

translocation across membranes. Upon translocation, they are proteolytically removed by 

signal (leader) peptidases (26, 27, 28). The sorting signal, on his turn, consists of a conserved 

LPXTG motif or the signature sequence, a hydrophobic stretch and a short charged tail (24, 

30, figure 4). The sorting signal causes the specific cleavage (by a sortase, 2.5.1) of the 

precursor protein as well as the cell wall anchoring of the protein. As a result, the N-terminal 

portion of protein A is displayed on the bacterial surface, whereas the C-terminal end is 

buried in the cell wall peptidoglycan and protected from extracellular protease (30).  
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Figure 4: Diagram illustrating a CWS-containing protein (31) 

 

Moreover, several functional domains have been observed in surface proteins. Researchers 

identified N-terminal domains that contain binding or catalytic activities (32). They also 

identified tandem repeat domains, which can vary in size from a few to several hundred 

amino acids. For many surface proteins, strain-to-strain variation in the exact number of 

tandem repeat domains has been observed, indicating that these domains are targets for 

recombination and/or duplication. Several mechanisms are likely to be involved in the 

generation of these repeat domains (13). Often there also is a proline-rich stretch of amino 

acids immediately preceding the LPXTG motif that is thought, to introduce random coils in 

the structure, to assist in traversing the peptidoglycan network (32). 

 

2.4.3.3 Function 

Surface proteins are displayed on the cell surface and interact with different substrates in the 

surroundings. These proteins are functional very differs and are concerned in the binding of 

host tissues, binding to specific immune system components, protein processing, nutrient 

acquisition and interbacterial aggregation for the conjugal transfer of DNA (13).  
 

A. Immunoglobulin binding 

The first function, the Ig-binding activity, has been studied for different surface proteins of 

several species (33, 34). Staphylococcus aureus protein A (SpA) is an example of such an Ig-

binding surface protein. For this protein, they reported on the website of EMBL-IBI, that it 

contains five highly homologous Ig-binding domains in tandem (designated domains E, D, A, 

B and C). These Ig-binding domains allow the Staphylococci to bind Igs, especially the IgG 

class (35). On EMBLI-IBI, they also described that protein A has two distinct Ig-binding 

activities: each domain can bind the Fc-gamma (involved in effector functions) and the Fab 

(fragment antibody binding, variable region) (33). Another Ig-binding protein, streptococcal 

protein G, is extensive studied in an article by Guss et al. (34). Although this article is not 

very recent, it gives us a lot of important information concerning streptococcal protein G. The 

results of this research suggest that the C-terminal part of streptococcal protein G consists of 

three homologous Ig-binding domains, C1, C2 and C3, which interact with the Fc part of Ig 



12 

 

(34). Like several G+ bacterial species, also streptococcal protein G, possess IgG binding 

activity (6). But this protein shows a broader range of binding to IgG subclasses than 

staphylococcal protein A (34). Other significant Ig-binding proteins are the streptococcal 

virulence factor, M protein, which binds to the Fc region of certain antibodies, and 

Peptostreptococcus magnus protein L (PPL), which binds the Fab region of Ig (13).  
 

B. ECM-binding 

Besides binding Ig, surface proteins are also involved in the binding of host tissue. The 

microbial adhesion to host tissue is the initial critical event in the pathogenesis of most 

infections. Many pathogenic G+ bacteria do not express structures such as pili and instead 

utilize cell wall-anchored surface proteins to adhere either to the extracellular matrix (ECM), 

serum proteins, or molecules present on the surface of host cells (36). The proteins that bind 

the components of the ECM are defined as MSCRAMMs (microbial surface components 

recognizing adhesive matrix molecules). MSCRAMMs recognize fibronectin (Fn)-, 

fibrinogen (Fg)-, collagen-, and heparin-related polysaccharides in the ECM. Examples 

include protein A (SpA), clumping factor A (ClfA), and fibronectin binding protein A 

(FnBPA) from Staphylococcus aureus, SdrG from Staphylococcus epidermidis, protein M 

from Streptococcus pyogenes, and protein G in other Streptococcus species (37, 38). All of 

these MSCRAMMs bind to Fg, except SpA, that binds IgG. Also other targets for these 

MSCRAMMs are known, for instance Fn (38, 39). The interaction of bacteria with Fn is 

believed, to significantly contribute to the virulence of a number of MOs, including 

Staphylococci and Streptococci. Several Fn-binding MSCRAMMs of Staphylococci (FnBPA 

and FnBPB) and Streptococci (hemaglutinin), exhibit a similar structural organization and 

mechanism of ligand recognition. The ligand binding domain, usually N-terminal, consists of 

tandem repeats of approximately 45 amino acids (AA), which bind to the 29-kDa N-terminal 

region of Fn. The binding mechanism is unusual in that the repeat units of the proteins, 

binding fibronectin, are unstructured and appear to undergo a conformational change upon 

ligand binding. Apart from supporting bacterial adherence, Fn is also involved in bacterial 

entry into non-phagocytic mammalian cells. A sandwich model has been proposed in which 

Fn forms a molecular bridge between MSCRAMMs on the bacterial surface and integrins on 

the host cell. However, the precise mechanism of bacterial invasion, and the roles of Fn and 

integrins in this process, have yet to be fully elucidated (39). Further information about Fn-

mediated bacteria anchorage to host cells is described in 2.6. Here, also data about the 

adherence of Enterococcus faecalis and Lactobacillus acidophilus to the ECM is reported.  
 

 

C. Cell wall-anchored enzymes 

Often, also enzymes are targeted to the bacterial cell surface, having different functions. 

These enzymes are referred to as cell envelope proteinases (CEPs) (13, 14). For instance, the 

http://en.wikipedia.org/wiki/Antibodies
http://en.wikipedia.org/wiki/Protein_A
http://en.wikipedia.org/wiki/Clumping_factor_A
http://en.wikipedia.org/wiki/Fibronectin_binding_protein_A
http://en.wikipedia.org/wiki/Staphylococcus_aureus
http://en.wikipedia.org/w/index.php?title=SdrG&action=edit&redlink=1
http://en.wikipedia.org/wiki/Staphylococcus_epidermidis
http://en.wikipedia.org/w/index.php?title=Protein_M&action=edit&redlink=1
http://en.wikipedia.org/wiki/Streptococcus_pyogenes
http://en.wikipedia.org/wiki/Protein_G
http://en.wikipedia.org/wiki/IgG


13 

 

streptococcal C5a peptidase, act to degrade the complement component C5a and inhibits in 

this way the migration of leukocytes to the infection site (13). Another example is the nisin 

leader peptidase, involved in the maturation of nisin. Nisin is a lantibiotic, that is synthesized 

by the food-grade bacterium Lactococcus lactus. Lantibiotics are antimicrobial peptides and 

several AA residues of the precursor lantibiotic are enzymatically modified, where upon 

secretion and processing of the leader peptide occurs, resulting in the active antimicrobial 

substance. Hereby, the nisin leader peptidase is responsible for processing the leader peptide 

(40). Fructosidase (FruA) of the Streptococci specie is another example of a wall-anchored 

enzyme. This enzyme is responsible for degrading extracellular fructan, as a nutrient source. 

The fact that FruA is anchored to the cell wall was reported by Kurihara et al. (41). By 

analyzing the AA sequence of the Streptococcus gordonii FruA, they showed the presence of 

a CWS, suggesting that FruA is anchored to the cell wall by sortase (Srt).  
 

D. Biofilm formation 

Also important for their survival and pathogenicity, is the ability of bacterial cells to adhere to 

one another, through the specific interactions of their surface proteins. Bacterial aggregation 

is required for purposes as conjugal transfer of DNA and the formation of dental plaque (13). 

Dental plaque actually is a biofilm on the surfaces of the teeth. As already mentioned in 2.1, 

biofilm formation is a way for bacteria to ensure their survival and can be seen as a complex 

aggregation of bacteria growing on a solid substrate. Bacteria are more resistant when they are 

in a biofilm, because in this way they receive different features. These features can be 

triggered  by various factors like quorum sensing
3
 and can lead to an increased resistance 

against detergents and antibiotics (ABs) (42). Kennith Todar reported on the website of the 

University of Wisconsin-Madison Department of Bacteriology, that five different stadia can be 

seperated in the development of a biofilm: initial attachment (adhesion to surface through 

reversible van der Waals forces), irreversible attachment (permanent anchorage by adhesion 

structures like pili), maturation I (growth and division of bacteria), maturation II (exopolymer 

formation and biofilm production), and dispersion (attachment of other organism to the 

biofilm) (43, 44). Consequently, in order to form a biofilm, the bacteria have to attach to a 

solid surface, to the ECM, produced by the bacteria, or/and to each other. For this purpose 

they can use their pili or their surface molecules. Examples of surface proteins of Escherichia 

coli, involved in biofilm formation, are reported in a short review by Van Houdt et al.. Of 

these, Ag43 (antigen 43) and AIDA (adhesin involved in diffuse adherence) probably are the 

most important ones. Ag43 establishes autoaggregation of cells through Ag43–Ag43 

                                                 

 

 
3
 Quorum sensing is a mechanism by which several bacteria can coordinate their genexpresson, based on the 

local density, using signaling molecules 
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interactions. Like Ag43, AIDA also is a self-recognizing protein but mediate autoaggregation 

more efficiently than Ag43. Hereby, AIDA can as well interact with Ag43 (44). 

 

The functions of surface proteins are not limited to the ones I described in this work. A lot of 

them are just not mentioned and probably even more, still have to be revealed. In summary, 

we can say that surface bacterial proteins have diverse functions. So it was shown in various 

articles, that some proteins protect bacteria from environmental challenges, including toxic 

conditions, some even allow bacteria to use nutrients from their environment, other allow 

bacteria to attach to specific environmental components, some allow bacteria to interact with 

each other, some facilitate competition with other bacteria for specific niches, and some, 

which are essential proteins, are required for bacterial growth, cell wall maintenance, and cell 

division (45, 46). 

As bacteria have different surface proteins attached to their cell wall, the surface proteins also 

have a use in the identification of these bacteria. In this context, it was discovered that the 

protein profile of bacteria is quite specific. In a book written by Stratton and Tang, they 

reported that the protein profile can be used, to identify bacteria, applying maldi-TOF mass 

spectrometer. Hereby, the characteristic spectral fingerprints, generally associated with 

surface proteins of bacterial strains, are utilized for bacterial identification (47).
 
 

 

2.4.3.4 Classification 

Based on the mechanisms for displaying proteins at the surface of G+ bacteria, on 

distinguishes different types of surface proteins. Each mechanism is characterized by specific 

structural features that can be identified in the sequence of the proteins and are involved in 

their specific properties (15, 24). Therefore, Cossart and Jonquières described five major 

types of surface proteins in G+ bacteria: (a) the LPXTG proteins, (b) choline binding proteins, 

(c) lipoproteins, (d) membrane anchoring proteins, and (e) LTA binding proteins (15). 

Diverse, only four major types of cell wall surface displayed proteins were reported in an 

article written by Desvaux et al.: (A) proteins anchored to the cytoplasmic membrane by 

hydrophobic transmembrane domain(s) (transmembrane proteins), (B) lipoproteins which are 

covalently attached to membrane lipids after cleavage by signal peptidase II, (C) proteins 

containing C-terminal LPXTG-like motif and covalently attached to peptidoglycan by sortase, 

and (D) proteins recognizing some cell wall components by their specific cell wall binding 

domains (48). The reason why this last article only described 4 types, differing form the first 

article which reported five types, is because the LTA binding proteins and choline binding 

proteins (b and e) are grouped together (type D) in the second article (24, 48). Further on, 

various from the above data, three major types of surface proteins were pinpointed by 

Hansson et al.: cell wall bound proteins, cell membrane-anchored proteins and cell surface 

associated proteins. In this article, compared with the article written by Desvaux et al., the 
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lipoproteins (B) are not described as a distinguished type but are grouped as cell membrane 

anchored proteins, together with other membrane proteins (24). Also, in the three articles, 

SpA is discussed as an important example of the LPXTG proteins (14, 15, 24, 48). That is 

because the sorting mechanism of this protein is the most frequently commented and will 

therefore be further discussed under here (24).   

 

2.5 Sorting and anchoring of surface molecules 

2.5.1 Introduction  

The cell wall functions as a surface organelle that allows G+ pathogens/probiotics to interact 

with their environment, in particular with the tissues of the host. This function requires that 

the surface proteins are properly targeted to the cell wall envelope. Two basic mechanisms, 

targeting and cell wall sorting, have been identified. Cell wall targeting involves the 

noncovalent attachment of proteins to the cell surface, via specialized binding domains. 

Several of these wall-binding domains appear, to interact with secondary wall polymers, that 

are associated with the peptidoglycan, for example teichoic acids and polysaccharides. 

Proteins that are targeted to the cell surface include muralytic enzymes such as autolysins, 

lysostaphin, and phage lytic enzymes. Other examples of targeted proteins are the surface S-

layer proteins of bacilli and clostridia, as well as virulence factors, required for the 

pathogenesis of Listeria monocytogenes (internalin B) and Streptococcus pneumoniae (PspA) 

infections. Cell well sorting is the covalent attachment of surface proteins to the 

peptidoglycan, via a CWS with a consensus LPXTG sequence. Sortase recognizes this 

LPXTG sequence and will link the protein to the cell wall. More than 100 proteins that 

possess CWSs, including the M proteins of Streptococcus pyogenes, SpA of Staphylococcus 

aureus, and several internalins of Listeria monocytogenes, have been identified (13).  

Here under, sortase-mediated protein anchorage is discussed more in detail. To facilitate this 

discussion, I will briefly review what is known about the classification, structure, and function 

of sortases. 

 

2.5.2 Sortase 

2.5.2.1 Definition  

Sortase (Srt), a membrane-associated transpeptidase, is positioned in the plasmamembrane. 

The enzyme cleaves a specific motif in the protein substrate and links it covalently to the cell 

wall peptide crossbridge (45). Sortase is important in the display of surface proteins of G+ 

bacteria, which may interact with host cells and tissues. In this way, sortase can play a role in 

virulence in case of pathogenic bacteria (15, 49).  
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2.5.2.2 Classification  

A. Functional: sortase A, B, C and D class by Dramsi et al. (25) 

It was proposed that different groups of sortases exist. In an article by Dramsi et al., 61 

sortases from complete G+ genomes, derived from 22 G+ bacterial species, were analyzed 

and four structural groups of sortases were reported. The 4 classes were designated A (sortase 

A class), B (sortase B class), C (sortase C class) and D (sortase D class). This classification 

was based on the Clustal X program for alignment and the neighbor-joining method for 

phylogenetic analyses, of the sortase genes. Previously, sortase genes (srt) presented within a 

given specie, or strain, were usually denominated srtA, srtB, srtC, srtD, et cetera, based on 

their chronological order of characterization or their chromosomal location. This has led to a 

confusing nomenclature in the database and literature, since phylogenetically distinct srt 

genes might possess the same designation. This can be exemplified by the fact that the srtB 

genes from Staphylococcus aureus and from Streptococcus pyogenes encode a sortase B class 

(SA0982) and a sortase C class (Spy0135), respectively. Alternatively, srt genes belonging to 

the same group may possess distinct designations, especially when they are present in the 

same genome. For example, the srtB, srtC, srtD, and srtE genes of Streptococcus suis, all 

encode the sortase C class (BAB83966, BAB83967, BAB83968, and BAB83972, 

respectively). Consequently, Dramsi et al. suggest designating srtA, srtB, srtC, and srtD, the 

genes encoding sortases of class A, B, C, and D, respectively.  

The sortase class A (SrtA), represented by SrtA of Staphylococcus aureus, are broad-range 

enzymes required for anchoring a large number of diverse proteins to the cell wall. Hereby, 

they are specific for the sequence LPXTG in the sorting signal of the substrate proteins. 

About their structure, all SrtAs harbor the N-terminal signal peptide/transmembrane domain 

and, at the C-terminus, the catalytic TLXTC signature sequence, in which X is often a valine, 

an isoleucine, or a threonine (25). Further, SrtA-type enzymes contain an N-terminal stretch 

of hydrophobic amino acids and are therefore presumably type II membrane proteins (N-

terminal end embedded into the membrane, C-terminus extracellular). Research by Clubb et 

al., pointed out that bacteria always encode only a single SrtA-type homolog, which on 

average is predicted to anchor a large number of proteins (25). In both articles by Dramsi et 

al. and Clubb et al., they reported that genes encoding SrtA-type proteins are never proximal 

to genes encoding potential substrates. This in contrast with most other sortases, whose genes 

are typically clustered with a limited number of CWS-bearing substrates (25, 31).  

In Staphylococcus aureus, it was observed that proteins, constituting an NPQTN motif instead 

of the LPXTG motif, are recognized by its second sortase, sortase class B (SrtB). Also, 

NAKTN and NPKSS in Listeria monocytogenes, NPQTG and NSKTA in Bacillus 

halodurans, and NPKTG and NSKTA in Bacillus anthracis and Bacillus cereus, would be 
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recognized by SrtB (25, 31). In contrast to SrtA, the SrtB gene usually is found proximal to a 

single substrate (31). 

Despite the fact that SrtA is expected, to anchor the largest number of substrates, it is not the 

biggest group of sortases. The largest group of sortases is the sortase class C (SrtC), but they 

anchor far fewer proteins than the SrtA-type proteins (31). SrtC is characterized by the 

presence of a C-terminal hydrophobic domain (that could serve as a membrane anchor) and a 

conserved proline residue, located after the catalytic site TLXTC (25). Researchers predict 

that SrtA and SrtC would process proteins, harboring similar sorting signals (19, 50). 

Herewith, in Streptococcus Pyogenes, they showed that SrtC anchor one specific LPXTG-

containing protein, named T6 (trypsin resistant surface protein) (51). Besides the sorting 

signal, also other features may contribute to the substrate specificity of SrtC. First, the 

expression of SrtC enzymes and their potential substrates may be coordinately regulated, 

since their genes are always adjacent to one another. Second, the SrtA and SrtC enzymes 

appear, to be positioned in the membrane differently. SrtC enzymes contain hydrophobic 

amino acids at both their N- and C-termini, suggesting that they are type I membrane proteins 

(C-terminal end embedded in the membrane, N-terminus extracellular). In contrast, as already 

mentioned, in case of SrtA, the N-terminal end is embedded in the membrane. Therefore, it is 

conceivable that their distinct membrane topology enables SrtC enzymes to recognize other, 

as of yet undetermined features in their substrates (25, 52, 53). 

The fourth group, sortase class D (SrtD) is consisted with subfamily 4 and 5, by Clubb and 

Comfort classification (see below). SrtD can be divided in three subclusters, based on the host 

phylogeny (bacilli, clostridia, and actinomycetales) (25). Mostly, these groups of sortases 

recognize a nonstandard sorting signal, LAXTG (31). But also proteins bearing the motif 

LPXTA[ST] are recognized. In addition, SrtD would target a single protein in Bacillus 

subtilis, containing the sequence LPDTSA. As observed with SrtA, also SrtD was noticed not 

to be clustered with its substrates (25).  
 

B. Structural: subfamilies SrtA, SrtB, 3, 4 and 5 by Clubb and Comfort (31) 

A previous article by Clubb et al. identified five distinct subfamilies sortases in G+ bacteria, 

based upon their primary sequences. For this research, a comparative genome analysis of 

sortases was executed. The methods used for this comparative analysis were BLAST scores 

and hidden Markov model (HMM). A HMM is a statistical description of the consensus 

sequence of each subfamily. It enables a rigorous evaluation of the relatedness, of a particular 

homolog to each subfamily. First an identification of sortase homologs and clustering into 

families was done. For this end, the sequences of 241 bacterial genomes, representing 96 

species, were searched using PSI-BLAST (the Staphylococcus aureus SrtA and SrtB genes 

were used as seeds). In this way, 176 sortase homologs were identified. The homologs were 
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then clustered into subfamilies, using a matrix of BLAST scores. Consequently, a HMM was 

constructed for each subfamily, applying the program HMMER (31).  

The result of the above procedure is the subdivision of the sortases in subfamilies named 

SrtA, SrtB, 3, 4, and 5. Consistent with the article by Dramsi et al., also here they identified 

the SrtA and SrtB subfamilies. The type 3 subfamily corresponds to class C and type 5 to 

class D. The additional type 4 subfamily, described by Comfort and Clubb, clusters in the 

class D family. It is noteworthy, that even though the subfamilies 4 and 5 would conform to 

class D, some different features were ascribed to both subfamilies. Comfort and Clubb 

observed for subfamily 5, that the Srt genes are never positioned adjacent to their predicted 

substrates. This in contrast with subfamily 4, for which they registered that the Srt genes are 

typically adjacent to the genes of their predicted substrates. Moreover, a notable difference 

between these two studies concerns the Streptococcus pyogenes sortase, Spy0129, which is 

assigned as an unclassified sortase according to Comfort and Clubb, whereas it is described as 

a typical class B sortase in the study by Dramsi et al.. These differences can be partly due to 

the different methods used in both studies (25, 31). 

The different motifs recognized by the distinct subfamilies sortases, described by Clubb and 

Comfort, are shown in figure 5 (31).  

 

 

 

 
 

Figure 5: Position-specific frequency of amino acids within the sorting signals of different types of sortases. The 

one-letter symbol for the amino acid residue is given for each position in the six-residue motif. The font size of 

each letter is proportional to the frequency with which an amino acid occurs (31) 



19 

 

2.5.2.3 Structure  

Membrane localization of sortase A was confirmed experimentally, after immunoblot analysis 

of Staphylococcus aureus subcellular fractions (49). In this experiment, they observed that the 

enzyme adopts a type II membrane topology, with the N terminus inside the cytoplasm and 

the C-terminal enzymatic portion located across the plasma membrane (11, 54). Preliminary 

examination of the NOESY (nuclear Overhauser effect spectroscopy) signals of sortase 

nuclear magnetic resonance (NMR) spectra, suggested that the enzyme folds into a 

predominantly -strand structure (55). Using NMR spectroscopy and X-ray crystallography, 

researchers determined the three-dimensional structure of sortase (54). The enzyme assumes 

an unique fold, consisting of an eight-stranded -barrel, that includes one or two helices and 

several loops (56). Of this, strands 7 and 8 form the floor of a hydrophobic depression, 

where the active site is located. The NMR structure showed that the absolutely conserved 

Cys184 and His120 residues of SrtA reside within this active site: while Cys184 is anchored 

in 7, His120 is located within a helical region that connects 2 and 3. With this, the NMR 

structure also showed Asn98 anchored at the C-terminal end of 4. Asn98, like Cys184 and 

His120, is as well protruding near the active site, but is only poorly conserved among sortases 

(54). The importance of these three conserved AA is demonstrated by the following 

observations (57, 58). Replacement of either Cys184 or His120, completely abolished sortase 

activity both in vivo and in vitro, and replacement of Arg197 greatly reduced the enzymatic 

activity. In contrast, replacement of Asn98 with alanine had no effect on sortase activity (59). 

Further, Dramsi and his colleagues observed that the three conserved AA, involved in the 

formation of the catalytic site, are persistent present in the conserved domains, D2 (His120) 

and D3 (Cys184, Arg197) in sortase. In this research the sequence of 61 sortases of 22 G+ 

bacterial species was aligned. For all 61 sortases, the multiple sequence alignments revealed 

the presence of three conserved domains, D1, D2 and D3. In addition, the enzyme’s residues, 

involved in substrate specificity, were analyzed by comparing NMR signals of bound versus 

unbound SrtA. Besides those in Cys184 and Arg197, also chemical shift changes were 

detected in Thr180, Ala118 (absolutely conserved residues), and Ile182 (partially conserved), 

indicating their role in substrate recognition (25).  

SrtB in Staphylococcus aureus has a similar -barrel structure. However, sortase B harbors 

three helices, that are absent in sortase A and that may contribute to the unique properties of 

SrtB substrate specificity and anchoring. Two short helices at the N terminus (1 and 2) of 

SrtB, directly linked to the transmembrane segment of the enzyme, and a long helix (5) are 

absent in sortase A. It was proposed that 1 and 2 may project the enzyme active site 

towards the bacterial surface, whereas that of sortase A may face the plasma membrane (60). 

Cys223, His130, and Arg233 are equivalent to sortase A Cys184, His120, and Arg197, 

respectively, and, along with Asn225, presumably constitute the active site of sortase B (14). 
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2.5.2.4 Rome of sortases in bacterial physiology  

A. Anchorage of surface proteins 

Srts are involved in several physiologic processes of bacteria such as nutrient uptake (iron) 

and adhesion. To complete these functions, Srts attach surface proteins to the bacterial cell 

wall, by means of the so-called sorting pathway. Srts are a central factor in this pathway. The 

sorting pathway begins with the synthesis of a surface protein precursor in the cytoplasm. The 

N-terminal signal peptide then directs the precursor to the membrane for translocation. Once 

the signal peptide has been cleaved and the polypeptide is moved across the plasma 

membrane, the CWS operate, to retain the polypeptide within the secretory pathway. Then, 

the membrane-anchored Srts cleave CWSs at their pentapeptide motif and promote anchoring 

to the cell wall (11). This mechanism of the anchoring of the polypeptides was investigated by 

Mazmanian et al. (49). For this purpose they used a Staphylococcus aureus mutant, for which 

the srtA gene was deleted. Deletion of the srtA gene was completed by homologous 

recombination and the resulting mutant was able, to synthesize and secrete surface protein 

precursors, but failed to cleave these polypeptides at their C-terminal CWSs. As a 

consequence, srtA mutants did not display protein A, fibronectin binding proteins, or 

clumping factors on the bacterial surface, a phenotype that can be rescued by plasmid-

encoded expression of the wild-type srtA gene. These results indicate the major role that SrtA 

has, in anchoring and surface display of these surface proteins to the membrane (49).  
 

B. Anchorage of pili 

An additional function of Srts, is their involvement in the formation of pili/fimbriae in G+ 

bacteria (14). In this context, Yeung and colleagues suggested an involvement of Srts in the 

formation of Actinomyces naeslundii fimbriae (61). This species is a human pathogen that can 

be isolated from the oral cavity and from supragingival dental plaque. For this species, 

researchers identified two types of fimbriae, type I and II. The genes encoding the major pilin 

subunits of type I and type II fimbriae were isolated and named fimP and fimA, respectively. 

Expression studies revealed that fimP harbored in seven ORFs (open reading frames): orf3-

orf2-orf1-fimP-orf4-orf5-orf6. Of these, orf1 and fimP encode a surface protein with LPXTG 

motif-type sorting signals (which can recognize by a sortase homolog). Whereas the orf4 

protein product displays homology to sortase and recognizes the LPXTG-motif (14, 62, 63). 

Similar results were obtained for fimA, which is located in an operon, containing three genes, 

orf977-fimA-orf365. While the first two genes encode surface proteins with LPXTG sorting 

signals, the product of orf365 specifies a sortase homolog. Interruption of orf365 abolished 

type II fimbrial assembly and led to the accumulation of FimA subunits, with uncleaved 

sorting signals, in the bacterial plasma membrane. These results suggest that Actinomyces 

naeslundii Srts are required for fimbrial assembly of precursor molecules that carry N-
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terminal signal peptides and CWSs (14, 61). Sortases would also be involved in the formation 

of pili in Corynebacterium diphtheriae and Streptococcus agalactiae (14). 
 

C. Iron uptake 

Furthermore, researchers observed that SrtB enzymes may have evolved to specifically target 

some proteins involved in iron uptake (31). Iron is an essential nutrient for most microbes, 

including Staphylococci, and even though iron is abundantly present in host tissues, its 

availability is severely restricted, by sequestering iron via bound proteins and cellular 

compartments (64). In this way, they observed in Staphylococcus aureus that the structural 

gene, srtB, is part of the isd (iron-regulated surface determinant) locus, which is comprised of 

three transcriptional units, isdA, isdB, and isdCDEFsrtB-isdG. All the Isd proteins bind heme-

iron and IsdA, IsdB, and IsdC are cell wall anchored. Usually the Isd proteins and SrtB are 

only expressed under conditions when iron is limited (65). Of these Isd proteins, only IsdC is 

substrate of SrtB, as it contains a NPQTN motif. While IsdA, IsdB, and IsdH all contain a 

LPXTG motif and are substrates of sortase A. Herewith, unlike SrtA-anchored substrates, 

which are displayed on the bacterial surface, cell wall-anchored IsdC remains buried within 

the cell wall envelope. This demonstrates that SrtA and SrtB target their protein substrate to 

discrete locations within the cell wall envelope, indicating that SrtA and SrtB would act 

nonredundant (66) 
 

D. Redundancy  

This brings us to the question if Srts are redundant or specific for certain polypeptides? A part 

of the answer for this question can be found in the research by Schneewind et al. (67). They 

described that SrtA enzymes anchor specific LPXTG proteins, which are involved in the 

adhesion of the bacteria to specific organ tissues, resistance to phagocytic killing, or invasion 

of host cells (49, 67, 68). Moreover, the specificity of Staphylococcus aureus SrtA for 

different pentapeptide motifs was studied, by determining the in vitro activity of the enzyme 

towards a peptide library with 18 AA substitutions in every position. This study performed 

bioinformatic analysis of sortase substrates and indicated that the enzyme recognizes LPXTG 

sequences (69).  

Further, Clubb et al. mentioned that most bacteria encode Srts from two or more subfamilies, 

that are predicted to function nonredundantly in sorting proteins to the cell surface (31). An 

example is Staphylococcus aureus, which has two sortases, SrtA and SrtB (14, 70). Hereby, 

the majority of surface proteins are predicted, to be anchored by SrtA-type sortases. Comfort 

and Clubb also published, that members of this subfamily play a housekeeping role in the cell, 

anchoring a large number of diverse proteins to the cell wall. Similar to the case with SrtA, it 

seems likely that the subfamily-5 proteins play a housekeeping role in the cell. This is 

proposed because their genes are never positioned adjacent to their predicted substrates. 
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Additionally, SrtA and subfamily-5 proteins are never found in the same organism, suggesting 

that these subfamilies are redundant, concerning the houskeeping function (31).  

A next experiment, which may help us in the definition, if Srts are redundant or specific, is 

reported here under. Seb-SpaCWS, carrying a C-terminal fusion of enterotoxin B to the 

protein A sorting signal, is a substrate for SrtA (66). Seb-IsdCCWS contains a fusion of 

enterotoxin B to the IsdC sorting signal and is recognized by SrtB. Cell wall-anchored Seb-

SpaCWS is displayed on the bacterial surface and can be degraded by proteinase K digestion. 

In contrast, cell wall-anchored Seb-IsdCCWS is not displayed on the bacterial surface and can 

be degraded by extracellular protease, only when the integrity of the cell wall envelope is 

perturbed by treatment with muralytic enzymes. These observations point out, that the 

information for the ultimate destination of a polypeptide in the staphylococcal envelope, 

resides within its CWS (71).  

The above results are quite confusing. Some experiments suggest that Srts are redundant. But 

the experiments, indicating that Srts are specific for certain peptides, are in the majority. This 

last hypothesis is also more acceptable, concerning the diverse classes of SrtA.   
  

E. Conclusion 

In conclusion, they can presume that most bacteria encode Srts from two or more subfamilies, 

which are predicted to function nonredundantly in sorting proteins to the cell surface. Most 

sortase homologs, closely related to the Staphylococcus aureus SrtA, play a housekeeping 

role, anchoring a large number of functionally unrelated CWS-containing proteins to the cell 

surface. In contrast, some sortase homologs have a more specialized role, anchoring on 

average far fewer proteins. Such proteins frequently contain unusual sequence motifs in their 

sorting signals. It has been suggested that many sortase-related proteins perform tasks other 

than cell wall protein anchoring (14, 31). 

 

2.5.3 Sortase-dependent anchoring of cell wall proteins 

2.5.3.1 Introduction  

The mechanism of sortase is illustrated by the well-characterized Staphylococcus aureus SrtA 

protein. In this context, Huang et al. described the mechanism of this 206 amino acid thiol 

transpeptidase. The investigation was done in vitro using a peptide containing the SpA CWS 

sorting signal (a LPETG peptide), cleaved by SrtA (72). In their research, Huang et al. 

observed that SrtA anchors substrate proteins that contain an CWS, consisting of an LPXTG 

motif, followed by a hydrophobic domain and a tail of mostly positively charged residues (72, 

figure 4). Subsequently, Schneewind noticed that mutations that delete or substitute residues 

within the LPXTG motif, abolish sortase-mediated cell wall linkage without secretion of 

mutant SpA (73). Moreover, they observed that the CWS alone is sufficient to cause cell wall 
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anchoring of polypeptides, initiated into the secretory pathway via a signal peptide (14, 73). 

Although CWSs are functional, even if they do not reside at the C-terminal end of the 

polypeptide chain, CWS function absolutely requires an upstream signal peptide (30). The N-

terminal signal peptide initiates the surface proteins into the secretory pathway and due to 

this, enables the protein to be translocated across the plasma membrane. But why is the 

protein then sorted into the membrane and not secreted outside the bacteria, by the secretory 

pathway? This would be accomplished by the positively charged residues, residing at the 

CWS, which retain the proteins from committing further into the secretory pathway (72). In 

consequence, Schneewind et al. observed that mutations, that truncate the sorting signal in 

Staphylococcus aureus  SpA, cause the secretion of mutant SpA into the extracellular medium 

(73).  

 

2.5.3.2 Mechanism  

During the first step of the sorting pathway, signal peptidase cleaves the SpA signal peptide 

between residues 36 and 37, following translocation across the plasma membrane (72). 

Consequently, in the membrane, SrtA cleaves the target protein between the threonine and 

glycine residues of the LPXTG motif, in the CWS, generating an acyl intermediate (AI) 

(figure 5). Hereby Cys-184 and His-120 of SrtA are essential for the enzymatic activity, 

because they would form a thiolate-imidazolium ion pair for catalysis (see further) (72). But 

Dramsi et al. reported that besides these two amino acids (AA), a third AA, would as well be 

involved in the formation of the catalytic site of the SrtA. This AA is Arg-197 and is, as 

mentioned above, conserved in one of the three conserved domains that is D3, within the 

sortase. Also the His-120 and Cys-184 are present in conserved domains, namely the domains 

D2 (H120) and D3 (C184). Then, the SrtA catalyzes the formation of an amide link between 

the carboxyl-group of the threonine and the amino group of a pentaglycine segment of lipid II, 

followed by incorporation into the membrane-attached peptidoglycan (31, 72). It is 

noteworthy that the binding of calcium ions would activate sortase, by a mechanism that may 

facilitate substrate binding (56). The product of the sortase reaction, a surface protein linked 

to peptidoglycan, is then incorporated into the envelope and displayed on the microbial 

surface (14, figure 6). In the peptidoglycan, the substrate proteins of Staphylococcus aureus 

SrtA can occupy any position along the glycan strand, that are comprised of 2 to 11 

disacccharide units, and at any position along tetrapeptide cross-links, with 1 to 15 wall 

peptide units (66, 74). In contrast, the SrtB-anchored product is attached to at most 6 or 7 

disaccharide subunits, and its wall peptides are either non-cross-linked (murein petapeptides) 

or linked to 2 or 3 peptidoglycan subunits (14).  
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Figure 6: Mechanism anchoring of surface proteins in G+ bacteria. Surface proteins are first synthesized in the 

bacterial cytoplasmas full-length precursors (P1), containing an N-terminal signal sequence and a C-terminal 

sorting signal. The signal sequence directs the cellular export and is cleaved by signal peptidase. The product of 

this reaction, the P2 precursor, harboring only the C-terminal sorting signal, is retained within the secretory 

pathway via its C-terminal hydrophobic domain (black box) and positively charged tail. Srt cleaves the peptide 

bond between the threonine (T) and the glycine (G) of the LPXTG motif, generating an acyl intermediate (AI). 

The pentaglycine cross bridge (Gly5) amino group of Lipid II attacks the acyl intermediate, linking the C-

terminal threonine of the surface protein to lipid II (P3 precursor). The P3 is incorporated into the cell wall 

envelope, to generate mature anchored surface protein (M) (14) 

 

So, how does the above mechanism looks like at molecular level? High-resolution X-ray 

structure data of Srt bound to LPETG peptide, provided insight into the molecular interaction 

between the Srt and its bound substrate. The substrate binding site resides in a concave plane, 

molded by the 7 and 8 strands, and the scissile peptide bond between threonine and glycine 

is positioned between the side chains of Cys184 and Arg197 (56). Then, Cys184 performs a 

nucleophilic attack on the scissile peptide bond between threonine and glycine of the LPXTG 

motif, generating an acyl intermediate (acylation step). The acyl intermediate is then resolved 

by the nucleophilic attack of the amino group of the pentaglycine cross bridge, thereby 

regenerating the enzyme active site and tethering the surface protein to cell wall fragments 

(deacylation step) (57). Hereby, researchers proposed the existence of a thiolate-imidazolium 

ion pair within the Srt active site (58). In this model, the positively charged imidazol group of 

His120 stabilizes the formation of a thiolate in Cys184 and acts as a proton donor/acceptor 

during the acylation and deacylation steps (70). In contrast, several experiments suggest that 

Srt catalysis cannot occur via a mechanism involving the thiolate-imidazolium ion pair, as 

originally proposed, and so this model was disproved (54, 58). After this, analysis of the X-

ray crystallographic structure of SrtA with LPETG peptide, led to the formulation of a new 

hypothesis. As is pointed out above, SrtA contains Arg197 in its active site (56). This residue 

is absolutely conserved among Srts and is positioned in front of and parallel to Cys184. They 

observed that in the X-ray structure, the guanidinium group of Arg197 interacts with the 

carbonyl group of the scissile bond. That’s why they proposed that Arg197 forms an oxyanion 
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hole, that may stabilize the acylated adduct (56). This hypothesis was tested by an experiment, 

in which hydroxylamine was unable to resolve the acyl intermediate when Arg197 was 

replaced by alanine or lysine, indicating that in the absence of the guanidinium group, the 

thioacyl intermediate is not formed. With this, scientists also saw that replacement of Arg197 

with alanine, lysine, or histidine greatly impaired Srt activity, both in vivo and in vitro (59) 

The above described pathway is universal in many G+ bacteria, given that sortase 

homologues and proteins harboring a LPXTG motif have been identified in almost all
 
G+ 

species tested (14). 

 

2.6 Attachment of gram-positive bacteria 

2.6.1 Introduction 

As reported above (2.4), bacteria are consistently correlated with the cell surfaces of animal 

and humans. This count for our commensal bacteria, which we need for a healthy life, as well 

as for pathogenic bacteria, that have to interact with the host cells to infect him/her (14). To 

interact with their host, bacteria can use their wall-anchored surface molecules to adhere 

either to the ECM or molecules present on the surface of host cells, or may use their pili to do 

so (2.4.2.2). Researchers identified two mechanisms for bacteria to adhere to the host: 

nonspecific adherence (reversible) and specific adherence (irreversible). Nonspecific 

interaction is the primary phase of the adhesion process and occurs when both surfaces (host 

and bacteria) are brought close enough to each other. They assume that nonspecific adherence 

is the result of forces like hydrophobic and electrostatic interaction (75). Specific adherence is 

the second stage of adhesion. For specific adherence, there is evidence that adhesin molecules 

and receptors/ECM molecules would mediate adherence of bacteria to host tissues (76). 

Hereby, the receptor/ECM molecule and the adhesin molecules can take in all kind of forms: 

the receptor/ECM protein for instance may be fibronectin, collagen, selectins, integrins, 

cadherins, or members of the immunoglobulin superfamily of CAMs (IgCAMs), while the 

adhesin molecules can be surface proteins or pili (13).  

 
 

2.6.2 Host-bacteria interaction by ECM-binding 

Both, the above mentioned fibronectin and collagen are components of the ECM. To bind 

these components, G+ bacteria utilize MSCRAMMs (2.4.2). Apparently, the ECM-binding 

MSCRAMMs are present in most G+ species (43, 77). Scientists suggest that bacteria-ECM 

interactions are based on specific molecular recognition, since bacterial MSCRAMMs exhibit 

large variability in their ECM-target specificity: some are highly specific while other 

MSCRAMMs are able to bind different types of matrix proteins. Moreover, the bacteria-ECM 

interactions vary also in their basic mechanisms: some of them are based on a protein-protein 
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interaction and some bind to carbohydrate chains in the ECM (96). In either case, via these 

ECM molecules bacteria are then indirectly connect to integrins on the host surface (43, 77). 

Indeed, binding of the ECM is mostly used as molecular bridge to connect the bacterial 

adhesins with the host receptors (42). Association with the receptor then can result in cellular 

responses such as alternations in gene expression that may influence the phenotype of the host 

cell (77).  

 

2.6.2.1 Fibronectin-mediated adhesion 

Höök et al. reported an article about Fn-mediated adherence of bacteria to the host tissue (78). 

In this case, bacterial Fn-binding proteins (FnBPs), these are MSCRAMMs that bind the 

glycoprotein Fn, are involved in the adhesion of the bacteria to Fn. Fn is then bound by its 

host receptor, integrin α5Β1, in case of Staphylococcus aureus (77). Subsequently, clustering 

of Fn bound integrin is induced, followed by intracellular signaling (78, 79). Examples of 

such FnBPs are SfbI (Streptococcus pyogenes), FnBBs (Streptococcus dysgalactiae), and 

FnBPA (Staphylococcus aureus). These Fn-binding MSCRAMMs exhibit structural features 

typical of other cell wall-anchored proteins of G+ bacteria and are thus linked to the cell wall 

by sortase (80).  

About the FnBPs’ interactions parther Fn, on molecular level, Fn exists of three types of 

modules, F1, F2, and F3 (figure 7). Hereby, the primary binding site is at the N-terminal 29 

kDa domains that contain module 
1-5

F1 (78). Because Sottile et al. observed that an intact N-

terminal domain is necessary for high affinity interactions, they can assume that not one, but 

multiple of these F1 modules are required for an optimal Fn-FnBP interaction. Herewith, they 

indicated that F11, F12, F14, and F15 are direct involved in FnBP binding (81). 

 

 

 
 

Figure 7: Structure Fn: F1 (blue), F2 (red) and 

F3 (grey) (76) 

 

So which regions in FnBP are then involved in binding Fn? Höök et al. described in their 

article that the C-terminal repeats of FnBP are responsible for binding Fn (76). Moreover, 

Huff et al. showed that also here, multiple repeats in FnBP are required for Fn-FnBP 

interaction. To prove this point, they studied recombinant D motifs (C-terminal repeats in 

Staphylococcus aureus FnBPA, involved in Fn binding), using fluorescence anisotropy. They 
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found that the dissociation constant is smaller for interactions of full-length Fn-binding 

regions of bacterial FnBP with Fn than for the individual repeats with Fn (76, 78). With this, 

they also saw that D1, D2 and D3, all three together and not the single repeats, associate with 

the binding regions in Fn. Both of the above results are an indication for the involvement of 

more than one repeat of FnBP in the binding of Fn. Furthermore, for Staphylococcus aureus 

FnBPA, they observed that Du and B1–B2 (repeats located N-terminal of D1, D2, and D3) as 

well bind the N-terminal domain of Fn. Moreover, they reported that not only the repeats of 

Streptococcus pyogenes SfbI would contribute to Fn-FnBPs interaction, but that also other 

regions are required for full activity, named UR (binds with gelatin-binding fragment (GBF, 

adjacent in Fn to 
1-5

F1)) (76). Anyhow, it is interesting to note that the Fn-binding repeat units 

of the MSCRAMMs have a largely unorganized structure and only assume an ordered 

structure upon binding to Fn (80). Therefore, an extended tandem β-zipper model for binding 

of FnBPs to 
1-5

F1 was proposed (figure 8, under). The β-zipper interaction predicts that FnBPs 

from Staphylococcus aureus and Streptococcus pyogenes can bind multiple Fn molecules, 

leading to integrin clustering (76, figure 8). With this Hauck et al. reported that integrins are 

only distributed at the basolateral side of the host epithelial cells. So for pathogenic bacteria to 

reach this side, the epithelial lining has already to be damaged. In this way, the bacteria are 

able to gain access to these basolateral receptors (77). 

 

 

 

 

 

 
 

Figure 8: Above: Binding of multiple Fn molecules to FnBP, followed by integrin clustering on the host surface 

Under: the colored regions are the Fn-binding repeats in Streptococcus pyogenes SfbI, binding 
1-5

F1 in Fn (76) 
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Höök et al. also reported that hydrophobic and electrostatic interactions are involved in the 

binding of Fn with the Fn-binding regions in FnBPs. For instance, hydrophobic sidechains of 

the 
1
F1-binding motif in FnBP interact with a hydrophobic patch on the 

1
F1 module of Fn.  

Besides their role in adhesion to the host, Huff et al. described that FnBPs as well play a role 

in the invasion process: they speak of a FnBP-mediated invasion process (78). This process is 

beyond the scope of this literature study, since this review look forward to the adhesion of 

mainly non-pathogen G+ bacteria to the host.  

 

2.6.2.2 Collagen-mediated adhesion  

As mentioned above, some MSCRAMMs also bind collagen in the ECM. Examples of such 

MSCRAMMS are Cna in Staphylococcus aureus, Ace in Enterococcus faecalis, and CbpA in 

Streptococcus pyogenes and they usually bind collagen I (CI) and IV (CIV). The first one, 

Cna, is described in an article by Rich et al. (82). They reported that this 135kDa protein 

structural consist of an N-terminal signal sequence, an A-domain (an unique amino acid 

sequence, composed of the subdomains N1, N2, and N3), B-domain (contains tandem repeat 

units), C-terminal LPXTG followed by a hydrophobic transmembrane region and short 

cytoplasmic tail rich in positively charged residues (2.4.2) (82, figure 9). Like with other 

surface proteins, the C-terminal part of Cna functions, to adhere Cna to the bacterial cell 

surface. The N-terminal part, more specific the A-domain, is involved in binding of collagen 

(83).  

 

 

 
 

Figure 9: Structure of Staphylococcus aureus Cna, grey regions conform to N1, N2 and N3 (78) 

 

Moreover, Patti et al. identified a minimum collagen-binding domain (Cna151–344, 

corresponding to a truncated form of the N2 domain) in this A-domain, using deletion 

mutagenesis in combination with Western ligand blot and direct binding assays (83). But 

further analysis revealed that regions adjacent to this minimum collagen binding segment, and 

not only the solo minimum collagen-binding segment, are also involved in the interaction of 

Cna with collagen. This last-mentioned hypothesis was suggested because they observed that 

the central segment has a lower affinity for collagen compared to the full length A-region, 

indicating that the existence of such a minimum collagen-binding segment would only be 

imaginary (84). So Zong et al. did another attempt to identify a minimum segment, with full 

collagen binding activity, in the Cna A-region. For this purpose, they used recombinant 
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proteins, based on the putative subdomains, and measured their relative affinity for CI by 

surface plasmon resonance (SPR) and ELISA-type binding assays. They noticed that a protein 

construct, corresponding to the N1N2 domain (Cna31–344), bound collagen with an affinity 

significantly higher than that of the full-length A-region (Cna31–531) (figure 10).  

 

 

 

 

Figure 10: Representative Biacore sensorgrams of different CNA fragments passed over collagen (84) 

 

In a next step, they tried to identify the Cna binding sites in collagen by testing the Cna31–344 

binding, to fragments of bovine type I collagen. Hereby, Zong et al. found that Cna31–344 

would bind many sites, dispersed over the CI molecule, resulting in a collagen-Cna complex.  

They also suggested that Cna would bind collagen, using the collagen hug model. This 

binding mechanism is explained in 2.6.7 (84). 

For all that, Cna showed to be a virulence factor in many different animal models of 

staphylococcal infections including arthritis, endocarditis, osteomyelitis, mastitis, and 

keratitis. This observation is an extra indication for the role of Cna in the adhesion process 

(36, 82).  

 

2.6.3 Pili-mediated adhesion  

A different strategy, used by bacteria, to adhere to the host surface is with their pili. Though, 

these structures were in the past mainly studied in G- bacteria, it was only later that pili were 

identified in G+ bacteria. The presence of Corynebacterium diphtheriae pili has been reported 

by Pizzaro-Gerda and Cossart (79). The pili of this G+ bacterium consist of three subunits: 

SpaA (major component of the pilus), SpaB, and SpaC (located at the pilus tip). As observed 

for surface proteins, also these pili are attached to the bacterium membrane by sortase. But 

sortase-mediated anchorage of pili is not only observed in Corynebacterium diphtheriae. Also 

in other MO like Streptococcus mutans and Streptococcus pneumoniae, researchers 

determined this phenomenon. At the other hand sortase-mediated anchorage is not the only 

mechanism for pili, to adhere to the bacterial cell wall. Another way to do so, is by the 
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chaperone/usher pathway. We will not discuss this mechanism here, since it is generally used 

to anchorage G- pili. Furthermore, once the pili are attached to the cell wall, they are able to 

adhere to the host surface. This was among others seen for the Actinomyces specie, who binds 

the mucosal host tissue via their pili tip. The exact mechanism how pili adhere to the host 

remains to be elucidated (79). Anyhow, Westerlund and Korhonen did reported that the 

Escherichia coli type-1 fimbriae and S fimbriae bind the oligosaccharide chains in laminin 

(Ln) (85). So perhaps this observation can be expanded to G+ bacteria.  

 

2.6.4 Adhesion to mucus 

Sachèz et al. declared that some bacterial surface proteins are able to bind to mucus in the 

host (86). This property was observed for the Mub (mucus-binding proteins) in Lactobacillus 

reuteri 1063, Mub in Lactobacillus acidophilus NCFM and others. Moreover, observation in 

Lactobacillus salivarius UCC118, deficient in the surface display of these LPXTG proteins, 

showed lower adhesion capabilities to Caco-2 (colonic carcinoma cell line) or to HT29 

(human colon cancer cell line) human epithelial cell lines. This suggests that these proteins 

not only bind mucus but also bind to intestinal epithelial cells (86). Similar results were 

observed for Lactobacillus reuteri 104R. Miyoshi et al. found that adhesion of this bacterium, 

probably is due to the binding of Lactobacillus reuteri MapA (mucus promoting adhesion 

protein) to receptor-like molecules on the Caco-2 epithelial cells (87).  

Furthermore, Sachèz et al. also showed that coculture of Lactobacillus plantarum 299v or 

Lactobacillus rhamnosus GG with HT29-MTX (goblet cells that secrete mucins) cells, 

induces the secretion of MUC3 (mucin 3). In this way, Lactobacillus plantarum 299v may 

inhibit the adhesion of EPEC (enteropathogenic Escherichia coli), by increasing its MUC3 

production (86).  

 

2.6.5 Adhesion to the epithelium 

Bacteria do not only bind the ECM or mucus, but sometimes directly associate with the host 

epithelial cells or bind plasma components (86). Boyle and coworkers reported that this was 

the case for Listeria monocytogenes. This pathogen uses lnlA (internalin, a surface-exposed 

bacterial adhesin) to bind the host epithelial cell receptor E-cadherin and in this way mediates 

its entry into the epithelial cells (88). Moreover, Kos et al. studied the adhesion of 

Lactobacillus acidophilus M92 to porcine ileal epithelial cells. They observed that removal of 

the bacterial S-layer proteins, these are non-covalently attached proteins at the bacterial 

surface, significantly reduced the autoaggregation (association of the bacteria with each other) 

and adhesion of this strain. These findings indicate the involvement of S-layer proteins (Slps) 

in bacterial adherence to the human gastrointestinal tract. Other bacterial surface proteins, 

involved in the attachment to epithelial cells, are Ef-Tu and GroEL, identified in various 
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Lactobacilli species. Kos reported that both proteins are able to bind to intestinal epithelial 

cells lines as well as to human gut mucin (89).  

 

2.6.6 Adhesion mediated by enzymes 

As described in the part about surface proteins (2.4), also enzymes are correlated with the 

bacterial cell wall. GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) and enolase are 

enzymes associated with the cell wall of some lactic acid bacteria species. Hereby, Kos et al. 

reported that GAPDH from Lactobacillus plantarum LA 318 is able, to bind to human colonic 

mucin and that enolase of  Lactobacillus crispatus is able, to bind to laminin and collagen in 

the host. Further, they also wrote that surface-associated forms of bacterial GAPDH and 

enolase would be involved in plasminogen (Plg)/plasmin binding and activation (89). 

 

2.6.7 Binding mechanisms 

A. Collagen hug model  

Although it is still unclear how the binding between Cna and collagen comes about, a 

collagen hug model for Cna binding to collagen is proposed by Zong et al. (84). This model 

suggests that the binding is initiated by a low-affinity interaction between the triple collagen 

helix and N2 domain of Cna. The interaction is then further stabilized by polar and 

hydrophobic interactions. Next, a long linker that connects the N1 and N2 domains of Cna 

allows these two domains to wrap around the triple collagen helix. Further, the ligand is kept 

in place because of the conformational changes in the wrapped around linker region, which 

makes the inter-domain hole shrinks and so grips around the collagen. The inter-domain hole 

in Cna is formed by the linker that connects N1 and N2 domains, and hydrophobic residues, 

contributed by both N1 and N2 domains. Finally, the latch is inserted into a trench, formed on 

the surface of the N1 domain, and thus securing the Cna–collagen complex. The latch 

represents the extension of the N2 subdomain (84, 83). Albeit in the collagen Hug model, 

there are specific interactions between residues in the collagen and the MSCRAMM, it is still 

the triple helical shape of the collagen that is the structural determinant for binding. 

Furthermore, it is noteworthy that the collagen hug model predicts that Cna would only bind 

to monomeric forms of collagen. Thus Cna can only bind to triple helix monomers and would 

not be involved in staphylococcal adherence to higher ordered structures like fibrillar or fiber 

structures (84). Yet, because of their prominent role in adhesion to collagen, researchers still 

assume, that the presence of Cna is necessary and sufficient to allow Staphylococcus aureus 

cells, to adhere to collagenous tissues such as cartilage. 

Finally, Zong and coworkers proposed that the collagen hug mechanism not only is used by 

Cna, but also by Enterococcus faecalis Ace, Enterococcus faecium Acm, Streptococcus equi 
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Cne, and Streptococcus mutans Cmn. After all, they predicted that these adhesins have similar 

N1N2 structure, which are involved in binding collagen (82). 

 

B. Dock, lock and latch mechanism 

Another mechanism used by bacteria for attachment to host tissue is the dock, lock and latch 

mechanism, a variant of the collagen hug mechanism. This mechanism is used by a lot of 

MSCRAMMs for ligand binding, mainly Ig-like MSCRAMMs for binding of linear, peptide-

like ligands (84). A recent article by Bowden and Höök proposed that SdrG, a MSCRAMM 

from Streptococcus epidermis, follows this dock, lock, and latch mechanism to bind the β-

chain of Fg in the ECM. Hereby SrdG uses its N-terminal A-region for ligand binding. As 

mentioned above, the A-region consist of three subdomains and especially subdomain two 

(N2) and three (N3) contribute to binding of Fg (90, figure 9). In the first step of the 

mechanism, the ligand is docked in a pocket, formed between N2 and N3 of the MSCRAMM. 

But only peptides with a specific primary sequences can fit into this pocket. In contrast with 

the collagen hug model, where the shape of the collagen, and not the sequence, is the 

structural determinant for binding (84). Next, a C-terminal extension of the N3 domain covers 

the ligand and in this way locks on the docked pepide. Consequently, the β-sheet of Fg is 

complemented in the N2 subdomain and the C-terminal strand is inserted between strands E 

and D (β-strands in the N2 subdomain), resulting in a stabilized MSCRAMM-ligand complex 

(91, 92, figure 11).  

 

 

 

 

Figure 11: Dock, lock and latch mechanism. 1) unbound SdrG is in an open conformation; 2) the peptide (purple 

line) docks in the ligand trench; 3 the peptide re-directs the N3 extension (squiggly line); 4) the latch region 

inserts within the N2 (yellow) domain, complementing a β-sheet (90) 
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Finally, there are some remarks about the host-bacteria adherence that have to be brought up. 

First of all, researchers pointed out that sometimes bacteria induce the expression of its own 

receptors in the target tissue (79). Second, in normal tissues, most ECMs are covered by 

epithelial or endothelial cells and are because of that inaccessible for binding. However, if the 

host tissue is affected by trauma, the ECM may be exposed, allowing microbial colonization 

and infection (93). Third, a lot of the above described adhesins works as invasins and thus 

contribute to the bacterial invasion process. Cellular invasion enables the bacteria to escape 

host defense mechanisms, persist in the host and invade tissues surrounding the initial site of 

colonization (80). Bacterial invasion will not further be discussed in this work and for more 

information the reader is referred to a excellent review by Pizzaro-Gerdá and Cossart (79).  

 

2.6.8 Enterococcus faecalis 

2.6.8.1 Enterococcus faecalis Ace 

Enterococcus faecalis is a G+ commensal bacterium inhabiting the gastrointestinal tracts of 

humans and other mammals. Even though it is used in probiotic food supplements, 

Enterococcus faecalis may cause serious infections that can be life-treatening for its host. To 

adhere to the host tissue, Enterococcus faecalis uses its adhesins to bind CIV, CI, and Ln in 

the ECM. Based on structural similarities to Cna of Staphylococcus aureus, followed by 

biochemical and biophysical characterization, Nallapareddy et al. tried to identify the gene, 

coding the adhesin, involved in this binding. The result was the identification of a collagen 

binding gene Ace, coding for the MSCRAMM Ace (94). Further investigation by the same 

researchgroup supported these results: an Enterococcus faecalis strain OG1RF ace mutant 

was constructed and it showed to be deficient in adherence to CI, CIV, and Ln. In this 

experiment, they also found that the addition of polyclonal anti-Ace A antibodies, raised 

against recombinant OG1RF derived Ace to the bacteria culture, inhibits adherence of wild-

type OG1RF to CI, Ln, and CIV. Moreover, they in vitro confirmed Ace A binding to these 

three ECM proteins, using the far-Western blotting and ELISA (93).  

 

2.6.8.2 Structure and cell wall anchorage of Ace 

In the same article Ace was predicted to have a molecular mass of 105 kDa, based on Western 

blot data. Enclosed, they also reported that the protein size may vary among various 

Enterococcus faecalis strains, depending on the number of B repeats (93, 94). Indeed, Ace 

shows a typical structure of MSCRAMMs, containing a N-terminal signal sequence, an A-

domain for ligand binding, followed by a B domain with B-repeats. At the C-terminal region, 

Ace contains a CWS with LPXTG motif, which indicates that Ace is anchored to the cell wall 
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by the above described sortase mechanism (94). With this, PCR analysis showed the presence 

of at least one sortase gene in the Enterococcus faecalis genome, coding for sortase EF3056 

(25).  

 

2.6.8.3 Binding mechanism used by Ace 

A similar domain organization as that from Enterococcus faecalis Ace was seen in the 

Staphylococcus aureus MSCRAMM Cna. Besides, a comparison of the AA sequences of the 

A-regions of Cna from Staphylococcus aureus and Ace from Enterococcus faecalis, showed 

that the two proteins are closely related. Ace and other adhesions, all contain a region 

resembling the N1N2 domain of Cna. Zong et al. therefore predict that since these adhesins 

have a similar N1N2 structure, these two domains would cooperate to bind collagen using the 

collagen hug mechanism described in 2.6.7 (84). In contrast, Rich et al. pointed out that the 

mechanism of binding collagen is different for Cna and Ace (94). They namely observed that 

the Ace A domain associates and dissociates with collagen very fast and binds at five sites in 

the ligand, each with similar affinity. While Cna A domain associate and dissociate with 

collagen much slower and binds a great number of sites in the collagen strand, with various 

affinities. Nevertheless, the reason for these observations maybe owed to the non-conservative 

AA in both protein structures, resulting in a different specificity and affinity for collagen. The 

conserved elements can then be necessary for recognition of a common element within the 

triple-helical collagen and for the collagen hug model to be achieved (94). In either case, more 

research is necessary to elucidate which mechanism Ace uses for collagen binding and 

whether the mechanism used by Cna is similar for Ace.   

 

2.6.9 Lactobacillus acidophilus 

2.6.9.1 Introduction 

The bacteria Lactobacillus acidophilus occurs naturally in the human and animal 

gastrointestinal tract, mouth and vagina. Like other probiotic bacteria, Lactobacillus 

acidophilus may help to reduce host colonization by pathogens, by direct competing for 

attachment sites and the production of antimicrobials. Because of this feature, some strains of 

Lactobacillus acidophilus, as DDS-1, NCFM, M92 and LA-5, are used with other probiotic 

bacteria in the preparation of yogurt. In addition, dietary supplements with Lactobacillus 

acidophilus are used for diarrhea, due to antibiotic use, and can help to restore the normal 

balance of intestinal bacteria. It has also been used for vaginal and urinary tract infections 

(86).  

 

http://en.wikipedia.org/wiki/Gastrointestinal_tract
http://en.wikipedia.org/wiki/Mouth
http://en.wikipedia.org/wiki/Vagina
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2.6.9.2 Host adhesion 

To practice the above mentioned probiotic effects, it is necessary for Lactobacillus 

acidophilus to attach to the epithelial cells. Kos et al. showed that hydrophobic forces and S-

layer proteins contribute to the adhesiveness of Lactobacillus acidophilus M92 to porcine ileal 

epithelial cells. Although, they declared that the mechanism of this adhesion is still unclear 

(89). In a later study by Buck et al., they investigated the surface proteins of Lactobacillus 

acidophilus, that are potential involved in adhesion to intestinal epithelial cells (95). For this 

purpose, they analyzed the complete genome sequence of Lactobacillus acidophilus NCFM. 

Consequently, the genes encoding FpbA (fibronectin-binding protein), Mub (mucinbinding 

protein), and a SlpA (surface layer protein) were inactivated by insertion. Inactivation of these 

genes leaded to a reduction in adhesion to Caco-2 cells in vitro, of respectively 76%, 65%, 

and 84%. These results indicate that the genes encoding FbpA, Mub and SlpA, all contribute 

to the ability of NCFM to adhere and that not only one factor, but multiple are involved in 

adhesion of Lactobacillus acidophilus NCFM. After all, no single gene inactivated in this 

study, was able to completely eliminate adhesion of NCFM to Caco-2 cells (95). Furthermore, 

in a research by Coconnier et al., they investigated the adhesion of human Lactobacillus 

acidophilus BG2FO4 to Caco-2, HT-29 cells, and a subpopulation of mucussecreting HT29-

MTX cells. The experiments showed that adhesion occurred to the enterocytelike HT-29 and 

Caco-2 cells as well as to the to the mucus-secreting HT29-MTX cells. This observation is in 

line with the assumption that Lactobacillus acidophilus associate with the host, by binding to 

mucus as well as to the epithelial cells (96).  

 

2.6.9.3 Cell wall anchorage of surface proteins 

While analyzing the putative surface proteins, involved in adhesion, Buck et al. frequently 

identified a LPXTG sortase-targeting signal for cell wall anchoring in their AA sequence. 

With this, they also identified a gene encoding a sortase (LBA1244) in Lactobacillus 

acidophilus NCFM. These observations both indicate that also this organism uses surface 

proteins, attached to the cell wall by sortase, to adhere the host (95).  

 

2.6.9.4 Model for Lactobacillus acidophilus adhesion 

Coconnier et al. observed that trypsin treatment of the supernatant caused a dramatic 

reduction in adhesion, compared with the situation when the bacteria alone are treated with 

trypsin (95). Because of this, they assumed that an extracellular proteinaceous component is 

involved in the adhesion of human strain Lactobacillus acidophilus BG2FO4. In consequence, 

a model was proposed for the adherence of Lactobacillus acidophilus BG2FO4: The 

extracellular bridging protein interacts with a component of the bacterial cell and a receptor 
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on the intestinal epithelium. By this, it provides a bridge between the bacteria and the 

intestinal enterocytes (95, figure 12). In which rate this model fits in with the reality is not 

know. At any rate, it is possible that Lactobacillus acidophilus BG2FO4 also associates with 

ECM or mucus. Furthermore, it is conceivable that the extracellular proteinaceous component 

may be, is a surface protein, involved in adhesion. Therefore, more investigations has to be 

done concerning the mechanism of adherence, since little is known about the adhesion of 

Lactobacilli to his host.  

 

 

 

 

Figure 12: Putative model for Lactobacillus adhesion  to host epithelium (95) 

 

2.7 Therapeutica 

2.7.1 General  

Since the beginning researchers found bacteria as causal agent of different diseases, they tried 

to prevent these diseases by eliminating pathogenic colonization. Microbial adhesion to host 

tissue is the initial critical event in the colonization of most pathogens and, as such, is an 

attractive target for the development of new antimicrobial therapeutics. The adherence to host 

tissues usually is mediated by specific microbial surface proteins that interact with host 

molecules in a sophisticated way (36). As described in 2.4.3, the surface proteins with a 

LPXTG motif mostly are covalently associated with the bacterial membrane by sortase (14). 

Because these LPXTG proteins contribute to the virulence of pathogens as Staphylococcus 

aureus, Mazmanian et al. investigated if inactivation of the sortase gene affected the virulence 

of the pathogen. Namely, they expect that interference of the sortase gene will lead to a 

disruption in protein surface display and so to a reduction in virulence of the pathogen. Using 

animal models, they observed that cell wall anchoring of surface proteins is an important step 

in the development of staphylococcal infection. They further found that sortase mutation 

significantly reduced the display of surface proteins. These observations indicate that sortase 

mutation probably has a strong effect on the virulence of bacteria. Still, further work will be 
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needed to determine the role of sortase on infection by G+ pathogen. If they then can establish 

the important function that sortase has during infection, sortase may be used as a target for 

advanced therapeutics (49). Indeed, bacteria developed mechanisms of resistance against a lot 

of antibiotics (ABs) now used. AB mostly eliminates bacteria, by interfering with the bacterial 

growth or by disturbing the bacterial cell wall. Acquired resistance results from a mutation in 

the bacterial chromosome or the acquisition of extra-chromosomal DNA. Consequently, the 

resistance can be inherited from the parental bacteria or may be spread by exchange of 

plasmid with AB resistance genes between different bacteria. This resistance then increases 

the need of new therapeutica (97).  

 

2.7.2 Specific: sortase-inhibitors 

2.7.2.1 Inhibition of acyl intermediate 

Marrafinni et al. described the possible use of SrtA inhibitors as a new therapy for 

Staphylococcus aureus infection: MTSET (methanethiosulfonate ethyltrimethylammonium), 

(2-sulfonatoethyl)methane-thiosulfonate and mercurial p-hydroxymercuribenzoic acid, all 

showed to inhibit sortase in vivo and in vitro. These agentia react with the catalytic Cys184 in 

sortase and hereby prevent the formation of acyl intermediates. In this way, anchoring of the 

surface proteins to the cell wall is inhibited (14). 

 

2.7.2.2 Phosphinic peptides  

Another way to obtain inhibition of SrtA is with phosphinic peptides. Kruger et al. reported 

that such phosphorous-backbone isosteres of peptides have shown, to be effective transition 

state analogs, for the attack of a peptide bond by water. Further, they have been applied as 

inhibitors of members of the zinc protease family. Of these, phosphinic peptides seems to be 

the most effective ones. Phosphinic peptides are designed, by replacing the threonine-glycine 

scissile bond of a LPETG peptide by a phosphinate group (LPEѰ [–P(O)OH–CH2–]G). 

Phosphinic peptides serve as an accurate transition state analog and exhibit a high affinity for 

sortase. Consequently, the modified peptide competes with the LPETG substrate for the 

sortase active site, resulting in an inhibition of the sortase catalyzed reaction (98).  

 

2.7.2.3 Substrate-derived inhibitors  

Furthermore, substitution of the threonine-glycine peptide bond of surface proteins by 

peptidyl-diazomethane (LPAT-CHN2) and peptidyl-chloromethane (LPAT-CH2Cl), also 

leads to an inhibition of sortase activity. This is because such modification would alkylate the 

active-site thiol of cysteine proteases like sortase, abolishing sortase’s function (99). 
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2.7.2.4 Plant extracts 

Other sortase A inhibitors are Glucosylsterol β-sitosterol-3-O-glucopyranol and isoquinoline 

alkaloid berberine chloride, respectively found in the plant extracts of Fritillaria verticillata 

and Coptis chinensis. These reagentia were identified by Kim et al, after testing the extracts of 

80 medical plants (100, 101). For the plant extract of Fritillaria verticillata, they discovered, 

using silica gel chromatography and NMR that the inhibitory effect resides within the 

glucopyranoside moiety of glucosylsterol β-sitosterol-3-O-glucopyranol. The moiety 

responsible for the activity of isoquinoline alkaloid berberine chloride has not been put 

forward. Additionally, the mechanisms by with the two molecules inhibit sortase, are not 

revealed either. As result, they both showed to inhibit binding of Staphylococcus aureus to 

fibronectin-coated surfaces (14, 100, 101).  

 

3 Aim of the work 

Various surface molecules are correlated with the G+ cell wall. One subgroup is the surface 

proteins. Mostly these are covalently associated with the G+ membrane, due to the LPXTG 

motif in their AA structure. Sortase then recognize this motif and catalyze the covalent 

linkage of the proteins to the bacterial cell wall. These surface proteins are important for G+, 

because it appears that they would confer binding to the mucosa of the animal host. Indeed, to 

reside in the host, attachment of the bacteria is crucial. Hereby, they may bind with the 

mucus, ECM, or epithelial surface of the host. Different G+ are observed to use their surface 

proteins, to adhere to the host. An example includes Enterococcus faecalis and Lactobacillus 

acidophilus.  

In this literature study, the different surface molecules, especially surface proteins, their 

mechanism of linkage to the G+ bacterial cell wall, and the host attachment of G+ bacteria is 

reviewed. After all, more and more pathogens acquire resistance against the currently used 

antibiotics. Having knowledge of these surface molecules and their role in adhesion, then can 

lead to the identification of putative targets for new therapy.  

This review is based on the most recent literature available on G+ bacteria and for the greater 

part only articles after 2000 are discussed. Although, some relevant articles dating before 

2000 are also commented,  these are in the minority. 

 

4 Results and Discussion 

In this research project, we tried to make a overview, based on recent literature about surface 

proteins in G+ bacteria and the adhesion of these micro-organisms. That is because gaining 

new knowledge about this research field may be very significant for the food industry as well 
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as for the medical world. Indeed, insight in the adhesion process may lead to the identification 

of putative targets for advanced anti-bacterial therapies and in this way may open a new 

century of adhesion-based anti-bacterial drugs. After all, adhesion is the first step for 

pathogens in their infection process and disruption of this process was shown to result in a 

noticeable reduction in virulence. Bacterial adhesion includes the adhesins they use, the way 

these adhesins are targeted to the cell membrane, the receptors/ECM bound by these adhesins 

and the way these adhesins bind the host receptor/ECM. Consequently, components involved 

in one of these steps, may serve as a potential target for anti-bacterial drug. Nowadays, 

usually ABs are used as remedy against bacterial infections. Most ABs work by interfering 

with the bacterial cell wall or by inhibiting bacterial growth. But a lot of pathogens gain 

resistance against such ABs. Because of this, the identification of new targets and the 

development of new anti-bacterial drugs, which hopefully will eliminate pathogens in a more 

efficient and effective way, become more and more important. Further, understanding of the 

adhesion mechanism, may also lead to the construction of more efficient probiotics. Adhesion 

seems to be a crucial step for probiotic activity and if the adhesion ability of probiotics can be 

enhanced, this could lead to probiotics that reside the host more effective.   

To understand the adhesion process, you first have to understand the components involved 

herein. For this reason, in this literature study, first of all the G+ cell wall is discussed. This is, 

because it functions as an attachment site of surface molecules that contribute to the host-

bacteria interaction. The cell membrane of G+ is quite thick and mainly consists of 

peptidoglycan, dispensing the bacteria strength and rigidity. The surface components, 

correlated with the cell wall, are proteins, teichoic acids (WTA), teichuronic acids, 

lipoteichoic acids (LTA), lipoglycans, and polysaccharides, providing it extra functions. In 

this work only surface proteins, WTA and LTA are discussed, since these are shown to be 

closely involved in bacterial adhesion. Both WTA and LTA are anionic polymers and are 

tethered to the peptidoglycan. Some surface proteins revealed to be non-covalently attached to 

the cell wall by means of these two polymers. An example is Listeria monocytogenes InlB 

which is directly attached to LTA. In contrast, LytA from Streptococcus pneumoniae 

associates with WTA or LTA with the help of 20-amino acid repeats. Further, surface proteins 

may be covalently linked to the bacterial cell wall by the enzymatic activity of the 

transpeptidase, sortase. This is the strategy used by LPXTG proteins. Besides this LPXTG 

motif, these proteins are definied by a signal sequence, a cell-wall-spanning
 
domain, followed 

by a hydrophobic domain and a cytosolic tail, composed of positively charged amino acid 

residues. Because of the N-terminal signal sequence, the LPXTG protein is transported to the 

cell membrane. Here, the LPXTG motif is recognized by sortase and the protein is targeted to 

the membrane-associated peptidoglycan. Different G+ surface proteins are identified, to use 

this mechanism for cell wall anchorage. For sortase homologues and LPXTG proteins have 

been found in most G+. Examples of such micro-organisms using this mechanism include 

Staphylococcus aureus, Enterococcus faecalis and Lactobacillus acidophilus. With this, also 
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several groups of sortase are identified, recognizing different types of sorting signals in the 

surface proteins (figure 5). The best-characterized are StA and StB from Staphylococcus 

aureus, respectively recognizing a LPXTG and NPQTN motif in the protein. Further, once the 

surface protein is anchored to the cell wall, it may contribute to the host-bacteria interaction: 

researchers revealed that surface proteins are able to bind the host mucus, epithelial cells 

and/or ECM, leading to attachment and persistence of the bacteria in the host.  

In this context, scientists examined the presence of surface proteins in Enterococcus faecalis. 

Although this G+ pathogen often is used as probiotic, it turns out to cause major infections. 

But to cause these infections or act as probiotic, the bacteria have to bind to the host tissue. It 

is assumed that Enterococcus faecalis does this with help of its surface proteins. 

Consequently, they identified the surface protein, Ace, in Enterococcus faecalis, involved in 

host interaction. Ace is a so called MSCRAMM (microbial surface components recognizing 

adhesive matrix molecules) and binds collagen type IV (CIV), collagen type I (CI) and 

laminin (Ln) in the ECM, by means of the collagen hug mechanism. Nallapareddy et al. 

reported that Ace would contain a LPXTG motif and is therefore probably adhered to the cell 

wall by sortase (93). An extra indication to assume this last hypothesis is the identification of 

at least one sortase gene in the Enterococcus faecalis genome.   

Second, Buck et al. did an attempt to identify the Lactobacillus acidophilus surface proteins, 

possible involved in adhesion (95). Genome analysis of Lactobacillus acidophilus NCFM 

revealed that the genes encoding fibronectin-binding protein (FpbA), a mucinbinding protein 

(Mub), and a surface layer protein (SlpA), all contribute to adhesion of the bacterium. Also in 

this case, a LPXTG motif was identified in some of the displayed proteins. Besides, they 

reported the presence of a gene, encoding sortase. Both facts point out that sortase-mediated 

anchorage also is common in Lactobacillus acidophilus and that this probiotic, as well as 

Enterococcus faecalis, uses surface proteins, anchored by sortase, to interact with the host.  

As reported up here, different experiments demonstrate the importance of sortase in the 

adhesion process and virulence of G+ bacteria. In addition, in vitro experiments by 

Mazmanian et al. revealed that sortase mutations interfere with the surface proteins display. 

Further experiments in mouse models then showed that mice with a sortase mutation were 

more resistant against staphylococcal infection than their wild-type counterparts (49). These 

observations strong indicate that the decreased virulence is due to a reduced surface proteins 

exposure on the cell surface, which results from sortase inactivation. The interruption with the 

surface proteins display, then makes that the G+ bacteria are not able, to interact with the host 

components in a appropriate way anymore. This leads to a reduced adhesion and for the 

pathogen thus to a reduced virulence.  

Based on the available literature and the observations done herein, we can conclude that 

sortase is a very promising target for anti-bacterial medication. Still, future work is needed to 

determine the role of sortase during various infections, caused by G+ pathogens. These data 

can then give us more insight in such infections and can be used to design medication against 
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these infections. Additionally, it may also be important, to establish the role of sortase in 

adhesion of probiotics. It turns out that probiotics would inhibit colonization of pathogens, by 

competing for receptors/ECM molecules in the host, by the production of microbials, and/or 

by stimulation of mucus production, after adhesion. So perhaps an increased sortase function, 

will lead to an elevated amount of anchored surface proteins, involved in host adhesion. This 

would favors such probiotics for occupation of the host receptors and in this way reduce 

colonization by pathogens.  
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