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29Alleen, zie toch: ik heb ontdekt, dat God de mensen recht gemaakt heeft, maar zij zoeken vele bedenkselen. 
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The human oral cavity is inhabited by a wide variety of micro-organisms. One 

of the factors that play a dominant role in the maintenance of a healthy oral 

ecosystem is saliva. The crucial role of saliva becomes apparent when saliva 

secretion is impaired, e.g. in patients with the Sjögren’s syndrome, after 

radiation therapy, surgical removal of diseased salivary glands or as side effect of 

medication. Under these conditions a shift in the oral microflora may develop, 

resulting in the outgrowth of opportunistic pathogens, e.g. Candida albicans. 

Saliva contains numerous antimicrobial proteins and peptides that protect the 

oral tissue against microbial invasion and infection. These include proteins with 

bacteriostatic, bactericidal and fungicidal activity such as lysozyme, lactoferrin, 

cystatins and histatins (Nieuw Amerongen and Veerman, 2002; Tenovuo, 2002; 

Nieuw Amerongen et al., 2004; Ligtenberg et al., 2007). Other proteins, such as 

statherin, adsorb onto dental surfaces. By functioning as receptors for specific 

microbial adhesions they modulate the composition of the microflora on the 

tooth surface. Salivary proteins in solution, including immunoglobulins, 

particularly secretory-IgA, MUC7 and salivary agglutinin (SAG) bind and 

agglutinate oral bacteria promoting their removal from the oral cavity (Rossi et 

al., 2003; Ligtenberg et al., 2007; Kesimer et al., 2009). In this thesis especially 

the biological activity of two salivary components has been studied: salivary 

agglutinin (SAG) and statherin. 

SAG was originally discovered as a salivary component mediating 

agglutination of oral streptococci, in particular S. mutans (Ericson and 

Rundegren, 1983). Due to its ability to bind and agglutinate this cariogenic 

bacterium, SAG has been considered to play an important role in the protection 

against dental caries (Ericson and Rundegren, 1983; Carlen et al., 1998). SAG 

was characterized biochemically as a 300-400 kDa glycoprotein consisting for 

25 % of its molecular mass of carbohydrate residues. During years SAG was 

thought being specifically for saliva, particularly parotid saliva. However, in 

later studies it was proven that SAG, lung glycoprotein340 (gp340) and Deleted 

in Malignant Brain Tumours 1 (DMBT1) are all encoded by one and the same 

gene, namely the DMBT1 gene on chromosome 10. These proteins have 

identical protein sequences, but may be different in glycosylation. SAG is a 

member of the scavenger receptor cysteine-rich superfamily (SRCR) of proteins, 

a superfamily of surface-bound or secreted proteins typically possessing SRCR 

domains. Members of this group are usually involved in innate immune 

processes (Sarrias et al., 2004). SRCR domains consist of 110 amino acids and 
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their tertiary structure is stabilized by 3 or 4 disulfide bridges. SRCR domains 

are well conserved within all metazoa and usually are involved in ligand binding, 

as is the case with SAG. Bikker et al. (Bikker et al., 2002) demonstrated that the 

binding site for bacteria is located in the SRCR domains. The high homology of 

the SRCR domains in SAG justified the design of a consensus sequence. Based 

on this consensus sequence synthetic peptides were designed and tested for 

binding to bacteria. A 16-mer amino acid sequence 

(QGRVEVLYRGSWGTVCQGRVEVLYRGSWGTVCQGRVEVLYRGSWGTVCQGRVEVLYRGSWGTVC), derived from the SRCR domains of SAG 

(SRCR-P2), bound to a wide variety of micro-organisms. In Chapter 2Chapter 2Chapter 2Chapter 2 we 

showed that there is a good correlation between the binding of SAG and the 

SRCRP2 peptide to a wide variety of microbial species supporting the concept 

that the sequence encompassed by the SRCRP2 peptide represents the major 

bacteria-binding site of SAG. By truncation of the peptide combined with an 

alanine scan, Bikker et al. (Bikker et al., 2004) revealed an 11-mer peptide in 

which 6 amino acids were essential for binding of S. mutans 

(QGGGGRVEVLVEVLVEVLVEVLYRGSWWWWGTVC). We investigated in more detail the sequence that 

allows this peptide to bind to such a wide variety of bacterial species. We found 

that different residues are involved depending on the bacterium. In all cases are 

valine residues at position 4 and 6, tyrosine at position 8 and tryptophan at 

position 12 essential for binding. Amino acids that were often, but not always, 

involved in binding were arginine at position 3, glutamic acid at position 5, 

leucine at position 7 and serine at position 11. Of the SRCR-P2 residues that 

are always essential for binding, three out of four are highly conserved in the 

SRCR superfamily (Figure 1). A hidden Markov model logo of the SRCR 

domain shows that the valine residues at position 4 and 6, and tryptophan at 

position 12 were highly conserved within the SRCR superfamily, supporting 

the idea that these residues are functionally important. Also the bacteria-binding 

domain of two other SRCR proteins, Sp-� and CD 163, is homologous to 

SRCR-P2 fragment (Sarrias et al., 2005; Fabriek et al., 2009). 

The broad binding spectrum of SAG is typical for so called pattern 

recognition proteins. These are molecules that bind to conserved molecules on 

pathogenic micro-organisms, called pathogen associated molecular patterns 

(PAMPs), such as lipopolysaccharide, lipoteichoic acid and peptidoglycan. SAG 

was indeed shown to bind to LTA and phosphorylated groups on LPS (End et 

al., 2009). In Chapter 3Chapter 3Chapter 3Chapter 3 we show that SAG not only recognizes bacterial 

components, but also binds to C. albicans. Adhesion experiments in the 

presence of mannan showed no inhibition, suggesting that mannan is not the 
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PAMP recognized by SAG on the yeast surface. Future research should 

characterize the molecular binding between C. albicans and SAG.  

 
Markov models logo of a fragment of the SRCR domainMarkov models logo of a fragment of the SRCR domainMarkov models logo of a fragment of the SRCR domainMarkov models logo of a fragment of the SRCR domain. HMM logos are a 

visual tool for showing the degree of conservation within a protein family. The height of the 

amino acids represents their probability to be present in the protein family compared to the 

background.  Different colors are given for amino acids of different charge and hydrophobicity. 

24 correspond with the SRCR-P2 peptide. This figure shows that valine at 

position 11 and 13, and tryptophan at position 20 are well conserved. Within the SRCR-P2 

peptide these amino acids were also essential for binding to bacteria.  

There is a number of differences between bacteria binding and C. albicans 

binding of SAG. Binding of SAG to bacteria is abolished after chemical 

In contrast, the SAG-C. albicans interaction was not affected 

by chemical reduction. Another difference compared to bacteria binding is that 

to SAG coated surfaces is independent of Ca2+-ions. The 

ed some characteristics with that of binding 

to influenza virus, that binds to sialic acid residues on SAG. This binding is also 

ions and not affected by chemical reduction (Hartshorn et 

the effect of saliva on hyphae formation of C. albicans 

is a multimorphic fungus growing in yeast form or 

hyphae form. Hyphae are more adhesive and more virulent than yeasts, the 

predominant form in the oral cavity. Ogasawara (Ogasawara et al., 2007) 

showed that bovine salivary mucins inhibited hyphae formation of C. albicans. 

Therefore, we investigated in which way human saliva influences hyphae 

. We found that saliva induces transition to yeast growth 

onditions favouring hyphae formation. Since mucin-free parotid saliva 

also induced yeast growth, we speculated that SAG, which is the most mucin-
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like molecule in parotid saliva, might be responsible for transition to yeast 

growth. However, purified SAG did not show any effect on this process, 

prompting us to search for another parotid component promoting yeast-

induction. By fractionation of parotid saliva it was shown that the salivary 

statherin, 43-mer peptide, was responsible for this activity. Testing of truncated 

variants of statherin for yeast growth induction revealed that deletion of the 

negatively charged N-terminal amino acids in StN6-43 enhanced the hyphae 

inhibiting activity. Possibly, there is repulsion between the negatively charged 

cell surface and the negatively charged N-terminus of statherin. This was also 

suggested by the finding that StN6-43 binds better to C. albicans than the full 

length statherin. The hyphae inhibiting activity was further increased by 

deletion of another 4 amino acids at the N-terminus (StN10-43), but in this 

case no further negative charges are deleted. Binding of this peptide to C. 

albicans was comparable with StN6-43.  

 Inhibition of hyphae formation is a new protective mechanism by which 

saliva may prevent C. albicans infection. Hyphae formation may be triggered by 

all kinds of different stimuli, for instance by addition of serum or N-

acetylglucosamine to growth medium, or by growth at 37 ºC. These 

circumstances trigger the expression of genes that induce hyphae formation. It 

will be interesting to investigate the effect of statherin on the expression of 

hyphae inducing genes.  

 

SAG and complementSAG and complementSAG and complementSAG and complement        

SAG has been implicated in the protection of the oral tissue against 

bacterial colonization (Madsen et al.; Carlen et al., 1998; Ligtenberg et al., 2007; 

Leito et al., 2008). This has generally been attributed to its binding and 

agglutination of a wide variety of micro-organisms. However, SAG is only a 

minor component in saliva, making up less than 1% of the salivary protein 

content. Other bacteria-binding proteins, such as S-IgA, proline-rich 

glycoprotein and MUC7 are much more predominant in saliva. Therefore, it is 

tempting to speculate that inhibition of bacterial colonization is not the only 

physiological function of SAG. An earlier study by Boackle et al. (Boackle et al., 

1993) suggested that SAG is also able to activate the complement system, an 

amplifying cascade of proteolytic cleavages of specific proteins in the blood and 

tissues, which cooperates with the adaptive immune system in the clearance of 

pathogens from the body. Under healthy conditions, little if any interaction 

takes place between saliva and the complement system. However, in individuals 

with oral infections, such as periodontal disease, serum exudates will mix with 
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saliva at the gingival margin, resulting in mutual interaction between salivary 

and serum defensive systems such as the blood coagulation system (Berckmans 

et al.) and the complement system (Boackle et al., 1993). In Chapter 6Chapter 6Chapter 6Chapter 6 we 

investigated in more detail the molecular basis underlying the SAG-mediated 

activation of the complement system.  

Three biochemical pathways activate the complement system: the 

classical pathway, the lectin pathway and the alternative pathway (Figure 2).  

1. The classical pathway is triggered when antibody-antigen 

complexes bind to C1q, a part of the C1 complex.  

2. The lectin pathway is activated by binding of mannose-

binding lectin (MBL) or ficolins to carbohydrate residues on 

the surface of micro-organisms. The classical and lectin 

pathway both lead to C4 activation which is not the case in 

the alternative pathway.  

3. The alternative pathway is initiated by spontaneous hydrolysis 

of complement factor C3 to C3a and C3b. In the absence of 

a pathogen, these fragments will rejoin, resulting in 

deactivation. When C3b encounters a pathogen, it will bind 

covalently to its surface. This initiates a cascade of processes 

leading to further activation of C3.  

All three pathways ultimately lead to activation of C3-convertase. This protease 

causes a further cascade of proteolytic activations, ultimately generating a 

number of active products that stimulate a variety of immune-related processes, 

such as opsonization, chemotaxis, vascular permeabilization and formation of 

the membrane-attack complex, the cytolytic endproduct of the complement 

cascade. 

Boackle et al. (1993) showed that SAG was able to activate the 

complement system through the classical pathway. However, by analysis of the 

downstream processes we demonstrated in Chapter 6Chapter 6Chapter 6Chapter 6 that SAG activates the 

complement system mainly via the MBL pathway. Complement activation by 

SAG resulted in C4 deposition and was blocked by anti-MBL antibodies, 

whereas anti-C1q had no effect. Furthermore, with MBL-deficient sera no 

SAG-mediated complement activation occurred.  

Complement activation by SAG was putatively mediated by fucose-

containing oligosaccharides on SAG, since removal of this carbohydrate 

abolished the SAG-mediated complement activation. Since fucose residues are 

present on other salivary glycoproteins, e.g. the salivary mucins, as well, it will 

be interesting to investigate to what extent these are also able to activate the 
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complement system. The presence and availability of fucose epitopes in on 

salivary glycoproteins shows large interindividual variation and depends on, 

among other things, the blood group and secretor status. Future research should 

find out whether differences in glycosylation of SAG determine activation of 

complement.  

The effect of SAG on complement activation is only a first step in 

investigating the role of complement activation in the oral cavity. Future 

research should find out which other salivary proteins are involved in 

complement activation and what the effect of complement activation is on oral 

bacteria.  

 

Conclusively, we can state that two novel issues of the salivary defence are 

addressed in this thesis.  

- First, the role of SAG in the innate immunity seems not to be restricted to 

direct clearance of bacteria, but probably also involves activation of the 

complement system in serum exudate.  

- Second, next to these defence mechanisms, a novel antimicrobial defence 

mechanism in saliva was discovered, namely the statherin-mediated inhibition 

of hyphae formation by the yeast C. albicans.  
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Fig. 2. The complementFig. 2. The complementFig. 2. The complementFig. 2. The complement    system.system.system.system. There are three pathways of complement activation, shown 

at the top of the figure, the classical(1), lectin (2) and alternative (3) pathway.  

(1) Binding of the C1 complex initiates the classical pathway.  

(2) Binding of the MBL/MASP-2 comlex initiates the lectin pathway. Both the classical 

and lectin pathway lead to cleavage of  C4 and C2 resulting in formation of 

C3convertase.   

(3) The alternative pathway is initiated by spontaneous hydrolysis of C3, leading to 

formation of C3a and C3b. If there is no pathogen C3a and C3b will rejoin . In the 

presence of pathogenic surfaces C3b will bind leading to the formation of C3 

convertase of the alternative pathway.   

��

�����	
��� ��
	� ������	��

��

������

���	��

���
����� �����

���
��� ���

��

��

�����
���
��������

��

���

���

��
��������

��

��� ���

� 

�!

�"

�#

����#

*(��
	+��	�


�������,	�
-�����
��

�����.�

���(/�,

0�(/	1	���	�
�

/��(

��������

�$�%�
�

�����
���
��������



 General Discussion 

127 

All three pathways lead to activation of C3 in C3a and C3b. C3b contributes to 

the formation of C5 convertase, which initiates formation of the membrane 

attack complex. 
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