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2 ABSTRACT 

For understanding the interaction between bacteria and the host, it is essential to identify 
and characterize bacterial adhesive proteins, adhesins, and other bacterial molecules that 
interact or interfere with the host. Adhesins mediate the initial colonization steps of 
bacteria. The colonization may lead to infection or commensalism. When the molecular 
mechanisms are known, new treatments to prevent the infections can more easily be 
designed. For assessment of the functions of bacterial proteins in vitro, the proteins are 
usually purified from the cells or displayed on the surface of a heterologous host. Various 
surface display techniques, such as phage or fimbria-assisted display, have been 
developed for the analysis of polypeptides complicated to overproduce by conventional 
expression methods. Secretion of recombinant proteins to the culture medium of E. coli is 
an appealing approach since the purifying step is simple. However, reports on high-level 
extracellular protein secretion in bacteria are scarce. 

In the first part of this study, a random chromosomal library of Staphylococcus aureus was 
created in the secretion-competent E. coli strain MKS12. S. aureus expresses several 
adhesins, some of which are well characterized. Here, we wanted to identify possible new 
adhesins or proteins with novel functions. All the extracellularly secreted staphylococcal 
polypeptides of this study were tested for binding to some well-known receptors of S. 
aureus such as fibronectin, fibrinogen, collagens, and plasminogen. We found three 
putative moonlighting proteins i.e. proteins with functions additional to their 
conventional functions: a universal stress protein and an ATPase subunit of 
phosphoribosylaminoimidazole carboxylase, which both bound to fibronectin and 
fibrinogen, and the penicillin binding protein 3 capable of binding and activating 
plasminogen. 

Adhesins have been studied at the molecular level in many human pathogenic bacteria, 
such as S. aureus, but the knowledge on the surface molecules mediating adhesion of 
commensals, such as Lactobacillus, has not drawn as much attention. The second part of 
this study dealt with the interaction of Lactobacillus crispatus strain ST1 with the 
epithelium of the chicken crop and the human vagina. We investigated the molecular 
mechanisms underlying the interaction of L. crispatus ST1 with the epithelium and 
identified a novel high-molecular-mass adhesin that was named as lactobacillus 
epithelium adhesin (LEA). LEA was shown to bind efficiently to the stratified squamous 
epithelium of the crop and to the similar type of epithelium in the human vagina.  

In this thesis work we have applied a novel secretion method for heterologous protein 
expression and characterized novel adhesive proteins of two Gram-positive bacterial 
species.  
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3 INTRODUCTION 

3.1 The bacterial cell envelope 

The bacterial cell envelope consists of the cell wall and the cytoplasmic or inner 
membrane (IM). The IM is responsible for many essential functions including transport, 
osmoregulation, respiration processes, and synthesis of lipids. A few small molecules can 
pass through the membrane by passive or by facilitated diffusion aided by specialized 
membrane proteins such as carrier and porin proteins. More often active energy utilizing 
transport systems are adopted in uptake including ABC-type transporters and symporters. 
Secretion of proteins, toxins and other molecules across the envelope is usually achieved 
through specialized machineries described in chapter 3.7.  

The cell wall is present in most bacterial species, with only a few cell-wall deficient 
exceptions such as Mycoplasma, and it is a basic element of the bacterial cell envelope in 
maintaining the bacterial cell shape. The cell wall contains peptidoglycan (PG, chapter 3.2) 
and cell wall associated proteins. In Gram-negative bacteria the outer membrane (OM) 
including lipopolysaccharide and outer membrane proteins is part of the cell wall. In 
Gram-positives, the cell wall contains lipoteichoid acids and polysaccharides. In addition 
to the cell wall and the IM, many bacteria express additional, outermost surfaces such as 
surface S-layer, capsule and glycocalyx (Silhavy et al., 2010; Sutcliffe, 2010; Fagan & 
Fairweather, 2014). 

3.2 The structure and assembly of peptidoglycan 

Peptidoglycan (PG), or murein, is a major molecule in the cell wall that forms a mesh- and 
bag-like macromolecule i.e. sacculus around the entire cell. It is present only in bacterial 
cell walls and is therefore an excellent target of antibiotics. The basic architecture of the 
PG is conserved among bacteria and the diversity between the organisms lies in the 
physical arrangement of the PG (Scheffers & Pinho, 2005; Desmarais et al., 2013). The 
backbone of PG consists of long glycan chains with two alternating sugar molecules β-(1,4) 
linked N-acetylglucosamine and N-acetylmuramic acid (MurNac) (Figure 1). In PG, the 
MurNac is linked to a peptide chain and the peptide chain is in turn cross-linked to a 
peptide chain of a neighboring strand.  The linkage of peptide-chains is called a peptide 
bridge. This flexible peptide bridge can be created directly by forming a peptide bond 
between two amino acid residues of different chains (Figure 1). In Gram-positive bacteria, 
the cross-link can also be formed by an interbrige. For example, the PG layers in S. aureus 
contain additional glycine pentapeptides that form a bridge between two peptide chains 
of neighboring strands (Vollmer et al., 2008; Desmarais et al., 2013; Turner et al., 2014).  
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Figure 1. A simplified model of peptidoglycan assembly. The first and the second stage of PG synthesis 
begin in the cytoplasm: Lipid II, a disaccharide-pentapeptide monomer, is formed from nucleotide sugar -
linked precursor molecules (1.). The lipid II molecules are then used as a backbone in PG layers. The 
disaccharide unit of lipid II contains two alternating sugar residues, β-(1,4) linked N-acetylglucosamine 
(light grey hexagons) and N-acetylmuramic acid (MurNAc; dark grey hexagons). The pentapeptide chain 
of five amino acid residues (black cirkles) is linked to MurNAc. Lipid II is flipped by flippases (2.) to the 
outer leaflet of the cytoplasmic membrane (CM). In the final stage (3.) two types of peptidoglycan (PG) 
synthases synthezise PG layers from Lipid II. First, glycosyltransferases (GTase) polymerize the linear 
glycan chains. Next, the glycan chain is incorporated into the existing PG sacculus by transpeptidases 
(TPases). TPases cross-link two peptide chains from different layers by forming a peptide bond between 
the amino acids of the chains. The newly synthesized, cross-linked PG is then trimmed by hydrolases. 

PG synthases (a.k.a glycosyltransferases and transpeptidases) and hydrolases (a.k.a 
autolysins) are responsible for the growth of the cell wall sacculus and the maintenance of 
the cells’ shape (Figure 1) (Harold, 1990; Höltje, 1998; Typas et al., 2011). The terminology 
regarding PG synthases varies (van Heijenoort, 2001; Wang et al., 2001; Terrak & Nguyen-
Disteche, 2006; Reed et al., 2011), but here glycosyltransferation is used to describe the 
activity of the synthase enzymes that polymerize the linear glycan chain of PG (Typas et 
al., 2011).  PG synthesis can be divided into three stages (Figure 1): 1) The nucleotide 
sugar-linked precursors are synthesized in the cytoplasm and 2) then precursors are 
processed into lipid II intermediate molecule that is flipped to the outer leaflet of the 
membrane by flippases (Ruiz, 2015). At the final stage, the newly synthesized precursor 
molecules are incorporated into the growing PG by two PG synthases: Glycosyltransferase 
(GTase) catalyzes the polymerization of the new linear glycan chain, and then DD-
transpeptidase (TPases) catalyzes the cross-linking between the peptide side-chains linked 

Lipid II

2. Flipped to other side Cytoplasm

Cell wall
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3. GTase synthase:
polymerization of glycan chain
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Nascent glycan chain

Existing PG layers
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bond
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to sugar residues of the glycan chains. PG hydrolases then tailor the growing cell wall. 
For example pentapeptides in the nascent sacculus are trimmed to tetra- and tripeptides 
by one group of PG hydrolases called carboxypeptidases. Additionally, the original length 
of the glycan chain is reduced by dozens of disaccharides by lytic transglycosylases 
(Vollmer & Bertsche, 2008; Typas et al., 2011). Also the covalent bonds between the 
peptide side chains must be cleaved by carboxypeptidases to allow the cross-linking by 
TPases; otherwise the cell wall would only get thicker and not elongate (Park & Uehara, 
2008; Vollmer & Bertsche, 2008; Vollmer et al., 2008; Uehara & Bernhardt, 2011; Vollmer, 
2012).   
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3.2.1 Penicillin binding proteins 

Table 1. Examples of enzymes involved in bacterial peptidoglycan synthesis 
Enzyme PBP category, 

enzymatic class 
and subclass 

Activity Examples Reference 

PG 
synthases 

Do not belong 
to PBPs  

Monofunctional 
GTase 

MtgA of E. coli  
SgtA of S. aureus 
 

(Di Berardino et 
al., 1996; Reed 
et al., 2011) 

 HMW PBP,  
class A  

Bifunctional GTase 
and TPase 

PBP1a and PBP1b of  
E. coli 
PBP2 of S. aureus 
 

(Georgopapada
kou et al., 1982; 
Matsuhash, 
1994) 

 HMW PBP,  
class B  

Monofunctional 
TPase 

PBP2 and PBP3  of E. coli 
PBP2b and PBP2x of S. 
pneumoniae 
PBP3 of S. aureus 
 

(Wientjes & 
Nanninga, 1991; 
Grebe & 
Hakenbeck, 
1996; Pinho et 
al., 2000; 
Yamada et al., 
2008) 

PG 
hydrolases 

LMW PBP, 
class C,  
subclass type-5 
 

Monofunctional 
carboxypeptidase 

PBP 5 and PBP6b of  
E. coli 
PBP4 of S. aureus1 
 

(Wyke et al., 
1981; Baquero 
et al., 1996; 
Nelson & 
Young, 2001) 

 LMW PBP, 
class C, 
subclass type-7 
 

Monofunctional 
endopeptidase  

PBP7/8 of E. coli (Romeis & 
Holtje, 1994; 
Henderson et 
al., 1995) 

 LMW PBP, 
class C, 
subclass type-4 
 

Bifunctional 
carboxypeptidase and  
endopeptidase 
 

PBP4 of E. coli (Korat et al., 
1991) 

 LMW PBP, 
class C,   
subclass type-
AmpH 

Monofunctional class 
C β-lactamase 

AmpC and AmpH of E. coli (Henderson et 
al., 1997) 

 1PBP4 of S. aureus belongs to the same subclass as monofunctional carboxypeptidases such as PBP5 of E. coli 
although it has an additional, unique transpeptidase activity in addition to carboxypeptidase activity. Other enzymes 
in this subclass are strict carboxypeptidases without other known functions. LMW, low molecular weight; PBP, 
penicillin bindin protein; PG, peptidoglycan. 
 

PG synthases include monofunctional proteins with TPase or GTase functions and 
bifunctional enzymes containing both TPase and GTase activites (Table 1). Those PG 
synthases that contain the TPase domain are also known as penicillin binding proteins 
(PBPs). Also PG hydrolases are known as PBPs. PG synthases that lack the TPase domain, 
i.e. monofunctional GTases, do not belong to PBPs. Their exact role in cell wall synthesis is 
currently unclear. The name of the PBPs reflect how these enzymes were found; they bind 
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penicillin and other β-lactam antibiotics, and were first found in bacterial cell wall 
preparations associated with penicillin. β-lactam antibiotics mimic the peptidoglycan side-
chains and bind covalently and irreversibly to the active site of the enzyme. The binding 
blocks permanently the activity of PBPs, that is cell wall synthesis, and results in loss of 
cell wall integrity and eventually in cell lysis and death (Tomasz, 1979; Waxman & 
Strominger, 1983; Tomasz, 1986; Kelly et al., 1998; Chung et al., 2009). 

PBPs are divided in two main categories: high molecular weight (HMW) and low molecular 
weight (LMW) PBPs. HMW PBPs are multimodular enzymes, which are further classified 
into class A and class B PBPs on the basis of their enzymatic functions. Both class A and 
class B PBPs contain two large, N- and C- terminal domains joined by a linker region 
(Figure 2) (Goffin & Ghuysen, 1998). 

 

 
Figure 2. Schematic presentation of high molecular weight penicillin binding proteins. Multimodular 
HMW PBPs contain a cytoplasmic tail, a transmembrane anchor, a non-penicillin binding (n-PB) domain 
with (class A) or without (class B) GTase activity and a penicillin binding (PB) domain with transpeptidase 
(TPase) activity. 

The C-terminal domain of both class A and class B PBPs is a TPase that catalyzes the 
transpeptidation reaction and binds penicillin. Thus, it is also known as PB domain (Goffin 
& Ghuysen, 1998; Macheboeuf et al., 2006; Lovering et al., 2007). The class A HMW PBPs 
are bifunctional enzymes with an additional enzyme activity; the N-terminal, non-
penicillin-binding (n-PB) domain acts as a GTase that catalyzes the elongation of the 
glycan strands. The n-PB domain of class B HMW PBPs does not contain any known 
enzymatic activity and it has been postulated to act as an intramolecular chaperone that 
participates in the proper folding of the C-terminal domain and is believed to play a role in 
cell morphogenesis (Goffin & Ghuysen, 1998; Scheffers & Pinho, 2005). The 
monofunctional class B PBPs with TPase activity must cooperate with GTase-containing 
synthase enzymes in order to synthesize PG (Pinho et al., 2001; Pinho et al., 2001; Pereira 
et al., 2007). Class B PBPs have been shown to be involved in cell division and normal 
outgrowth of spores e.g. in Gram-negative bacteria or in Gram-positive rods (Spratt, 1978; 
Georgopapadakou et al., 1982; Murray et al., 1998; den Blaauwen et al., 2003). Their 
exact role in biosynthesis of PG in Gram-positive cocci is not clear, but they play an 
important role in the resistance to β-lactams (Zapun et al., 2008b). The LMW PBPs, which 
regulate the level of cross-linking in the cell wall, usually only act as PG hydrolases. PBP4 
from S. aureus is an exception, which contains an additional, unique transpeptidase 

n-PB domain TPase (PB domain)

Tail+anchor GTase (n-PB domain) TPase (PB domain)
Class A HMW

Class B HMW
Tail+anchor
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activity (synthase) (Wyke et al., 1981; Vollmer et al., 2008). LMW PBPs have also been 
called as class C PBPs (Sauvage et al., 2008). They are often nonessential for the survival of 
the cells and belong to four enzymatic subclasses (Table 1) (Ghosh et al., 2008; Memmi et 
al., 2008; Sauvage et al., 2008). It has been proposed that PBPs form a multienzyme 
complex that functions as a murein replicase holoenzyme (Höltje, 1996a; Höltje, 1996b; 
Höltje, 1998). Not all PBPs are essential for cell viability, but they may play important roles 
in e.g. cell division, separation, maintenance of cell shape, creating a normal muropeptide 
composition or cross-linking of PG, spore-formation or in antibiotic resistance (Spratt & 
Pardee, 1975; Spratt, 1977; Murray et al., 1998; Wei et al., 2003; Pereira et al., 2007; 
Memmi et al., 2008). 

S. aureus has only four PBPs (PBP1 to PBP4, Table 2) in comparison to 12 PBPs in E. coli or 
16 PBPs in Bacillus subtilis (Wada & Watanabe, 1998; Pinho et al., 2000; Pinho et al., 2001; 
Leski & Tomasz, 2005). The staphylococcal monofunctional TPase PBP1 and the 
bifunctional GTase/TPase PBP2 that localize at the division site of the bacterial cell are 
essential for the viability of the methicillin sensitive S. aureus strains (MSSA) 
(Georgopapadakou et al., 1982; Wada & Watanabe, 1998; Pinho et al., 2001; Pinho et al., 
2001; Pinho & Errington, 2005; Pereira et al., 2007). According to Reed and coworkers 
(2015) S. aureus is able to synthesize PG in principle exclusively with PBP1 and PBP2, 
whereas the other PBP enzymes are needed for survival in hostile environments e.g. 
environments containing antimicrobials. However, S. aureus strains that express solely 
PBP1 and PBP2 in vivo have not been described. Methicillin resistant S. aureus (MRSA) has 
acquired an additional HMW PBP named PBP2a (or PBP2’) encoded by the mecA gene 
(Hartman & Tomasz, 1984). PBP2a has low affinity for β-lactam antibiotics and is not 
inactivated by this group of antibiotics (Wei et al., 2003; Fuda et al., 2004). It was long 
assumed that PBP2a was able to complement the activity of all the other PBPs present in 
MRSA strains, but this model was later revised (Pinho et al., 2001; Pereira et al., 2007). 
PBP1 was unexpectedly proven essential also in MRSA strains by Pereira and coworkers 
(2007). They showed that depletion of the monofunctional TPase PBP1 in MRSA strains 
resulted in a rapid loss of viability despite the simultaneous expression of the additional 
PBP2a, which also has monofunctional TPase activity (Pereira et al., 2007). Thus, PBP2a is 
not able to replace the activity of PBP1 in MRSA strains. It was concluded that the primary 
and essential function of PBP1 is not the TPase activity and PBP1 was demonstrated to 
have a crucial, irreplaceable role in cell division rather than in cross-linking of PG (Pereira 
et al., 2007; Pereira et al., 2009). In contrast to PBP1, the activity of PBP2 can be replaced 
by PBP2a in MRSA strains and PBP2 seems to be non-essential when PBP2a is present. 
However, the activity of PBP2 becomes essential also in MRSA strains in the presence of 
antibiotics (Pinho et al., 2001). PBP2 is the only bifunctional class A HMW PBP in S. aureus. 
The antibiotics bind to its TPase domain but not to the GTase part of the enzyme. Thus, 
the TPase of monofunctional PBP2a can not replace the function of GTase domain of PBP2 
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(Pinho et al., 2001; Leski & Tomasz, 2005). GTase activity of PBP2 was suggested to 
compensate the reduction of cross-links in cell wall by synthesizing longer glycan strands 
when other TPases than the one in PBP2a are inactivated by β-lactams. Thus, GTase 
activity of PBP2 is essential in MRSA strains when antibiotics inactivate the other native 
PBPs. In the absence of antibiotics, GTase activity is not essential and the gene encoding 
PBP2 can be deleted without loss of cell viability (Pinho et al., 2001; Leski & Tomasz, 
2005). 

PBP3 and PBP4 are non-essential in all S. aureus strains. The role of PBP3, a 
monofunctional TPase of the HMW class B, in S. aureus is unclear. Inactivation of the 
pbpC gene encoding PBP3 does not affect the growth of S. aureus cells and does not have 
a major impact on the morphology of the cells. This is in contrast to the suggestion that 
class B PBPs are involved in cell morphogenesis (Goffin & Ghuysen, 1998; Pinho et al., 
2000; Scheffers & Pinho, 2005). The only significant change observed in a PBP3 mutant 
strain was a minor decrease in rates of autolysis. Sublethal concentration of methicillin 
causes abnormalities in cell morphology and septation defects in a PBP3-depleted mutant 
strain. Therefore, it has been suggested that PBP1, which is less sensitive to methicillin 
than PBP3, may substitute PBP3 (Pinho et al., 2000). The PBP3 mutant strain was also 
more resistant to antibiotics than the wild-type strain. Pinho and coworkers (2000) have 
reported a clinical, methicillin resistant isolate in which the PBP3 protein could not be 
detected. They concluded that inactivation of PBP3 could be a part of the resistance 
mechanism of S. aureus also in vivo. PBP4, a LMW PBP, has a lower affinity for most β-
lactam antibiotics than other native PBPs and is responsible for the secondary cross-
linking of peptidoglycan. LMW PBPs do not usually possess a TPase activity and this 
feature is unique to PBP4. The activity of PBP4 has been associated with resistance to 
vancomycin and β-lactam antibiotics in co-operation with PBP2 and PBP2a (Wyke et al., 
1981; Sieradzki et al., 1999; Finan et al., 2001; Leski & Tomasz, 2005; Memmi et al., 2008). 
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Table 2. Penicillin binding proteins of S. aureus 
Protein Category, 

enzymatic 
class 

Activity  Importance Function/role Reference 

PBP1 HMW class B 
 

Transpeptidase  
and putative 
intramolecular 
chaperone 

Essential in 
MSSA and 
MRSA in the 
presence and 
absence of β-
lactams  
 

Required for  
1) cell septation and 
2) cell separation at 
the end of cell 
division 

(Wada & 
Watanabe, 
1998; 
Pereira et 
al., 2009) 
 

PBP2 HMW class A Bifunctional 
transpeptidase  
and 
glycosyltrans-
ferase 

Essential in 
MSSA.  
In MRSA: 
essential  in 
the presence 
of β-lactams 
 

1) Cell growth and 
survival 
 

(Georgopap
adakou et 
al., 1982; 
Pinho et al., 
2001; Leski 
& Tomasz, 
2005) 
 

PBP2a 
(PBP2’) 

HMW class B 
 

Transpeptidase  
and putative  
intramolecular 
chaperone 

Non-essential 
(essential in 
MRSA in the 
presence of β-
lactam 
antibiotics) 

1) Low-affinity for β-
lactam antibiotics 
2) Can replace the 
transpeptidase 
activity of PBP2 in 
MRSA 

(Hartman & 
Tomasz, 
1984b; 
Pinho et al., 
2001; Lim & 
Strynadka, 
2002) 
 

PBP3 HMW class B 
 

Transpeptidase  
and putative  
intramolecular 
chaperone 
 

Non-essential Role unclear (Pinho et 
al., 2000) 
 

PBP4 LMW (class C) Carboxipeptidas
e and 
transpeptidase 
 

Non-essential 
 

1) Secondary cross-
linking of 
peptidoglycan  
2) Key element in 
antibiotic resistance 

(Wyke et 
al., 1981; 
Leski & 
Tomasz, 
2005; 
Memmi et 
al., 2008) 

PBP, penicillin binding protein; HMW, high molecular weight; LMW, low molecular weight. 

3.3 Staphylococcus aureus subsp. aureus as an opportunistic pathogen in 
human 

The members of the genus Staphylococcus inhabit the skin and mucous membranes of 
many mammals and birds. Staphylococci are Gram-positive facultative anaerobic cocci 
that form grape-like clusters. Staphylococcus aureus subsp. aureus (from now on S. 
aureus) inhabits various human body sites but the main ecological niche is in the human 
nose, where 20-40 % of the human population carries S. aureus permanently (Williams, 
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1963; Kluytmans et al., 1997; Peacock et al., 2001; Hamdan-Partida et al., 2010; 
Nakamura et al., 2010; Lee et al., 2011; Nurjadi et al., 2012). In a normal situation the host 
is often asymptomatic, but if the host-microbiota homeostasis is disturbed, mostly by yet 
unknown factors, the S. aureus commensalism might lead to localized or disseminated 
invasive infections (Kluytmans et al., 1997; van Belkum et al., 2009). S. aureus associated 
infections vary from superficial skin infections such as boils, furuncles and impetigo to 
more severe infections like bacteremia, pneumonia, deep abscesses, osteomyelitis, 
endocarditis and toxin-mediated diseases particularly in chronically ill individuals or 
immunocompromised patients. Invasive S. aureus infections are often very severe, 
whereas less sever conditions like skin and soft tissue infections are more common 
(Brown et al., 2013). Most cases of S. aureus nosocomial bacteremia are caused by 
commensal, endogenous strains (von Eiff et al., 2001; Wertheim et al., 2004). In principle 
all S. aureus strains have a potential to cause invasive infections under favourable 
circumstances. However, bacteriophages and other mobile DNA elements harboring 
virulence associated genes are found more often in the disease-related isolates than in 
colonizing strains (Bae et al., 2006; Goerke et al., 2006; Smeltzer et al., 2009). Due to the 
multitude of immune evasion strategies of S. aureus (chapter 3.3.1) (Zecconi & Scali, 
2013) the infection does not usually result in protective immunity and staphylococcal 
infections can therefore be persistent and recurrent (Hartstein et al., 1992; Chang et al., 
2000). The host properties influencing S. aureus colonization are not well established, but 
suggested factors include iron availibility, indigenous microbiota, the concentration of 
defensins and polymorphisms in the genes encoding e.g. the glucocorticoid receptor or 
toll-like receptor 2. Glucocorticoids suppress immune defence and toll-like receptor 2 
plays a role in pathogen recognition (van den Akker et al., 2006; Sivaraman et al., 2009; 
Pynnonen et al., 2011; Johannessen et al., 2012; Brown et al., 2013; Yan et al., 2013; 
Krismer et al., 2014). Additional host factors leading to S. aureus colonization include 
underlying diseases such as atopic dermatitis or HIV infection/AIDS (Weinke et al., 1992).  

The ability of S. aureus to resist a wide range of antibiotics, including methicillin or 
glycopeptides, has become a problem during the last few decades (Dancer, 2003; 
Appelbaum, 2007). Bacteremia caused by MRSA is associated with high mortality rates 
and has increased during the 2000s in Europe and in the United States (Miro et al., 2005; 
Naber, 2009). Fortunately, due to efficient prevention measures and eradication 
programmes, there has been some progress in the control of health care associated MRSA 
infections in many countries (Faria et al., 2005; Stenhem et al., 2006; Kerttula et al., 2007; 
Dantes et al., 2013; Public Health England, 2014; van Rijen & Kluytmans, 2014; ECDC, 
2015; Jokinen et al., 2015). However, there has been a dramatic increase in the 
community acquired MRSA infections across the world, including Finland, in healthy 
individuals without a close contact to the health care system (Kanerva et al., 2009; David 
& Daum, 2010; Stegger et al., 2014). The large arsenal of MRSA isolates outside health 
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care facilities have complicateted the eradiction programmes (David & Daum, 2010; Dukic 
et al., 2013). The emergence of MRSA strains also in livestock has raised concerns in many 
countries and unnecessary administration of antibiotics to food animals has broad public 
health consequences worldwide.  In Finland, findings of livestock associated MRSA strains 
are still sporadic due to good health status of the animals and limited use of antibiotics in 
the farms (van Loo et al., 2007; Wulf & Voss, 2008; Schijffelen et al., 2010; Graveland et 
al., 2011; 2011van Cleef et al.Anonymous; Verkade & Kluytmans, 2014; Nykäsenoja et al., 
2015). 

3.3.1 Colonization and infection by S. aureus 

S. aureus adheres to various types of non-professional phagocytic cells such as epithelial 
and endothelial cells, fibroblasts, osteoblasts and keratinocytes (Jevon et al., 1999; 
Peacock et al., 1999; Kintarak et al., 2004; Löffler et al., 2014). In addition, S. aureus can 
avoid the immune defence by invading host cells and this makes the organism a 
facultative intracellular pathogen (Garzoni & Kelley, 2009; Sinha & Fraunholz, 2010). It is 
also able to adhere to a wide range of proteins of the human extracellular matrix (ECM) 
and plasma proteins such as fibrinogen (Fg), fibronectin (Fn), collagen, elastin and 
vitronectin (Kuusela, 1978; Patti & Höök, 1994; Foster & Höök, 1998; Clarke & Foster, 
2006; Ythier et al., 2012). S. aureus is known to exploit various adhesins, other cell-wall 
attached and secreted proteins, and polymers when it colonizes the nasopharynx, reaches 
the blood stream and invades organs to develop serious, life-threatening infections 
(Dreisbach et al., 2010). Many adhesins mediating the adhesion of S. aureus to cell 
surfaces belong to the group called microbial surface components recognizing adhesive 
matrix molecules, MSCRAMMs. These adhesins are attached by a sortase enzyme to the 
PG via a conserved LPXTG motif and frequently include a number of peptide repeats. 
Another group of adhesins are the secretable expanded repertoire adhesive molecules, 
SERAMs (Navarre & Schneewind, 1994; Patti & Höök, 1994; Foster & Höök, 1998; Navarre 
& Schneewind, 1999; Mazmanian et al., 2001; Chavakis et al., 2005). Some of the well-
known MSCRAMMS, SERAMs and other molecules involved in S. aureus virulence are 
described in Table 3. 

When asymptomatic S. aureus strains colonize human nose, they express several adhesins 
and immune-evasion molecules simultaneously (Cole et al., 2001; Peacock et al., 2001). 
They also down-regulate the expression of toxins and other virulence factors by a 
regulatory network that includes two-component systems such as a quorum sensing 
system (Burian et al., 2010; Muthukrishnan et al., 2011). The key role of clumping factor 
B, ClfB, in persistent infections and in nasal colonization is well-established (O'Brien et al., 
2002b; Wertheim et al., 2004). ClfB promotes attachment of S. aureus to nasopharyngeal 
epithelial cells and its significance in colonization has been verified e.g. in an in vivo 
mouse model of nasal colonization (Table 3) (Schaffer et al., 2006; Mulcahy et al., 2012). 
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Several other molecules have also been described as important in nasal colonization 
including cell wall teichoic acids (WTA), iron regulated surface determinant IsdA and 
serine-aspartate dipeptides containing Sdr proteins (Table 3) (Josefsson et al., 1998; 
Clarke et al., 2004; Weidenmaier et al., 2005; Corrigan et al., 2009; Muthukrishnan et al., 
2011; Baur et al., 2014a; Jenkins et al., 2015). Examples of molecules involved in S. aureus 
immune evasion include the extracellular Fg binding protein Efb that inhibits neutrophil 
adherence to Fg, and  as the two immunoglobulin (Ig)-binding proteins Protein A and Sbi 
involved in resistance to phagocytosis (Table 3) (Ko et al., 2011; Smith et al., 2011; Falugi 
et al., 2013; Kobayashi & DeLeo, 2013; McGuinness et al., 2016). Immune evasion 
proteins also play a role in severe, deep S. aureus infections where natural barriers are 
bypassed. Recently, a model was proposed by Jenkins and coworkers (2015) on the 
transformation of S. aureus from a commensal, asymptomatic nasal colonizer to an early-
bacteremia-causing pathogen and finally to a pathogen that causes invasive infections 
leading to sepsis. The research group compared, using rat nasal colonization, murine 
sepsis and bacteremia models, the transcript levels of putative S. aureus virulence 
determinants of nasal carrier strains to the transcript levels in pathogenic strains. Upon 
exposure to the bloodstream the expression of several adhesin genes such as sdrC 
encoding SdrC protein, icaB encoding intercellular adhesion protein B involved in the 
synthesis of biofilms and fnbA encoding fibronectin binding protein A, FnBPA (described in 
more detail below), were upregulated. Also the expression of toxin genes, such as hla 
encoding hemolysin, as well as genes involved in immune evasion and extended bleeding 
was increased. There were however differences in gene expression profiles between 
various S. aureus isolates implying that different strains respond differently to 
environmental changes (Jenkins et al., 2015). 

FnBPA is one of the best characterized MSCRAMMs of S. aureus. Fn is a soluble plasma 
protein that binds to host cells via an α5β1 integrin and is also a component of the human 
ECM. FnBPA binds to Fn via several aspartic acid (D) -rich repeats. FnBPA also contains Fg- 
and elastin-binding domains (Jönsson et al., 1991; Peacock et al., 1999; Wann et al., 2000; 
Roche et al., 2004) and is associated with strains causing persistent infections, 
bacteremia, infective endocarditis or other cardiovascular diseases, and cardiac device 
infections (Table 3) (Arrecubieta et al., 2006; Fitzgerald et al., 2006a; Fitzgerald et al., 
2006b; Heying et al., 2007; Edwards et al., 2010). FnBPA is also recognized as an 
important adhesin in osteomyelitis due to its capability to bind to bone osteoblasts 
(Ahmed et al., 2001). In addition to being an adhesin, FnBPA is an invasin that mediates 
internalization of bacterial cells to non-phagocytic cells, such as endothelial cells 
(Dziewanowska et al., 1999; Sinha et al., 1999; Alexander & Hudson, 2001; Que et al., 
2005; Hauck & Ohlsen, 2006). S. aureus expresses other Fn-binding proteins such as 
FnBPB, closely related to FnBPA (Jönsson et al., 1991; Menzies, 2003; Fitzgerald et al., 
2006b; Henderson et al., 2011), and an extracellular adherence protein Eap that has 
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broad binding specifity to plasma proteins (Table 3). Eap is also responsible for impaired 
wound healing in S. aureus infections. It is an immuno-modulatory protein that inhibits 
adhesion of monocytes and T-cells to endothelial cells (McGavin et al., 1993; Haggar et al., 
2003; Athanasopoulos et al., 2006). FnBPA, FnBPB and Eap mediate attachment and 
internalization of S. aureus cells to endothelial cells (Peacock et al., 1999; Edwards et al., 
2012). Adhesion to and invasion of the endothelium is the primary method for bacterial 
cells to escape from the bloodstream and disseminate into tissues (Edwards & Massey, 
2011). The transition from strains causing early bacteremia to organ invasion and heart 
lesion –causing strain is characterized by the increased expression of several genes 
encoding proteins involved in adhesion or invasion (Peacock et al., 2002; Jenkins et al., 
2015). Many invasive strains express e.g. the following genes: fnbA, clfA (described in 
more detail below), cna (encoding collagen adhesin CNA), sasF (encoding surface protein 
F) and WTAs synthezising genes such as tagO or tarK. Proteins involved in iron uptake e.g. 
IsdA and IsdB, exotoxins such as hemolysin, and immunoglobulin binding protein Sbi have 
also been described as being important in invasive infections (Cheng et al., 2009; Jenkins 
et al., 2015). 

The ability of endocarditis and heart lesion –causing S. aureus strains to interact with and 
induce aggregation of platelets has been identified as a crucial factor in the pathogenesis 
of infective endocarditis (Sullam et al., 1996; Hall et al., 2003; McAdow et al., 2011). ClfA 
that binds Fg (Table 3) has been shown to be a virulence factor in animal models of 
infective endocarditis (McDevitt et al., 1994; Moreillon et al., 1995; Siboo et al., 2001; 
Que et al., 2005). Passive immunization of mice with monoclonal antibodies raised against 
the Fg binding domain of ClfA has been shown to protect mice from septic death 
(Josefsson et al., 2001). The interaction between S. aureus and platelets is proposed to be 
mediated by ClfA through a Fg bridge on the platelet surface (Siboo et al., 2001; Hall et al., 
2003). ClfA binds also soluble Fg and is therefore able to enhance immune evasion of S. 
aureus cells by surface-coated Fg (Loughman et al., 2005). McAdow and coworkers (2011) 
showed that also von Willebrand factor-binding protein (vWbp) and coagulase are 
responsible for clotting of human plasma by S. aureus. Using a mouse model for S. aureus 
sepsis they proved that ClfA, vWbp and Coa are responsible for development of 
thromboembolic lesions in heart tissues and the cause of lethal outcome of this disease. It 
was suggested that the combined administration of direct thrombin inhibitors and ClfA-
antibodies may be useful for the prevention of staphylococcal sepsis in humans.  

The species S. aureus posesses variable colonization and pathogenic strategies (Table 3), 
but all colonization/virulence genes are not present or expressed in every S. aureus 
isolate. However, several surface protein encoding genes, for example ebpS, fnbpA, isdA, 
isdH, sasF, sasH and spa, are highly prevalent in various clinical and laboratory isolates 
and present in in all sequenced S. aureus genomes (Smeltzer et al., 1997; Hussain et al., 
2001a; Hussain et al., 2001b; Arciola et al., 2005; McCarthy & Lindsay, 2010). The broad 
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reservoir of virulence associated genes in S. aureus strains has made the organism very 
adaptive to different host environments and thus able to cause versatile kind of 
infections.  

Table 3. Examples of molecules associated in colonization and virulence of S. aureus 
Protein/ 
molecule1  

Described 
ligands for 
binding 

Characterized 
functions 

References Examples of  
animal 
models 
for virulence 
or 
colonization 

References 

MSCRAMMs 
ClfA  Fg, 

complement 
factor I 

Platelet 
binding, 
immune 
evasion 

(McDevitt et al., 
1994; Siboo et al., 
2001; Loughman et 
al., 2005; Hair et 
al., 2008) 

Murine sepsis 
and septic 
arthritis 
models, 
rabbit and rat 
infective 
endocarditis 
models 
 

(Moreillon et 
al., 1995; 
Josefsson et 
al., 2001; Siboo 
et al., 2001; 
Que et al., 
2005; McAdow 
et al., 2011) 

ClfB Fg,  
type I 
cytokeratin 
10,  loricrin  

Adhesion to 
nasal 
epithelial cells 

(Ní Eidhin et al., 
1998; O'Brien et 
al., 2002b; 
Mulcahy et al., 
2012) 

Murine nasal  
colonization 
model  

(Schaffer et al., 
2006) 

FnBPA Fg, Fn, elastin  
 

Adhesion to 
ECM,  
endothelial 
cells and 
osteoblasts, 
Invasion to 
host cells, 
activation of 
platelets 

(Flock et al., 1987; 
Signäs et al., 1989; 
Peacock et al., 
1999; Sinha et al., 
1999; Wann et al., 
2000; Ahmed et al., 
2001; Roche et al., 
2004; Fitzgerald et 
al., 2006b; Sinha & 
Fraunholz, 2010) 
 

Murine sepsis 
model, 
rat 
endocarditis 
model 

(Que et al., 
2005; Piroth et 
al., 2008; 
Edwards et al., 
2010) 

FnBPB Fn  
 

Adhesion to 
ECM, human 
endothelial 
cells and 
osteoblasts, 
activation of 
human 
platelets 
 

(Jönsson et al., 
1991; Ahmed et al., 
2001) 

Murine sepsis 
model 

(Shinji et al., 
2011) 

CNA 
 

Collagen, 
complement 
protein C1q 

Adhesion to 
cartilage, 
inhibition of 
complement 

(Switalski et al., 
1993; Zong et al., 
2005; Kang et al., 
2013) 

Murine septic 
arthritis and 
osteomyelitis 
models, 

(Rhem et al., 
2000; 
Johansson et 
al., 2001; Xu et 
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Protein/ 
molecule1  

Described 
ligands for 
binding 

Characterized 
functions 

References Examples of  
animal 
models 
for virulence 
or 
colonization 

References 

activation rabbit 
keratitis 
model 
 

al., 2004) 

SasF 
SasG 
 
 
 

Not known 
 

Adhesion to 
squamous 
epithelium of 
anterior 
nares, 
promotion of 
biofilm 
formation, 
anti-adhesive 
to ECM 
proteins 
 

(Roche et al., 
2003b; Corrigan et 
al., 2007) 
 

Mouse skin 
abscess 
model  

(Kwiecinski et 
al., 2014) 
 
 

SpA 
 

Fc region of 
IgG, IgM VH3 
heavy chain, 
von 
Willebrand 
factor, TNFR1, 
platelet 
complement 
receptor 
gC1qR/p33 
 

Immune 
evasion, 
induction of 
airway 
epithelial 
inflammatory 
responses, 
bone 
destruction 
and loss  
 

(Uhlen et al., 1984; 
Cedergren et al., 
1993; Graille et al., 
2000; Hartleib et 
al., 2000; Nguyen 
et al., 2000; Gomez 
et al., 2004; Foster, 
2005; Widaa et al., 
2012) 

Mouse 
pneumonia 
models 
murine septic 
arthritis 

(Palmqvist et 
al., 2002; 
Gomez et al., 
2004; 
Wardenburg et 
al., 2007) 

SdrC, 
SdrD 
 
 

β-neurexin Adhesion to 
desquamated 
epithelial 
cells, abscess 
formation 

(Cheng et al., 2009; 
Corrigan et al., 
2009; Barbu et al., 
2010) 
 

  

SdrE 
 

Complement 
factor H 

Immune 
evasion, 
aggregation 
of platelets 

(O'Brien et al., 
2002a; Sharp et al., 
2012) 

  

SERAMs 
Efb Fg, 

complement 
protein C3b 

Anti-
phagoctytic, 
complemen
t protein 
degradation
, delayes 
wound 
healing 

(Palma et al., 1998; 
Palma et al., 2001; 
Koch et al., 2012; Ko 
et al., 2013; Ko et al., 
2016) 

Rat wound 
infection 
model,  
murine 
abscess 
formation 
and sepsis 
models  

(Palma et al., 
1996; McAdow 
et al., 2011; 
Jongerius et 
al., 2012; Ko et 
al., 2013). 
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Protein/ 
molecule1  

Described 
ligands for 
binding 

Characterized 
functions 

References Examples of  
animal 
models 
for virulence 
or 
colonization 

References 

 
Coa Fg Clotting of 

plasma 
(McAdow et al., 
2011; Ko et al., 2016) 

Rat 
endocarditis 
model 

(Moreillon et 
al., 1995) 

Eap Fn, Fg, 
intercellular 
adhesion 
molecule 1 
ICAM-1,  bone 
sialoprotein, 
vitronectin, 
thrombospon-
din, collagen, 
osteopontin  

Enhances 
internalizati
on into 
endothelial 
cells, 
inhibits 
binding of 
leukocytes 
to 
endothelial 
cells, 
and inhibits 
wound 
healing 
 

(McGavin et al., 
1993; Jonsson et al., 
1995; Chavakis et al., 
2002; Haggar et al., 
2003; Haggar et al., 
2004; 
Athanasopoulos et 
al., 2006; Edwards et 
al., 2012) 

Mouse 
bacteraemia 

(Edwards et al., 
2012) 

vWbp von 
Willebrand 
factor 

Clot 
formation 

(Bjerketorp et al., 
2002; Bjerketorp et 
al., 2004; Thomer et 
al., 2013) 

Mouse sepsis 
model 

(McAdow et 
al., 2011) 

Surface associated molecules, cell wall components and exopolymers 
Sbi 
 

Fc region of 
IgG, 
complement 
proteins C3b, 
Factor H and 
FHR-1  

Immune 
evasion, 
complement 
protein 
degradation 

(Zhang et al., 1998; 
Haupt et al., 2008; 
Smith et al., 2011; 
Koch et al., 2012) 

  

Ebh 
 

Fn  Not known 
 

(Clarke et al., 2002) Mouse 
bacteremia 
model 

(Cheng et al., 
2014a) 

PNAG 
(or PIA) 

Attracts TA Intercellular 
adhesin, cell–
cell 
interactions in 
biofilm 
formation, 
resistance to 
phagocytosis 
 

(Lin et al., 2015) Murine 
bacteremia 
and renal 
abscess 
formation 
models 

(Kropec et al., 
2005) 

TA Nasal 
epithelial 
receptor 

Adhesion to 
nasal 
epithelial cells 

(Wang et al., 2000; 
Weidenmaier et 
al., 2004; Hattar et 

Rabbit 
endocarditis 
model 

(Weidenmaier 
et al., 2005) 



Introduction 23 

Protein/ 
molecule1  

Described 
ligands for 
binding 

Characterized 
functions 

References Examples of  
animal 
models 
for virulence 
or 
colonization 

References 

SREC-I and inert 
surfaces, 
biofilm 
formation, 
activation of 
cytokine 
generation 
 

al., 2006; 
Weidenmaier et 
al., 2008; Baur et 
al., 2014b) 

IsdA  
IsdB  
IsdH 

Corneocyte 
envelope 
proteins, Fg 
and Fn, 
platelet 
integrin 
GPIIb/IIIa 

Adhesion to 
desquamated 
nasal 
epithelial cells 

(Clarke et al., 2004; 
Clarke et al., 2009; 
Corrigan et al., 
2009; Miajlovic et 
al., 2010) 

Rat nasal 
carriage 
model 

(Clarke et al., 
2006) 

1Abbreviations: Clf, clumping factor; CNA, collagen binding protein; Coa, coagulase; Eap, extracellular adherence 
protein;  Ebh, extracellular matrix -binding protein homologue; Ebp, elastin-binding protein; Efb, extracellular 
fibrinogen binding protein; Fg, Fibrinogen; Fn, Fibronectin; Fnbp, fibronectin binding protein; Isd, iron-regulated 
surface determinant; MSCRAMM, microbial surface components recognizing adhesive matrix molecule; PIA 
polysaccharide intercellular adhesin; PNAG, poly-N-acetylglucosamine Poly-N-acetyl-glucosamine; Sas, surface 
protein; Sdr, serine-aspartate repeat; SERAM, secretable expanded repertoire adhesive molecule; SpA, protein A; TA, 
teichoid acids; vWbp, von Willebrand factor -binding protein. 

3.4 Lactobacillus crispatus as a part of human microbiota 

Lactobacilli are a heterogeneous group of Gram-positive, facultative anaerobic or 
microaerophilic rods that form a major part of the lactic acid bacteria (LAB) group. They 
occupy carbohydrate-rich environments such as plants, dairy environments and host-
associated habitats. Some species are employed in the production of e.g. yoghurt, cheese, 
sauerkraut or kefir, as well as in animal feeds, and lactobacilli have antibacterial and 
antifungal properties (Inglin et al., 2015). They have a generally recognized as safe (GRAS) 
status, approved by US Food and Drug Administration. GRAS status is important for the 
industrial and probiotic use.  

The members of healthy adult gut microbiota belong to the phyla 
Firmicutes and Bacteroidetes. Lactobacilli, a genus of Firmicutes, have been found in the 
proximal sites of the small intestines i.e jejunum and duodenum. However, it has been 
speculated that they are mostly transiently passing through the gut, since most lactobacilli 
strains are sporadic being unable to show high degree of temporal stability that is 
characteristic for resident members of the microbiota (Walter, 2008). Persistent 
lactobacillus strains in the intestinal tract belong to the species Lactobacillus gasseri, L. 
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crispatus, Lactobacillus reuteri, Lactobacillus salivarius, and Lactobacillus ruminis  (Reuter, 
2001; Eckburg et al., 2005; Rajilić-Stojanović et al., 2007; Qin et al., 2010).  

Lactobacilli show affinity for the surface of stratified, squamous, mostly nonsecretory 
epithelium. This type of epithelium is not present in the human gastrointestinal tract (GIT) 
but is found e.g. in the forestomachs of rodents, the pars oesophageus of pigs, the crop of 
chickens and in the human vagina. L. crispatus is among the most prevalent species in 
chicken crop and in the healthy human vagina, and is able to protect the vagina from 
invading pathogens (Boris & Barbés, 2000; Edelman et al., 2002; Zárate & Nader-Macias, 
2006; Abbas Hilmi et al., 2007; Srinivasan et al., 2010; Lamont et al., 2011; Ravel et al., 
2011; Castro et al., 2013). A comparative genomics study by Ojala and coworkers (2014) 
provided evidence that L. crispatus proteins are responsible for the competitive exclusion 
of Gardnerella vaginalis causing bacterial vaginosis. Thus, L. crispatus, the species used in 
this study, shows potential as a probiotic organism, and has indeed been used in phase II 
trails to prevent and manage urogenital tract infections and bacterial vaginosis in women 
(Mariat et al., 2009; Patterson et al., 2010; Ngugi et al., 2011; Stapleton et al., 2011; 
Dwyer & Dwyer, 2013; Ojala et al., 2014). 

3.4.1 Adhesion factors of Lactobacillae 

Adhesion of Lactobacillus species to epithelial surfaces has been studied mostly in vitro 
and there are not many studies that confirm the adhesion to intestinal cells in vivo 
(Macfarlane et al., 2004; Valeur et al., 2004; Macfarlane & Dillon, 2007; Vélez et al., 2007). 
Nevertheless, lactobacilli may exclude pathogens and compete with them for the binding 
sites in the GIT. Lactobacilli have been demonstrated to possess beneficial, protective 
effects in the GIT or in fetal gut (Sazawal et al., 2006; Vesterlund et al., 2006; Kajander et 
al., 2008; Lebeer et al., 2008; Pillai & Nelson, 2008; Hardy et al., 2013; Ganguli et al., 
2015).  

The intestinal mucus, the lubricant that protects intestinal mucosa and forms a gel matrix 
composed primarily of glycoproteins, has been shown to be a binding target of many 
species of lactobacilli (Tassell & Miller, 2011). Well-characterized cell wall proteins of 
lactobacilli mediating adhesion to mucus polymers include the extracellular mucus-
binding protein (MUB) of L. reuteri (Roos & Jonsson, 2002), the lectin-like mannose-
specific adhesin (Msa) of Lactobacillus plantarum (Pretzer et al., 2005) and lipoprotein 
signal peptidase LspA of L. salivarius (Claesson et al., 2006; van Pijkeren et al., 2006). 
Proteins containing varying numbers of MUB-domains are present only in LAB and are 
associated mostly in lactobacilli of the GIT (Boekhorst et al., 2006). Also fimbriae, or pili, 
have been demonstrated to be essential for the mucus interaction of the strain 
Lactobacillus rhamnosus GG (Kankainen et al., 2009).  
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S-layer proteins of L. crispatus, Lactobacillus brevis and Lactobacillus acidophilus have 
been identified as adhesins mediating bacterial attachment to intestinal epithelial cells, 
ECM proteins and to lipoteichoid acids of other bacterial species (Toba et al., 1995; 
Sillanpää et al., 2000; Antikainen et al., 2002; Hynönen et al., 2002; Åvall-Jääskeläinen et 
al., 2003; Buck et al., 2005; Leeuw et al., 2006; Johnson-Henry et al., 2007). Additional 
adhesins reported on the surface of lactobacilli include a collagen-binding protein of L. 
reuteri (Aleljung et al., 1994),  the moonlighting proteins elongation factor Tu (EF-Tu) and 
the heat shock protein GroEL, which are primarly cytoplasmic proteins of L. johnsonii, as 
well as the glycolytic enzyme enolase of L. crispatus and glyceraldehyde 3-phosphate 
dehydrogenase, GAPDH, of L. plantarum (Granato et al., 2004; Bergonzelli et al., 2006; 
Antikainen et al., 2007; Antikainen et al., 2007; Ramiah et al., 2008). Recently, two other 
novel moonlighting proteins of L. crispatus, glutamine synthetase (GS) and glucose-6-
phosphate isomerase (GPI), were identified as novel adhesive proteins (Kainulainen et al., 
2012). The moonlighting phenomenon is discussed in more detail in chapter 3.6. 

Many more surface-associated proteins recognized as putative adhesins have been 
identified from the genomics data on the basis of sequence similarity (Båth et al., 2005; 
von Ossowski et al., 2011). For example, Ojala and coworkers (2014) compared the 
genome sequences of ten L. crispatus genomes (Ojala et al., 2014). Of the predicted 
putative adhesins, six were strain specific mucus-binding proteins whereas seven were 
present in every strain. The putative fibronectin/fibrinogen-binding protein FbpA is an 
example of an adhesin found in all the analyzed strains (Ojala et al., 2014). The strains 
analyzed included nine human vaginal species and the avain strain L. crispatus ST1, which 
was analyzed in more detail regarding its binding properties in the current study (chapter 
6.3). 

3.5 Host plasminogen/plasmin system utilized by bacteria 

Fibrinolysis is a part of the blood haemostasis system that controls bleeding. Fibrinolysis 
dissolves blood clots before the clots grow and create damage in the vessels and 
cardiovascular system. Plasmin is a trypsin-like enzyme and it circulates in the host as 
inactive proenzyme plasminogen, Plg, which has a central role in fibrinolysis (Ponting et 
al., 1992). The Plg/plasmin proteolytic pathway participates in dissociating fibrin clots by 
rapid non-specific proteolysis and in many other proteolytic events in extravascular 
tissues (Pepper, 1997; Pepper, 2001). Fibrinolysis is initiated when Plg binds to the fibrin 
network in the clots and is activated to plasmin by tissue-type plasminogen activator tPA 
or urokinase-type plasminogen activator uPA (Vassalli et al., 1991; Myöhänen & Vaheri, 
2004; Rijken & Lijnen, 2009). Plg is localized to host cell surfaces by immobilization to cell-
surface receptors like annexin-II and histidine-rich glycoproteins (Brownstein et al., 2001; 
Jones et al., 2004), to phosphatidylserine-exposing platelets (Whyte et al., 2015) or to 
glycoproteins of the ECM (Vassalli et al., 1991). This localized binding of Plg enhances the 
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activation of Plg to plasmin because surface bound Plg adopts an open conformation that 
is more readily cleaved to plasmin. Additionally, the plasmin immobilization protects the 
enzyme from the activity of its inhibitor α2-antiplasmin, which rapidly inactivates soluble 
plasmin in plasma, and increases the efficiency of localized ECM degradation (Plow & 
Miles, 1990; Vassalli et al., 1991).  

Many pathogenic bacteria, such as Streptococcus, Staphylococcus and Yersinia, can take 
advantage of the host Plg/plasmin proteolytic pathway for effective invasion and 
dissemination (Boyle & Lottenberg, 1997; Lähteenmäki et al., 2001; Lähteenmäki et al., 
2005; Suomalainen et al., 2007; Bhattacharya et al., 2012; Fulde et al., 2013). The 
pathogens can either recruit Plg to their cell surface by expressing Plg receptors or 
activate indirectly or directly Plg to plasmin. Activation of Plg to plasmin by bacteria leads 
to development of a proteolytic surface on the bacterial cell. The proteolytic bacterial 
surface disrupts e.g. the fibrin meshwork, which keeps the bacterial infection localized. 
The distruption allows bacteria to escape from the clots where they are trapped and 
disseminate within the host and degrade components of the ECM, the basement 
membrane, as well as other host tissues (Wong et al., 1992; Bokarewa et al., 2006; 
Bergmann & Hammerschmidt, 2007; Caulfield & Lathem, 2012). Additionally, some 
commensals express plasminogen receptors on their surface or secrete them to the 
extracellular medium as in the case of enolase and GAPDH from L. crispatus ST1 and the 
putative Plg-binding proteins of Bifidobacterium (Antikainen et al., 2007; Candela et al., 
2007; Hurmalainen et al., 2007). The reason for Plg activation by commensal bacteria is 
not easy to explain or to reveal.  Commensal microbes might compete with pathogens for 
Plg or for example promote the conversion of Plg further to the antitumorigenic fragment 
called angiostatin that inhibits new blood vessel formation in tumors (Stappenbeck et al., 
2002; Edelman, 2005; Sánchez et al., 2010).  

Streptokinase (SK) of Streptococcus is a prototype of plasminogen activators. SK can 
activate plasmin formation by forming a 1:1 stoichiometric complex with Plg. The 
formation of the SK-Plg complex exposes the active site of Plg by nonproteolytic 
mechanisms, and this exposed, active site of Plg in turn converts free Plg present in 
plasma to plasmin. Thereby it creates a surface-associated plasmin activity on the 
streptococcal cell (McClintock & Bell, 1971; Bajaj & Castellino, 1977; Reddy, 1988; Loy et 
al., 2001). Staphylococci can also manipulate the host Plg system (Kuusela & Saksela, 
1990; Boyle & Lottenberg, 1997; Mölkänen et al., 2002). The extracellular protein 
staphylokinase (SAK), which is produced by the majority of S. aureus strains, is the best 
known example of staphylococcal Plg activators (Collen et al., 1993). The activation of Plg 
in the SAK-Plg complex differs from the SK-Plg complex in Streptococcus; the plasmin 
activity is not exposed directly, but formation of a SAK-Plg stoichiometric complex leads to 
changes in conformation of Plg exposing the cleavage site for endogenous activators such 
as tPA or uPA. The binding also changes the specificity of Plg; the SAK-plasmin activates 
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primarly fibrin-bound Plg to plasmin (Collen et al., 1993). Another example of Plg 
activators able to activate plasminogen directly is the Pla protein of Yersinia pestis. Pla is a 
surface protease acting as a plasminogen activator itself that mediates invasion of Y. 
pestis to host cells (Suomalainen et al., 2007).  

A large number of pathogenic bacteria express surface-associated Plg receptors such as 
enolase, GAPDH or M protein of Streptococcus or the lipoproteins OspA and OspC of 
Borrelia burgdorferi. Immobilization of Plg to the receptors enhances the activation of Plg 
to plasmin by uPA or tPA. Immobilized plasmin is also protected from α2 –antiplasmin 
(Fuchs et al., 1994; Winram & Lottenberg, 1996; Pancholi & Fischetti, 1998; Ringdahl & 
Sjöbring, 2000; Bergmann & Hammerschmidt, 2007; Önder et al., 2012).  

3.6 Bacterial proteins with novel, moonlighting functions 

Proteins that localize to various cellular compartments and show different functions in 
these locations are called moonlighting proteins (Jeffery, 1999). Such proteins were first 
characterized in eukaryotic cells in the 1980s (Piatigorsky et al., 1988). A few years later 
also bacterial moonlighting proteins were identified in Mycobacterium tuberculosis and 
on group A streptococci (Pancholi & Fischetti, 1992; Harth et al., 1994). Today protein 
moonlighting is becoming recognized as a common phenomenon of all three domains of 
life (Jeffery, 2003; Jeffery, 2009; Copley, 2012; Henderson & Martin, 2014; Mani et al., 
2015). The primary functions of these proteins are usually related to fundamental cellular 
processes like glycolysis or protein synthesis and the moonlighting function is often 
localized to the cell surface or extracellularly. A well-known example of a bacterial 
moonlighting protein and also one of the first identified moonlighting proteins in bacteria 
is the streptococcal glycolytic enzyme GAPDH. It is capable of binding fibronectin, 
lysozyme, myosin and actin to the bacterial cell surface, and its surface localization has 
been shown to be essential for bacterial virulence (Pancholi & Fischetti, 1992; Winram & 
Lottenberg, 1996; D'Costa et al., 2000; Jin et al., 2005; Jin et al., 2011). Since the finding of 
streptococcal GAPDH as a moonlighting protein, dozens of other bacterial proteins, from 
pathogens and commensals, including GAPDH from other species, enolases of many 
bacterial species as well as eukaryotic cells, glutamine synthetase and glucose-6-
phosphate isomerase have been shown to possess moonlighting functions. The described 
moonlighting functions of these proteins include adhesion to ECM proteins, binding of 
plasminogen and modulation of host immune responses (Pancholi & Fischetti, 1992; 
Harth et al., 1994; Whiting et al., 2002; Carneiro et al., 2004; Antikainen et al., 2007; 
Castaldo et al., 2009; Kainulainen et al., 2012; Henderson & Martin, 2013; Kainulainen & 
Korhonen, 2014; Wang et al., 2014). 

The localization process of bacterial moonlighting proteins is not fully understood. The 
proteins do not possess known secretion signals (chapter 3.7.4) or reported sortase-



28 Introduction 

dependent membrane anchoring sequences such as LPxTG. It has been speculated that 
they are released from dying cells or by non-classical secretion mechanisms (chapter 
3.7.5) and then reattached, e.g. in response to pH changes, to neighboring cells where 
they can express their moonlighting functions (Antikainen et al., 2007; Kainulainen et al., 
2012; Kainulainen & Korhonen, 2014). Other postulated mechanisms include passive 
leakage or, in the case of cell wall proteins, release during the cell wall turnover or 
proteolytic shaving (Antelmann et al., 2006; Mani et al., 2015). The secretion motifs 
employed by moonlighting proteins are difficult to predict until more knowledge on their 
secretion has been gathered.  Most probably, bacteria have solved the localization of 
moonlighting proteins in different ways and there will not be common secretion 
mechanisms of these versatile proteins. 

3.7 Protein secretion mechanisms 

 
Figure 3. Bacterial secretion systems present in Gram-negative bacteria. The Sec-dependent export 
pathway (Sec) includes the SecYEG protein complex, which forms a channel through the IM and is 
energized by the SecA ATPase. Tat translocase comprises three membrane proteins and is energized by a 
transmembrane proton electrochemical gradient. T1SS is comprised of three major parts: 1) an ABC 
exporter in the IM. The exporter contains a transmembrane and a cytoplasmic domain that hydrolyse 
ATP, 2) an outer membrane factor (OMF) that forms a channel through the OM, and 3) a membrane 
fusion protein (MFP) bridging the ABC exporter and the outer membrane factor. The piston-like T2SS is a 
multimeric protein complex called secreton, which contains a pore-forming channel, secretin, in the OM 
and a periplasmic filament, pseudopilus, anchored to the IM. The T2SS substrates are recognized by the 
pseudopilus tip, and pushed through the OM channel in a piston-like manner where new subunits are 
assembled to the filament. The third part of the complex is called the inner membrane platform that 
provides energy. T3SS injectisome is composed of a base, syringe that spans the IM and the OM. The 
base contains four ring complexes in the IM and OM, which are joined by a central channel, neck, which 
spans the periplasm. The needle, which is linked to the base, projects outward from the bacteria. It 
connects the OM rings and the tip complex of the apparatus, which is made up of translocators. An 
ATPase is associated in the base but it is not known wheter it provides energy or only directs the 
substrates, effectros, to the machinery. Most T4SSs, which is another group of bacterial injection 
machines, are comprised of an extracellular pilus, a core complex that spans IM and OM and an OM 
complex. The system is energized by an ATPase. The chaperone-usher (CU) pathway, a fimbrial assembly 
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system, contains a periplasmic chaperone that folds and delivers the Sec-dependently exported fimbria 
subunits to an usher protein in the OM. The usher serves as a molecular assembly platform that 
mediates translocation of subunits to the cell surface and assembly of the growing fimbria. The assembly 
is independent of cellular energy. Sec-dependent T5SSs (autotransporters) contain an endogenous C-
terminal, β-barrel-forming, translocator domain and an amino-terminal passenger domain. T6SS, another 
injection machine, is composed of an extracellular bacteriophage-like tail and subunits in the outer and 
inner membranes such as TPase for energy supply. 
 

For correct localization of proteins, enzymes, toxins, or pathogenicity factors, bacteria 
have evolved different secretion systems. The type I, II, III, IV, V and VI secretion systems 
(T1SS, T2SS, T3SS, T4SS, T5SS, T6SS, respectively; Figure 3. ) are widely spread among 
Gram-negative bacteria (Beckwith, 2013; Bhatty et al., 2013; Campos et al., 2013; 
Coulthurst, 2013; Grijpstra et al., 2013; Kanonenberg et al., 2013; Kudva et al., 2013; Tosi 
et al., 2013; Costa et al., 2015). The type VII secretion system has been proposed as the 
pathway for secretion of the WXG100 family proteins (also known as Wss or Esat- 6-
secretion system in Mycobacterium) in Gram-positive bacteria (Poulsen et al., 2014). 
However, according to Desvaux and coworkers (2009) the numerical categorization of 
protein-secretion systems should be dedicated to the systems in Gram-negative bacteria. 
Those present also, or solely, in Gram-positive bacteria should have descriptive names, 
not numbers, e.g Sec or Tat patways (Pallen, 2002; Abdallah et al., 2007; Desvaux et al., 
2009) Here, the abbreviations with numbers are used only for T1SS – T6SS, without 
specific annexes, and other pathways or subgroups of the T1SS – T6SS are referred to by 
their descriptive names. The terms general secretory pathway and the main terminal 
branch, referring often to Sec and T2SS pathways respectively, are not used in this study. 
The description of the terms export, secretion, secretome, exoproteome, transport and 
translocation according to Chagnot et al. (2013) is presented in Figure 4 and Table 4. 
 

 
Figure 4. Schmatic illustration showing the differences of export, secretion and translocation in Gram-
positive (A) and Gram-negative bacteria (B). PG: peptidoglycan, CM cytoplasmic membrane, IM inner 
membrane. Modified from Chagnot et al (2013). 
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Table 4. Terminology for bacterial protein transportation. 
Term Description 
Exoproteome/ the extracellular 
proteome  

All proteins present in the extracellular milieu (exoproteins). 

The secretome  The secretome includes secreted proteins and proteins of the 
secretion machinery. Exoproteome is a part of the secretome. The 
secretome does not include exoproteins present extracellulary due to 
unspecific leakage (e.g. cell lysis, extracellular vesicles). 

Surface proteome/surfacome  The proteins at the bacterial cell surface (the cell-surface proteins). 
Does not cover non-proteinaceous molecules such as LPS, teichoic 
acids, exopolysaccharides. 

Export  Active transport (from the interior) across the IM in Gram-negative 
bacteria (to periplasm) and across the CM in Gram-positive bacteria. 

Secretion  Active transport from the interior to the exterior of the cell. In Gram-
positive bacteria, secretion and export are synonymous since proteins 
have to cross only one biological membrane to reach the extracellular 
milieu. In Gram-negatives, secreted molecules have to cross two 
biological membranes and periplasm to reach the exterior of the cell. 

Translocation  Active transport across a biological membrane (in both directions) 
that can be e.g. IM/CM or OM  

Transport  General term for movement of molecules. Can be passive or active. 

Modified from Chagnot et al (2013). 

3.7.1 Bacterial universal secretion mechanisms 

The IM of Gram-negative bacteria contains two universal, bacterial transport systems for 
export of signal sequence –dependent proteins: the Sec translocon and the Tat system 
(Figure 3) (Kudva et al., 2013). In Gram-negative bacteria these transport systems export 
proteins from the cytosol to the periplasmic space. The protein transport pathways 
employing the Sec translocon include the SecB-dependent post-translational pathway 
where SecB functions as a chaperone, or foldase, that inhibits the newly synthesized 
polypeptide chain from folding prior to transport (Hardy & Randall, 1993; Sala et al., 
2014). The export can also be co-translational and occur via the signal recognition particle 
(SRP) pathway (Zhang et al., 2010). The SRP pathway is required for targeting of inner 
membrane proteins to the IM (Ulbrandt et al., 1997; Schaffitzel et al., 2006). Fully folded 
proteins can be exported across the IM by a twin-arginine translocation (Tat) pathway 
(Sargent et al., 2006; Panahandeh et al., 2009). The IM also contains substrate-specific 
pathways, such as some members of bacterial ATP-binding cassette (ABC) transporters 
known as the ABC exporters that translocate substrates across the IM to the periplasm. 
ABC exporters that are not highly specific are involved in bacterial self-protection by 
excreting toxic molecules such as drugs and antibiotics from the cells (Young & Holland, 
1999; Dawson et al., 2007; Davidson et al., 2008). 
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3.7.2 Secretion mechanisms of Gram-negative bacteria 

Once in the periplasm, proteins on a route to the extracellular environment have different 
export options depending on the type of the protein. The T2SS is exploited by many 
Gram-negative bacterial species in transport of folded proteins from the periplasm to the 
outside of the cell (Douzi et al., 2012b; Nivaskumar & Francetic, 2014; Korotkov et al.). 
Both Sec and Tat systems can deliver their substrates to the T2SS but the unfolded 
proteins from the Sec system must be folded in the periplasm prior to secretion. Other 
transport routes for Sec-dependently exported proteins from the periplasm to the cell 
surface are the chaperone/usher pathway and the T5SS. The chaperone/usher pathway 
(Figure 3), which is one of best-studied secretion systems in bacteria, mediates fimbria 
biogenesis (Desvaux et al., 2009; Busch & Waksman, 2012). The fimbria subunits are 
exported to the periplasm in a Sec-dependent manner. Then periplasmic chaperone 
protein folds and delivers the subunits to an usher protein located in the OM (Norgren. et 
al., 1987; Vetsch et al., 2004; Busch & Waksman, 2012). In T5SS, known as 
autotransporter systems, the C-terminal translocator domain mediates the transports of 
the amino-terminal passenger domain. The passanger can then be surface localized as 
adhesin or released as in the case of toxins (Grijpstra et al., 2013; Costa et al., 2015). 
However, it has been suggested that autotransporters might not actually be autonomous 
transporter systems and that the secretion might be more complicated than previously 
described, involving also the outer membrane complexes Bam and TAM, but the current 
knowledge is still insufficient (Knowles et al., 2009; Leo et al., 2012; Selkrig et al., 2012; 
Roman-Hernandez et al., 2014; Heinz et al., 2015). 

Secretion systems that bypass the periplasm are called single-step systems. T4SS, a 
bacterial injection machine (Figure 3), is a biologically diverse transfer system able to form 
a channel through the cell envelope and inject protein-bound DNA or other 
macromolecules, called effectors, directly into the target cells or to the extracellular 
milieu (Alvarez-Martinez & Christie, 2009; Bhatty et al., 2013). In general, effectors are 
delivered from the cytoplasm across the cell envelope in the T4SS channel preventing 
exposure to the periplasmic space, but in some cases the substrates, such as pertussis 
toxin of Bordetella pertussis, are first exported by the Sec-dependent pathway to the 
periplasm and then secreted via T4S machinery (Weiss et al., 1993; Pantoja et al., 2002; 
Low et al., 2014). Single-step secretion systems which, according to current knowledge, 
lack detectable periplasmic intermediates include T1SS, T3SS (chapter 3.7.3) and T6SS 
(Kanonenberg et al., 2013; Burkinshaw & Strynadka, 2014; Ho et al., 2014). T1SS (Figure 3) 
is a member of the family of ABC transporters (Delepelaire, 2004) and it assembles upon 
induction by its substrate. The proteins are transported across the inner and outer 
bacterial membranes in a single, energy-coupled step. One of the best studied examples 
of T1SS in bacteria is the Hly system of E. coli where HlyB and HlyD form the ABC export 
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channel through IM and TolC forms a channel through the OM (Filloux, 2010; 
Kanonenberg et al., 2013). The bacteriophage-like injection apparatus T6SS (Figure 3) is 
also specialized in the transport of proteins directly from the cytoplasm into the target 
cells similarly as T4SS (Filloux et al., 2008; Ho et al., 2014; Zoued et al., 2014). T6SS 
encoding genes are widely distributed among pathogenic Gram-negative bacteria, in 
which T6SS is involved in the pathogenesis and participates in inter-bacterial competition 
(Mougous et al., 2006; Russell et al., 2012; Ho et al., 2014).  

3.7.3 T3SS: T3SS injectisome and flagellar apparatus of Gram-negative 
bacteria 

The T3SS is one of the most complex secretion machineries known today being composed 
of about 30 different proteins (Galán et al., 2014). The T3SS includes two subgroups; the 
T3SS injectisome (Figure 3) and the flagellum (Figure 5). Both systems contain functionally 
and structurally similar export machinery for protein secretion and share similarities in 
secretion signals (chapter 3.7.4). T3SS injectisome has evolved from the bacterial 
flagellum into an injection machine (Diepold & Armitage, 2015) and these two subgroups 
of T3SSs can occasionally replace each other. For example the non-flagellar T3SS protein 
phospholipase YplA of Yersinia enterocolitica can be secreted by the flagellar apparatus 
(Young et al., 1999; Duan et al., 2013). Similarly, the flagellar cap (FliD), hook-associated 
(FlgK and FlgL), hook (FlgE), and rod (FlgB) proteins have been shown to be secreted by 
the T3SS injectisome in Pseudomonas aeruginosa (Ince et al., 2015). 

The T3SS injectisome forms a hollow needle-like structure (Radics et al., 2014), which is 
able to inject effectors, substrates, directly to the cytosol of the host target cells (Figure 3) 
(Büttner, 2012; Galán et al., 2014). The T3SS injectisome is employed by bacteria for 
instance to colonize host cells, escape immune responses or remodel host cell functions 
(Hueck, 1998; Galán & Wolf-Watz, 2006; Coburn et al., 2007).  

The bacterial flagellum is a helical, rotating filament responsible for the motility of 
bacteria. The hollow flagellum basal body is embedded in the cell envelope and the 20 
nanometer thick, also hollow, filament extends c. 15–20 μm from the bacterial surface 
(Rossez et al., 2015). The direction of rotation can be switched clockwise or counter-
clockwise and thus bacterial cells are able to swim forward and backward or tumble in 
response to the environmental stimuli and chemotactic gradient (Silverman & Simon, 
1974; Sourjik & Wingreen, 2012; Lele et al., 2013). The flagellum can also mediate 
adherence during host colonization and it plays a role in immunity by inducing protective 
immune responses (Erdem et al., 2007; Zgair & Chhibber, 2011; Duan et al., 2013; Rossez 
et al., 2015). Additionally, it functions as a secretion system mainly for flagellar proteins 
(Young et al., 1999; Duan et al., 2013). 
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Figure 5. An illustration of a flagellum. The nascent, partially unfolded flagellin subunits to be 
polymerized into the flagellum are illustrated inside the apparatus. OM, outer membrane; PG, 
peptidoglycan; IM, inner membrane. 
 
The flagellum is comprised of three parts: the basal body, a flexible hook, and the helical, 
rigid filament (Figure 5) (Macnab, 2004; Erhardt et al., 2010; Brown et al., 2012). The basal 
body, which spans the cell envelope, contains i) a hollow rod surrounded by three types of 
rings (MS, P, L–rings), which function as bushings ii) a motor and iii) on the cytoplasmic 
side of the IM, the type III export apparatus that contains an ATPase complex, an 
unfolding cage, and a transmembrane export gate. A central part of the motor is the 
cytoplasmic C-ring that interacts with stator units anchored in the IM, also known as Mot 
complexes, which surround the MS-ring. The interaction between the C-ring and the Mot 
complexes drives the flagellar rotation, which gets its energy via Mot complexes from the 
electrochemical gradient, the proton-motive or the sodium-motive force (Khan et al., 
1988; Tipping et al., 2013; Che et al., 2014).  

The curved hook is attached to the basal body immediately outside the cell envelope. It 
functions as a joint that transmits the motor torque to the flagellar filament (Samatey et 
al., 2004; Brown et al., 2012), which consists of flagellin (FliC) subunits. The secretion of 
flagellin subunits is very efficient, since one flagellum comprises 20 000-30 000 FliC 
subunits (Macnab, 2004; Chevance et al., 2007; Erhardt et al., 2010; Evans et al., 2014). 
The flagellins are assembled at the distal tip of the flagellum by a multisubunit chain 
mechanism where the nascent chain pulls subunits into the channel (Evans et al., 2013). 
The subunits of the rod, hook, and the filament polymerize under their specific capping 

IM
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proteins, or foldases, named FlgJ, FlgD, and FliD, respectively (Ohnishi et al., 1994; 
Yonekura et al., 2000; Nambu et al., 2006; Moriya et al., 2011; Evans et al., 2014).  

The ordered biogenesis of the flagellum is strictly controlled, e.g. the hook-basal body 
(HBB) structure must be assembled before filament or junction proteins, and the capping 
structures must be in place before the rod, hook or filament can polymerize (Macnab, 
2004; Chevance & Hughes, 2008). The flagellum biogenesis is regulated transcriptionally 
and temporally during the assembly. The regulation of flagellum assembly at the 
transcriptional level can be divided into three major classes based on the promoters: class 
I, II, and III promoters or promoters for early, middle, and late genes, respectively. The 
class I promoter of the flagellum master operon, flhDC, is activated by environmental 
conditions. The gene products of the early genes activate middle gene expression via class 
II promoters (Chilcott & Hughes, 2000; Fitzgerald et al., 2014). The middle genes encode 
two regulatory proteins, FlgM and σ28, as well as structural and accessory proteins of the 
basal body and the hook. FlgM, an anti-σ28 factor, inhibits the activity of the transcription 
factor σ28 until the basal body is finished. Once the HBB structure is assembled, the anti- 
transcription factor FlgM is secreted and the transcription factor σ28 is released to initiate 
transcription from the class III promoters of late genes. The late genes encode chemotaxis 
receptors and structures needed for the mature filament, such as the flagellin subunits 
(Chevance & Hughes, 2008).  

3.7.4 Secretion signals in bacterial protein targeting  

Protein targeting to the correct secretion machinery involves specific motifs in the amino 
acid chain of the secretable protein. These secretion signals can sometimes be universal 
to bacteria and easily identified from the sequences as in the Sec-dependent pathway. 
However, more often they are scattered in the sequence and are not easily identifiable. 
Proteins targeted to the Sec translocator contain an N-terminal signal sequence, typically 
20 amino acid residues long (von Heijne, 1985; Natale et al., 2008). The signal contains 
one to five positively charged residues, a more hydrophobic central core of 7-15 residues, 
and a C-terminal polar cleavage site of 3-7 residues (Fekkes & Driessen, 1999). For 
proteins targeted to the periplasm via the Sec-pathway, a cleavage site is recognized and 
then cleaved by signal peptidases (Natale et al., 2008). The prolipoproteins targeted to 
the membrane are cleaved by lipoprotein signal peptidases (Zückert, 2014). The signal 
peptide present in the fully folded proteins exported by the Tat pathway is similar to the 
Sec-dependent signal. It is, however, less hydrophobic and it contains an extended N-
terminal region with an extra RRXFXK motif and an A-x-A signal cleavage site in the C-
terminal region (Nivière et al., 1992; Sargent et al., 2006; Panahandeh et al., 2009; Patel 
et al., 2014).  
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The noncleavable signals of other protein secretion machineries are not as well 
established as the signal peptides of the Sec and Tat -dependent pathways. The role of the 
highly specific C-terminal, non-conserved signal of 30 to 60 residues that contains glycine 
and aspartate -rich repeats and forms a helical secondary structure, has been elucidated 
clearly in secretion of T1SS substrates (Duong et al., 1996; Filloux, 2010). Still numerous 
additional, noncontiguous regions are needed for dissociation and release of the 
substrate from the T1SS machinery (Sapriel et al., 2002; Filloux, 2010; Masi & 
Wandersman, 2010). Similarly as in T1SS, substrate recognition by T4SS is often mediated 
by C-terminal signals in combination with other essential motifs, chaperones and 
accessory proteins (Llosa et al., 2003; Pattis et al., 2007). Filloux (2010) have suggested a 
generalized model for most secretion systems where a series of sequential recognition 
events could first target the protein to the secretion apparatus. Various other domains of 
the secretable protein might then drive the movement of the protein along the 
machinery.  

Some other described signaling motifs in secreted proteins include a conserved TPS motif 
in the passenger domain in two-partner autotransport subclass of T5SS (Jacob-Dubuisson 
et al., 2013), a C-terminal motif recognized by the  Bam complex in some autotransporters 
(Jose et al., 1995; Leo et al., 2012), and the PAAR (proline, alanine, alanine, arginine) 
signaling sequence in proteins secreted by T6SS (Shneider et al., 2013). The specific signals 
of T2SS are still unknown, although it has been proposed that the signal exists in the 
conformational motifs of the protein and is spread along the amino acid sequence (Braun 
et al., 1996; Francetić & Pugsley, 2005; Filloux, 2010; Douzi et al., 2012a; Howard, 2013).  

The unstructured secretion signals of the T3SS have been studied extensively in different 
laboratories over the past decades (Lloyd et al., 2002; Petnicki-Ocwieja et al., 2002; 
Ramamurthi & Schneewind, 2003; Majander et al., 2005a; Sorg et al., 2005; Arnold et al., 
2010; Vonderviszt et al., 2012; Habyarimana & Ahmer, 2013). Today, it is proposed that 
the translocation signal is located within the 50 N-terminal amino acids of the substrate 
without acidic residues but including amphipathic amino acids and over-representation of 
serine and glutamine residues (Petnicki-Ocwieja et al., 2002; Löwer & Schneider, 2009; 
Barison et al., 2013). Also exceptional secretion signals, such as a central stretch in 
Yersinia ruler protein (Agrain et al., 2005) and a C-terminal signal in the intimin receptor 
(Allen-Vercoe et al., 2005) have been described for a few effectors of the T3SS 
injectisome. Additionally, the T3SS signal has been postulated to be located in the 5’ 
mRNA and lead to co-translational secretion of T3SS substrates (Anderson et al., 1999; 
Sorg et al., 2005; Habyarimana & Ahmer, 2013; Niemann et al., 2013). Some structural 
proteins, such as subunits of the T3SS rings, are exported into the periplasm via 
conventional Sec-dependent pathway (Homma et al., 1987; Chevance & Hughes, 2008). 
T3SS injectisome -specific chaperones also play an important role in recognition of 
effectors by binding and targeting them to the correct secretion apparatus. Lee and 
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coworkers (2004) have shown that in the absence of chaperone binding motifs, the T3SS 
injectisome effectors are targeted to the flagellum export apparatus in Salmonella 
typhimurium.  

Many machineries, e.g. Sec-dependent pathways, T1SS, T3SS, T4SS and T6SS, take 
advantage of chaperones during secretion (Filloux, 2010; Fattori et al., 2011; Silverman et 
al., 2013; Castanié-Cornet et al., 2014). The chaperones may assist in keeping the proteins 
unfolded as in Sec-dependent pathway and Yersinia adhesin A autotransport (Parsot et 
al., 2003; Grosskinsky et al., 2007; Löwer & Schneider, 2009). Chaperones may also assist 
in folding like the REMP chaperones of the Tat system, protect the substrates from 
degradation or stabilize them as described for T6SS haemolysin co-regulated protein of P. 
aeruginosa (Silverman et al., 2013; Whitney et al., 2014). Chaperones are also applied in 
targeting the substrates to the machinery as in the case of CagA chaperone of T1SS in 
Helicobacter pylori or the chaperones of SRP and in the above mentioned T3SS 
injectisome (Pattis et al., 2007; Castanié-Cornet et al., 2014).  

3.7.5 Non-classical secretion and unspecific release of proteins 

The transport of molecules across the bacterial cell envelope, which is not mediated by 
any known, complex secretion machinery dependent on specific signal sequences or 
motifs, can be designated as a non-classical secretion system. Many of these non-
classically secreted proteins are known to have also a cytoplasmic role and are called 
moonlighting proteins (described in chapter 3.6). The other non-classically secreted 
proteins in the extracellular proteome include proteins that are secreted yet by unknown 
pathway such as Cytolysin A of E. coli (Ludwig et al., 2010). Another example of non-
classically secreted protein includes the bacteriocin called colicin (Cascales et al., 2007; 
Kim et al., 2014; Mader et al., 2015). However, recent evidence suggests that a 
bacteriocin release protein (van der Wal et al., 1995) would be required for the transport 
of colicins to the periplasm. In the periplasm they might interact with outer membrane 
proteins, such as outer membrane phospholipase A1 that enhance the permeability of the 
OM (Chen et al., 2011; Kim et al., 2014).  

The periplasmic proteome also contains proteins and other molecules that can be 
released unspecifically. The unspecific release to and from periplasm can occur e.g. via 
bacteriophage-encoded holins that depolarize the cell's IM potential (Gründling et al., 
2001; Young, 2002; Dewey et al., 2010) or by leakage of  cytoplasmic contents through 
mechanosensitive channels that open in the IM (Booth & Blount, 2012; Booth, 2014). The 
channels open due to a sudden drop in the osmolarity in the environment that results in 
the increase of turgor pressure inside the bacterial cells. A decrease in osmolarity inside 
the cells can be quickly achieved by leakage of small proteins, osmolytes, into the 
periplasm of the bacterium. Periplasmic components can be further released to the 
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culture medium in outer membrane vesicles (OMV), which contain soluble and insoluble 
periplasmic components surrounded by outer membrane proteins (Omps) and lipids 
(Kuehn & Kesty, 2005; Schwechheimer & Kuehn, 2015). OMVs are used in long-distance 
delivery of bacterial secretory cargo with minimized degradation and dilution e.g. for 
translocating cell signaling molecules, invasins, adhesins, or virulence factors (Kulp & 
Kuehn, 2010).  

3.7.6 Biotechnological applications of protein secretion systems in E. coli 

Different secretion systems are used as tools for heterologous protein expression in 
various biotechnological applications (Rosano & Ceccarelli, 2014). Recombinant proteins 
are often expressed intracellularly or in the periplasmic space of E. coli where they are 
sensitive to proteolysis, improper protein folding, instability, and often form insoluble 
inclusion bodies. In order to purify expressed protein from the bacterial cells, cell 
disruption is necessary and often results in contamination by endotoxin and host cell 
proteins.  The reducing cytoplasmic environment also decreases protein activities due to 
folding difficulties (Makrides, 1996; Cornelis, 2000; Mergulhão et al., 2005; Yoon et al., 
2010). Extracellur secretion is often favourable over intracellular expression (Table 5) and 
extracellular secretion methods have gained recent attention in large scale protein 
production processes (Choi & Lee, 2004; Mergulhão et al., 2005; Ni & Chen, 2009; Li et al., 
2014). Often these large-scale systems focus on a single, or only a few, targets such as 
recombinant proteins used in therapeutic applications or in industrial biotechnology. 
Currently, there is one commercially available secretion system, ESETEC®, patented by 
WACKER Biotech GmbH (Germany). The patented secretion-competent E. coli K12 
derivative can secrete a number of different recombinant proteins, ideally antibody 
fragments, in their native conformation into the culture medium. The system employs a 
two-step secretion mechanism involving an undefined, modified outer membrane, unique 
to the secretion strain of WACKER.  

Table 5. Recombinant protein production in different cellular compartments of Gram-negative bacteria 
 Cytoplasm Periplasm Medium 
Yield High Low Very low 
Product stability High if inclusion bodies are formed, 

otherwise low due to proteases 
Moderate High 

Biological activity Often inactive Active Active/ 
inactive 

Signal sequence cleavage Unlikely Possible Possible 
Aggregation High Moderate Low 
Protein contamination High Low Very low 
The sample processing Complex Simple Very 

simple 
Modified from Mergulhão et al (2004).  
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E. coli does not normally secrete many endogenous proteins but proteins found in the 
extracellular milieu of E. coli, secreted non-classically (chapter 3.7.5), have been used as 
fusion partners or carrier proteins, for extracellular secretion of recombinant proteins. 
Also exogenous proteins can be utilized as fusion partners (Jeong & Lee, 2002; Gao et al., 
2015). Example of these are i) the cellulase of Bacillus sp. that has been shown to guide 
recombinant proteins out from E. coli via a two-step, non-classical secretion mechanism 
(Gao et al., 2015) and two proteins ii) YebF and iii) OsmY.  YebF and OsmY are found in the 
extracellular medium of E. coli strain K12 and they show efficient secretion properties 
when linked to heterologous proteins (Zhang et al., 2006; Qian et al., 2008; Kotzsch et al., 
2011; Cheng et al., 2014b).  

Additionally known secretion systems have been applied in producing heterologous 
proteins in the culture medium of E. coli (Shokri et al., 2003; Thie et al., 2008; Kotzsch et 
al., 2011). One can utilize e.g. the short signal peptides of  periplasmically localized 
proteins such as the secretion signals of OmpA, OmpF, PhoA or penicillinase, and use 
periplasmic chaperones to enhance secretion of functional proteins (Joly et al., 1998; Qiu 
et al., 1998; Schäffner et al., 2001; Jeong & Lee, 2002; Choi & Lee, 2004; Schlapschy & 
Skerra, 2011). The secretion machinery can also be manipulated for increased export 
efficiency (van der Wolk et al., 1998; Manting & Driessen, 2000; Schmidt et al., 2001; de 
Keyzer et al., 2002; Masip et al., 2004; Mergulhão et al., 2005). One advantage of the 
signal peptide –dependent systems is that the signal is cleaved by signal peptidase. 
However, these systems require a second step to direct the recombinant proteins into the 
extracellular environment unless the proteins are purified from the periplasm (Shokri et 
al., 2003; Choi & Lee, 2004; Zalucki et al., 2011). Extracellular localization without cell 
distruption can be enhanced by creating leaky strains (Shin & Chen, 2008; Chen et al., 
2014), using wall-less L-form strains (Gumpert & Hoischen, 1998) and manipulating the 
culture conditions such as the osmotic pressure, temperature or growth state (Yang et al., 
1998; Sivakesava et al., 1999; Shokri et al., 2003; Rinas & Hoffmann, 2004; Fu et al., 2005; 
Fu, 2010; Orr et al., 2012). However, the permeabilization of OM generally results in 
appearance of contaminating host cell proteins. Thus, fusion proteins that do not disturbe 
membrane integrity, as well as helper proteins such as bacteriocin release proteins that 
are involved in the secretion of bacteriocins, have been used in the secretion of 
recombinant proteins e.g. human growth hormone (Hsiung et al., 1989; Miksch et al., 
2008; Sommer et al., 2010). The second step across the OM can alternatively be achieved 
by using the secreton of T2SS (chapter 3.7.1), although the T2SS secretion signals are still 
mostly unsolved and E. coli strains do not express all secreton components under normal 
laboratory conditions (Francetic & Pugsley, 1996; Pugsley & Francetic, 1998; Francetic et 
al., 2000). However, extracellular secretion via T2SS can be enhanced by modifying the 
growth conditions and overexpressing secreton components (Pugsley et al., 1997). Also 
T5SS autotransporters have gained attention as bacterial surface autodisplay tools. They 
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have been used as carriers of heterologous proteins, such as functional esterases, 
oxidoreductases, and electron transfer proteins, from the periplasm to the cell surface or 
to the extracellular milieu (Christmann et al., 2001; Wentzel et al., 2001; Adams et al., 
2005; Jose & Meyer, 2007; Jong et al., 2010; Jose et al., 2012; Sevastsyanovich et al., 
2012; Salema et al., 2013; Nicolay et al., 2015). The drawbacks of T5SS-based surface 
autodisplay are the limitation in size and problems in folding of the heterologous proteins 
(van Ulsen et al., 2014).  

One-step protein secretion systems lacking a periplasmic intermediate, such as T1SS and 
T3SS, have also been exploited for the production of recombinant proteins into the 
culture medium. These systems provide a simple method for protein production once the 
expression and secretion system have been developed. The most versatile transporter 
system exploited is the Hly/T1SS that has been used in the secretion of e.g. functional 
beta-galactosidase, chloramphenicol acetyltransferase,  cyclodextrin glucanotransferase 
and other heterologous microbial antigens (Kenny et al., 1991; Jarchau et al., 1994; 
Gentschev et al., 1996; Hahn & von Specht, 2003; Sugamata & Shiba, 2005; Low et al., 
2011).  

The T3SS injectisome and the flagella-based systems also employ efficient secretion 
mechanisms and have been used for secretion and surface display of various heterologous 
proteins (Westerlund-Wikström et al., 1997; Westerlund-Wikström, 2000; Majander et al., 
2005b; Li et al., 2007; Majander et al., 2009; Vonderviszt et al., 2012). The T3SS 
injectisome can be manipulated to secrete proteins into the extracellular medium rather 
than into the host cells. The manipulation has been achieved e.g. by mutating the 
components of the translocon that forms a pore in the host cell membrane or by 
manipulating the culturing conditions of Yersinia (Cornelis et al., 1987; Young & Young, 
2002). Due to their long needles and filaments composed of thousands of identical 
subunits, T3SSs have been successfully utilized as epitope display tools, in the similar way 
as fimbrial filaments (Westerlund-Wikström et al., 1997; Klemm & Schembri, 2000; 
Tanskanen et al., 2000; Westerlund-Wikström, 2000; Majander et al., 2005b; Li et al., 
2007; Majander et al., 2009). In epitope display, the heterologous gene fragments are 
fused in-frame into the genes encoding the filament subunit, such as fliC of E. coli or hrpA 
of Pseudomonas syringae, or to the gene encoding the capping protein FliD of the 
flagellum.  The recombinant proteins are then expressed on the surface of the filament or 
the cap, where they are displayed in large amounts and are easy to purify. The flagellum 
display tool has been further developed into a secretion competent application (Majander 
et al., 2005a; Majander et al., 2009; Vonderviszt et al., 2012). The mutant strains of this 
system lack the capping protein FliD and are able to secrete large amounts of flagellin 
subunits or recombinant proteins fused with fragments of flagellin (Figure 6). The 
flagellum secretion system is the basis of this thesis work. 
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Figure 6. Schematic presentation of the secretion system utilizing bacterial flagellum. A) The wild type 
flagellum, B) the secretion-competent flagellum apparatus in the ΔfliCfliD E. coli strain MKS12 and C) an 
illustration of secretion in E. coli MKS12 carrying an expression vector designed for recombinant protein 
expression. The secretion-competent flagellum apparatus includes the export apparatus, the basal body 
and the hook structures. The structure enables the secretion of foreign proteins to the growth medium 
of E. coli MKS12 if the host is transformed with an expression vector carrying an N-terminal sequence 
containing secretion signals of flagellin. The oval shaped particles (C) represent heterologous proteins 
that contain a signal for secretion and a tag for identification purposes. IM, inner membrane; PG, 
peptidoglycan; OM, outer membrane.   

IM IM IM

A B C
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4 AIMS OF THE STUDY 

This study was initiated at the time when the novel flagellum secretion technique for 
foreign proteins was developed in our research group (Majander et al., 2005a and 2005b) 
and we wanted to expand the use of the secretion technique in construction and 
secretion of a random polypeptide library. Various strategies for surface display of foreign 
proteins have been described for applications in biotechnology but at the time this study 
was initiated, methods facilitating high-level extracellular secretion of foreign 
polypeptides were much more scarce (Choi & Lee, 2004) and are not widely used even 
today. Additionally, these extracellular secretion systems often focus on only one or a few 
biotechnologically interesting proteins and the simultaneous production of wide variety of 
proteins in a single system has not been studied extensively.  

The first part of this thesis work describes the construction of a library of random 
polypeptides secreted into the growth medium of a secretion-competent E. coli strain and 
an application of the library. We focused on the identification of adhesive polypeptides 
and used S. aureus as the model organism. S. aureus was chosen as a model since a 
multitude of known adhesins had been described in this organism  (Foster & Höök, 1998; 
Foster et al., 2014) and thus could be used as internal positive controls for the 
functionality of the technique. S. aureus is also one of the major causes of infections in 
humans and thus an important pathogen for research and therefore an additional aim 
was to identify new adhesins of S. aureus or factors relevant in colonization of the host.  

The second part of this study concentrated on the adhesins of another Gram-positive 
bacterium, a commensal from chicken alimentary tract, L. crispatus ST1. When this study 
was initiated, L. crispatus ST1 was known for its ability to attach to the chicken alimentary 
tract (Edelman et al., 2002). The main goal here was to identify adhesins, which are 
responsible for the binding, on this bacterium. 

The summarized goals of this study are:  

I ) To construct a chromosomal library in a secretion-competent E. coli strain 
II) To demonstrate the functionality of the secretion technique by identification 
of known adhesins of S. aureus encoded by clones of the chromosomal library 
III) To identify novel adhesins, or proteins with novel functions, from S. aureus 
utilizing the secretion system for protein production 
III) To identify novel adhesins of L. crispatus utilizing a conventional extraction 
method for protein isolation 
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5 MATERIALS AND METHODS 

5.1 Bacterial strains and plasmids 

The bacterial strains and plasmids used in this study are described in Tables 6 and 7, 
respectively. Cultivation and/or construction of the bacterial strains are described in more 
detail in the articles marked with roman numbers or/and in the references.  

Table 6. Bacterial strains used in this study.  
Strain Characteristics Articles Ref. 

    
Staphylococcus 
aureus subsp. aureus 
NCTC 8325-4 

Prophage cured derivate of S. aureus 
subsp. aureus NCTC 8325 

I, II  (Novick, 1967; Gillaspy 
et al., 2006) 

Escherichia  coli 
MKS12  

E. coli MG1655 ΔfimA-H ΔfliCD I, II (Majander et al., 2005a) 

E.coli M15 F-, Φ80ΔlacM15, thi, lac-, mtl-, recA+ 

Expression host used in combination 
with pQE-vectors  

I Qiagen 

E.coli BL21 (AI) ΔslyD F– ompT gal dcm lon hsdSB(rB
- mB

-) 
araB::T7RNAP-tetA ΔslyD::cat 

AI: T7 RNA polymerase gene is under 
the tight control of the arabinose-
inducible promoter.  

ΔslyD reduces the endogenous protein 
background in purification steps. SlyD 
binds to nickel and zinc with high 
affinity 

II (Daniel et al., 2006) 
 

E.coli BL21 (DE3) F- dcm ompT hsdS(rB - mB - ) gal 
λ(DE3) 

E. coli B strain deficient in lon and 
ompT proteases.  

Contains DE3 lysogen carrying T7 
polymerase under IPTG-inducible lacI 
promoter 

Expression host used in combination 
with pET-vectors 

- Novagen 

Lactobacillus 
crispatus ST1 

Chicken isolate from the crop  III (Edelman et al., 2002; 
Ojala et al., 2010) 

L. crispatus A33 Chicken isolate from the crop III (Edelman et al., 2002) 
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Strain Characteristics Articles Ref. 

L. crispatus 134mi Chicken isolate from the ileum III (Edelman et al., 2002) 

L. crispatus 
ATCC33820  

Chicken isolate from faeces III (Edelman et al., 2002) 

Enterococcus faecalis ATCC 19434 type strain II ISO/CD 11133:2009, 
Annex E 

 
Table 7. Plasmids used in this study.  
Plasmid Characteristics Articles Ref. 

    
pSRP18/0 An in-frame expression vector used in 

creation of the Ftp-library 
I, II This study 

pSRP18/0ΔABC-PBP pSRP18/0 fused with a DNA sequence 
encoding ΔABC-PBP1  

I This study 

pSRP18/0ΔArcB pSRP18/0 fused with a DNA sequence 
encoding ΔArcB1 

II This study 

pSRP18/0ΔCoa pSRP18/0 fused with a DNA sequence 
encoding ΔCoa1 

I This study 

pSRP18/0D1-D3 pSRP18/0 fused with a gene fragment 
encoding D1-D3 repeats of the FnBPA  

I This study 

pSRP18/0ΔEbh pSRP18/0 fused with a DNA sequence 
encoding ΔEbh1 

I This study 

pSRP18/0ΔFnBPA pSRP18/0 fused with a DNA sequence 
encoding ΔFnBPA1 

I This study 

pSRP18/0ΔIspD pSRP18/0 fused with a DNA sequence 
encoding ΔIspD1 

I This study 

pSRP18/0ΔNarG pSRP18/0 fused with a DNA sequence 
encoding ΔNarG1 

I This study 

pSRP18/0ΔPBP3 pSRP18/0 fused with a DNA sequence 
encoding ΔPBP31 

II This study 

pSRP18/0ΔPurK pSRP18/0 fused with a DNA sequence 
encoding ΔPurK1 

I This study 

pSRP18/0ΔSCOR pSRP18/0 fused with a DNA sequence 
encoding ΔSCOR1 

I This study 

pSRP18/0ΔUsp pSRP18/0 fused with a DNA sequence 
encoding ΔUsp1 

I This study 

pQE30 Expression vector for N-terminal His6-
tagged protein fusion 

Used in combination with M15 or  

I, II Qiagen 
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Plasmid Characteristics Articles Ref. 

BL21 (AI) ΔslyD hosts 

pQE60 Expression vector for C-terminal His6-
tagged protein fusion 

Used in combination with M15 host 

- Qiagen 

pET45b Expression vector for N-terminal His6-
tagged protein fusion 

Used in combination with BL21 (DE3) 
host 

II Novagen 

pREP4 Repressor plasmid that has lacI gene 
encoding the repressor protein, used 
in combination with M15 or  BL21 (AI) 
ΔslyD hosts 

I, II Qiagen 

pQE30/ΔABC-PBP pQE30 fused with a DNA sequence 
encoding ΔABC-PBP1  

I This study 

pQE30/ΔCoa pQE30 fused with a DNA sequence  
encoding ΔCoa1 

I This study 

pQE30/ΔEbh pQE30 fused with a DNA sequence 
encoding ΔEbh1 

I This study 

pQE30/ΔFnBPA pQE30 fused with a DNA sequence 
encoding ΔFnBPA1 

I This study 

pQE30/0ΔIspD pQE30 fused with a DNA sequence 
encoding ΔIspD1 

I This study 

pQE30/ΔNarG pQE30 fused with a DNA sequence 
encoding ΔNarG1 

I, II This study 

pQE30/ΔPBP3 pQE30 fused with a DNA sequence 
encoding ΔPBP31 

II This study 

pQE30/PBP3-F pQE30 fused with a DNA sequence 
encoding PBP3-F1 

II This study 

pQE30/PBP3-NG360 pQE30 fused with a DNA sequence 
encoding PBP3-NG360

1 
- This study 

pQE30/ΔPurK pQE30 fused with a DNA sequence  
encoding ΔPurK1 

I This study 

pQE30/ΔUsp pQE30 fused with a DNA sequence 
encoding ΔUsp1 

I This study 

pQE60/ΔPBP3 pQE60 fused with a DNA sequence 
encoding ΔPBP31 

- This study 

pQE60/PBP3-CG313 pQE60 fused with a DNA sequence 
encoding PBP3-CG313

1 
- This study 
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Plasmid Characteristics Articles Ref. 

pQE60/PBP3-F pQE60 fused with a DNA sequence 
encoding PBP3-F1 

- This study 

pQE60/PBP3-N pQE60 fused with a DNA sequence 
encoding PBP3-N1 

- This study 

pET45b/PBP3-C pET45b fused with a gene encoding 
PBP3-C1 

II This study 

pET45b/PBP3-CS634 pET45b fused with a gene encoding 
PBP3-C S634

1 
- This study 

1Abbreviations: ΔABC-PBP: N-terminal fragment of a periplasmic binding protein of an iron compound ABC 
transporter, ΔArcB: C-terminal fragment of a multidrug efflux pump, ΔCoa: subunit of coagulase, ΔEbh: fragment of an 
extracellular matrix binding protein, ΔFnBPA: fibronectin binding protein A, ΔIspD: N-terminal half of 2-C-methyl-D-
erythritol 4-phosphate cytidylyltransferase, ΔNarG: central fragment of the α-subunit of nitrate reductase, ΔSCOR: N-
terminal fragment of a putative short chain oxidoreductase, ΔPBP3: C-terminal sequence D361-S634 of penicillin 
binding protein 3, PBP3-C: C-terminal sequence E327-K691 of PBP3, PBP3-CG313: C-terminal sequence G313-K691 of 
PBP3, PBP3-CS634: C-terminal sequence E327-S634 of PBP3, PBP3-F: full legth PBP3 without membrane anchor (D58-
K691), PBP3-N: N-terminal sequence D58-Q325 of PBP3, PBP3-NG360: N-terminal sequence D58-G360 of PBP3, ΔPurK: 
N-terminal fragment of the ATPase subunit of phosphoribosyl aminoimidazole carboxylase, ATPase subunit of 
phosphoribosylaminoimidazole carboxylase, ΔUsp: fragment of putative universal stress protein.  

5.2 Methods 

The experimental procedures used in this study are described in detail in the original 
publications. The published procedures are compiled in Table 8 and methods not used in 
the publications are described in Chapter 5.3.  

Table 8. List of methods used in this study. 
Method Described or used in 
Genetic methods  

Isolation of chromosomal DNA I, III 
Construction of the genomic library and the final Ftp-
library 

I  

Construction of the library vector pSRP18/0 I  
Primer design I, II 
Recombinant DNA techniques I, II 
DNA sequencing and bioinformatical analysis I, III 

Protein expression and purification methods  
Clarification and precipitation of the growth media I, II 
Expression and purification of His-tagged polypeptides I, II 
Surface protein extraction III 
Ion exchange chromatography and gel filtration III 

Protein analysis   
Colony blotting (Ftp-library) I 
Surface plasmon resonance technology (Biacore) I 
SDS-PAGE and Western blotting  I, II, III 
Enzyme-linked immunosorbent assay (ELISA) I, II 
Time-resolved fluorometry (DELFIA® immunoassay) II 
Plasminogen activation assay II 
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Method Described or used in 
Antibody production  

Polyclonal antisera III 
LEA-specific Fab antibody fragments III 

Adhesion assays  
Bacterial adherence to immobilized plasminogen 
Bacterial adherence to frozen sections and epithelial cells 

II 
III 

Indirect immunofluorescence (IIF) III  
Fluorescent beads III 

5.3 Methods not described in the articles I-III 

5.3.1 Indirect immunofluorescence analysis IIF (III) 

The proteins that bound to the frozen tissue sections of chicken or vaginal and buccal cells 
were visualized by indirect imunofluorescence assay (IIF) adapted from Korhonen et al. 
(1986). The extracted Lactobacillus surface proteins (III), or purified LEA (III), were let to 
bind at a concentration of 0,3 mg/ml to the target tissues or cells for 1 hour in a moist 
chamber and the targets were then washed 3 x 5 min with PBS. The bound proteins were 
detected with the polyclonal antisera that were raised in rabbits against the mutanolysin 
extracted surface proteins of L. crispatus ST1 and purified LEA, and with the TRITC-
labelled secondary antibodies (anti-rabbit IgG), washed and then visualized in an 
epifluorescence microscope as described for FITC-labeled bacteria (Methods in III). 

5.3.2 Adhesion of fluorescent beads to tissue sections of chicken 
alimentary tract (III) 

Coating of the fluorescent beads with the surface protein extracts of Lactobacillus 
crispatus ST1, A33, ATCC 33820 and 134mi (III) was adapted from Westerlund 
(Westerlund, 1991). The 0,5 μm covasphere-MX green fluorescent polystyrene 
microparticles (FMP, Duke Scientific) were coated with mutanolysin-extracted surface 
proteins (50 μg extract/6 x 1010 particles in PBS) for 16 hours at room temperature with 
gentle, continous agitation, washed and adjusted to 3 x 1011 particles/ml in 2 % BSA/PBS. 
The control particles were coated with 2 % BSA. Attachment of the coated FMP particles 
to frozen tissue sections of chicken crop was assessed with 6 x 109 particles that were let 
to bind to the tissue sections for 1 hour in a moist, dark chamber and then washed 3 x 5 
min with PBS. The binding was visualized in an epifluorescence microscope similarly as 
described for FITC-labeled bacteria (Methods in III).  
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6 RESULTS AND DISCUSSION 

To discover adhesive functions of the two Gram-positive species S. aureus and L. 
crispatus, we applied two very different approaches in this study. The first approach was 
based on the novel extracellular secretion technique that allows secretion of the 
heterologous polypeptides through the modified flagellar apparatus in E. coli strain 
MKS12. The secretion method was developed earlier in our research group (Chapter 
3.7.6) (Majander et al., 2005a). In this study we further developed the secretion 
technique and chose the important human pathogen S. aureus as a model organism in the 
development of the technique. For bacterial species whose surface proteome has been 
well-characterized under various culture conditions, such as S. aureus, new methods for 
identification of adhesin candidates must be introduced. A genomic library combined with 
the secretion approach was therefore an attractive tool to identify novel proteins of S. 
aureus.  

The other approach, a conventional extraction method, was applied in this work to study 
the surface proteome of L. crispatus. The extraction method is a convenient way for a 
species which is not well-characterized such as L. crispatus. One drawback of surface 
protein extraction methods in bacteria in general is the fact that culture conditions affect 
the protein profile. As a result, only the proteins expressed under the selected growth 
conditions can be identified.  

The methicillin sensitive S. aureus strain 8325 was isolated in 1943 from corneal ulcer 
(Richardson et al., 1994) and was used as an original reference strain in the construction 
of the S. aureus genome map in the early 2000’s (Gillaspy et al., 2006). When this thesis 
work was initiated, the full genome sequence of S. aureus NCTC 8325 was released by the 
Staphylococcus aureus Genome Sequencing Project (University of Oklahoma Health 
Sciences Center), although with some sequencing errors that were discovered years later 
(Berscheid et al., 2012; Bæk et al., 2013).  We used a prophage-cured direct derivate of S. 
aureus NCTC 8325 as our model organism, known as NCTC 8325-4 (Novick, 1967), which is 
one of the key strains in staphylococcal laboratory research.  S. aureus strain 8325-4 has 
traditionally represented the wild type strain in staphylococcus research because it is very 
closely related to its parental strain. However, Bæk and coworkers (2013) suggested that 
it should not be considered as a model for a wild type. It has been shown by comparative 
sequencing that S. aureus NCTC 8325-4 possesses novel polymorphisms, which have some 
impact on the phenotypic properties, when compared to its parental strain (O'Neill, 2010; 
Bæk et al., 2013). The variations might have impact on virulence regulation. For example, 
S. aureus strain 8325-4 contains a non-synonomous mutation in the gene encoding 
phenol soluble modulin α3 that is important in virulence. There are also 20 single 
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nucleotide polymorphisms throughout the NCTC 8325-4 genome when compared to 
8325-4.  

L. crispatus ST1, the other Gram-positive bacterium studied in this thesis work, was 
originally isolated from the crop of a chicken (Edelman et al., 2002). L. crispatus ST1 is an 
efficient colonizer of the crop (Edelman et al., 2002; Edelman, 2005). It was an interesting 
candidate in our analysis of bacterial adhesion to human vagina, since the chicken crop 
and the vagina are lined by stratified squomous epithelium (Fuller & Brooker, 1974; 
Kurita, 2011). The surface proteins of this adhesive L. crispatus strain were not identified 
when the current study was initiated and even today the adhesins of the strain are only 
poorly known. The L. crispatus strain ST1 has later been sequenced by Ojala and 
coworkers (2010) who defined also its pan- and core genomic potential by a comparative 
genomics approach in comparison to nine other L. crispatus strains (Ojala et al., 2014).  

6.1 Construction of the S. aureus peptide library in E. coli (I) 

Our aim was to construct a library of randomly fragmented chromosomal DNA of the S. 
aureus NCTC 8325 in the secretion-competent host strain E. coli MKS12 and to screen for 
secreted, adhesive polypeptides encoded by the library clones.  

Before construction of the library, we needed to create an optimal expression vector. The 
vector should allow secretion of S. aureus polypeptides and simultaneously facilitate a 
screening method to sort the transformants carrying open reading frames (ORFs) from the 
ones carrying only an empty vector or a vector with out-of-frame inserts. Therefore, we 
constructed vector carrying components previously shown to efficiently facilitate 
secretion of heterologous polypeptides in E. coli MKS12, i.e. a fliC promoter combined 
with a sequence encoding an N-terminal secretion signal motif of FliC and a 
transcriptional terminator of fliC (Figure 7) (Majander et al., 2005a). A sequence encoding 
an affinity tag was added to the vector for screening and detection purposes. We tested 
different types of tags, such as the FLAG-tag, S-tag, His-tag and lusiferase. The FLAG-tag 
was chosen because of the small size of the tag (DYKDDDDK) is expected to minimize 
interference with the folding and structure of the expressed library polypeptides. Also, 
the higher specificity of the commercial monoclonal anti-FLAG antibodies compared to 
those against His or S -tags was anticipated to generate minimal background in the 
screening of insert-carrying transformants (data now shown). The FLAG-tag could also be 
used for detection and purification of the target proteins and it carries an internal 
recognition site (DDDDK) for enterokinase, if the tag needs to be cleaved off after the 
purification process. 

We generated the vector pSRP18/0 that contains a flag-sequence in the same reading 
frame as the fliCMG1655 coding sequence, which is continuously expressed under flagellin 



Results and discussion 49 

inducing conditions. E. coli MKS12 transformed with pSRP18/0 (without an insert) 
expresses a FliC-FLAG fusion peptide (Figure 7) of 30 amino acids in length. We assumed 
that it would be hard to exclude colonies without an ORF-carrying insert from the colonies 
with an ORF-carrying insert by colony blot screening assay that is based on anti-FLAG 
antibodies. However, colony-blot analysis with anti-FLAG-tag antibodies showed that E. 
coli MKS12 (pSRP18/0) reacted as weakly with anti-FLAG antibodies as E. coli MKS12. 

 
Figure 7. Schematic presentation of the pSRP18/0 expression vector. The vector carries a 5’untranslated 
region (UTR) upstream of the flagellin gene (fliC), a fragment encoding the N-terminal 20 amino acids of 
flagellin and expected to contain the flagellar secretion signal, a unique blunt-end cloning site EcoRV, a 
FLAG-tag encoding sequence with a stop codon and a 3’UTR downstream of the fliC gene stabilizing the 
mRNA structure. 
 
A library of random staphylococcal FLAG-tagged polypeptides was next constructed in the 
secretion-competent E. coli MKS12 (Figure 6). Chromosomal DNA of S. aureus NCTC 8325-
4 was randomly fragmented (Figure 1 of I) and cloned into the vector pSRP18/0. After 
transformation of E. coli MKS12, totally 80 000 transformants were screened by colony 
blot assay, a number that was estimated to well cover the whole 2.8 Mbp genome of S. 
aureus. FLAG-tag positive (Ftp) clones were selected and totally 1663 clones were 
included in the final Ftp-library (Methods in I). Larger primary genomic library would 
obviously have resulted in a higher number of Ftp clones but simultaneously created more 
clones carrying identical gene fragments. Therefore we did not screen more than 80 000 
colonies by colony blotting. The inserted DNA fragments were later sequenced and the 
coverage of the Ftp-library was concluded to be approximately 32 % of the staphylococcal 
proteome with approximately 2800 protein sequences.  

6.2 Identification of adhesive polypeptides of S. aureus (I, II) 

To identify already known adhesins as internal controls and to potentially discover novel 
adhesive peptides secreted by the Ftp-library clones, we analyzed the binding of the 
polypeptides to a few well-known receptor molecules of S. aureus. We made a narrow 
screening in order to evaluate the functionality of the technique and therefore the 
analysis produced only a few hits. 

We analyzed by ELISA assay the binding of cell-free growth medium of the Ftp -library 
clones to the immobilized serum proteins fibrinogen (Fg) and plasminogen (Plg), the ECM 
proteins plasma fibronectin (Fn), type I collagen (CI) and type IV collagen (CIV) and the 
control protein fetuin (Fet) (Figure 3A of I and Figure 2 of II). The polypeptides secreted by 

fliC1-60 flag fliC3’UTRfliC5’UTR
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the majority of the clones, exemplified by the polypeptide secreted by a clone named 
ΔNarG in article I, showed no or very low binding activity in the ELISA analyses. Eight 
adhesive polypeptides described in detail in chapter 6.2.1 were identified. We also 
analyzed by Western blotting that the Ftp-polypeptides were secreted to the growth 
medium of E. coli MKS12 (Figure 3A of I). 

Examples of Fg- and Fn-binding MSCRAMMS or SERAMS that were not identified by ELISA 
assay, but whose genes were included in the Ftp-library, are the fibrinogen-binding Sdr-
proteins, FnbpB, clumping factors and the extracellular matrix protein-binding protein 
Emp. There may be several reasons why we in the functional binding assay did not detect 
all the adhesins for which the genes were shown by sequencing to be included in the 
library (Table S1 of I). It is known that divalent cations, at concentrations as those used in 
our binding assays, can inhibit binding of staphylococcal adhesins to Fg (O'Connell et al., 
1998). Other reasons include the narrow screening to selected compounds and the 
relatively short length of the cloned chromosomal fragments in our system (Foster & 
Höök, 1998; Ní Eidhin et al., 1998; Harraghy et al., 2003; Ponnuraj et al., 2003). 

Surprisingly, some of the secreted Ftp-polypeptides (Figure 3A of I) did not contain the N-
terminal FliC fragment as expected, the result that was obtained after sequencing the 
library. We do not know how these heterologous proteins lacking a flagellum-driven 
secretion signal were secreted to the growth medium of E. coli MKS12. There are in 
principle three possible routes for secretion of those Ftp-polypeptides as discussed in 
more detail below: The Ftp-polypeptides without the N-terminal FliC fragment might be 
secreted 1) by some of the known secretion systems or pathways, 2) by yet unknown 
secretion system or 3) they could be released unspecifically from the bacterial cells. In the 
first possibility the Ftp-polypeptides might be secreted via e.g. efflux pumps, ABC 
translocators or by T1SS-T6SS (chapter 3.7.1). Efflux pumps are known to translocate 
different types of toxic or harmful substances without known signal motifs directly from 
the cytoplasm bypassing the periplasm (Amaral et al., 2013). According to our preliminary 
data at least some of the secreted Ftp polypeptides lacking the FliC signal motif are 
detected in the periplasm of the secretetion-competent host implying that a two-step 
mechanism, not present in efflux pump systems, is involved. ABC translocators, on the 
other hand, translocate substrates across the IM to the periplasm. It is widely accepted 
that the substrates exported by a specific ABC translocator are closely related molecules 
and unrelated, heterologous proteins are not considered to be exported by these 
translocators (Duong et al., 1996; Young & Holland, 1999). Moreover, the nonspecific ABC 
translocators that mediate active efflux of structurally and functionally unrelated drugs, 
resulting in multidrug resistance (Lubelski et al., 2007; Davidson et al., 2008) are not 
present in E. coli MG1655, the parental strain of the host strain E. coli MKS12 (Blattner et 
al., 1997). Published secretion systems T1SS-T6SS are also often substrate-specific. They 
require specific signals for recognition, albeit the signals may vary or overlap and a 
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nonspecific secretion system may replace a specific pathway if the maximum capacity of a 
specific translocation route has been reached (Kim et al., 2001; Pradel et al., 2003; 
Mergulhão & Monteiro, 2004; Ren et al., 2007). One example of a heterologous protein 
that was unexpectedly translocated to the periplasm of E. coli is α-Synuclein protein, a 
presynaptic neuronal human protein linked to Parkinson's disease. Ren et al. (2007) 
reported that the common SRP-dependent pathway (chapter 3.7.1) was responsible for 
the translocation of this heterologous human protein in E. coli. The signal-like sequence 
was mapped to the C-terminal 99-140 portion of the α-synuclein molecule in contrast to 
the N-terminal signal normally present in proteins exported by SRP-dependent pathway. 
Thus, there are examples where a heterologous protein is exported by known secretion 
machinery without endogenous signals. The secretion systems present E. coli MG1655, 
the parental strain of E. coli MKS12, include the SecYEG and Tat systems in addition to the 
flagellum system. Additionally it has putative T2SS and some T4SS genes (Anton et al., 
2010) and a gene that encode the outer membrane protein TolC of T1SS (Kanehisa et al., 
2016) However, the culture conditions used during this thesis work did not favor 
expression of the T4SS, and the putative T2SS genes in E. coli MG1655 are generally 
repressed by H-NS in E. coli K12 strains (Francetic & Pugsley, 1996; Francetic et al., 2000). 
Moreover, the T2SS is very species-specific; proteins secreted by one system are not 
usually recognized by another T2SS. Taken together, it is unlikely, but cannot be excluded, 
that the S. aureus Ftp-polypeptides that were secreted without a FliC secretion motif are 
translocated in E. coli MKS12 by some of the known secretion systems (de Groot et al., 
1991; Lindeberg et al., 1996; Russel, 1998; Possot et al., 2000). The second option for a 
secretion of the Ftp-polypeptides lacking the FliC fragment could occur by an unknown 
secretion system. Interestingly, Anton et al. (2010) observed that a model protein Peb1, 
an aspartate/glutamate-binding protein of an ABC transporter of Campylobacter jejuni 
(Leon-Kempis Mdel et al., 2006), was expressed and secreted from the strain MKS12 by a 
two-step process involving a periplasmic step. It was proposed that the localization of 
Peb1 in the growth medium of E. coli was due to active secretion by an unknown pathway 
of E. coli. It is therefore tempting to speculate that the same system might be involved in 
the secretion of the Ftp-polypeptides of this study, but this phenomenon remains to be 
characterized. The secreted Ftp-polypeptides lacking FliC signals could eventually, as a 
third option, have been released to the extracellular milieu by unspecific ways e.g. 
through mechanosensitive channels, lysis of the bacteria or formation of outer membrane 
vesicles (chapter 3.7.5). For example, the stress conditions can influence the 
mechanosensitive channels to open in the IM of E. coli and result in release of cytoplasmic 
solutes (Vázquez-Laslop et al., 2001; Booth & Blount, 2012; Booth, 2014). However, E. coli 
MKS12 was not exposed to sudden osmotic shift or other changes in the culture 
conditions during the cultivation. Additionally, we did not detect obvious signs of cell lysis 
or release of periplasmic contents when we compared the cytoplasmic, periplasmic and 
extracellular proteomes with antibodies against the cytoplasmic markers (preliminary 
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data not shown). Taken together, the unspecific release of Ftp-polypeptides to the growth 
medium should be further studied. 

6.2.1 Ftp-clones secreting polypeptides with Fn- or Fg-binding properties (I) 

Ftp-polypeptides from eight clones (encoding fragments named ΔABC-PBP, ΔFnBPA,  
ΔPurK, ΔSCOR, ΔCoa, ΔUsp, ΔIspD and ΔEbh in article I) showed Fn-binding properties in 
the ELISA assay applied for screening purposes and six of the clones (ΔABC-PBP, ΔPurK, 
ΔSCOR, ΔCoa, ΔUsp and ΔIspD) interacted with Fg (Table 1 and Figure 3A of I). It should be 
noted that ΔPBP mentioned in article I was renamed here as ΔABC-PBP to avoid the 
confusion with the fragment of penicillin-binding protein 3 named as ΔPBP3 (referred to 
in 6.2.2). No or very low binding activity was seen to the ECM protein CI, CIV or to Fet. The 
central fragment of the α-subunit of nitrate reductase in clone named ΔNarG was used as 
a negative control polypeptide in the binding assays. The well-known adhesins detected 
among the adhesive Ftp-polypeptides were the Fn-binding proteins FnBPA and Ebh, as 
well as the blood coagulation factor staphylocoagulase (Flock et al., 1987; Signäs et al., 
1989; Clarke et al., 2002; Panizzi et al., 2011). We confirmed from the DNA sequences of 
our clones that the library clone named ΔFnBPA encoded the D-repeat (D1-D3) part of 
FnBPA, which are the domains previously shown to bind Fn efficiently. The ΔEbh clone 
encoded a part of the previously characterized ECM-binding protein that binds Fn, and the 
clone called ΔCoa contained the Fg-binding fragment of staphylocoagulase.  

The gene fragments in clones ΔABC-PBP, ΔPurK, ΔSCOR, ΔUsp and ΔIspD, all of which 
encoded adhesive polypeptides with Fn or Fg binding properties, have not previously 
been reported to encode proteins with adhesive properties. The clone ΔABC-PBP encoded 
and secreted the N-terminal fragment of the periplasmic substrate binding protein of an 
iron compound ABC transporter. The N-terminal fragment of the ATPase subunit of 
phosphoribosyl aminoimidazole carboxylase (or AIR carboxylase) of the clone ΔPurK is a 
part of the enzyme involved in the purine biosynthesis pathway (Meyer et al., 1992). The 
remaining clones, ΔIspD, ΔSCOR and ΔUsp, carried gene fragments encoding the N-
terminal half of 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (IspD), which is 
an enzyme participating in isoprenoid biosynthesis, an N-terminal fragment of a putative 
short chain oxidoreductase (SCOR) and a putative universal stress protein (Usp). SCORs 
are important e.g. in lipid, amino acid, carbohydrate, cofactor, hormone and xenobiotic 
metabolism (Kavanagh et al., 2008).The role of the Usp proteins are not really known, but 
interestingly Nachin et al (2005) showed that the efficiency of yeast cell agglutination by 
E. coli usp mutant cells was markedly enhanced and the cell-cell aggregation was reduced 
indicating a role in cell adherence for Usp proteins.  

We wanted to confirm the binding results obtained with our novel, secreted Ftp-
polypeptides also with conventionally produced and purified His-tagged recombinant 
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polypeptides (Figure 3B of I). We cloned the genes, used the widely applied expression 
host E. coli M15 in the production of these polypeptides and purified the corresponding 
protein fragments by an affinity purification method (Figure 3B of I). The His-tagged 
fragments ΔSCOR and ΔIspD could not be produced in a soluble form and were not 
included in the verifications. The His-polypeptides were tested for their binding properties 
by surface plasmon resonance (SPR) assay (Table 3 of I). The Fn- or Fg-binding properties 
observed with the Ftp-polypeptides ΔFnBPA, ΔPurK, ΔCoa, ΔUsp and ΔEbh were 
confirmed by ELISA or SPR assay using the His-tagged polypeptides, whereas the binding 
properties of ΔABC-PBP were not confirmed. The Fn- and Fg-binding properties of ΔPurK 
and ΔUsp observed in our work have not been reported earlier and we propose that we 
have demonstrated a new function for these two proteins. However, this conclusion 
should be further studied and the biological relevance of the binding properties should be 
proven.  

Bacterial proteins can be multifunctional and there is increasing evidence that various 
bacterial proteins regarded as cytoplasmic or cell wall enzymes can have a moonlighting 
nature and can be found outside the bacterial cell (chapter 3.6) (Lottenberg et al., 1992; 
Pancholi & Fischetti, 1992; Pancholi & Fischetti, 1998; Hurmalainen et al., 2007). For 
example the extracellular matrix of S. aureus biofilms has been shown to contain 
cytoplasmic proteins (Foulston et al., 2014). Many intracellular proteins also react with 
host antibodies indicating a role outside the cells (Vytvytska et al., 2002; Weichhart et al., 
2003; Glowalla et al., 2009). The protein PurK that showed binding properties in this 
thesis work was not localized outside the cells according to the bioinformatics and a 
proteomics analysis of S. aureus strain COL (Becher et al., 2009). However, it can not be 
excluded that it would never be expressed outside the cells. The proteins SCOR, Usp and 
IspD, which we identified from the Ftp-library showing Fn-/Fg-binding properties, can be 
detected on the cell surface of S. aureus in addition to their cytoplasmic localization 
(Dreisbach et al., 2010). Usp proteins are expected to modulate motility and 
adhesion, rather than acting directly as adhesins, but the localization on the cell surface of 
S. aureus (Dreisbach et al., 2010) combined with our findings suggests a role as an adhesin 
as well. 

6.2.2 Plasminogen binding properties of penicillin binding protein 3 (II) 

S. aureus is well known for its ability to take advantage of the human Plg/plasmin system 
(chapter 3.5) (Kuusela & Saksela, 1990; Lähteenmäki et al., 2001; Bhattacharya et al., 
2012). S. aureus proteins shown to enhance surface-associated plasmin activity are 
staphylokinase (SAK) and α-enolase (Eno) (Mölkänen et al., 2002; Antikainen et al., 2007) 
as well as the more recently described surface immunoglobulin-binding protein Sbi, 
extracellular fibrinogen-binding protein Efb and triose phosphate isomerase TPI (Furuya & 
Ikeda, 2011; Koch et al., 2012). Additionally, two putative Plg-binding proteins inosine 5’-
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monophosphate dehydrogenase and ribonucleotide reductase were identified in the cell 
wall preparations of S. aureus strain Newman by Mölkänen et al. (2002). 

Here, we wanted to study whether the Ftp-library, described in chapter 6.1, included 
novel Plg-binding proteins. First, we confirmed that the strain S. aureus NCTC 8325-4 used 
for construction of the Ftp-library was able to efficiently bind Plg in vitro (Figure 1 of II). To 
our knowledge, the plasminogen binding property of this particular strain has not been 
demonstrated earlier. 

We next screened the secreted polypeptides of the Ftp-library against immobilized human 
Plg in an ELISA-based assay in order to identify novel Plg-binding proteins. The growth 
medium of the Ftp-clones showed weak or no binding to Plg except for one clone whose 
growth medium contained a polypeptide that bound efficiently to Plg and was further 
analyzed (Figure 2 of II). Sequencing of the cloned DNA fragment revealed that the Plg-
binding clone encoded a C-terminal, 374 amino acids long fragment of the penicillin 
binding protein 3 (PBP3) that corresponds to the residues 361 – 634 (of the 691 residues 
of the mature PBP3) and was named as ΔPBP3 (Figure 3 of II). PBP3 is a class B high-
molecular-weight penicillin-binding protein (HMW PBP), a multimodular enzyme with an 
N-terminal non-penicillin-binding (n-PB) or dimerization domain, and a C-terminal 
penicillin-binding (PB) transpeptidase domain, which catalyzes the last cross-linking step 
in PG synthesis (see chapter 3.2.1 for description of PBP classification and function) (Pinho 
et al., 2000; Yoshida et al., 2012). Of the four PBPs expressed by methicillin sensitive S. 
aureus, PBP3 is not considered to be essential and its relevance for S. aureus is not well 
understood (chapter 3.2.1) (Pinho et al., 2000). When this study was initiated, the crystal 
structure of only one class B PBP was available, namely that of PBP2a of MRSA (Lim & 
Strynadka, 2002). Today, there are structures available for many class A and class B PBPs 
including class A PBP2 from S. aureus (Lovering et al., 2007), class A PBP1a, class B PBP2x, 
and class B PBP2b  from Streptococcus pneumoniae (Pares et al., 1996; Contreras-Martel 
et al., 2006; Yamada et al., 2008). The crystal structure of S. aureus PBP3 (SA-PBP3) was 
also recently solved (Yoshida et al., 2012). According to Yoshida et al. (2012) the structure 
of SA-PBP3 resembles strongly other class B PBPs, such as the PBPs from Bacillus, 
Streptococcus or Escherichia genus, except that the head domain of the N-terminal n-PB 
domain is larger in SA-PBP3 than for example in PBP2b of S. pneumonia, and SA-PBP3 
does not contain the extra C-terminal domain found in PBP2x of S. pneumonia. Also the 
inter-domain hinge (Figure 8) contains some flexibility. 
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Figure 8. Schematic presentation of the PBP3 proteins expressed as His-fusion polypeptides. The 
membrane anchor, n-PB and PB domains of S. aureus PBP3 (SA-PBP3) are shown uppermost and the N- 
and C-terminal residues of each domain are indicated. The His-tagged proteins include PBP3-F, PBP3-F-
His, His-ΔPBP3, ΔPBP3-His, PBP3-C, PBP3-CS634, PBP3-CG313, PBP3-N and PBP3-NG360. The N- and C-
terminal tags are indicated as 6xHis and 8xHis. The inter-domain hinge (V301-V353, indicated in white 
bars) between the non-PB (dark grey) and PB domains (light grey) contain a conserved motif 
G313QDLKLTIDIDLQ325 present in PBP3-F, PBP3-CG313, PBP3-N and PBP3-NG360. FLAG indicates the FLAG 
tag. 

The plasminogen binding clone ΔPBP3 encoded a major fragment of the C-terminal PB 
domain (Figure 8 and Figure 3 of II) that has never been associated with Plg-binding 
properties before. We wanted to test whether our initial observation could be confirmed 
by using conventionally expressed His-fusion proteins and to compare the binding 
properties of full length PBP3, without the membrane anchor sequence, and the ΔPBP3 
Ftp-library polypeptide. For that, we expressed a number of His-tagged PBP3-derived 
fragments with six or eight His-residues at the N- or the C-terminus in the E. coli 

Anchor Dimerization (n-PB) domain Transpeptidase (PB) domain

D361 S634

D58 K691

M1 P68 V301 V353
SA-PBP3

N655

FLAGFliC20N

6xHis

K691

ΔPBP3

PBP3-F

D361 S634

D58                                                               Q325

6xHis

6xHis

His-ΔPBP3

PBP3-N

fragment in the library

Expressed His-tagged fragments

E327
8xHis

PBP3-CS634S634

E327 K691
8xHis PBP3-C

D58                                                                    G360

6xHis PBP3-NG360

G313 K691
6xHis PBP3-CG313

D361 S634
6xHis ΔPBP3-His

D58 K691
PBP3-F-His6xHis

Protein name



56 Results and discussion 

expression hosts M15 and BL21. We purified the tagged proteins under denaturating or 
native conditions with varying amounts of detergents such as glycerol.  

The His-tagged PBP3 fragments were designed on the basis of the sequence alignments by 
Goffin and Ghysen (Goffin & Ghuysen, 1998) because the PBP3 structure was not 
available at the time when the genes were cloned, expressed and the polypeptides 
purified. The His-tagged proteins were named as PBP3-F (the full length PBP3 without the 
membrane anchor), PBP3-C (the full C-terminal transpeptidase domain of PBP3) with the 
tag either in N-terminus (PBP3-F) or in C-terminus (PBP3-F-His) and PBP3-N (the full N-
terminal dimerization domain including a conserved GQDLKLTIDIDLQ sequence in the 
inter-domain hinge) (Figure 3 of II and Figure 8). According to Goffin and Ghysen, the 
conserved sequence in the inter-domain hinge resides between the residues 313 and 325. 
According to Yoshida et al. (2012) there is some flexibility in other parts of the hinge when 
class B PBPs are compared. When His-tagged PBP3s are compared to the SA-PBP3 
structure now available (Yoshida et al., 2012), it is apparent that the His-tagged PBP3-C 
actually contains a few extra amino acids (E327 to V353) and the membrane anchor 
appears to be located between the residues 1-67 instead of 1-58 as designed in PBP-F 
(Figure 3 of II and  Figure ).  

We also attempted to purify several other His-tagged PBP3 fragments that were i) 
identical to the library polypeptide ΔPBP3 and with the tag either in N-terminus (His-
ΔPBP3) or in C-terminus (ΔPBP3-His), ii) an extended N-terminal PBP3 polypeptide (PBP3-
NG360) and iii) two truncated versions of the C-terminal PB-domain (named as PBP-CS634 
and PBP-CG313) (Figure 8). All well-studied PBPs have conserved SxxK, SxN, and KTG motifs 
at the active sites in the transpeptidation domain, which are found at residues 392–395, 
448–450, and 618–620 in SA-PBP3, respectively (Yoshida et al., 2012). The catalytic site 
contains a serine residue at position 392. All the conserved motifs and the active-site 
Ser392 were present in our recombinant His-tagged PB domains. We were not able to 
produce the N-terminal fragments as purified His-tagged proteins since they were rapidly 
degraded (Figure 9), which implies conformational instability. We also encountered 
problems while purifying the full length PBP3-F and the PB-domains PBP-C, His-ΔPBP3, 
ΔPBP3-His, PBP-CS634, PBP-CG313. The homogeneity of PBP3-F was frequently too low for 
functional studies and the C-terminal PB-domains did not retain stability during dialysis 
(Figure 9). After comprehensive optimization, we succeeded to purify PBP3-F and PBP3-C 
with only trace amounts of impurities and with a good yield (Figure 4 of II). For successful 
expression and purification of PBP3-F, we used an E. coli BL21 derivative that does not 
express the endogenous E. coli SlyD protein that binds to Ni-NTA resin. We added two 
extra His-residues to the N-terminal His-tag of PBP3-C in addition to the normal six His-
residues and that enhanced the binding of the recombinant protein to the resin. We also 
added 10 % glycerol to the buffer to solubilize the proteins. The N-terminal n-PB domain 
has been suggested to mediate the folding of the C-terminal PB domain in PBP3 indicating 
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that the His-tagged PBP3-C without the N-terminal part might not be in its native 
conformation. However, according to our preliminary data obtained using commercially 
available fluorescent penicillin called Bocillin F, the His-tagged PBP3-C and PBP3-F 
retained their ability to bind penicillin (not shown). The Bocillin F has been used as an 
indicator of a correct conformation and activity of penicillin binding proteins (Zhao et al., 
1999) and our results suggested that His-tagged PBP3-F and PBP3-C are functionally 
active, but this finding needs to be studied in more detail.  

 
 
Figure 9. SDS-PAGE and Western blot analysis of purified His-tagged PBP3-F, PBP3-N and PBP3-C. His-
tagged PBP3-F, PBP3-N and PBP3-C were visualized by Coomassie stained SDS-PAGE after purification 
using nickel-nitrilotriacetic acid metal-affinity chromatography matrix under denaturating conditions. The 
purified proteins were detected using monoclonal anti-His antibody in Western blot. The analysis 
indicated that His-tagged PBP3-F and PBP3-N were degraded and the yield of PBP3-C was poor and did 
not retain stable after dialysis.  

We used a well-established method described by Kukkonen and coworkers (1998) to test 
the binding characteristics of PBP3-F and PBP3-C to Plg. In the binding assay, we 
immobilized Plg onto the surface of polystyrene microwells in order to mimic the surface 
of bacteria, added purified PBP3-F and PBP3-C, and analyzed the results using the time-
resolved fluorometry as described earlier (Kukkonen et al., 1998; Hurmalainen et al., 
2007). Both His-tagged proteins bound Plg efficiently (Figure 4 of II). The binding was 
inhibited by the lysine analogue, ε-aminocaproic acid EACA, indicating that the binding is 
mediated by the lysine residues of the PBP3 fragments. The kringle domains of 
plasminogen possess lysine-binding sites that mediate the binding between the Plg and 
the Plg-binding proteins (Silva et al., 2012). EACA is a well-known synthetic inhibitor, or 
competitor, of the Plg-plasmin system and can be used as an indicator of lysine-mediated 
binding (Griffin & Ellman, 1978; Miles et al., 1991; Derbise et al., 2004; Silva et al., 2012).  
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We next tested whether the binding of PBP3 fragments enhances the conversion of Plg to 
active plasmin in the presence of tPA and used the chromogenic plasmin substrate H-D-
Val-Leu-Lys-p-nitroaniline dihydrochloride (SS-2251) in the activation assay as described 
earlier (Kukkonen et al., 1998). For tPA-mediated activation in vivo, Plg needs to be 
immobilized on platelets or other human or microbial cell surfaces, since surface-
localization protects Plg from its inhibitors, such as α2-antiplasmin, and enhances the 
plasmin activation (Plow & Miles, 1990). Here, the binding of inactive Plg to the His-
tagged recombinant proteins, PBP3-F and PBP3-C, was mediating the conversion of Plg 
into active plasmin in the presence of tPA in vitro (Figure 4 of II). The activation was 
inhibited by EACA.  

We also succeeded, in a similar manner as with PBP-C, in expression and purification of 
the truncated PBP3-CS634 protein and analyzed its Plg binding and activation activity as 
well (Figure 10). The results obtained with this truncated protein are in line with those 
obtained with PBP3-C and PBP3-F and indicate that the Plg-binding site is located in the C-
terminal PB-domain of PBP3 but not at the ultimate C-terminus of PBP3 that was missing 
from the truncated PBP3-CS634 protein.  

 

 
Figure 10. His-tagged PBP-CS634 show affinity for plasminogen. A) Binding to Plg was analyzed by time-
resolved fluorometry and measured with a VICTOR® time-resolved fluorometer as counts per second 
(cps) at 340/615 nm. Binding was assessed in the presence of i) Plg (black columns, Plg), ii) Plg and EACA 
(grey bars, Plg & EACA, iii) and without Plg or EACA (light grey columns, w/o Plg). B) His-tagged PBP-CS634 
enhanced plasminogen activation in the presence of tPA and plasmin substrate SS-2215 (black line with 
squares, PBP-CS634). The activation was measured in ELISA plate reader at A405 nm. The tPA-mediated Plg 
enhancing activity of PBP-CS634 was also measured in the presence of EACA (grey line with squares, PBP-
CS634 with EACA). Laminin was used as a positive control protein and ΔNarG as a negative control protein 
in both experiments. Other controls included buffer (bfr) without the proteins in the binding assay and 
without the proteins Plg or tPA in the activation assay. 

C-terminally located lysines are responsible for the binding of Plg in many Plg-binding 
proteins, including streptococcal surface enolases and eukaryotic cell-surface proteins 
(Miles et al., 1991; Bergmann et al., 2001; Derbise et al., 2004). However, internal lysines 
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and other positively charged amino acid motifs are recognized as important epitopes in 
Plg binding as well (Wistedt et al., 1995; Schenone et al., 2000; Bergmann et al., 2003; 
Hurmalainen et al., 2007; Sanderson-Smith et al., 2007). The ultimate C-terminus of PBP3 
includes seven lysine residues (Figure 3 of II), but the C-terminally truncated His-tagged 
PBP-CS634, lacking these lysines showed similar binding and activating properties as PBP3-F 
and PBP3-C carrying an intact carboxyl end. The results thus indicate that lysines other 
than the ultimate C-terminal ones are involved in the binding of Plg by PBP3 (Figure 4 of II 
and Figure 1). This is in line with the initial observation that the polypeptide ΔPBP3 
secreted by the Ftp-library clone and lacking the C-terminal lysines also bound Plg (Figure 
2 of II). 

Normally, the PB domain of PBPs catalyzes the final transpeptidation step in PG 
biosynthesis (chapter 3.2.1). These final steps occur outside the IM, but it is not known 
whether the PBP protein is exposed to the extracellular milieu during cell growth and 
thereby able to reach the soluble, extracellular Plg. The bacterial sacculus undergoes 
continuous synthesis and turnover (Blümel et al., 1979) and it can be speculated that the 
C-terminal transpeptidase part of PBP3 is exposed during this cell wall turnover and thus 
able to bind and activate Plg. Moreover, PBPs have been found extracellularly in the 
exoproteome of staphylococci (Muthukrishnan et al., 2011) and in staphylococcal 
membrane vesicles (Lee et al., 2009). In addition, Monteiro et al. (2015) determined that 
PBP2a is exposed on the cell surface of S. aureus by analyzing the surface proteome and 
the whole exoproteome of a clinical MRSA strain (Monteiro et al., 2015). Gil et al. (2014) 
also showed by high throughput proteomics that the level of PBP 1 and 4 are upregulated 
in the exoproteome of a planktonic nasal carrier strain of S. aureus in comparison to non-
carrier or biofilm strains. The exoproteomic study by Gil and coworkers (2014) implies 
that the nasal carrier strains of S. aureus secrete PBPs, among others, that enable them to 
adapt to the human nasal cavity. It is known that a carrier status can lead to more severe 
invasive infections (von Eiff et al., 2001; Wertheim et al., 2004). Since Plg activation also 
has been reported as a virulence trait leading to the invasive infections (Lähteenmäki et 
al., 2005), the role of plasmin enhancing activation by PBPs and the link to more severe 
invasive infections by carrier strains should be further studied.  

6.3 Identification of LEA as epithelium adhesin of L. crispatus ST1 (III) 

The L. crispatus strains ST1, 134mi, A33 and ATCC 33820 used in this study were isolated 
earlier from a chicken and the results obtained by Edelman et al. (2005 and 2002) have 
demonstrated the tissue-binding properties of these strains to the alimentary tract of 
chicken. L. crispatus strains ST1 and A33 showed strong adherence to frozen tissue 
sections of chicken crop while 134mi and ATCC33820 adhered only poorly to the different 
parts of the tract (Edelman et al., 2002).  
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In this study, we characterized the binding of L. crispatus ST1 to the epithelium of mucous 
membranes in more detail. The adhesion of L. crispatus strains ST1 (Figure 1a-1b of III) 
and A33 (result not shown) to the crop was assessed before and after mutanolysin 
treatment and L. crispatus 134mi was used as a negative control (Figure 1d of III). The 
results showed that the adhesion of L. crispatus strains ST1 and A33 cells to the layered 
epithelium of crop was lost after treatment with mutanolysin. The extraction did not 
affect the binding of weak colonizer L. crispatus 134mi. This indicated that the surface 
protein extract of L. crispatus strains ST1 and A33 contained the protein(s) involved in the 
bacterial binding to crop epithelium. 

The surface proteins of L. crispatus strains ST1, 134mi, A33 and ATCC 33820 were 
extracted by mutanolysin treatment and an antiserum against the mutanolysin extract of 
L. crispatus strain ST1 was raised in rabbits. The extracts of the four L. crispatus strains 
were then analyzed 1) by SDS-PAGE, 2) as immobilized on fluorescent FMP beads and 3) 
by IIF assay for their binding to thin frozen sections of chicken alinmentary tract. First, the 
extracts of the two strong colonizers L. crispatus strains ST1 and A33 had similar protein 
profiles in SDS-PAGE. Proteins extracted from the weakly adhesive L. crispatus strains 
134mi and ATCC 33820 lacked the high molecular weight protein(s), which were observed 
in the extracts of the strong colonizers and were not able to penetrate into the gel as well 
as some major polypeptides in the size range of 40 and 35 kDa (Figure 2a of III). Second, 
the proteins from L. crispatus strains ST1 and A33 extracted by mutanolysin and coated on 
FMPs showed binding to the outermost epithelial layer, i.e. the stratum corneum of 
chicken crop, whereas proteins from L. crispatus strains 134mi and ATCC 33820 failed to 
bind to the frozen tissue sections of crop (not shown). Third, the observation that 
mutanolysin-extracted proteins contained the epithelium adhesin of L. crispatus strains 
ST1 and A33, a result gained with the FMPs, was confirmed in the IIF assay using the 
antisera raised against mutanolysin-extracted proteins of L. crispatus ST1 (Figure 1c of III). 

We then chose to perform a more detailed analysis of the proteins extracted from strain 
L. crispatus ST1 as it was the most frequently encountered  crop-colonizing bacterial strain 
isolated from chicken by Edelman and coworkers (2005). To further analyze the surface 
proteins we fractionated the mutanolysin-extracted proteins by ion exchange 
chromatography and tested selected fractions for binding to different tissue sections of 
chicken alimentary tract by IIF (not shown). Fractions were selected on the basis of the 
absorbance at 280 nm and SDS-profiles. In comparison to the surface proteins of L. 
crispatus strains 134mi or ATCC 33820, L. crispatus ST1 carried an additional HMM protein 
and a 40 kDa protein that were visible in SDS-PAGE analysis. The two proteins of L. 
crispatus ST1 exhibited the following binding specificities: the HMM protein bound to 
epithelial cells of crop and was named as Lactobacillus epithelium adhesin LEA, whereas 
the 40 kDa polypeptide, identified on sequence basis as GAPDH (Hurmalainen et al., 
2007), bound to basement membrane areas (data not shown). LEA was further purified 
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and anti-LEA rabbit antibodies were raised (Figure 2 of III). LEA was visualized in the 
surface protein extracts by Western blotting with anti-LEA antiserum and on the bacterial 
surface of L. crispatus strains ST1 and A33. The specificity of the antiserum was 
demonstrated by its failure to react with cells and surface protein extracts of L. crispatus 
strains 134mi and ATCC33820 (Figure 2b and 2c of III). Furthermore, binding of LEA to the 
stratum corneum layer of the crop epithelium was inhibited by LEA-specific F(ab’)2 
fragments (III). It is however noteworthy that LEA and the surface proteins of L. crispatus 
ST1 bound only to the outermost layer of epithelium, whereas L. crispatus ST1 cells 
adhered to all layers of the crop and mutanolysin treatment of L. crispatus ST1 cells 
abolished this binding. A reason for the failure in visualizing the extracted proteins by IIF 
in all layers of crop epithelium might be that the antiserum raised against the surface 
extract did not recognize all proteins. Anyhow, in the healthy mucus membrane only the 
outermost layer of epithelium is exposed and available for bacterial colonization and it 
seems that LEA binds efficiently to this outermost epithelial cell layer.  

The epithelium of human vagina is similar as the non-keratinized and layered chicken crop 
epithelium and human vagina is efficiently colonized by the L. crispatus species (chapter 
3.4)  (Edelman et al., 2002; Abbas Hilmi et al., 2007; Ravel et al., 2011; Petrova et al., 
2015). Therefore, we next assessed the binding of L. crispatus ST1, A33, 134mi and 
ATCC33820 cells, and the LEA protein, to the human vaginal epithelial cell line VK2/E6E7 
(Figure 3a and 3c of III) and elucidated the specificity of LEA by inhibiting the binding of 
the bacteria as well as the LEA protein with LEA-specific LEA-specific F(ab’)2 fragments 
(Figure 3b of III). We proved that LEA and the L. crispatus strains ST1 and A33 adhered 
efficiently to the human vaginal epithelial cells (Figure 3 of III) and that LEA also bound to 
the fresh, primary vaginal cells (Results in III). Lactobacillus species control the healthy 
vaginal microbiota by e.g. competing with pathogens for binding sites (Boris & Barbés, 
2000; Dwyer & Dwyer, 2013; Petrova et al., 2015) and L. crispatus strains have been 
shown to interfere with G. vaginalis, a species associated to bacterial vaginosis, in its 
binding to epithelial cells (Castro et al., 2013). Ojala and coworkers (2014) have recently 
suggested that LEA of human vaginal L. crispatus has a role in excluding G. vaginalis from 
HeLa cells by competing with the same attachment sites as the pili of G. vaginalis.This 
further expands the role of LEA in interaction of L. crispatus with vaginal cells. A similar 
role in the competition is suggested for LEA in chicken crop, since L. crispatus ST1 has 
been shown to inhibit adhesion of avian E. coli to the epithelium of crop (Edelman et al., 
2002). LEA is associated to crop-colonizing L. crispatus strains (Figure 2 of III and Edelman 
2005) and a species-wide distribution of LEA in the species L. crispatus has been suggested 
(Ojala et al., 2014). 

The sequence of LEA has not been fully determined due to its highly repetitive central 
region (Figure 4 of III) that hampers nucleotide sequencing and cloning attemps. LEA 
contains at its C-terminus the LPxTG (LPQTG) motif typically present in sortase-
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dependent, cell wall attached proteins (Navarre & Schneewind, 1994; Ton-That et al., 
1999) that have been shown to be key players in the adhesion of L. plantarum to vaginal 
VK2/E6E7 cell line (Malik et al., 2013). LPxTG sequence -containing proteins are 
characterized as adhesins in many Lactobacillus species (chapter 3.4.1). Protein sequences 
similar to LEA in other bacteria were found in L. salivarius NIAS840 (a surface protein Rib), 
L. salivarius GJ-24 (an LPxTG motif cell wall anchor domain protein), L. reuteri, Finegoldia 
magna, G. vaginalis (putative uncharacterized proteins) and Anaerococcus prevotii (a 
sugar-binding domain protein) (Table 1 of III). The mucus binding (MUB) regions present 
in other high-molecular-mass adhesins of LAB are not present in LEA (Figure 4 of III) 
(Boekhorst et al., 2006), but several unique repeat regions were identified that share 
similar, but not identical, characteristics with the repeats from streptococcal α-like 
proteins (e.g. Rib and R28), enterococcal Esp or L. fermentum Rlp (Stålhammar-Carlemalm 
et al., 1999; Lachenauer et al., 2000; Toledo-Arana et al., 2001; Turner et al., 2003). The 
human commensal species Lactobacillus iners, which colonizes the vagina, has two 
putative adhesin genes encoding Fn-binding proteins. Theseproteins contain several 
repeated Rib domains that have similar characteristics as the repeat region in LEA (Figure 
4 of III). Repeat regions are thought to extend the individual regions of proteins away 
from the bacterial surface, provide antigen diversity within the species due to the varying 
number of repeats in LEA of individual strains and account for adhesive functions of many 
Gram-positive bacteria (Madoff et al., 1996; Gravekamp et al., 1998; Lachenauer et al., 
2000; Vengadesan & Narayana, 2011). The biological role of the repeat regions in LEA is 
not known and the domain(s) responsible for the interaction of LEA with epithelial cells 
remains to be characterized. It was suggested by Ojala et al. (2014) that LEA contains 
some novel domains for binding, since the authors did not observe LEA among the 103 
proteins identified from the L. crispatus proteomes as adhesin and host colonization 
related domains.  
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7 CONCLUSIONS 

We have shown here that the flagellum-based secretion system of E. coli strain MKS12 
allows expression and secretion of a wide range of proteins; the strain was able to 
synthesize approximately 700 different S. aureus protein fragments in this study. The 
functionality of the application was confirmed by demonstration of the presence of well 
characterized adhesins, or fragments of them, of S. aureus, namely the Fn-binding 
proteins FnBPA and Ebh, and a staphylocoagulase that is a blood clotting factor (Flock et 
al., 1987; Signäs et al., 1989; Clarke et al., 2002; Panizzi et al., 2011). A novel finding in our 
study was that proteins previously characterized as intracellular proteins or having 
transport or cell wall synthesizing functions were observed to contain novel fibronectin, 
fibrinogen (ΔPurK and ΔUsp) as well as plasminogen binding and activating (ΔPBP3) 
properties. These properties of PurK, Usp and PBP3 have not been characterized earlier. 
The lysine-mediated plasminogen-binding and the tPA mediated plasmin activition by 
PBP3 was localized to the C-terminal TPase domain of the protein. This TPase domain of 
PBP3 is located outermost from the cytoplasmic membrane, where it normally catalyzes 
the last cross-linking step in the peptidoglycan polymerization. Whether the domain is 
exposed on the cell surface during the life cycle of S. aureus, and thereby available for Plg 
binding, is not currently known. In this study, we did not go into the details whether the 
PBP3, Usp and PurK are in fact moonlighting proteins, i.e. proteins expressing an 
additional, unusual function in an unconventional location. We acknowledge that the 
characterized, novel functions presented here require more detailed studies e.g. with 
deletion mutant strains for demonstration of their functional specificity and with protein 
specific antibodies for demonstration of surface localization of the proteins.  

A surprising result of this study was the observation that some of the S. aureus 
polypeptides were secreted into the growth medium of E. coli MKS12 in the absence of a 
flagellum related secretion signal or any other identifiable secretion motifs of reported 
secretion systems. An interesting question for future studies is how these proteins are 
released. A similar case was reported by Anton et al. (2010) and it was proposed that the 
heterologous protein Peb1 secreted from the strain E. coli MKS12 was secreted by an 
unknown, active two-step process. Thus, the unexpected secretion described in this study 
might give novel information on the secretion mechanisms of E. coli. 

The secretion method presented here is a convienient application for identification of 
novel proteins of S. aureus and it can be applied on other organisms as well or used in 
biotechnological applications. It is cheap and easy to use, because the proteins are 
soluble, as is the case also e.g. in the type I and type III extracellular secretion-based 
methods (Gentschev et al., 2002; Nishikawa et al., 2006). Other methods for heterologous 
protein production often rely on expression inside the cells or in bacterial surface display, 
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where the proteins are bound to the cell or cell appendices like fimbria or to a phage 
(Klemm & Schembri, 2000; Paschke, 2006; Rosano & Ceccarelli, 2014). Although 
algorithms for prediction of function that combine genomic and functional information 
are widely used today for searching of putative adhesin candidates, they are not yet well 
applicable to the proteins with unexceptional functions such as moonlighting proteins 
(Khan et al., 2012; Wang et al., 2014). 

We also identified the novel adhesin protein named LEA on the strain L. crispatus ST1. The 
surface proteome of this strain was obtained by extraction of surface structures by 
enzymatic treatment. This is a straigth-forward and easily applicable approach without 
the need of recombinant DNA techniques on a bacterial species such as L. crispatus, which 
is not well-characterized. Most attention of adhesive molecular characteristics of 
lactobacilli have been addressed in the colonization of human GIT, that is lined by simple 
columnar epithelial cells, but less focus has been addressed on the molecular binding 
properties to the stratified squamous epithelia found e.g. in esophagus, mouth and 
vagina.  Before LEA was identified, only one high-molecular-mass surface protein, the Lsp 
of L. reuteri, had been characterized to mediate adhesion to the stratified squamous 
epithelium of murine forestomach (Walter et al., 2005). We identified by microscopy 
techniques that LEA binds to the outermost layer of squomous epithelia that exist e.g. in 
chicken crop and human vagina.  

In this study, we identified a novel, putative virulence function of PBP3 of S. aureus as well 
as putative moonlighting adhesins of S. aureus. We also indicated that a high-molecular-
mass surface protein LEA is an adhesin on the surface of L. crispatus implying a role in the 
maintenance of healthy ecosystem in chicken crop and human vagina. Taken together, 
the results supplement the information on the adhesive characteristics of S. aureus and 
help us understand the molecular mechanisms underlying commensalism of L. crispatus.  
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