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Summary 

Omptins are a family of conserved, integral outer membrane proteases and widely distributed 

within Gram-negative bacterial species. The family offers a good example of the evolution 

and the adaptation of a protein to novel functions and to differing pathogenic bacterial life-

styles. This work investigates three different omptins: Pla of Yersinia pestis, PgtE of 

Salmonella enterica and OmpT of Escherichia coli. The omptin proteases differ in substrate 

specificity and need lipopolysaccharide (LPS) for activity. My thesis work addressed two 

main questions in omptin function: what is the molecular basis of the dissimilar substrate 

selectivity in the structurally very similar omptins; and what are the structural features in LPS 

that affect omptin activity.  

I studied the LPS dependency of omptins by expressing the proteins in bacterial cells that 

differ in LPS structure and by reconstituting purified, detergent-solubilized omptin protein 

with characterized, purified LPS molecules. Y. pestis alters its LPS structure in response to 

change of temperature from 20
o
C to 37

o
C, which reflects the transfer from a flea to a 

mammalian host. I found that the activity of Pla in cells from 20
o
C was very low, whereas 

cells from 37
o
C expressed high activity. I reconstituted detergent-purified His6- Pla protein 

with various model LPS structures and with LPSs of Y. pestis grown at different 

temperatures. Adding Y. pestis LPS from 37
o
C to the nonfunctional Pla protein induced high 

proteolytic activity, whereas 20
o
C-LPS gave very low activity, indicating that the activity of 

Pla is controlled by LPS. Similarly, I found that the activity of PgtE was high with rough LPS 

and low with smooth LPS; the difference mimics the LPS of intracellular (rough) and 

extracellular (smooth) S. enterica. Thus, in both bacterial species the omptin activity is 

controlled by the LPS type that the bacteria express during infection in mammals.  

I further studied the fine structure of Y. pestis LPS that affects Pla activity. This was done by 

reconstituting Pla activity with various structurally characterized Y. pestis and E. coli LPSs. I 

found that lower levels of lipid A acylation and phosphate substitution by aminoarabinose, 

are important for Pla activity, these features are characteristic for Y. pestis LPS from 37
o
C. A 

common and conserved feature in omptin structure is the presence of LPS-binding motif in 

protein barrel. Disrupting of the lipid A-binding motifs in PgtE and Pla abolished their 

proteolytic activity, emphasizing the importance of the LPS binding site for omptin activity.  

Omptins have a highly spatically conserved active center and catalytic domains but express 

functional heterogeneity. The omptin transmembrane barrel contains five surface-exposed 

loops that show slightly higher sequence variation than the transmembrane protein regions. 

To study the effect of loop structures in omptin proteolytic specificity, I changed OmpT of E. 

coli to a Pla-like enzyme by a stepwise substitution of the loop areas. The proteins were 

characterized by their ability to activate the human protease precursor plasminogen (Plg) to 

the active serine protease plasmin and to inactivate the main plasmin inhibitor, 2-

antiplasmin (22AP); both functions are important for bacterial virulence. Pla cleaves very 

efficiently both substrates, whereas OmpT is only poorly active with them. I showed that 

OmpT could be converted into a Pla-like enzyme by cumulative substitutions at the loop 

areas, especially the loops L3-L5 were important. The successful conversion of OmpT 

towards Pla indicates that the loop structures are critical for omptin activity by allowing 
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correct recognition of the polypeptide substrate. More detailed substitution analysis was taken 

to identify the catalytic residues in Pla.  

My thesis demonstrates that the omptin proteolytic activity depends on two things: their 

specific interaction with LPS and the structure of their surface-exposed loops. The thesis 

offers an example of omptins’ extensive evolvability and of how they adapt to the lifestyle of 

their host bacterium.  
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1 Introduction 

1.1 Yersinia pestis, Salmonella enterica, and Escherichia coli as species and 

pathogens 

This PhD thesis addresses factors that determine the substate specificity and proteolytic 

activity of homologous surface proteases, the omptins, in three enterobacterial species, i.e. 

Yersinia pestis, Salmonella enterica, and Escherichia coli. These bacterial species associate 

with infectious diseases of varying severity, and their omptin proteases show functional 

differences that can be associated to the pathogenetic mechanisms of these species (Haiko et 

al., 2009). My thesis work addressed the factors that contribute to these differential functions 

and to the adaptation of the omptins to the life styles of their bacterial hosts. 

1.1.1 Yersinia pestis  

Y. pestis belongs to the Enterobacteriaceae family which consists of over 30 genera and 120 

species. Genus Yersinia consists of 17 species, of which Y. pestis, Yersinia 

pseudotuberculosis and Yersinia enterocolitica are pathogenic for humans. MLST 

(Multilocus Sequence Typing) analyses of Y. pestis and Y. pseudotuberculosis have estimated 

that Y. pestis diverged only 1500-20000 years ago from Y. pseudotuberculosis, probably the 

serotype O1b (Achtmann et al., 1999, 2004, 2012; Skurnik et al., 2000). Recent studies 

suggest the origin of Y. pestis to be in China ca. 2500 years ago (Morelli et al., 2010). Y. 

pestis has acquired few genes with virulence potential through lateral gene transfers (LGT) 

but lost several genes functioning in the virulence of Y. pseudotuberculosis, which underlines 

the importance of gene decay in the evolution of Y. pestis (Parkhill et al., 2001; Wren, 2003). 

Plague bacillus´ high pathogenicity may also involve higher expression levels of common 

virulence genes (Chauvaux et al., 2011). Y. pestis genome is rich in insertion sequences and 

in intragenomic recombination and the genome has undergone chromosomal rearrangements 

and accumulated several pseudogens. The recent divergence from Y. pseudotuberculosis and 

the exceptional pathogenicity of Y. pestis have made Y. pestis a model organism on a rapid 

evolution of a bacterial pathogen (reviewed in Wren, 2003; Chain et al., 2004, 2006; Darling 

et al., 2008; Eppinger et al., 2009, 2010). 

Y. pestis is responsible for the highly fatal flea-borne zoonosis plague. In Greek, term plague 

can refer to any kind of sickness and in Latin the corresponding terms for plague are plaga 

and pestis. Y. pestis is one of the fiercest bacterium that has swept around the globe causing at 

least three pandemics: Justinian´s plague (AD 541-576), Black death (from 1346 to the 19
th

 

century) and Modern plague (from mid-19
th

 century) (Perry & Fetherston, 1997). During the 

last pandemic in 1894, Alexandre Yersin identified Y.  pestis to be responsible for bubonic 

plague (Yersin, 1894).  

The bacterium still persists endemically in most continents and causes at least 200 deaths per 

year, mostly in Africa and Asia (WHO, www.who.int/). Y. pestis is circulating in populations 

of more than 200 species of wild rodents and lagomorphs, with more than 80 flea species 

serving as vectors that spread the bacteria to mammalians (Anisimov et al., 2004). The recent 

identification of Y. pestis strains that are resistant to several drugs and the potential use of Y. 

pestis as an agent of biological warfare, mean that plague even today is a potential threat to 
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human health (Inglesby et al., 2000), and the bacterium is classified as a re-emerging 

pathogen (Welch et al., 2007 ).  

Y. pestis multiplies in the flea midgut to form cohesive aggregates, i.e. a biofilm (Bacot & 

Martin, 1914). In some fleas, bacteria eventually fill the proventriculus and block normal 

blood feeding. Blocked fleas transmit plague efficiently because their increased efforts to 

feed and bite increase dislodge of the plague bacilli into the mammalian host (Bacot & 

Martin, 1914). The blocking apparently does not hold for all flea hosts (Eisen & Gage, 2012). 

In an alternative model, called early-phase transmission, fleas transmit bacteria immediately 

after feeding and do not require blockage (Eisen et al., 2006). For survival of Y. pestis in the 

flea, two plasmids are needed. Yersinia Virulence plasmid (pPCD1/pYV) is common to all 

three human-pathogenic species of Yersinia and encodes the haemin storage system (hms). 

The haemin storage locus, which encodes outer-surface proteins responsible for bacterial 

pigmentation and autoaggregation phenotypes, is required for colonization and blockage of 

the proventriculus, (Hinnebusch et al., 1996). The second is Y. pestis-specific murine toxin 

plasmid (pFra/pMT1) that encodes the murine toxin (Ymt). The ymt locus is needed for 

bacterial colonization of the midgut, and its major biological function is to enable infection of 

the flea vector (Hinnebusch et al., 2002). Both hms and ymt gene transcription are 

uppregulated at the flea temperature of 26° C (Lillard et al., 1997; Chromy et al., 2005; Perry 

& Fetherston, 1997).   

During mammalian infection Y. pestis expresses other virulence factors than in fleas. Iron is 

essential nutrient for bacteria, which is chelated by mammalian proteins to make it less 

available for pathogens. The siderophore yersiniabactin (ybt) is encoded on the virulence-

associated pigmentation locus (pgm) and is synthesized by bacteria to acquire iron during 

mammalian infection. Pgm is required to establish the pneumonic form of the plague but the 

exact mechanisms are still elusive (Wake et al., 1975; Perry & Fetherston 1997; Lee-Lewis & 

Anderson, 2010; Fetherston et al., 2010).  

Upon bite by an infected flea, the plague bacteria are injected into the subcutaneous tissue, 

and Y. pestis rapidly disseminates into afferent lymphatic vessels and the regional draining 

lymph nodes, rapidly multiplies and spreads throughout the entire parenchyma of the node 

(Sebbane et al., 2006). After proliferation in lymphatic tissue, bacteria are released to 

circulation and disseminate to liver, spleen, lungs and other organs (Perry & Fetherston, 

1997). Y. pestis causes three major clinical types of plague. In bubonic plague, the primary 

infection site is in lymph nodes where the bacterium proliferates causing swollen lymph 

nodes called buboes. The spread of the bacterium from buboes to blood stream (septicaemic 

plague) may lead to infection of the lungs, i.e. the pneumonic plague, which can also result 

from bacterial spread via contaminated air droplets. In septicaemic plague, bacteria can be 

also injected directly into blood vessels by the flea vector (Sebbane et al., 2006). The severe 

outcome of the plague largely results from the ability of Y. pestis to avoid phagocytosis and 

exposure to antimicrobial effectors of innate immunity (Butler, 1983; Perry & Fetherston, 

1997; Sebbane et al., 2006) and to its exceptional capacity to destroy the control of the 

human hemostasis system (Degen et al., 2007; Korhonen et al., 2013). Y. pestis is a 

facultative intracellular pathogen that survives and multiplies in macrophages that serve as 

permissive sites for bacterial replication in vivo in early stage of infection (Pujol & Bliska, 

2003). Ability to survive in phagocytes is encoded by genes in the plasmid pYV. A type III 
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secretion system (TTSS) encoded on this 70-kb plasmid functions to export multiple proteins 

the Yersinia outer membrane effector proteins (Yop) and the V-antigen (LcrV) regulator 

protein. The Yops are delivered into phagocytes, where they inhibit phagocytosis and 

proinflammatory cytokine production and trigger apoptosis (Pujol & Bliska, 2003). The Y. 

pestis-specific plasmid pFra/pMT1 (100-kb in size) encodes the fraction 1 (F1) capsule-like 

antigen, which is expressed at 37 °C and confers resistant to uptake by phagocytes (Du et al., 

2001; Galvan et al., 2007). Exact role of the F1 is still unknown (Sebbane et al., 2009; Sha et 

al., 2011). The second Y. pestis-specific plasmid, pPCP1/pPst (9.5 kb), encodes the Pla 

protease, which exhibits several functions contributing to the high virulence of Y. pestis (See 

chapter 1.10).  

1.1.2 Salmonella enterica 

The genus Salmonella belongs to the family Enterobacteriaceae, and the species are 

facultative intracellular anaerobes that cause a wide spectrum of diseases. The genus 

Salmonella contains two species: S. enterica which is related to human diseases and 

Salmonella bongori that is a reptile commensal. S. enterica has been divided into 6 

subspecies, and within subspecies there are over 2400 serovars (Popoff et al., 2004), which 

are divided on the basis of the lipopolysaccharide- (O) and flagellin- (H) antigens. LGT has 

played an important role in the evolution of both S. enterica and Y. pestis (Porwollik & 

McClelland, 2003). For instance, the plasmid pHCM2 of S. enterica serovar (sv) Typhi is 

more than 50 % identical with the plasmid pFra of Y. pestis suggesting that LGT has occurred 

between S. enterica and Y. pestis (Prentice et al., 2001). Salmonella and E. coli are 

genetically related and their chromosomes are highly conserved, and the two species have 

diverged ca. 120 million years ago (Ochman & Wilson, 1987; Doolittle et al., 1996). During 

its evolution, Salmonella has acquired at least 21 DNA insertions called Salmonella 

pathogenicity islands (SPIs), varying in size from 6.8 kb-133 kb. SPIs encompass virulence 

genes which are clustered in localized regions of the chromosome (reviewed in Hensel, 2004; 

Blondel et al., 2009; reviewed in Sabbagh et al., 2010). The SPI-1 encodes genes that allow 

multiplication of Salmonella bacteria in mammalian epithelial cells, and SPI-2 genes encode 

factors that enable bacteria to multiply in phagocytes and cause a systemic infection (Shea et 

al., 1996; Ochman et al., 1996; Hensel et al., 1998; reviewed in Sabbagh et al., 2010). Both 

SPIs contain genes encoding a type III secretion system, which is also present in the common 

virulence plasmid pYV of human-pathogenic Yersinia bacteria (reviewed in Hansen-Wester 

& Hensel, 2001, Sabbagh et al., 2010; reviewed in Cornelis, 1998). These secretion systems 

transport effector proteins to host cells and help the bacteria avert host defences (Finlay & 

Falkow, 1997). 

Salmonellosis is a widely distributed foodborne disease and estimated to infect tens of 

millions of people every year; the infections result in more than hundred thousand of deaths 

annually (WHO, www.who.int/). The spectrum of diseases caused by Salmonella ranges from 

gastroenteritis, enteric fever, bacteremia, focal infections, to a convalescent lifetime carrier 

state. A basic difference in Y. pestis and S. enterica pathogenesis is that the latter species 

spreads in the host mainly inside phagocytic cells (reviewed in Hollen, 2002). S. enterica is a 

highly evolved pathogen that has adapted to colonize and survive for long periods of time in 

humans, mice and other animal hosts. After oral infection, the bacteria invade the intestinal 

epithelium and may penetrate into deeper tissues. Salmonella serotypes induce their own 
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uptake into cells of the intestinal epithelium. S. enterica traverses the ileum via antigen-

sampling microfold (M) cells in Peyer`s patches to reach the underlying lymphoid follicles, 

where the bacteria are phagocytosed by the resident macrophages. Salmonella can survive 

inside the macrophage, and the subsequent spread of Salmonella into circulation and 

secondary infection sites are thought to take place inside infected monocytes, macrophages 

and dendritic cells. In addition to the M cell-mediated passage, Salmonella is thought to 

traverse the epithelium also by invading into the intestinal epithelial cells, including 

enterocytes. Adherence of bacteria to dendritic cells involves fimbriae, and both the adhesion 

and the invasion into epithelial cells require the TTSS and effector proteins encoded by SPI-1 

(reviewed in Ohl & Miller, 2001; reviewed in Galan, 2001; Guo et al., 2007). Survival of 

Salmonella inside macrophages is mainly based on its ability to avoid killing mechanisms of 

host cell lysosome. In phagocytes, Salmonella replicates and resides in specific Salmonella-

containing vacuoles (SCVs), and S. enterica induces host cell death, which releases 

intracellular bacteria to infect new host cells (Monack et al., 2001; Mastroeni & Sheppard, 

2004). 

1.1.3 Escherichia coli 

 Escherichia coli is a facultative anaerobic rod-shaped bacterium. The genus Escherichia 

belongs to the Enterobacteriaceae family and consists of the species, E. coli, Escherichia 

fergusonii and Escherichia albertii. E. coli is usually a harmless bacterium in the human 

intestine but also a frequent cause of common bacterial infections, including bacteremia, 

urinary tract infections and diarrheal diseases. In worldwide there are approximately 2.5 

million diarrhea-associated deaths annually among children under five years and 

diarrheagenic E. coli is the most frequent pathogen responsible for diarrhea along with the 

rotavirus (O´Ryan et al., 2005). E. coli bacteria are serotyped on the basis of three different 

surface exposed antigens, O (lipopolysaccharide, LPS), K (capsule) and H (flagellar). 

Decades ago serotyping was the crucial mean of differentiating the pathogenic E. coli strains 

(Kauffmann, 1947; reviewed in Nataro & Kapel, 1998). Infectious diseases are associated 

with specific pathogroups of E. coli. Six pathovars of E. coli are diarrheagenic, 

enterohemorrhagic (EHEC), enteropathogenic (EPEC), enterotoxigenic (ETEC), 

enteroinvasive (EIEC), enteroaggregative (EAEC) and diffusely adherent (DAEC) E. coli and 

two extraintestinal pathovars, uropathogenic (UPEC) and neonatal meningitis (NMEC) 

(Croxen & Finlay, 2010).   

The genome sizes of E. coli isolates vary markedly (1 Mb), due to deletions as well as 

acquisition of genetic elements (plasmids, phages, large DNA regions) (Bergthorsson & 

Ochman, 1998). E. coli genomes have a mosaic-like structure encompassing a conserved core 

genome and a flexible, strain-specific part. The core genome consists of genes coding 

essential cellular functions, whereas the flexible genome contains horizontally acquired 

virulence genes, such as transposons, insertion elements and pathogenicity islands (PAIs) 

(Welch et al., 2002; Dobrindt et al., 2004; Dobrindt et al., 2010).  PAIs have been described 

in several genera and species of Enterobacteriaceae, and these integrative elements confer an 

advantage to the bacterium within its eukaryotic hosts (Hacker & Carniel, 2001), and hence 

PAIs are considered important in the evolution of pathogenic enterobacterial species and 

pathovars.  

 



Introduction 

13 

 

1.2 β-barrel outer membrane proteins 

Outer membrane proteins (OMPs) of Gram-negative bacteria have diverse functions and are 

directly involved in the interaction with the various environments encountered by the 

bacteria. Several OMPs are important virulence factors and play essential roles in bacterial 

adaptation to host niches (Lin et al., 2002). OMPs are β-barrel membrane proteins found in 

the outer membranes of Gram-negative bacteria, mitochondria and chloroplasts (Fischer et al. 

1994; Wimley, 2002, 2003; Paschen et al., 2003). This may reflect endosymbiotic origin of 

these eukaryotic cell organelles with bacteria (Schleiff, 2003; Tommassen, 2010). OMPs are 

synthesized in the cytoplasm as precursors with an N-terminal signal sequence, which is 

required for translocation across the inner membrane. The unifying features in OMPs are 

transmembrane β-barrels which form a sturdy membrane-embedded structure connected with 

large extracellular and small periplasmic loops (Koebnik, 1999; Schulz, 2000). Sizes of the 

proteins range from small eight-stranded to large twenty-two-stranded β-barrels which may 

also occur as monomers or oligomers. Machinery catalyzing folding and insertion of β-barrel 

proteins is highly conserved among prokaryotes and eukaryotes (reviewed in Walther et al., 

2009; Jiang et al., 2012). They have a simple topology and generally consist of antiparallel 

amphipathic β-strands that fold into cylindrical β-barrels with a hydrophilic interior and 

hydrophobic residues pointing outwards to face the membrane lipids (Koebnik et al., 2000). 

β-strands are connected at the periplasmic end by short turns and at the external barrel end by 

longer loops (Schulz, 2000). External loops show high sequence variability and they are 

usually mobile. The barrel structure is very stable, and large insertions or deletions can be 

introduced at the surface loops without affecting the sturdy membrane-embedded β-barrel 

structure. Loops and turns can often be predicted from the sequence of OMPs and from 

interactions studies (Koebnik, 1999; Schulz, 2000). β-barrel OMPs have been identified in 

several Gram-negative bacteria and with several functions, such as nonspecific porins, Ton-B 

dependent receptors, protein secretion pores, adhesins, proteases, lipases and pore-forming 

toxins (Wimley, 2003). Approximately 2-3% of the genes in Gram-negative bacterial 

genomes encode β-barrels (Wimley, 2002, 2003). Omptins, which are studied in this thesis, 

are family of integral OMPSs, with high sequence and structure similarity. OmpT of E. coli 

and Pla of Y. pestis are the only omptins, which have been crystallized (Vandeputte-Rutten, 

2001; Eren et al., 2010) and have provided the bases for structure modeling of other omptins 

(Haiko et al., 2009).  

1.3. Interaction of OMPs with lipopolysaccharide 

Membrane lipids can directly modulate membrane protein function (Coskun & Simons, 

2011). Interactions between lipid molecules and membrane proteins are known to play 

important roles in the stability and structural integrity of membrane proteins. The surface of 

membrane proteins contains shallow grooves and protrusions to which the fatty acyl chains of 

the surrounding lipids conform to provide tight packing into membrane (Lee, 2003). The 

crystal structure of the OMP ferrichrome-iron receptor FhuA of E. coli was solved in 

complex with LPS which led to identification of a three-dimensional LPS-binding motif in 

FhuA and other lipid A-binding prokaryotic and eukaryotic LPS-binding proteins. The motif 

is present in the omptins (see below) as well as the human MD-2 protein that in the complex 

with the cluster of differentiation 14 protein (CD14) presents LPS to Toll-like receptor 4 

(TLR4) (Ferguson et al., 1988, 2002; Nagai et al., 2002; Visintin et al., 2003).  
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1.4. The Omptin family of bacterial surface proteases 

Proteases and proteolytic functions are potential virulence factors for pathogenic bacteria. 

Several bacterial pathogens are only weakly proteolytic, but compensate this by their ability 

to activate mammalian proteolytic systems or to inactivate the control systems that govern 

proteolytic cascades in the host; in essence this turns the bacteria into proteolytic organisms. 

The mammalian proteolytic cascades targeted by bacteria include fibrinolysis, coagulation, 

the complement system, and the acute-phase system (Baumann & Gauldie, 1994; Rautemaa 

& Meri, 1999; Bergmann & Hammerschmidt, 2007; Korhonen et al., 2013). 

Omptins are a family of structurally related aspartic proteases of the Gram-negative bacteria 

with a conserved transmembrane fold. Some of the known omptins, such as Pla of Y. pestis 

and PgtE of S. enterica, are established multifunctional virulence factors (Cowan et al., 2000; 

Lähteenmäki et al., 2001, 2005; Haiko et al., 2009), whereas some, such as, OmpT of E. coli, 

have an important role in protection of cell wall structure (White et al., 1995). Omptins share 

approximately 40% overall sequence identity, but their predicted structures and modeling 

show highly conserved β-barrel structures and catalytic regions (Haiko et al., 2010). The 

genetic organization of omptin genes in different bacterial species vary, some omptins are 

encoded in the chromosome but some in prophages or conjugative or mosaic plasmids, and 

the genes are thought to have spread via horizontal gene transfer amongst Gram-negative 

bacteria (Hritonenko & Stathopoulos, 2007). The pla gene is located on the Y. pestis-specific 

9.5-kb plasmid pPCP1, pgtE on the chromosome of S. enterica and ompT on a prophage of E. 

coli, and further, an OmpT variant is coded by a plasmid present in several pathogenic E. coli 

strains (Sodeinde et al., 1988; Grodberg et al., 1989; Hritonenko & Stathopoulos, 2007). The 

gene encoding PgtE is present in all sequenced serovar Typhimurium genomes and conserved 

in sequence and chromosomal location (Rawlings et al., 2008 MEROPS database 

(merops.sanger.ac.uk/)).  

1.5. Structure of omptins 

The crystal structure of inactive OmpT at 2.6 Å resolution (Vandeputte-Rutten et al., 2001) 

and enzymatically active Pla at 1.9 Å resolution (Eren et al., 2010) have been solved. OmpT 

and Pla are 10-stranded vase-shaped antiparallel β-barrels of 70 Å in the vertical dimension 

(Kramer et al., 2000b; Eren et al., 2010). Mature omptins have 290-300 amino acids and 

contain short periplasmic turns and five longer and mobile extracellular loops. It appears that 

Pla, OmpT and PgtE all are autoprocessed at the extracellular loops (see below). On the 

extracellular side, the protein extends about 40 Å from the lipid bilayer with the outermost 

loops extending just above the LPS core region. The extracellular part of OmpT and Pla 

contains a negatively charged pocket that forms the catalytic groove (Vandeputte-Rutten et 

al., 2001). Crystal structure and substitution analyzes of OmpT revealed Asp210-His212 and 

Asp83-Asp85 (OmpT numbering) as catalytic pairs located on opposite sides of the active 

site groove (Kramer et al., 2000a; Vandeputte-Rutten et al., 2000; Kramer et al., 2001).  

OmpT was originally classified as a serine protease (Kramer et al., 2000a) and nowadays 

omptins are reclassified as aspartic proteases (Kramer et al., 2001; Vandeputte-Rutten et al., 

2001; MEROPS database (merops.sanger.ac.uk/)). Presently this classification has been 

questioned. The catalytic pair Asp210-His212 lack the correctly positioned nucleophilic 

serine of serine proteases (Vandeputte-Rutten et al., 2001) as well as the D(T/S)G consensus 
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sequence of aspartic proteases. Furthermore, inhibitors of the major classes of proteases are 

ineffective against omptins (Sugimura & Higashi, 1988) and, unlike aspartic proteases, 

omptins are inactive below pH 5 (Kramer et al., 2000b; Eren et al., 2010).  In addition, a 

recent report by Järvinen et al. (2013) described activation of urokinase-type plasminogen 

activator (uPA) by Pla and concluded from substitution analysis that cleavage of plasminogen 

and uPA by Pla are mechanistically different.  

1.6. Structure and function of LPS  

LPS is a complex glycolipid exclusively present in the outer leaflet of the outer membrane of 

Gram-negative bacteria. It is an immunodominant surface molecule and a major bacterial 

virulence factor in infections by Gram-negative bacteria. It consists of a hydrophobic 

glycolipid membrane anchor, lipid A, a non-repeating inner core polysaccharide region which 

is highly conserved within Enterobacteriaceae, the outer core with more structural diversity, 

and a polysaccharide chain consisting of short repeats, the O-antigen (Heinrichs et al., 1998; 

Raetz & Whitfield, 2002). The transfer of core components to lipid A and assembly of the O-

antigen repeating units are performed on the cytoplasmic side of the inner membrane. Further 

modifications as well as the fusion of the molecule parts take place on the periplasmic side of 

the membrane (reviewed in Knirel & Anisimov, 2012). Newly synthesized LPS molecules 

translocate across the periplasm and outer bilayer membranes of Gram-negative bacterial 

cells with the aid of the ABC transporter MsbA, (Raetz & Whitfield, 2002; reviewed in 

Knirel & Anisimov, 2012). The LPS fraction comprises about10-15% of the total molecules 

in the outer membrane of E. coli and is estimated to occupy about 75% of the bacterial 

surface area (Caroff & Karibian, 2003).  

1.6.1 The Lipid A  

Lipid A is an endotoxin and conserved in Gram-negative species. It has a carbohydrate 

backbone with two biphosphorylated glucosamine residues carrying ester- and amide-linked 

3-hydroxy fatty acids. The primary 3-hydroxy fatty acids may be substituted with secondary 

fatty acids. The phosphates can be modified by the attachment of amino compounds, 

including 2-aminoethanol and 4-amino-4-deoxy-L-arabinose (Ara4N) (Holst, 1999; Nummila 

et al., 1995). The Ara4 group is positively charged at pH 7 and neutralizes the negative 

charge of lipid A 4´phosphate group thereby reducing susceptibility to cationic anti-microbial 

peptides and polymyxin (Raetz et al., 2007; Raetz & Whitfield, 2002).  

In macrophages, lipid A activation of TLR4 triggers the biosynthesis of diverse mediators of 

inflammation, such as tumor necrosis factor (TNF-α) and interleukin-1-β (IL1-β) (Beutler & 

Cerami, 1988; Dinarello, 1991), and activates the production of co-stimulatory molecules 

required for the adaptive immune response (Janeway, 2001). Lipid A of LPS is a ligand 

which is recognized by TLR4. TLR4 recognizes LPS in a complex with CD14 and MD-2 

proteins. Activation of signal transduction pathways by TLRs leads to activation of the 

transcription factor nuclear factor-κB (NF-κB) and increased transcription of pro-

inflammatory cytokines such as interleukin-6 (IL-6) and TNF-α (Miller et al., 2005). 

Excessive production of multiple cytokines and other mediators, including NO and platelet-

activating factor, is responsible for the symptoms of endotoxin-induced shock (Lerouge & 

Vanderleyden, 2002).  
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1.6.2 The core region 

The inner core of Y. pestis encompasses a conserved pentasaccharide moiety with three 

residues of L-glycero-D-manno-heptose (LD-Hep) and two residues of ketodeoxyoctonic 

acid (Kdo), as well as D-glucose residue bound to the heptose residue proximal to lipid A 

(LD-HepI) (Holst, 1999; reviewed Knirel & Anisimov, 2012). The outer core is composed 

predominantly of neutral and basic hexoses and consists of repeating oligosaccharide 

subunits made up of three to five sugars (Lerouge & Vanderleyden, 2002). In almost all 

Gram-negative bacteria, the linkage of core oligosaccharide to lipid A occurs between an α-

Kdo residue and the 6´-hydroxymethylene of the GlcN
II
 residue (Silipo et al., 2010).  

Some biological functions are associated with inner core region of Y. pestis. Inner core has a 

role in conferring resistance to the complement-mediated bactericidal effect of normal human 

serum (NHS) in Y. pestis (Knirel et al., 2007, Dentovskaya et al., 2011; reviewed in Knirel & 

Anisimov, 2012). The core oligosaccharide of Y. pestis LPS directly interacts with human 

DC-specific intracellular adhesion molecule-grabbing nonintegrin (DC-SIGN), which is 

expressed in dendritic cells and in alveolar macrophages (Tailleux et al., 2005; Zhang et al., 

2008). The LPS-DC-SIGN interaction enables Y. pestis to invade both dendritic cells (DCs) 

and human alveolar macrophages and may assist in dissemination of bacteria (Zhang et al., 

2008).   

1.6.3 The O-specific polysaccharide 

O-antigen consists of oligosaccharide subunits of three to five sugars (Lerouge & 

Vanderleyden, 2002). These units may be linear or branched as well as form homopolymers 

or more often heteropolymers (Raetz & Whitfield, 2002). At least 20 sugars are known in O-

chain and many of these sugars are not found elsewhere in nature (Lerouge & Vanderleyden, 

2002). The structural diversity of O-antigens is extensive. The chemical composition and 

structure of the O-antigen is strain-specific but can also vary within a bacterial strain 

(Lerouge & Vanderleyden, 2002). 

The structure of the O-chain defines the serological specificity of an enterobacterial isolate. It 

is also highly immunogenic and helps bacteria to avoid host immune responses. Y. pestis is 

genetically rough and not able to synthetize smooth LPS with an O-antigen, and its LPS is 

similar to the Rc LPS of E. coli with a complete inner core region (Holst, 1999; Bennet-

Guerrero et al., 2000; reviewed in Knirel & Anisimov, 2012). The O-antigen gene cluster in 

Y. pestis is inactive due to insertions and deletions in five genes, and the remnants of the gene 

cluster are homologous to the LPS-encoding region of Y. pseudotuberculosis serotype O1b 

(Skurnik et al., 2000). Rough strains of Salmonella and other enterobacterial genera are more 

susceptible than smooth strains to complement-mediated and phagocytic killing (Al-Hendy et 

al., 1992, Bengoechea et al., 2004; Rautemaa & Meri, 1999; Hammer et al., 1982). Smooth 

LPS of Salmonella is a recognized virulence determinant. It provides protection against 

complement attack (Grossman et al., 1987; Rautemaa & Meri, 1999) and it is also essential in 

intestinal colonization (Nevola et al., 1987; Licht et al., 1996), in invasion and intracellular 

replication (Nagy et al., 2006) as well as in resistance to killing by macrophages (Wick et al., 

1994, Murray et al., 2006). However, during growth within murine macrophages, S. enterica 

modifies its LPS by shortening the O-chain (Eriksson et al., 2002; Lähteenmäki et al., 

2005b). Y. pestis lacks O-antigen but is a highly successful pathogen, and clearly, the rough-
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phenotype of Y. pestis must somehow be beneficial for the survival and spread of the 

bacterium. When this study was initiated, the advantage of the rough LPS for Y. pestis was 

unknown, and this question was one of the main issues in this thesis work. 

1.6.4 Temperature induced changes in LPS of Y. pestis 

Y. pestis must acclimatize itself to temperature shifts between the temperature 26°C for flea 

blockage and the body temperature 37°C of warm-blooded hosts during its life cycle. Growth 

temperature of Y. pestis affects two features in lipid A, the degree of acylation and the level 

of substitution of phosphate groups with Ara4N; At lower temperatures (20-28°C, i.e. near 

the growth temperature of fleas) Y. pestis produces a mixture of tri-acyl, tetra-acyl, penta-acyl 

and hexa-acyl forms of lipid A, the hexa-acyl form being the most abundant variant. In 

contrast, the predominant form of lipid A at 37°C is tetra-acylated, and no hexa-acylated lipid 

A is present (Rebeil et al., 2004, Kawahara et al., 2002; Knirel et al., 2005ab). In low-

temperature LPS variants, the glycosylation of both phosphate groups is almost 

stoichiometric, whereas the Ara4N content decreases in high-temperature forms (Rebeil et 

al., 2004; Knirel et al., 2005a). Alterations in the amount of Kdo and Ko as well as the 

content of monosaccharides and noncarbohydrate components in the inner core structure, also 

show temperature dependence. Decrease in temperature from 37° results in oxidization of 

Kdo into Ko which becomes primary glycoform at 6°C while structural differences in 

carbohydrates occur primarily in the terminal monosaccharides (Kawahara et al., 2002; 

Rebeil et al., 2004; Knirel et al., 2005b). Both the composition of the core oligosaccharide 

structure and Ara4 modification of lipid A are regulated by the PhoP/PhoQ two-component 

signal transduction system, but there is no PhoP-dependent modifications in the lipid A 

acylation (Hitchen et al., 2002; Rebeil et al., 2004; Winfield et al., 2005). The lipid A 

acylation alterations result from the temperature-regulation of the Y. pestis myristoyl (msbB) 

and palmitoleyl (IpxP) acyltransferase genes. These genes encode enzymes that add C12 and 

C16:1 acyl groups to lipid A to produce the hexa-acylated lipid A and are upregulated at the 

flea temperature of ca. 21°C (Rebeil et al., 2006). 

In the genus Yersinia, the temperature regulation of msbB and lpxP is not restricted to Y. 

pestis. In Y. enterocolitica, lipid A acylation level affects putative virulence functions, such 

as motility, invasiveness and resistance to antimicrobial peptides (Perez-Gutierrez et al., 

2010). The LPS oligosaccharide and the lipid A modification with Ara4N, 

phosphoethanolamine (PetN) and palmitate have shown to confer to resistance to cationic 

antimicrobial peptides (CAMPs) in Enterobacteriaceae. A decrease in the resistance to 

CAMPs at 37°C correlates with a reduced content of Ara4N, palmitate and PetN. (Vaara et 

al., 1981; Bishop et al., 2000; Lee et al., 2004; Knirel et al., 2005a; Dentovskaya et al., 2011; 

reviewed in Knirel & Anisimov, 2012; Reines et al., 2012).  

A decrease in the number of fatty acid residues results in less immunostimulatory LPS which 

exhibits weaker TNF-α inducing activity in murine and human macrophages (Kawahara et 

al., 2002). The tetra-acylated lipid A is a poor stimulator of TLR4 (Matsuura et al., 2009). 

Montminy & coworkers (2006) studied the genetically modified strain of Y. pestis expressing 

a potent TLR4-activating hexa-acylated LPS at 37°C. This strain was avirulent in wild-type 

mice. Furthermore, activation of human peripheral blood mononuclear cells (PBMCs) by 

26°C- LPS from Y. pestis as well as LPS from E. coli were inhibited by 37°C-LPS from Y. 

pestis and by the synthetic tetra-acylated lipid IVA, which indicates that the LPS molecules 
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compete for the same cellular receptor but differ in triggering the cell response. The 37°C-

LPS may fail to form oligomers with the TLR4-MD-2 receptor complex (Miyake, 2004). For 

Y. pestis, evasion of the LPS-induced inflammatory response by lipid A modification is a 

central strategy to avoid killing by phagocytes.  

The low acylation in LPS is associated with increased fluidity of acyl chains (Seydel et al., 

1993). Increased outer membrane permeability of pathogenic Y. enterocolitica strains is 

correlated with increased LPS acyl chain fluidity that may facilitate the exchange of nutrients 

and metabolites with the host and reduce the endotoxicity of LPS (Bengoechea et al., 1998, 

2003, Seydel et al., 1993).   

1.7.  Dependency of omptins on LPS  

OmpT was the first identified omptin and also the first protease that was found to require LPS 

for enzymatic activity (Kramer et al., 2000a; Kramer et al., 2002). LPS binding site is 

positioned on the outer surface of the omptin β-barrel immediately above the outer leaflet of 

the outer membrane. The OmpT has three (Arg138, Arg175 and Lys226) of the four residues 

of the LPS motif in the correct spatial organization (Vandeputte-Rutten et al., 2001). Two 

additional LPS binding residues Tyr134 and Glu136 are highly conserved in omptin 

structures (Vandeputte-Rutten et al., 2001; Hritonenko & Stathopoulos, 2007). These 

residues interact with negatively charged phosphates of the inner core and the diglucosamine 

backbone of lipid A (Ferguson et al., 2000) (Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The structure of Pla with bound LPS 

molecule. Peptide chain is shown as white β-

strands and extracellular loops are colored (L1-L5). 

Active site residues are shown as yellow and 

conserved residues as white spheres. On the side of 

the β-barrel locates amino acids (black), which 

make a contact with LPS (grey). The figure is 

modified by Liisa Laakkonen (Korhonen et al., 

2013) from the crystal structure of Pla (Eren et al., 

2010; Eren & van den Berg, 2012). 

 

The crystal structure of OmpT was obtained from protein refolded from inclusion bodies in 

the absence of LPS and therefore corresponds to inactive protein (Vandeputte-Rutten et al., 

2001). It was also hypothized that LPS induces subtle conformational changes in the protein 

structure that leads to OmpT activation (Kramer et al., 2000). Comparing active Pla and 

inactive OmpT lacking LPS Eren & co (2010) saw only very small (<0.3 Å) spatial 

differences for the aspartic acid residues in the active site (D84, D86 and D206 in Pla). In 

contrast, the catalytic His208 (in β-strand 7 of OmpT) was shifted outward, away from the 

active site by approximately 0.8-0.9 Å. This shift increases the distances between the 

catalytic dyad residues D206/H208 and between the two residues H208/D84 that coordinate 
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the putative nucleophilic water molecule. In the absence of LPS, the substrate can diffuse 

deep into the active site groove and replace the nucleophilic water molecule required for 

enzymatic activity, whereas binding to LPS narrows the groove creating active site geometry 

suitable for substrate catalysis (Eren & Van den Berg, 2012). Thus, the control of omptin 

activity by LPS is based on modification of the catalytic groove. 

1.8. Expression of omptins  

 Omptins have a typical, approximately 20-residue long signal sequence (Grodberg et 

al.,1988; McDonough & Falkow, 1989; Sodeinde & Goguen, 1989), which indicates that 

proteins are probably transported to the cell wall via the Sec system, reaching the periplasm 

in an unfolded state (Bos et al., 2007). The omptins autoprocess themselves by a single 

cleavage apparently at different sites of the extracellular loops. When this study was initiated, 

it was known that OmpT is autoprocessed at the conserved lysine residue K217, which is near 

the active site residue His212. Substitution of K217 also significantly decreased the 

proteolytic activity of OmpT (Kramer et al., 2000a). OmpT and Pla exist in three different 

isoforms in bacterial cells: α. β and γ that show differing electrophoretic mobilities. The α 

isoform corresponds to the mature protein, β is the putative autoprocessed form, and γ is 

thought to be a conformational variant of the α-form (Grodberg et al., 1988; Sodeinde & 

Goguen, 1988; Sodeinde et al., 1988; Kutyrev et al., 1999 Kramer et al., 2000a). 

Y. pestis modulates its gene expression in fleas and mammalians in response to environmental 

signals (Kim et al., 2007). Pla of Y. pestis is expressed both under in vitro conditions and in 

vivo in infected animals (Sebbane et al., 2006), and its expression levels are not subject to 

major alterations. Pla protein is upregulated approximately 2.4 fold in cells grown at 37°C 

and seems rather to be constitutively expressed (Motin et al., 2004; Chromy et al., 2005). 

Transcriptional microarray and proteomic studies have shown temperature-dependent global 

expression changes in Y. pestis (Motin et al., 2004; Chromy et al., 2005; Lathem et al., 2005; 

Chauvaux et al., 2007; Pieper et al., 2009). Several proven or predicted virulence-associated 

factors, such as Pla, F1 antigen, murine toxin (Ymt) and catalase-peroxidase (KatY), are 

differentially expressed at 26°C vs. 37°C (Chromy et al., 2005), which probably reflects their 

association with pathogenesis of Y. pestis in the two host organisms. Pla is not important for 

Y. pestis in the flea but a central virulence factor for plague in rodents or man (Hinnebusch et 

al., 1998; Sebbane et al., 2006). The enzymatic activity of Pla is much higher in Y. pestis 

cells grown at 37°C than in 25
o
C-cells. This has been proposed to result from both 

conformational modifications of Pla and changes in the cellular amount of the Pla protein 

(McDonough & Falkow, 1989; Cavanaugh, 1971). Transcription of Pla is controlled by the 

global regulator cyclic adenosine monophosphate (cAMP) receptor protein (Crp). Allosteric 

changes in Crp occur when it is bound to cAMP, and these changes increase its affinity for 

specific cis-acting transcriptional elements to control pla transcription (Passner et al., 2000; 

Kim et al., 2007).  

Expression of Pla, PgtE and OmpT are regulated differentially. PgtE is not expressed in 

Salmonella cultivated in laboratory culture, but PgtE is highly transcribed in Typhimurium 

from mouse macrophages (Eriksson et al., 2003) and these bacteria express high proteolytic 

activity (Lähteenmäki et al., 2005b). Transcription of PgtE is under the control of PhoP/Q 

two-component regulatory system (Guina et al., 2000; Bader et al., 2003) that is a major gene 
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control system covering extracellular-intracellular life style change in S. enterica. The control 

of PgtE expression is indirect and mediated by a PhoP-regulated transcriptional regulator 

slyA (Navarre et al., 2005). OmpT has high activity under extremely denaturing conditions 

and cleaves denatured proteins (White et al., 1995). OmpT expression is increased in stress 

conditions such as oxidative stress, and heat shock (Gill et al., 2000), and OmpT is 

considered to be housekeeping protease that functions to maintain proper conditions at the 

cell wall. 

1.9. Virulence functions of omptins  

Virulence functions and pathogenetic role of Pla of Y. pestis are well characterized, and in 

this regard Pla represents a prototype omptin protease. Recent research, including work in 

this study, has shown that the putative virulence functions of Pla, PgtE, and OmpT differ 

markedly (see Table 1) (Caulfield & Lathem, 2012; Haiko et al., 2009). The omptins cleave 

substrates after basic amino acids (Dekker et al., 2001, Hwang et al., 2007, Agarkov et al., 

2008), i.e. at K-X or R-X peptide bonds, but differ in cleavage of polypeptide substrates. 

OmpT prefers arginine or lysine at P1 site, whereas Pla has a preference towards arginine-

valine bond (Dekker et al., 2001; McCarter et al., 2004). These functional as well as the 

regulatory differences in omptins help to understand the invasiveness and the life style of the 

host bacterium, and the over-all conclusion is that the three omptins have evolved to support 

the life style of their host species (Haiko et al., 2009).  

 

Table 1. Some functions of Pla of Y. pestis, PgtE of S. enterica and OmpT of E. coli 

Function Pla PgtE OmpT References 

Plasminogen activation + +/- - 
McDonough & Falkow; Sodeinde & Goguen, 

1989; Sodeinde et al., 1992 

Inactivation of TFPI + + + Yun et al., 2009 

Inactivation of α2AP + + - Lähteenmäki et al., 2005 

Activation of proMMP-9 - + - Ramu et al., 2008  

Degradation of complement 

components 
+ + - Sodeinde et al., 1992; Ramu et al., 2007 

Degradation of antimicrobial 

peptides 
+ + + 

Stumpe et al., 1998; Guina et al., 2000; Galvan 

et al., 2008 

Adhesion to ECM, laminin and 

eukaryotic cells 
+ + - 

Kienle et al., 1992; Lähteenmäki et al., 1998, 

2001 

Invasion into human epithelial and 

endothelial cells 
+ - - Cowan et al., 2001; Lähteenmäki et al., 2001 

+/-, poor activation; TFPI, tissue factor pathway inhibitor; α2AP, α2-antiplasmin; proMMP-9, pro-matrix 

metalloproteinase-9; ECM, extracellular matrix 

Pla is an established virulence factor in plague (Prentice & Rahalison, 2007). Loss of pPCP1 

increases the median lethal dose of Y. pestis for mice by a million-fold, but only when the 

infection initiates subcutaneously. When bacteria are injected intravenously, no effect of pla 

deletion on virulence is seen (Sodeinde et al., 1992). This suggests that Pla is important for 

establishment of bubonic plague and for dissemination from the peripheral infection site into 

lymph nodes (Sebbane et al., 2006). The pla gene is highly expressed in lymph nodes and 

needed for the disease to progress to lymphadenitis and bubonic plague (Sebbane et al., 

2006ab). In pneumonic plague, Pla controls the proliferation but not dissemination of Y. 
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pestis in the lungs (Lathem et al., 2007). Pla is also associated with high invasiveness of Y. 

pestis (Cowan et al., 2000). 

1.9.1 The plasminogen / fibrinolytic system 

It has been known for decades that Pla of Y. pestis affects the hemostatic balance of mammals 

by proteolytically activating the circulating zymogen plasminogen (Plg). The 

plasminogen/fibronolytic system functions in important physiological processes such as 

blood coagulation and dissolution of blood clots, tissue remodeling and repair, ovulation, 

embryo implantation and tumor invasion (Conese & Blasi, 1995; Blasi, 1996; Rijken & 

Lijnen, 2009). The system is a cascade of proteolytic functions tightly regulated by activators 

and inhibitors (Rijken & Lijnen, 2009). The major protease of the fibrinolytic system is 

plasmin, a broad-spectrum serine protease that cleaves fibrin and participates in degradation 

of extracellular matrix proteins and indirectly damages tissue barriers by activating pro-

matrix metalloproteinases (proMMPs) (Lähteenmäki et al., 2005, Myöhänen & Vaheri, 

2004). Plasmin also activates proenzymes, prohormones and growth factors and has an 

important role in migration of monocytes and macrophages through tissue barriers (Vassalli 

et al., 1992, Plow et al., 1999) (Fig. 2).  

 

 

 

 

 

 

 

 

Figure 2. Overview of interactions of Pla with haemostatic system. Arrows with solid lines indicate activation; 

arrows with dashed lines indicate inactivation. PAI, plasminogen activator inhibitor; tPa, tissue- type 

plasminogen activator; uPA, urokinase-type plasminogen activator; α2AP, α2-antiplasmin, which interaction 

with Pla was investigated in this study; TFPI, tissue factor pathway inhibitor; MMPs, matrix metalloproteinases; 

ECM, extracellular matrix. 

Plasminogen is the precursor of plasmin and a single-chain glycoprotein with a molecular 

mass of approximately 92 kDa. Mammalians have two physiological plasminogen activators, 

tissue-type activator (tPA) and (uPA) (Myöhänen & Vaheri, 2004). The physiological 

plasminogen activators cleave plasminogen between Arg 561 and Val562 to yield a two-

chain plasmin held together by disulfide bonds (Myöhänen & Vaheri, 2004). Most enzymes 

of the fibrinolytic system are serine proteases and the main inhibitors of the system are called 

serine protease inhibitors (serpins). The plasminogen system is regulated by serpins at the 

levels of plasminogen activation and plasmin action. The main serpin that controls 

coagulation/fibrinolysis balance is plasminogen activator inhibitor PAI-1, which inhibits tPA 

and uPA and is upregulated e.g. in bacterial infections (Rijken &Lijnen 2009; reviewed in 

Schaller & Gerber, 2011). The serpin α2-antiplasmin (α2AP) is the primary physiological 

pro-MMPs MMPs 
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inhibitor of plasmin. It inactivates free plasmin by forming a 1:1 stoichiometric complex with 

plasmin (Lijnen, 2001; Coughlin, 2005).  

Damage of endothelium triggers coagulation, which is a protease cascade leading to massive 

fibrin deposition at the injury site (Sun, 2005). Fibrinolytic system is crucial in the dissolution 

of blood clots and in maintenance of the vascular system. Invasive bacterial infections 

associate with inflammation and with activation of the coagulation cascade, the result may 

vary from subclinical activation to fulminant disseminated microvascular coagulation with 

formation of thrombi in various organs (van Gorp et al., 1999). Coagulation and fibrin 

deposition are considered a defence system that traps bacteria and thus limits their capacity to 

disseminate (Ahrenholz & Simmons, 1980; Echtenacher et al., 2001). Fibrin also advances 

bacterial clearance through recruitment and activation of leukocytes (Flick et al., 2004). 

Fibrinolysis is the breakdown of the fibrin deposits. Invasive bacterial pathogens are known 

to advance fibrinolysis by various mechanisms: 1) Immobilization of plasmin or plasminogen 

on their cell surface which protects the protease from physiological inhibitors, such as α2AP. 

Plasmin is the major protease dissolving fibrin clots. 2) Direct activation of plasminogen to 

plasmin; or 3) inactivation of the normal physiological control of the plasminogen system 

(Tillett & Garner, 1933; Lähteenmäki et al., 2000; Sun, 2006; Bergmann & Hammerschmidt, 

2007; Valls Seron et al., 2010). Thus, enhancement of plasmin formation and fibrinolysis 

help invading bacteria to overcome tissue barriers as well as innate immune defences.   

The omptins are associated with infectious-disease related haemostatic disorders. Pla 

enhances fibrinolysis by efficiently activating the circulating proenzyme plasminogen into 

plasmin by cleaving plasminogen similar way than physiological plasminogen activators (tPA 

and uPA) (Sodeinde et al., 1992). The omptins PgtE and OmpT are less efficient 

plasminogen activators and are not able to cause significant fibrinolysis. The importance of 

the plasminogen/ fibrinolytic system in plague pathogenesis is shown by the findings that 

plasminogen deficient mice survive significantly better from Y. pestis infection than do the 

normal mice and that fibrin protects against experimental Y. pestis infection (Degen et al., 

2007; Luo et al., 2013). Histological analyses have shown that infection of mice with Pla-

positive Y. pestis is associated with reduced fibrin deposition at the infection foci (Degen et 

al., 2007). However, Pla, PgtE and OmpT, proteolytically inactivate the tissue factor pathway 

inhibitor (TFPI), which is a main inhibitor of the coagulation cascade (Yun et al., 2009; Yun 

& Morrissey, 2009). This activity should counteract the fibrinolytic activities of Pla and lead 

to higher coagulation; at present the pathogenetic role of TFPI inactivation remains open.  

When this study was initiated, it was not known how Pla-mediated plasminogen activation 

can result in effective proteolysis in vivo, (Sodeinde et al., 1988), because free plasmin is 

efficiently inactivated by circulating α2AP (Lijnen & Collen, 1995). This dilemma raised also 

our interest towards the plasmin inhibitor serpin α2AP (described in paper III).  Subsequent 

work of Lähteenmäki et al. (2000; 2005a) have shown that in pathogenesis of salmonellosis, 

inactivation of α2AP by PgtE is important. PgtE-generated α2AP degradation is enhanced in 

bacteria from macrophages and in vitro leads to uncontrolled plasmin activity that can be 

targeted onto ECM laminin (Lähteenmäki et al., 2005a). This is likely to enhance cellular 

migration associated with Salmonella infection. Cellular migration during salmonellosis is 

also enhanced by the ability of PgtE to activate procollagenase proMMP-9 that in the active 

form degrades gelatins/collagens (Ramu et al., 2008).    
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1.9.2 The complement system 

The complement system is a complex system of serum proteins that can be activated via three 

different pathways and is a key component in both innate and adaptive immunity against 

microbial infections (Fearon 1998; Rautemaa & Meri, 1999). Pla degrades the complement 

protein C3 (Sodeinde et al., 1992). Activated C3b is needed to produce C5 convertase that 

produces C5a inflammatory peptide, which then attracts phagocytes into the infection site 

(Janeway, 2001). The extent and the pathogenetic role of complement protein cleavage by Pla 

have however remained poorly characterized.  

PgtE increases serum resistance of Salmonella by cleaving complement components C3b, 

C4b and C5 (Ramu et al., 2007). Cleaving of C5 to C5b initiates the formation of the 

membrane attack complex (MAC) and bacterial lysis (Born & Bhakdi, 1986), whereas the 

complement component C3b is an opsonin that enhances bacterial uptake by phagocytes 

(Rautemaa & Meri, 1999). Clinical isolates of Salmonella have a lipopolysaccharide with 

long O-side chains which confers serum resistance on Salmonella (Shaio & Rowland, 1985; 

Grossman et al., 1986; Rautemaa & Meri, 1999), but during growth in macrophages, S. 

enterica sv Typhimurium expresses a short LPS O-antigen (Lähteenmäki et al., 2005b), 

which exposes bacteria to complement mediated killing (Murray et al., 2006). Activity of 

PgtE is high in Typhimurium cells from infected macrophages, and thus PgtE may 

compensate the loss of O-antigen by increasing serum resistance of Salmonella released from 

macrophages (Ramu et al., 2007; Kong et al., 2011).  

1.9.3 Cationic antimicrobial peptides 

CAMPs are an important component of innate immunity. They are short amphipathic 

peptides found on skin, mucosal surfaces as well as in neutrophils and macrophages 

(Hancock & Scott, 2000). Omptins cleave their target proteins after basic amino acids, and it 

is not surprising that CAMPs rich in basic residues are degraded by omptin proteolysis. PgtE 

cleaves peptides with alpha-helical structure, such as human platelet factor IV (C18G), 

human cathelicidin (LL37) and mouse CRAMP (Cathelin related antimicrobial peptide) but 

does not cleave defensins with a β-sheet structure (Guina et al., 2000; Nicolas & Mor, 1995). 

Salmonella acquires resistance to antimicrobial peptides also by modifications of the LPS, 

induced by the PhoP/PhoQ regulatory system. These changes include addition of 

aminoarabinose, 2-hydroxymyristate and palmitate to lipid A moiety (Groisman et al., 1997; 

Guo et al., 1997; Gunn et al., 1998). Modifications lower the overall negative charge of the 

LPS and decrease binding of CAMPs (Guo et al., 1997; Ernst et al., 2001). Interestingly, 

transcription of PhoP/PhoQ-regulated genes, including pgtE, of Salmonella is activated by 

CAMPs (Bader et al., 2003, 2005) and thus increases the expression of PgtE (Guina et al., 

2000). Pla cleaves LL-37 (Galvan et al., 2008), and OmpT degrades protamine excreted by 

epithelial cells (Stumpe et al., 1998) as well as α-helical CAMPs, C18G and LL-37. The 

degradation is more efficient in enterohemorrhagic E. coli than in enteropathogenic E. coli 

due to higher expression of the ompT gene and greater levels of OmpT protein in EHEC 

(Thomassin et al., 2012). 

1.9.4 Non-proteolytic functions: bacterial adhesion and invasion 

Bacterial adherence to epithelial tissues or subepithelial extracellular matrix (ECM) is 

important for colonization of the host. Collagens, proteoglycans, elastin, laminin and 
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fibronectin are the major compounds in ECM and in basement membranes (BMs), which are 

specialized sheet-like structures of ECM (Hay, 1999). Pla mediates bacterial binding to 

laminin, to mouse BM and ECM from human lung epithelial cells as well as to ECV304 

endothelial cells, and less efficiently to heparin sulfate proteoglycan, another main 

component of BM (Lähteenmäki et al., 1998, 2001). Adherence of Pla is not dependent on its 

proteolytic activity (Lähteenmäki et al., 2001). Pla by itself is not able to degrade these 

adhesion targets, but laminin is sensitive to plasmin degradation (Lähteenmäki et al., 1998). 

Plasminogen activators and plasminogen are present in BM preparations (Farina et al., 1996; 

McGuire & Seeds, 1989), and thus these activities can create localized proteolysis and help 

the bacteria to migrate through damaged tissue barriers (Lähteenmäki et al., 1998, 2000).  

Pla also enhances invasiveness of Y. pestis into human epithelial HeLa cells and human 

ECV304 endothelial cells (Cowan et al., 2000; Lähteenmäki et al., 2001). Invasiveness of 

Pla-positive bacteria does not require proteolytic activity of Pla nor is enhanced by adding 

plasminogen (Lähteenmäki et al., 2001). OmpT mediated adherence to ECV304 cells and to 

extracellular matrix was found to be weaker than the Pla-mediated adhesion, and OmpT did 

not promote bacterial invasion into ECV304 cells (Lähteenmäki et al., 2001). 

1.9.5 Yersinia outer membrane proteins  

Pla degrades Yersinia outer membrane proteins (Yops) of Y. pestis but does not inhibit the 

functions of Yops, which are found in outer membranes of Yersinia spp. (Sodeinde et al., 

1988; Michiels et al., 1990; reviewed in Cornelis et al., 1998). When these cytotoxic proteins 

are injected into eukaryotic cells, they inhibit phagocytosis and down-regulate inflammatory 

response and induce apoptosis of macrophages (reviewed in Cornelis et al., 1998). Pla 

mediates cytotoxic Yop translocation acting as an adhesin for host cells. Proteolytic activity 

of Pla is not needed for Yop delivery (Felek et al., 2010). Autotransporters are a family of 

outer membrane and secreted proteins in Gram-negative bacteria (Henderson et al., 1998, 

2001). Pla mediated cleavage of Autotransporter YapE is essential in adherence to eukaryotic 

cells (Lawrenz et al., 2013) and is required for colonization of lymph node during bubonic 

infection by Y. pestis (Lawrenz et al., 2009). 



Aims of the study 

25 

 

2 Aims of the study 

When this study was initiated, the functions identified for Pla were plasminogen activation 

and Yop degradation (Sodeinde & Goguen, 1988); also its possible function as a coagulase 

had been proposed and suggested to be regulated by temperature (Sodeinde & Goguen, 1988; 

McDonough & Falkow, 1989). In an analogy to the enzymatic activity known for Pla of Y. 

pestis, the omptins from other enteric bacteria were at those days routinely classified as 

“plasminogen activators” on basis of their sequence homology to Pla.  

At the time this thesis work was initiated, the OmpT omptin of E. coli had been shown to 

require bound LPS for enzymatic activity (Kramer et al., 2000b; Vandeputte-Rutten et al., 

2001). On the other hand, variations in the LPS structure of Y. pestis in response to bacterial 

growth temperature had been identified, but their biological consequences for Pla functions 

had not been considered. Y. pestis is genetically rough, and the selective advantage of the O-

antigen loss for the bacterium had remained unknown. Also, it was reported at the time that 

the structure of the LPS of S. enterica sv Typhimurium in vitro-grown cells and in bacterial 

cells from macrophages differ substantially. 

The goals of the present study were:  

1) To analyze whether Pla and OmpT have functional differences. 

2) To determine whether the structural differences in the loop regions of Pla and OmpT 

are      responsible for their observed functional heterogeneity.  

3) To determine whether the variations in the LPS structure affect the proteolytic activity 

of Pla and PgtE and what are these structural features in LPS that govern the 

efficiency of plasminogen activation by Pla.  

Overall, my thesis aimed at characterizing factors that affect the activity of omptin 

proteolysis.
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3 Materials and methods 

3.1 Bacterial strains, cultured eukaryotic cell lines, plasmids and isolated 

LPSs 

Table 2. Bacterial strains and cultured eukaryotic cell lines 

Bacterial strains Relevant characteristics Article Reference 

    

E. coli    

XL1-Blue MRF´ Rough LPS II,III Stratagene 

BL21 λDE F
-
 hsd OmpT lon III Novagen 

M15  II Qiagen 

AAEC072 Δfim derivative of E.coli MG1655 III Blomfield et al., 1991 

IHE307 Rough LPS II Selander et al., 1986 

IHE3074 Rough LPS II Selander et al., 1986 

IHE3034 O18LPS II Selander et al., 1986 

IHE1049 O1LPS II Pere et al., 1988 

    

S. enterica serovar    

Typhimurium    

SL1102 Re LPS II Wilkinson et al., 1972 

SL1102-1 ΔPgtE derivative of SL1102 II This study 

14028 Smooth LPS II ATCC 

14028-1 ΔPgtE derivative of 14028 II This study 

SH401  Rough LPS II Kukkonen et al., 1993 

SL696 Smooth LPS II Wilkinson et al., 1972 

SL901 Semirough LPS II Wilkinson et al., 1972 

    

Minnesota    

SF1112 Ra LPS II Schmidt & Lüderitz, 1969 

SF1127 Rb1 LPS II Schmidt & Lüderitz, 1969 

SF1119 Rc LPS II Schmidt & Lüderitz, 1969 

SF1121 Rd1 LPS II Schmidt & Lüderitz, 1969 

SF1118 Rd2 LPS II Schmidt & Lüderitz, 1969 

SF1167 Re LPS II Schmidt & Lüderitz, 1969 

    

Y. pestis    

KIM D27 pPCP1
+
 pgm pYV

+
 derivative of Y. 

pestis KIM-10 

I, III Finegold et al., 1968; Une & 

Brubaker, 1984 

KIM D34 pPCP1
-
 pgm pYV

+ 
derivative of Y. 

pestis KIM-10 

I, III Finegold et al., 1968; Une & 

Brubaker, 1984;  

Sample et al. , 1987 

    

Y. pseudotuberculosis    

Pa3606 O1b LPS, pYV
-
 II Tsukobura & Aleksic, 1995 

PB1 O1b LPS, pYV
-
 I, II Perry & Brubaker, 1983 

PB1Δwb Rough derivative of PB1, with the 

20 kb ddhD-wzz chromosomal 

fragment deleted, pYV
-
 

I, II Bengoechea & Skurnik; This 

study  

Eukaryotic cell lines    

ECV-304 Endothelial-like cell line II Takahashi et al., 1990; ATCC 

(CRL-1998) 

HUV-EC-C Human endothelial cell line II (not shown) ATCC (CRL-1730) 

Huvec Primary human endothelial cells II (not shown) Technoclone 
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Table 3. Plasmids 

Plasmid Relevant characteristics Article Reference 

    

pSE380 trc promoter, lacO operator, lacI I, II, III Invitrogen 

    

pMRK1 pla in pSE380 I, II, III This study 

Pla/ OmpT hybrids     

Hy1 Pla L1-L4 ‒ OmpT L5 III This study 

Hy4 Pla L1 ‒ OmpT L2-L5 III This study 

Hy5 OmpT L1 ‒ Pla L2-L5  III This study 

Hy6 OmpT L1-L2 ‒ Pla L3-L5 III This study 

Hy7 OmpT L1-L3 ‒ Pla L4-L5 III This study 

Hy8 OmpT L1-L4 ‒ Pla L5 III This study 

Hy9 Pla L2 ‒ OmpT L1, L3-L5 III This study 

Hy10 OmpT L2 ‒ Pla L1, L3-L5 III This study 

Hy11 Pla L3 ‒ OmpT L1-L2, L4-L5 III This study 

Hy12 OmpT L3 ‒ Pla L1-L2, L4-L5 III This study 

Hy13 Pla L4 ‒ OmpT L1-L3, L5 III This study 

Hy14 OmpT L4 ‒ Pla L1-L3, L5 III This study 

Hy17 Residues 210-229 in Pla L4 

substituted 

III This study 

Hy18 Residues 191-209 in Pla L4 

substituted 

III This study 

pPla R138E Pla (R138E) I This study 

pPla R171E Pla (R171E) I This study 

pPla R138E / R171E  Pla (R138E / R171E) I This study 

    

pMRK2 OmpT in pSE380 II, III This study 

OmpT/ΔDP ΔD214, P215 in OmpT II, III This study 

OmpT/ΔDP/K217R ΔD214, P215 and substitution 

K217R in OmpT 

III This study 

OmpT/ΔDP/K217R/L3 ΔD214, P215, substitution K217R 

and substitution of L3 in OmpT 

III This study 

    

pMRK3 PgtE in pSE380 II This study 

pMRK31 PgtE D206A II This study 

pMRK32 PgtE R138E II This study 

pMRK33 PgtE R171E II This study 

pMRK34 PgtE R138E / R171E II This study 

    

pQE30 T5 promoter, lac operator I, II, III Qiagen 

pQE30.1 pQE30 with Pla I This study 

pQE30.2 pQE30 with Pla (R138E) I This study 

pQE30.3 pQE30 with Pla (R171E) I This study 

pQE30.4 pQE30 with Pla I This study 

    

pREP4 lacI I, II, III Qiagen 

In paper I following single amino acid substitutions and insertion D211 P212 were made in Pla: H28V, H98V, 

H101V, H203V, H208V, S77A, S99A, S267A, D84A, D97A, D206A, D212R, M210G, R211K, L213I, F215Y, 

E217S, K218A, K240A, K249A, K254A, K262A, K280A. 
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Table 4. Isolated  LPSs 

Strain LPS structure Cultivation 

temp (°C) 

Article References 

     

Y. pestis KM218 Rc-like core-LA 25 II Dentovskaya et al., 2008;  

Knirel et al., 2005a 

Y. pestis KM218 Rc-like core-LA 37 II  

Y. pestis KM260 Rc-like core-LA 25 II Dentovskaya et al., 2008 

Knirel et al., 2005a 

Y. pestis KM260 Rc-like core-LA 37 II  

Y. pestis 1146 Rc-like core-LA 25 II Dentovskaya et al., 2008;  

Knirel et al., 2005a 

Y. pestis 1146 Rc-like core-LA 37 II  

Y. pestis EV11M Re-like core-LA 25 II Knirel et al., 2005a 

Y. pestis EV11M Re-like core-LA 37 II  

E. coli K-12 Ra 37 II Holst, 1999;  

 Muller-Loennies et al., 2003 

E. coli K-12 Re 37 II Holst, 1999;  

 Müller-Loennies et al., 2003 

E. coli O8:27 S-core-LA 37 II Jansson et al., 1985 

Y. pseudotuberculosis 

PB1 

S-core-LA 20 II Kondakova et al., 2009 

Y. pseudotuberculosis 

PB1 Δwb 

core region-LA 37 II Skurnik et al., 2000 

La, lipid A  
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3.2 Methods  

Table 5. Methods 

Method Described and / or used in 

  

Cultivation of bacteria / eukaryotic cells  

Cultivation of S. enterica II 

Induction of PgtE expression under the Phop/Q inducing 

conditions 

II 

Cultivation of Y. pestis I 

Induction of omptin production in recombinant strains I, II, III 

Cultivation of eukaryotic cells III 

  

Genetic methods  

Allelic replacement I, II, III 

Construction of expression vectors I, II, III 

Generation of point mutants I, II, III 

Construction of Pla/OmpT hybrid molecules III 

DNA sequencing I, II, III 

  

Protein work  

Production of antibodies II, III 

Purification and refolding of His6-tagged omptins I, II, III 

Reactivation of omptins with LPS I, II 

  

Characterization of omptin expression  

Immunofluorescence III 

isolation of cell envelopes II, III 

Western blotting I, II, III 

  

Characterization of omptin functions  

α2AP cleavage and inactivation III 

Plg cleavage  III 

Plg activation I, II, III 

Adhesion to matrigel II 

Autoprocessing II 

Invasion into eukaryotic cells II 

Silver staining I, II (not shown) 

  

Purification of LPS II 
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4 Results and Discussion 

4.1  Influence of LPS on function of omptins (I, II) 

LPS is required in reactivation of the purified omptin OmpT of E. coli (Brandenburg et al., 

2005; Kramer et al., 2000, 2002). Y. pestis and S. enterica sv Typhimurium were known to 

alter their LPS structure in response to temperature (Darveau et al., 1983; Kawahara et al., 

2002) or intracellular conditions in phagocytes (Eriksson et al., 2003). Further, fibrinolytic 

activity of Y. pestis has been observed to increase with higher growth temperature 

(Cavanaugh, 1970; McDonough & Falkow, 1989). These findings led us to analyze whether 

intraspecies LPS variation affects omptin function. This was done by analyzing activity of 

PgtE and Pla in different host strains and growth conditions and by reconstitution of purified 

enzymes with structurally defined LPS molecules.  

4.1.1  Activity of PgtE and Pla in different host strains  

Clinical isolates of Salmonella possesses O-specific chain of LPS, but the length of the O-

chain is reduced in bacteria inside mouse macrophages (Eriksson et al., 2003; Lähteenmäki et 

al., 2005b). Our initial analysis of isolates of S. enterica revealed that rough strains exhibited 

on the average higher levels of plasminogen activation than the smooth strains. This is 

illustrated in Fig. 1 of I that shows plasmin generation by a rough, Re type strain SL1102 and 

by a smooth, virulent strain 14028 grown in a PhoP/PhoQ-inducing medium. Site-specific 

deletion of pgtE were constructed in both strains and complemented with pMRK3 encoding 

PgtE. Overexpression of PgtE in the two strains gave similar results, i.e. the level of plasmin 

generation was higher with SL1102-1(pMRK3) than with 14028-1(pMRK3) (Fig. 1A of I). 

Immunoblotting with anti-PgtE immunoglobulins confirmed the deletions and indicated that 

the activity differences were not related to the amount of PgtE in cell envelopes (Fig. 1B of 

I).  

We next compared plasminogen activation by a well-defined series of Salmonella strains with 

differing LPS structures (Schmidt & Lüderitz, 1969). We found that proteolytic activity of 

PgtE in a smooth Typhimurium strain was practically zero, whereas the activity in a 

semirough Typhimurium strain, with one O-antigen repeat, was similar to those in rough and 

deep rough Ra – Re Minnesota strains (Fig. 1C of I). Again, Western blotting showed no 

major differences in the amount of PgtE in cell envelopes of the strains (Fig. 1D of I). These 

results suggested that the O-antigen in Salmonella cells inhibit plasminogen activation by 

PgtE. Today we know that PgtE is a poor plasminogen activator as it also degrades the 

catalytic light chain of plasmin (Haiko et al. 2009). The proteolytic activities of PgtE studied 

here and later in the research group address rather the control of the fibrinolytic system, i.e. 

inactivation of the serpins α2AP and PAI-1 by macrophage-releases bacteria (Lähteenmäki et 

al., 2005b; Haiko et al., 2010), than the plasminogen activation per se. 

Y. pestis lacks O-antigens and is genetically rough (Skurnik et al., 2000), and the bacterium 

modifies its LPS in response to high temperature by reducing the levels of acylation of lipid 

A and N-aminoarabinose substitution at lipid A phosphates (Kawahara et al., 2002; Knirel et 

al., 2005a). Y. pestis has evolved from and is genetically closely related to Y. 

pseudotuberculosis O1b (Achtman et al., 1999; Skurnik et al., 2000), whose O-antigen 
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expression is temperature-sensitive. When grown at 25°C, Y. pseudotuberculosis expresses 

smooth LPS, whereas at 37°C the bacterium lacks the O-antigen (Bengoechea et al., 1998). 

We transformed the plasmid pMRK1 expressing Pla, into the pYV-cured, smooth Y. 

pseudotuberculosis strains Pa3606 and PB1, as well as the rough Δwb derivative of PB1. 

Strains were cultivated at 25°C and 37°C and tested for Plg activation. After growth at 37°C, 

Pa3606 (pMRK1) cells exhibited efficient Plg activity, whereas no activity was seen with 

cells from 25°C; the strains however showed similar autoprocessing patterns of Pla (Fig. 2A 

of I) indicating that they did not differ in the amount of expressed Pla protein and that the 

enzyme was proteolytically active in both strains. Temperature shift was done with cells 

cultivated at 25°C and at 37°C. The cells shifted from 25°C to 37°C exhibited increased 

plasmin formation, whereas decreased activity was observed with cells shifted from 37°C to 

25°C. PB1(pMRK1) and PB1Δwb(pMRK1) were cultivated at both temperatures. The rough 

derivative strain activated Plg at both temperatures, whereas smooth strain only at 37°C (Fig. 

2C of I).  

These results indicated that plasminogen activation by Pla is dependent on the growth 

temperature and the LPS type of the cells. When colonizing a new niche, the temperature 

sensitive O-antigen synthesis of Y. pseudotuberculosis may have played an important role in 

Y. pestis evolution to a more virulent and systemic pathogen, because it allows high 

proteolytic activity in early Pla-positive lineages of Y. pestis. To analyze whether the above 

results seen with Y. pseudotuberculosis also hold for Y. pestis, we compared plasminogen 

activation in Y. pestis KIM D27 cells grown at 20°C and 37°C. KIMD27 with pla-encoding 

plasmid pPCP1 is attenuated by loss of the chromosomal pgm locus encoding the 

pigmentation phenotype. When grown at 20 °C, KIM D27 exhibited only a low level of 

plasminogen activation, whereas cells from 37 °C were highly active (Fig. 1 of II). Western 

blotting with anti-His6-Pla antibodies was used to compare the amount of Pla in the cells, the 

amount of Pla protein was slightly (1.7 x) higher in 37 °C-cells, which is in agreement with 

the earlier studies showing only small effect of temperature on transcription of pla (Chromy 

et al., 2005; Pieper et al., 2009). When the number of KIM D27 20°C-cells was corrected to 

have the same amount of Pla protein as in the 37 °C-cell samples, the activity of 20 °C-cells 

still remained dramatically low. Our results showed that the enzymatic activity of Pla is 

higher in cells from 37 °C and that the difference in activity between the 37 °C-cells and the 

20 °C-cells cannot be explained by the amounts of Pla protein in the cells. This is accordance 

with the semiquantitative estimation by McDonough and Falkow (1989) reporting the higher 

activity of Pla in cells grown at 37°C. They hypothesized that this results from 

conformational changes in the protein, but our results show that the enzymatic activity of 

PgtE and Pla rather correlates with the LPS type of the bacteria.  

Pla has adhesive and invasive functions, which are not dependent on its proteolytic activity 

(Lähteenmäki et al., 1998, 2001). We wanted to analyze whether these functions are also 

sensitive to presence of the O-antigen and whether they are shared by PgtE and OmpT. 

Recombinant plasmid encoding each of these omptins were expressed in smooth and rough 

strains of E. coli, and bacterial adhesion to the basement membrane preparation Matrigel as 

well as invasiveness into ECV304 cells were assessed (Fig. 4 of I). In the rough strains, Pla 

and PgtE supported adhesiveness but only Pla was invasive, whereas the smooth recombinant 

strains were practically nonadherent and noninvasive. These results demonstrate that the lack 

of O-antigen also enables nonproteolytic functions of Pla.  
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4.1.2  Reconstitution of purified PgtE and Pla with LPS  

We next tested whether LPS influences the activity Pla. His6-tagged recombinant protein was 

expressed in E. coli, purified under denaturating conditions and suspended in a detergent-

containing buffer. Various amounts of smooth- or Re-LPS molecules were added and 

plasminogen activity was then measured. His6-Pla without added LPS remained inactive, 

whereas increasing concentrations of Re LPS induced enzyme activity; the smooth LPS 

supported only low activity (Fig. 2D of I).  

The LPS-Pla interaction was studied in more detail. His6-Pla was reconstituted adding 

different molar amounts Re or smooth LPS of Y. pestis; the amounts of the added LPSs were 

based on quantitation of 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) in the preparation and 

the median mass of major components of LPSs that was used. The molar ratio 1:1 (200 pmol 

of His6-Pla and 200 pmol of LPS) was found optimal for plasminogen activation, a further 

increase in the LPS amount did not induce higher activation. This ratio is in accordance with 

the structural data on OmpT: a single molecule of LPS is bound by an OmpT molecule 

(Vandeputte-Rutten et al., 2001). Only very low activity was seen with Hi6-Pla without added 

LPS (Fig. 2 of II). Also, His6-Pla was reconstituted with Y. pseudotuberculosis O1b and O1b 

Δwb LPSs, the rough Δwb LPS gave high activity, whereas the smooth O1b supported only a 

marginal level of plasminogen activation (Fig. 3 of II). These results are consistent with those 

obtained with bacterial cells in the study I. and overall, these studies showed that PgtE and 

Pla require rough LPS for activity but are inhibited, probably by sterical hindrance of the 

target protein binding, by long, smooth LPS molecules.  

4.1.3 Temperature-induced changes in the LPS of Y. pestis influence activity of Pla 

Y. pestis is known to alter its LPS structure upon transfer from 25
o
C to 37

o
C (Knirel et al., 

2005a). The main alterations are reduction in the acylation level of lipid A and in the 

substitution of lipid A phosphates by Ara4N (Kawahara et al., 2002; Rebeil et al., 2004; 

Knirel et al., 2005a), also, changes in the core oligosaccharide have been reported (Knirel et 

al., 2005a). 

LPS preparations from the three Y. pestis strains, KM218, KM260 and 1146, grown at 25°C 

or at 37°C were available and tested for reconstitution of His6-Pla. These LPSs were used 

because their structures have been determined in detail (Dentovskaya et al., 2008; Knirel et 

al., 2005a; Vinogradov et al., 2002); see Table 2 of II. LPS preparations were tested at 200 

pmol concentration, which was adjusted after determination of the amount of Kdo in the 

preparations. In each case, addition of Y. pestis LPS increased proteolysis and the effect was 

more pronounced with the 37°C-LPSs than with the 25°C-LPSs, although there were some 

strain-dependent variations in the reactivation of His6-Pla (Fig. 2 of II). These results indicate 

that the high activity of Pla in 37
o
C cells involves changes in the LPS molecules of Y. pestis. 

We next mapped which structural features in LPS are important for Pla activity by using a 

series of well-characterized LPS molecules that differ in the aspects above.  

4.1.3.1 Presence of core oligosaccharides  

The O1b Δwb LPS from Y. pseudotuberculosis and the Ra LPS from E. coli gave a high 

activation of His6-Pla (Fig. 3 of II). These LPSs both have a complete core region, although 

different saccharide sequence. The E. coli smooth O8 and the Re LPS as well as Y. pestis 
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EV11M LPS, which lacks the core region, gave only a low activity. Finally, lipid A was very 

poor in inducing Pla activity. These findings indicate that a core structure is needed for the 

interaction of LPS with Pla. The three Y.pestis LPSs (KM218, KM260, 1146) all have a core 

region that varies in sequence with bacterial growth temperature (Table 2 of II). 

4.1.3.2 Acylation level 

The results with the LPSs from Y. pestis strains KM218, KM260 and 1146 (Fig. 2 of II) 

suggested that also other structural features than core region in LPS are important for 

thermosensitivity of Pla activity (Table 2 of II). We examined the possible role of the LPS 

acylation on His6-Pla activation with hexa-acylated and penta-acylated Re LPSs and with 

hexa- and penta-acylated lipid A LPSs from E. coli (Fig. 4 of II). His6-Pla reactivated with 

penta-acylated Re LPS gave higher plasmin formation than did reactivation with hexa-

acylated Re LPS. There was no observable difference in His6-Pla activity with the penta- and 

hexa-acylated lipid A forms (Fig. 4 of II). This most likely reflects the very poor activity of 

lipid A, which lacks Kdos and the core region; hence, the possible effect is overshadowed by 

lack of a LPS core.  

Our results above indicate that the presence of core oligosaccharide and a level of lipid A 

acylation are prominent for Pla activity. Biological activities of rough LPSs are correlated 

with the molecular shape of lipid A (Schromm et al., 2000). Number of charged components 

and the number of acyl chains in lipid A as well as the degree of saturation of fatty acids, 

cause changes in the three-dimensional structure of LPS and in its biological activity 

(Rietschel et al., 1996). Modification at 37°C of Y. pestis LPS has been mainly studied as a 

means to overcome innate immune defences, as tetra-acylated lipid A is poorly recognized by 

TLR4 and does not elicit pro-inflammatory response (Montminy et al., 2006; Matsuura et al., 

2009; Telepnev et al., 2009; reviewed in Knirel et al., 2012).  

Deacylation is also known to increase acyl chain fluidity, which correlates with increased 

outer membrane fluidity. Higher amounts of processed isoforms of Pla as seen Fig 1 of II 

may result from the increased outer membrane bilayer fluidity at 37°C and thus assist easier 

incorporation of Pla into membrane. Increased membrane fluidity is also known to increase 

outer membrane-associated functions in yersiniae (Bengoechea et al., 1998, 2003), which 

here may be seen as increased autoprocessing and formation of β-Pla. 

4.1.3.3 Substitution at lipid A phosphates 

A feature of LPSs from 37 °C-cells of Y. pestis is their reduced substitution by Ara4N at lipid 

A phosphates (Rebeil et al., 2002; Knirel et al., 2005; see Table 2 of II). Isolated LPSs from 

Y. pestis strain 1146 were poor in enhancing the His6-Pla function. It differs from strain 

KM218 and strainKM260 LPSs in that its Ara4N substitution at lipid A phosphate groups 

remains high also in 37°C-cells, and thus the amount of unsubstituted lipid A phosphate 

groups remains low. No suitable LPS variants to directly test the effect on Ara4N substitution 

were available, so we approached the problem by mutating the lipid A-binding site in Pla and 

PgtE. The conserved arginines R138 and R171 in motif are oriented outwards in the β-barrel, 

in β-strands 5 and 6, and are spatially close to each other, just above the outer leaflet of the 

outer membrane (see chapter 1.6 Fig. 1). We substituted both arginines for glutamates in 

PgtE and in Pla separately and in combination. Salmonella SL1102-1 lacking pgtE was 

complemented with plasmids encoding the PgtE substitutions, and E. coli XL1 and Y. pestis 
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KIM D34, the latter cured of PCP1 were transformed with plasmids encoding the Pla 

substitutions. Further, His6-Pla substitution derivatives were also reconstituted with Y. pestis 

KIM 218 LPS. We measured plasminogen activation by the constructs, and autoprocessing of 

the PgtE and Pla derivatives were analyzed by Western blotting.  

Single substitutions PgtE R138 and PgtE R171 in complemented SL 1102-1 strain still 

supported plasminogen activation, whereas the double mutant PgtE R138/R171 did not show 

plasminogen activation (Fig. 3 of I). Cell wall preparations of PgtE and its derivatives PgtE 

R138E and PgtE R171 were similarly autoprocessed, whereas the proteolytically inactive 

double substitution mutant did not form the γ- or autoprocessed β- form. Migration of 

unheated derivative proteins was similar to PgtE indicating that folding in the outer 

membrane of the substitution proteins remained similar to that of the wild-type PgtE.  

The substitution R171E in His6-Pla reconstituted with Y. pestis KIM 218 LPS diminished 

plasminogen activation only slightly, and expression of this mutated Pla in Y. pestis or E. coli 

gave somewhat reduced levels of plasminogen activation (Fig. 5 of II). The substitutions 

R138E and R138E/R171E almost entirely abolished the reactivation of His6-Pla. Effect of 

these substitutions was also similar in Pla constructs expressed in Y. pestis KIM D34 and E. 

coli XL1, but overexpression in Y. pestis gave less obvious difference between the mutated 

Pla proteins. These results indicate that the highly conserved arginines of the lipid A-binding 

motif are involved in the PgtE/Pla – LPS interactions. The partial inhibition may indicate that 

also other regions in lipid A contribute to the interaction. Crystal structure of enzymatically 

active Pla with bound LPS molecule revealed that also residues Y134 and E136 in Pla bind to 

LPS acyl chains (Eren et al., 2010).  

The amount of Pla isoforms in Y. pestis KIM D34 cells was reduced in the substitution 

mutants R138 and R138/R171. The reduction was mainly seen in the amount of the 

unprocessed, intracellular pre-Pla and less in the amount of the processed β-Pla. Reduced 

amount of β-Pla is in accordance with the results obtained from proteolytically inactive 

substitution mutants of PgtE; proteolytically inactive mutants are not able to autoprocess 

themselves and hence do not form β-isoform. The γ-pla isoform, which probably represents 

mature, differentially folded α-Pla, was not detected in the R138E or double mutant bacteria 

(Fig. 5 of II). The reasons for the observed changes in the Pla protein amounts remain 

speculative. The arginine substitutions may destabilize the pre-Pla, and the smaller amounts 

of α- and γ-isoforms may result from the instability of pre-Pla. This is in accordance with the 

observation that LPS co-assists OmpA in folding and insertion into phospholipid bilayers 

(Bulieris et al., 2003; Qu et al., 2009). 

Our assumptions that binding to LPS do not cause any major conformational changes in the 

protein structure of Pla or other omptins were recently confirmed by Eren and coworkers 

(Eren et al., 2010; Eren & Berg, 2012). Largest structural differences in Pla protein with or 

without bound LPS are seen in loops L4 and L5, in the vicinity of the LPS binding site. 

Particularly the correct spatial conformation of L4 with the catalytic residues Asp206 and 

His208 as well as the residue R211, which is important in recognition of plasminogen (Eren 

et al., 2010), are crucial for Pla activity. In the presence of LPS, Pla undergoes subtle 

conformational changes that generate proper geometry for the catalytic water molecule to 
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cleave the substrate. This explains on structural terms the unusual dependency of omptins on 

LPS for activity (Eren & Berg, 2012). 

4.2 Surface loops dictate substrate selectivity of Pla (III).  

When this study was initiated, all omptins known at the time were grouped as plasminogen 

activators on basis of sequence similarity to Pla. Our analyses in paper I however showed that 

OmpT overexpressed in recombinant E. coli was very poor in cleaving and activating 

plasminogen (Fig 2C, 4 and 6AB of III). This indicates functional heterogeneity in the 

omptins from different bacteria. A breakthrough in omptin research came in 2001, i.e. during 

my study, when the crystal structure of OmpT was published by Vandeputte-Rutten & 

coworkers (2001). We had modeled structures of Pla and OmpT in paper III according to 

Koebnik et al. (2000), Schultz (2000) and Kramer et al. (2000ab). The crystal structure of 

OmpT supported the predicted β-barrel forms of OmpT and Pla used in paper III. The β-

barrel fold in bacterial outer membrane proteins is stable and tolerates modifications in the 

surface exposed loops (Koebnik, 1999; Koebnik et al., 2000; Schulz, 2000), but small 

changes in the specificity pocket can change the substrate recognition and specificity and 

catalytic rates of enzymes (Craik et al., 1985; Wells et al., 1987). In this study we begun 

mapping the regions in Pla that are important in plasminogen activation and α2AP 

inactivation, first by swapping surface loops between Pla and OmpT. 

4.2.1 Proteolytic activity 

While Pla was known to be an efficient plasminogen activator, it was puzzling how it could 

function in circulation where the abundant serine protease inhibitor α2AP is present 

(Sodeinde et al., 1992). In paper III, we show that Pla-expressing Y. pestis and E. coli cleave 

and inactivate α2AP (Fig. 1A and C of III). The cleavage was rapid and a single cut of the 

substrate, which suggested that Pla has classical serpinolytic activity (Lähteenmäki et al., 

2005). No cleavage of plasminogen or α2AP were seen with recombinant E. coli expressing 

OmpT (Fig. 2B and 4 of III) however, it slowly cleaved the chromogenic protease substrate 

Val-Leu-Lys-p-nitroaniline (S-2251) directly, which was not seen with Pla expressed in E. 

coli (Fig. 4 of III).  

The differences in substrate specificity of Pla and OmpT formed the bases to identify the 

regions in Pla that were critical for plasminogen activation and α2AP inactivation. Topology 

models of Pla and OmpT in Fig. 3 of III show ten antiparallel β-strands connected by 20-35 

amino acid residues long outer loops and by shorter, 5-8 residues cytoplasmic turns. The 

membrane-embedded regions are similar between OmpT and Pla, but there are more 

sequence differences in the extracellular loops, especially in loops L3, L4 and L5 (Fig. 3 of 

III). Based on these predicted conformational models, Pla-OmpT hybrid proteins were 

constructed by exchanging one by one or more surface loops between Pla and OmpT. The 

fusion sites were in the conserved transmembrane regions. The published crystal structure of 

OmpT and Pla revealed slightly longer β- strands than we initially assumed (Vandeputte-

Rutten et al., 2001; Eren et al., 2010). Polyclonal antibodies were raised against OmpT and 

Pla and against each of the loop structures of Pla. The corresponding peptides in Pla were: 

L1, amino acid residues 24-38; L2, residues 74-104; L3, residues 149-163; L4, residues 201-

220; and L5, residues 249-278. Specificity of the antibodies were analyzed in Western 

blotting using as antigens the cell envelopes of recombinant E. coli expressing Pla, OmpT, or 
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the hybrid omptins (see examples in Fig. 2 and 5 of III). Each loop antiserum recognized only 

those hybrid proteins that had the corresponding antigen sequence, which on the other hand 

also indicated that the hybrid protein constructs were correct in structure. 

 Pla-OmpT hybrid molecules were assessed for plasminogen activation and cleavage as well 

as for cleavage of α2AP. Analysis of the Pla-OmpT hybrids revealed the importance of L4 

(see Hy14 in fig. 4 of III) and L5 (see Hy1) in plasmin formation by Pla. Substitution of the 

loops L1, L2 and L3 in hybrids Hy5, Hy10, and Hy12 had less effect on activity. We located 

the important region for catalytic activity, in loop 4 of Pla into the C-terminal part of the L4, 

i.e. amino acids MRDLTFREKTSGSRYYGTVI (see Hy18 and Hy17 in Fig. 4 of III). Very 

poor or no activity was detected in the reverse substitutions from OmpT to Pla. In general, 

hybrids that showed no or low plasminogen activation behaved similarly with α2AP as a 

substrate, clear exceptions were Hy12 and Hy18, which were active with plasminogen but 

poor with α2AP as a substrate. Analysis of the hybrid proteins suggested that the loops are 

important in influencing the target selectivity of Pla and OmpT.  

At the time this paper was under preparation omptins were considered to be serine proteases 

that have catalytic triad histidine-serine-aspartate in their active center (Rawlings & Barret, 

1994). In order to identify the catalytic residues, six histidine and the conserved serines and 

aspartates that were predicted to locate near or within the surface-exposed loops were 

substituted in Pla. Also homologies to tPA and uPA sequences were searched. Substitutions 

D84A, D86A, D206A, S99A, H101V and H208V almost completely abolished plasminogen 

activation and inactivation of α2AP as well as autoprocessing into β-Pla, and we concluded 

that these residues are needed for proteolytic activity and hence are parts of the catalytic 

center. In contrast, other substitutions, such as E217S, K262A, and R211K abolished only 

autoprocessing or serpinolysis (Table 1 of III). At the same time, studies by Vandeputte-

Rutten (2001) and Kramer & coworkers (2000, 2001) identified the catalytic residues in 

OmpT identical to those in Pla. Their studies identified the importance of S99 and H212 

(OmpT numbering) for the enzymatic activity. The involvement of the nucleophilic water in 

substrate cleavage and the theory of the catalytic dyads, D83/D85 and D210/H212 (in OmpT) 

were introduced first time by Vandeputte-Rutten et al. (2001). The crystal structure of Pla 

(Eren et al., 2010) further confirmed the identity of the catalytic residues in Pla. The dyads 

D84/D86 and D206/H208 form a couple and are located in a clef at opposite sides of the β-

barrel, in strands β3 and β7 (See Fig. 1). A water molecule is present between the D84 

carboxyl group and the H208 Nε2 atom and most likely corresponds to the catalytic 

nucleophile (Baaden & Sansom, 2004; Eren et al., 2010). D206/H208 is likely to form a 

catalytic dyad that activates the nucleophilic water molecule that hydrolyses the scissile 

peptide bond of the substrate, while the D84-D86 couple may participate in coordinating the 

nucleophilic water molecule either directly or indirectly via another water molecule or 

stabilize the oxyanion intermediate during the reaction (Kramer et al., 2001, Vandeputte-

Rutten et al., 2001; Eren et al., 2010; Eren & Van den Berg, 2012). Residues S99 and H101 

are located close to the active site and they coordinate D84 and D86 dyad via bridging water 

molecules (Baaden & Sansom, 2004).  

Few of the substitutions had different effects on the substrates that were tested, which was to 

be expected in light of the different structures of the substrates (i.e. plasminogen, α2AP). L4 

was found important for plasminogen activation. Residue R211 points inwards the barrel at 
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the tip of the loop L4, which made it a promising amino acid candidate to interact with the 

plasminogen substrate. The substitution R211K indeed lowered the plasminogen activation 

and abolished α2AP inactivation by Pla but did not affect formation of β-Pla and was 

concluded to be essential in recognition of Plg and α2AP. Residues F215Y and E217S near 

L4 decreased or abolished autoprocessing (Fig. 5 of I) but did not have significant effect on 

plasminogen activity nor α2AP cleavage (Table 1 of I). These substitutions were assumed to 

interfere with self-recognition of Pla. 

4.2.2 Autoprocessing 

It was known that OmpT is autoprocessed at conserved lysine residue K217 (Kramer et al., 

2000). Substitution derivatives that were inactive in plasminogen activation and α2AP 

inactivation were also unable to form the β-Pla, suggesting β-Pla formation is a result of 

autoprocessing. The N-terminal amino acid sequence of β-Pla (ASSQLIPNISPDS) was 

determined and found identical to that of α-Pla, which suggests that Pla is processed at the C-

terminal end. The autoprocessed Pla molecule is approximately 30 amino acids shorter than 

α-Pla, as estimated by SDS-PAGE gel. Omptins cleave proteins after basic residues and we 

therefore substituted all these residues at or near L5 (K218, K240, K249, K254, K262 and 

K280). Only the K262 derivative did not form β-Pla (Table 1 and Fig. 5 of III), and residue 

K262 in L5 was concluded to be the autoprocessing site in Pla. This mutant protein was not 

significantly affected in plasminogen activation or α2AP cleavage (Table 1 of III), which 

indicates that the autoprocessing is not necessary for the enzymatic activity of Pla. The 

biological role, if any, of the Pla autoprocessing has remained open.  

In paper I we did not determine the exact autoprocessing site in PgtE, but the sizes of the α-, 

β- and γ-forms estimated by SDS-PAGE suggest that the probable site for cleavage is after 

the residue R154. R217 was the proposed autoprocessing site in OmpT (Kramer et al., 2000). 

Thus, the autoprocessing sites differ in omptins, which is another indication of their 

functional heterogeneity.  

4.2.3 Cumulative substitutions and a deletion convert OmpT into a Pla-like enzyme 

To confirm the role of surface loops in the substrate specificity of Pla, we next changed 

OmpT into a Pla-like enzyme stepwise by engineering small changes in the key protein areas 

identified above. The proteins were assessed for activation and cleavage of plasminogen and 

for cleavage of α2AP. The results are summarized in Fig. 6 of III. OmpT is the only omptin 

with an extended L4, it has the residues D214 and P215, which were deleted to shorten the 

L4 in OmpT. The substitution mutant Pla R211K was not able to inactivate α2AP and was 

also poor in plasminogen activation (see Table 1), and we therefore added the substitution 

K217R into OmpT/ΔDP. The resulting construct OmpT/ΔDP/K217R activated plasminogen 

and supported a low degree of α2AP cleavage, functions which were not seen with OmpT and 

OmpT/ΔDP proteins. Further modification was done by changing L3 in OmpT, the resulting 

protein OmpT/ΔDP/K217R/L3 exhibited a higher level of plasmin formation but remained 

poor in α2AP cleavage. Hy6 with L5 from Pla did not further increased Plg activation but 

efficiently degraded α2-antiplasmin, which suggested a role in α2AP recognition. Higher 

catalytic activity was seen with Hy5, which however, remained less active than Pla in 

plasmin formation and α2AP cleavage. Increase in plasminogen activation and α2AP cleavage 

was seen with increasing numbers of substitutions.  
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The loops L3 and L4 of OmpT are long and presumably sterically inhibit the plasminogen 

binding to the catalytic groove inside the Pla barrel, and this could be a reason for poor 

plasminogen activation by OmpT. In contrast, OmpT is able to cleave small molecular weight 

substrates such as CAMPs, which are small enough to fit into the active groove. The results 

also highlight the importance of loop L3 and the residue R211 as well as the C-terminal part 

of L4 in Plg activation and cleavage of α2AP. Crystal structure of Pla (Eren et al., 2010) 

reveals that the location of R211 side chain is really close to the nucleophilic water molecule 

near the active site and in papers of Eren et al. (2010) and Eren & van den Berg (2012) they 

speculate that the guanidinium group of R211 shifts slightly into the correct position to be 

able to interact with the substrate and therefore the positive charge of arginine side chain may 

stabilize the oxyanion intermediate during catalysis. The modification of OmpT into Pla-like 

protease and subsequent conversions between Pla and PgtE, as well as the conversion of Epo 

omptin of Erwinia pyrifoliae into a plasminogen activator, have stressed the importance of 

the loop structures in substrate binding and adaptation of omptins into different functions 

(Ramu et al., 2008; Haiko et al., 2011). 

We found the same crucial amino acid residues for catalytic activity that were later confirmed 

by the crystal structure of Pla. This resent research of Eren & coworkers (2010, 2012) also 

highlights the importance of water molecules, which are linking the active site residues. It 

also further confirmed our results of dependency on LPS in omptin activity and our 

assumptions of the small conformational change in the protein that is generated by the 

binding of LPS into the LPS binding site of the protein. 
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5 Conclusions 

The omptin fold has spread by LGT among Gram-negative bacteria, and the results in my 

thesis as well as the later studies (Ramu et al., 2008; Haiko et al., 2011) have shown that they 

are multifunctional proteases and adapted to support the life style of the host bacteria. The 

catalytic groove, i.e. the catalytic residues and the acidic residues that bind to lysines or 

arginines in substrate polypeptides, are conserved in all omptins (Haiko et al., 2010). The 

successful conversion of OmpT to a Pla-like enzyme indicated that differences in loop 

structure sequences of omptins are critical for correct substrate recognition. Subsequent 

studies of omptin family have confirmed the essential role of the loop structures in dictating 

the functional properties of omptin proteases (2007; Ramu et al., 2008; Haiko et al., 2011); 

this seems to hold for other OMPs as well, such as OmpA (reviewed in Smith et al.). Omptins 

are exceptional proteases in that their activity is controlled by LPS. S. enterica has smooth 

LPS that protects the bacterium against the complement, but inside macrophages the 

bacterium modifies its LPS structure into a rough form (Lähteenmäki et al., 2005b), whereas 

Y. pestis has lost the O-antigen, and the advantage of the loss has remained an enigma. In our 

study we showed that the presence of rough LPS enables the proteolytic functions of PgtE as 

well as Pla and the O-antigen inhibits the enzymatic activity. Additionally, a complete core 

region of LPS is required to enable the proper proteolytic and nonproteolytic functions of Pla 

that seem to compensate the protective role of the O-antigen against complement killing.   

Y. pestis modifies its LPS structure in response to temperature variations. At mammalian 

temperatures, Y. pestis LPS is in a less immunostimulatory mode, which is beneficial for 

bacteria to initiate the infection. We showed that the same variations in LPS, i.e. the lower 

levels of acylation as well as reduced substitution with Ara4N that occur at transfer to 37
o
C, 

also are optimal for Pla activity. These findings stress the importance of LPS as a determinant 

of proteolytic activity in Y. pestis and as a mechanism in functional adaptation of Pla.  

The formation and activity of proteases in the mammalian circulation are tightly regulated. 

Free circulating plasmin is rapidly inactivated by plasma antiproteases. We observed that Pla 

inactivates human α2AP and is thus able to promote uncontrolled plasmin proteolysis. This 

can be important for the highly invasive character of Y. pestis and explain the reduction in 

fibrin deposition that has been observed in Y. pestis infections. Subsequent work has shown 

that Pla and PgtE also degrade PAI-1, which is the main control protein of fibrinolysis 

(Lijnen, 2005; Kietzmann & Andreasen, 2008; Haiko et al., 2010). In a recent observation, 

Pla was able to cleave and activate uPA, but active site residues of Pla were not required for 

proteolytic activity Järvinen et al. (2013). This questions the defined active-site model of 

omptins and therefore further clarification is needed to resolve the reaction mechanisms of 

omptin proteolysis. This finding further support the notion that the omptins should not be 

classified as aspartate proteases but form a protease class of their own (Eren et al., 2010; Eren 

& van den Berg 2012).  

Overall, the omptins offer interesting examples of the mechanism of how a protein fold 

adapts in evolution to the life style of their host bacterium. Each of the three omptins in this 

study, Pla of Y. pestis, PgtE of S. enterica, and OmpT of E. coli increase the survival and the 

virulence of the pathogen but to a different degree (Sodeinde et al., 1992; Lähteenmäki et al., 
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2005b; Juuti et al., unpublished) and by differing mechanisms (White et al., 1995; Kukkonen 

et al., 2004; Ramu et al., 2007; Ramu et al., 2008; Haiko et al., 2009). Their role in 

pathogenesis makes them a possible target for preventive measures against the infection, this 

requires a thorough knowledge of their functions and reaction mechanisms. 
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