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Summary

Surface proteolysis is important in migration of cells through tissue barriers. In the case 
of prokaryotes, surface proteolysis has been associated with invasiveness of pathogenic 
bacteria from the primary infection site into circulation and secondary infection sites in 
the host. This study addressed surface proteases of two important bacterial pathogens, 
Yersinia pestis which is the causative agent of the lethal systemic zoonosis, plague, 
and Salmonella enterica serovar Typhimurium which is an oral-faecal pathogen that 
annually causes millions of cases of gastoenteritis that may develop to septicaemia. Both 
bacterial species express an ortholog of the omptin family of transmembrane β-barrel, 
outer membrane proteases/adhesins. This thesis work addressed the functions of isolated 
plasminogen activator Pla of Y. pestis and the PgtE omptin of S. enterica. 

Pla and PgtE were isolated as His6-fusion proteins in denaturing conditions from 
recombinant Escherichia coli and activated by adding lipopolysaccharide (LPS). 
The structural features in LPS that enhance plasminogen activation by His6-Pla were 
determined, and it was found that the lack of O-specifi c chain, the presence of outer 
core oligosaccharide, the presence of phosphates in lipid A, as well as a low level of 
acylation in lipid A infl uence the enhancement of Pla activity by LPS. A conserved lipid 
A phosphate – binding motif in Pla and PgtE was found important for the enhancement 
of enzymatic activity by LPS. The results help to explain the biological signifi cance of 
the genetic loss of the O-specifi c chain biosynthesis in Y. pestis as well as the variations 
in LPS structure upon entry of Y. pestis into the human host. 

Expression of Pla in Y. pestis is associated with adhesiveness to lamin of basement 
membranes. Here, isolated and LPS-activated His6-Pla was coated onto fl uorescent 
microparticles. The coating conferred specifi c adhesiveness of the particles to laminin and 
reconstituted basement membrane, thus confi rming the intrinsic adhesive characteristics 
of the Pla protein. The adhesiveness is thought to direct plasmin proteolysis at tissue 
barriers, thus increasing tissue damage and bacterial spread. 

Gelatinase activity has not been previously reported in enteric bacteria. Expression 
of PgtE in S. enterica was associated with cleavage of porcine skin gelatin, denaturated 
human type I collagen, as well as DQ-gelatin. Purifi ed His6-PgtE also degraded porcine 
skin gelatin and human type I gelatin but did not react with DQ-gelatin, indicating that 
minor differences are seen in proteolysis by isolated and cell-bound PgtE. Pla was less 
effective in gelatin degradation. The novel gelatinase activity in S. enterica is likely to 
enhance bacterial dissemination during infection. 

VIII
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1. Introduction

1.1. Yersinia pestis and Salmonella 
enterica as bacterial pathogens

Y. pestis is the causative agent of plague, 
a zoonotic disease that affects rodents and 
is transmitted to humans mainly through 
the bite of infected fl eas. Plague is one of 
the most feared human diseases, and it has 
been estimated that 200 million humans 
were killed by this pathogen in the course 
of recorded history (Reviewed in Perry 
& Fetherston, 1997). Globally, the World 
Health Organization reports 1,000 to 3,000 
cases of plague every year; recent outbreaks 
of plague (Word Health Organization, 
1990) and the reemergence of the disease 
in endemic areas after natural or socio-
economic aggravation, show that the plague 
disease is still a concern for public health 
and that surveillance must be maintained 
(Duplantier et al., 2005). Y. pestis belongs 
to the Enterobacteriaceae family and is the 
type species of the Yersinia genus, which 
also contains two other species pathogenic 
for humans: Yersinia pseudotuberculosis 
and Yersinia enterocolitica. DNA 
hybridization assays (Bercovier et al., 
1980) and the recent genomic sequencing 
of Y. pestis and Y. pseudotuberculosis 
(Parkhill et al., 2001; Chain et al., 2004) 
have shown that Y.pestis is genetically 
very close to the enteropathogenic species 
Y. pseudotuberculosis. Indeed, sequence 
analyses of cytoplasmic housekeeping 
genes as well as genes involved in the 
biosynthesis of lipopolysaccharide (LPS) in 
Yersinia revealed that Y.pestis is a relatively 
recently emerged clone (ca. 1500-20000 
years) of Y. pseudotuberculosis serotype 
O1b (Achtman et al., 1999; Skurnik et 
al., 2000).  The high virulence and recent 
evolution have made Y.pestis a model 

organism for rapid evolution of a bacterial 
pathogen (Wren et al., 2003)

The reservoir of Y.pestis in nature is 
wild rodents. Humans are accidental hosts 
and have no role in its long-term survival 
in endemic regions (Perry & Fetherston 
1997). Upon feeding on blood of infected 
animals, fl eas acquire Y. pestis, which 
multiplies in the midgut (stomach) and 
blocks the proventriculus, a sphincter-
like organ that connects the stomach 
with the esophagus. The blocked fl eas 
starve and frenetically bite other rodents 
and, incidentally, also humans, especially 
when the rodent population is wiped out 
by the epidemic (Duplantier et al., 2005). 
Upon biting, the blocked fl eas are unable 
to swallow; instead, the blood becomes 
contaminated with bacteria from the fl ea’s 
proventriculus and is regurgitated into the 
new host. The bacteria are injected into the 
subcutaneous tissue, where they promote 
local proteolysis at the infection site and 
migrate through the subcutaneous tissue to 
the lymph channels (Sebbane et al., 2006). 
The bacterium quickly disseminates to 
regional lymph nodes and multiplies 
causing swelling in these organs. Upon 
contact with immune cells in the lymph 
nodes, most of the bacterial cells are killed 
by polymorphonuclear leukocytes (PMNs) 
(Titball et al., 2003; Zhou et al., 2006). 
Some of the bacteria are internalized by 
tissue macrophages, where they survive, 
multiply and produce virulence factors 
(Cavanaugh et al., 1959; Straley & Harmon, 
1984). Y. pestis kills the macrophage by 
inducing apoptosis (Sebbane et al., 2005) 
and is released into the extracellular 
environment. In this second stage, Y. 
pestis is able to resist phagocytosis by 
the PMNs. The swollen lymph nodes are 
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a hallmark of this disease and are known 
as bubo, hence the name bubonic plague. 
The disease proceeds to systemic spread of 
the bacteria via bloodstream (septicemic 
plague) to the liver, spleen and lungs 
(pneumonic plague). In a few cases, the 
systemic infection is achieved by Y. pestis 
with no commitment of the lymph nodes. 
This results from direct injection of the 
bacteria into the blood vessels (primary 
septicemic plague) (Sebanne et al., 2006). 
The bubonic and (primary) septicemic 
plague both progress to the death of the 
host, which involves massive septicemia 
and hemorrhagic pneumonia. If untreated, 
the mortality rate for the bubonic form of 
the disease is 50%-60%, as the epidemic 
develops and the pneumonic form becomes 
more prevalent, the mortality rate can 
reach 100%. Paradoxically for the bacteria, 
high bacteremia leads to death of its host 
and hence to the end of its food supply. 
On the other hand, high bacteremia also 
is essential to ensure effective infection of 
new fl eas and transmission of the disease 
(Perry & Fetherston, 1997).

The life cycle of Y. pestis requires that 
it adapts to a broad range of environmental 
conditions, including temperatures 
varying from 4oC (hibernating animals) 
to 41oC (feverish patients) (Naylor et 
al., 1961; Perry & Featherstone, 1997). 
Furthermore, Y. pestis has to cope with 
innate immune factors in the fl ea vectors 
as well as the innate and acquired immune 
defenses in the mammalian hosts. For 
survival of Y. pestis in the fl ea, two factors 
are essential: the haemin storage system 
(Hms) (Hinnebusch et al., 1996; Jones et 
al., 1999) and the Yersinia murine toxin 
(Ymt) (Hinnebusch et al., 2002). The 
expression of these genes is dependent 
on temperature, being higher at 26oC than 
at 37oC. Both factors are involved in the 
colonization and blockage of the fl ea. 

Hms- strains are unable to colonize the 
proventriculus and promote blockage of 
the fl ea, but are still fully virulent when 
inoculated in mouse (Lillard Jr et al., 
1999; reviewed in Zhou et al., 2005). 
Likewise, Ymt- strains of Y. pestis are 
quickly eliminated from the fl ea midgut 
and unable to block the fl ea (Hinnebusch 
et al., 2002). In the human host, the 
conditions are different from those in the 
fl ea, e.g. the temperature is higher and an 
immune response becomes effective. In 
the infection site, a fraction of the bacterial 
cells are engulfed by macrophages while 
others cross the underlying tissue with 
the help of the plasminogen activator Pla, 
reach the lymphatic system and colonize 
the regional lymph nodes (see chapter 
1.6). Y. pestis can survive and replicate in 
macrophages (Straley & Harmon, 1984; 
Pujol & Bliska 2003) and is thus considered 
a facultative intracellular pathogen (Perry 
& Fetherston, 1997). Genes involved 
in LPS modifi cations and resistance to 
antimicrobial peptides controlled by a 
PhoP/PhoQ two component system are 
important for survival of Y. pestis inside 
the macrophages (Oyston et al., 2000; 
Grabenstein et al., 2006). It is believed that 
resistance to macrophage killing is a form 
of protection for the bacterium, allowing it 
to produce virulence factors and adapt to the 
new host. It has been hypothesized that the 
macrophages also function as “carriers”, 
taking the bacteria from the infection site 
to the regional lymph node (Titball et al., 
2003; Pujol & Bliska, 2005) but in vivo 
evidence to confi rm this theory is lacking. 
Furthermore, Sebbane et al., (2005) 
failed to identify intracellular Y. pestis 
in the marginal sinus of the lymph nodes 
in a rat model of plague. When released 
from the macrophages, the bacterium is 
already adapted to the new conditions in 
the human host and fully “armed” with 

Introduction



3

virulence factors that confer resistance 
to phagocytosis. These virulence factors 
include: (i) the Yersinia outer membrane 
proteins (YOPs) virulon, a complete type 
three secretion system (TTSS) (Cornelis 
et al., 2000; Straley et al., 1993), (ii) the 
fraction 1 (F1) antigen (Du et al., 2002), 
and (iii) the pH6 antigen (Makoveichuk 
et al., 2003), which in concert act against 
phagocytosis. 

In contrast to the zoonotic Y. pestis, 
Salmonella enterica is an intracellular 
oral/fecal pathogen that infects millions 
of humans annually. Salmonellosis is a 
worldwide public health problem that 
can result in a self-limited gastroenteritis 
[S. enterica serovar (sv.) Typhimurium] 
as well as in the life-threatening disease 
typhoid fever [Typhi]. In more than 
95% of the cases, the infection initiates 
as the host ingests food contaminated 
with Salmonella cells, which pass the 
gastrointestinal tract and reach the small 
intestine (Hohmann, 2001). S. enterica 
produces a number of fi mbrial adhesins, 
autotransporters and outer membrane 
proteins that promote attachment to the 
intestinal tract (Humphries et al., 2001). 
Following the adhesion and colonization of 
the intestinal tract, the infection proceeds 
by bacterial invasion into epithelial cells 
and M-cells in Peyer’s patches lining 
the intestinal mucosa. The Salmonella 
pathogenicity island 1 (SP1) (Groisman 
et al., 1997) encodes a TTSS that injects 
effector proteins into the cytoplasm of the 
epithelial cells, where they promote actin 
rearrangement and membrane ruffl ing, 
which lead to bacterial internalization 
(Ohl & Miller, 2001). Upon crossing the 
intestinal barrier, Salmonella cells face 
the macrophages and dendritic cells in 
the underlying tissue, then again, the 
TTSS encoded in SP1 comes to action. 
Salmonella induces macropinocytosis in 

resting macrophages, invades the cells and 
multiplies in specifi c vacuoles known as 
Salmonella containing vacuoles (SCV) 
(reviewed in Gorvell & Meresse, 2001). 
In activated macrophages, Salmonella 
induces apoptosis and cell death (Knodler 
& Finlay, 2001; Monack et al., 2004). 
The ability to survive and multiply in 
macrophages and dendritic cells is a major 
determinant of pathogenesis and a variety 
of virulence factors involved in this 
process have been identifi ed in S. enterica 
(Groisman et al., 1997). Transcriptome 
analyses indicated huge differences in gene 
expression of S.enterica sv. Typhimurium 
in infected mouse macrophages compared 
to in vitro cultivated bacteria (Eriksson et 
al., 2003). A number of genes encoding 
surface structures are downregulated, 
these include genes for biosynthesis of 
LPS, adhesins, fl agella whereas the gene 
encoding the outer membrane protease 
PgtE (see chapter below) is upregulated. 
The genes in the Salmonella pathogenicity 
island 2 (SP2) encode a second TTSS 
that tampers with the normal intracellular 
traffi cking and inhibits the formation of the 
phagolysosome (Gorvel & Meresse, 2001). 
Salmonella cells are released from the 
phagocytes into the bloodstream and may 
disseminate extracellularly to infect new 
macrophages and establish new infection 
foci (Mastroeni & Shepphard, 2004). Also, 
migration of infected phagocytes to the 
liver, spleen, bone marrow and gallbladder 
probably facilitates dissemination of 
bacteria in the host (Ohl & Miller, 2001).  

1.2. Surface proteolysis in bacterial 
infections

Bacterial-promoted proteolysis has 
long been recognized as important 
during infection. An obvious function 
is acquisition of nutrients from the 
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host, but bacterial proteases are also 
directly involved in evasion of host 
immune response and bacterial migration 
(reviewed in Travis 1995; Goguen, 1995). 
Prevention of host response as well as 
phagocytosis and complement-mediated 
killing is an effective strategy to enhance 
bacterial virulence and few surface-bound 
or extracellular proteases have been 
described in this context. Streptococcus 
pyogenes (group A Streptococcus, GAS) 
and Streptococcus agalactiae (group B 
Streptococcus, GBS) express the cell-wall 
protein C5a peptidase (SCP), a protease that 
inactivates the complement chemotactic 
factor C5a and reduces PMN recruitment 
(Cheng et al., 2002). The enzyme elastase 
produced by Pseudomonas aeruginosa 
interferes with the host’s immune response 
by degrading various plasma proteins, such 
as immunoglobulin, complement factors, 
and α-protease inhibitor (Matsumoto 
et al., 2004). Y. pestis expresses the 
plasminogen activator Pla which degrades 
the complement protein C3 and inhibits 
chemotaxis of phagocytic cells (see 
below)

The use of proteases to promote 
migration and disseminate across tissue 
barriers is a very effective strategy 
employed by bacterial pathogens (Travis 
et al., 1995).  The tissue barriers consist 
mainly of collagen and laminin networks 
in basement membranes (BMs) or 
extracellular matrix (ECM) (Hay, 1991). 
The BM is a specialized extracellular 
matrix that forms a continuous sheet 
that separates the cells from connective 
tissue. Its most abundant components are 
collagen IV, laminin, nidogen or entactin 
and heparin sulfate (Hay, 1991). A few 
bacterial species are able to attack these 
structures directly (Harrington, 1996). 
Oral pathogens such as Porphyromonas 
gingivalis and Fusobacterium nucleatum 

produce collagenases that degrade tissues 
in the dent-epithelial junction (Potempa 
et al., 2000), Clostridium perfringens and 
Clostridium histolyticum produce an array 
of proteases and collagenases that cause 
tissue necrosis in the peritoneum and 
enhance bacterial access to deeper tissues 
(reviewed in Harrington, 1996). 

An alternative way to promote surface 
proteolysis and cell migration is to engage 
the host proteolytic systems. Several 
bacterial pathogens are able to interfere with 
the plasminogen (Plg) system to promote 
tissue degradation and cell migration in 
vitro (Lähteenmäki et al., 2005). Few 
bacterial species express a direct Plg 
activator activity (PA), Staphylococcus 
aureus and streptococci (groups A, 
C and G) secrete staphylokinase and 
streptokinase, which activate Plg through 
a complex interaction (Lähteenmäki 
et al., 2001), Y. pestis and S. enterica 
express the surface-bound proteases Pla 
and PgtE which cleave and activate Plg. 
A number of bacterial pathogens express 
Plg receptors, i.e. are able to bind Plg on 
their surface, and utilize the host PAs for 
plasmin formation, in essence thus turning 
themselves into proteolytic organisms using 
a host proteolytic system. A Plg receptor is 
important for virulence and tissue spread 
of Borrelia burgdorferi, which expresses 
a 70 kDa surface protein that binds Plg. In 
addition, the outer membrane lipoprotein 
OspA is able to upregulate the expression 
of the human Plg activator urokinase (uPA) 
in human monocytes (Fuchs et al., 1996). 
The subsequent conversion of Plg into 
plasmin on the bacterial surface enhances 
bacterial penetration through endothelial 
cell monolayer grown on connective 
tissue substrates and is though to promote 
bacterial migration from the infection 
site to the circulation and secondary 
organs (Coleman et al., 1999). Group 
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A streptococci express the surface Plg-
binding group A streptococcal M protein 
(PAM) which binds with high affi nity 
to Plg. The Plg immobilized by PAM 
subsequently interacts with streptokinase 
and generates bacterium-bound plasmin 
activity (Ringdahl et al., 1998) that has 
been shown to be an important virulence 
factor in experimental mouse model for 
impetigo (Svensson et al., 2002).  

Plg is proteolytically activated to 
plasmin that degrades circulating fi brin 
clots, components of the ECM/BM and 
activates pro-matrix metalloproteinase 
(MMPs; gelatinases). Some pathogens 
inactivate regulatory proteins of the 
Plg system and by this way enhance 
uncontrolled proteolysis (Grenier, 1996; 
Kukkonen et al., 2001). Together, the 
uncontrolled plasmin activity may lead 
to dissolution or damage of fi brin clots 
or collagen and laminin networks in 
subepithelial tissues, which both promote 
cell migration (Korhonen & Kukkonen, 
2004). 

1.3. β-barrel outer membrane proteins

In contrast with the wide range of possible 
folding patterns found for water-soluble 
proteins, integral membrane proteins in 
the hydrophobic environment of the lipid 
bilayer are much less variable and predicted 
to have in their membrane-embedded 
regions only regular secondary structure 
elements, i.e. α-helices and β-sheets. Due 
to physical constraints imposed by the 
nonpolar core of the lipid bilayer, the β-
sheets within the bacterial outer membrane 
(OM) often are in β-barrels (although β-
barrels are not exclusively found in OM) 
(reviewed in Koebnik et al., 2000). β-barrel 
proteins also are found in the membrane of 
mitochondria and chloroplasts, as well as 
yeasts, such as Saccharomyces cerevisiae 

(Wimley, 2003). The membranes of Gram-
positive bacteria and archaea do not appear 
to contain β-barrels, but prokaryotic 
species from several bacterial families 
that do not fi t into classical Gram-staining 
classifi cation, such as Deinococcus, 
Chlamydia and Cyanobacteria, 
Treponema and Mycobacteria, possess β-
barrel transmembrane proteins (Yen et al., 
2002). Several functions are described for 
β-barrel OMPs: nonspecifi c porins, Ton-
B dependent receptors, protein secretion 
pores, adhesins, proteases, lipases 
and pore-forming toxins (reviewed in 
Wimley 2003), emphasizing their overall 
importance for bacterial cells. 

Schulz (2000) listed a set of principles 
to describe the features of known β-barrel 
structures. In short, all β-barrels are 
cylindrical, closed structures with an even 
number of antiparallel β strands connected 
at the periplasmic end by short turns 
and at the external barrel end by longer 
loops. The β-barrel surface contacting 
the membrane interior is mainly formed 
by hydrophobic residues and lined by 
two girdles of aromatic residues in the 
membrane interfaces. Folding and insertion 
of β-barrels in the outer membrane seems 
to be assisted by binding to LPS. In E. 
coli, OmpA is translocated across the 
cytoplasmic membrane to the periplasm 
kept in solution by binding to the chaperone 
Skip. The OmpA-Skip complex bind to free 
LPS in the periplasm and insertion occurs 
spontaneously (Kleinschmidt, 2003). 

Sequence similarity searches in the 
genome of Escherichia coli identifi ed 
approximately 60 proteins annotated as 
known, “probable” or “putative” outer 
membrane proteins (OMPs), accounting 
for 1.5% of the genome (Wimley, 2003). 
Genomic studies using algorithms based 
on composition/architecture, found 
similar predictions for other Gram-
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negative species, 2.1% of the genome 
of Pseudomonas aeruginosa, 3.5% of 
the genome of Y. pestis and 2.5% of the 
genome of Haemophilus infl uenzae. These 
independent analyses indicate that 2-3% 
of the Gram-negative bacteria genome 
encode β-barrel OMPs (Wimley, 2002). 
One-third of these OMPs are annotated 
as hypothetical proteins or not annotated 
with a known function.

1.4. The omptin family of bacterial 
proteases

The omptin family is composed of integral 
outer membrane proteins that have a similar 
β-barrel fold. So far, eleven members with 

a high sequence similarity are included in 
the omptin family (Fig 1) in the MEROPS 
peptidase database (http://merops.sanger.
ac.uk/), and the family is growing as new 
homologues are found in newly sequenced 
species. Omptins share ca. 50-70% 
sequence identity, mature forms of 290-
301 amino acids, the similar predicted β-
barrel fold, and lack or a low content of 
cysteine (Kukkonen & Korhonen, 2004). 
Four members have been more extensively 
studied: Pla of Y. pestis, OmpT of E. coli, 
PgtE of S. enterica and SopA of Shigella 
fl exneri. These omptins exhibit different 
substrate specifi cities and virulence roles. 

Most of the omptins genes are located 
in plasmids. These include the gene 

Introduction

Figure 1. Omptins phylogenetic tree. The protein sequences of the omptins deposited in Merops 
peptidase database (http://merops.sanger.ac.uk/) were compared using Clustal W (http://www.
ebi.ac.uk/clustalw/index.html) and a cladogram tree was draw based on their sequence identities 
using the phylodraw software http://pearl.cs.pusan.ac.kr/phylodraw/).  
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coding for Epo and for Pla (McDonough 
& Falkow, 1989; McGhee et al., 2002; 
Sodeinde & Goguen, 1989). The later 
is located in the 9.5kb plasmid pPCP1 
along with the genes for the bacteriocin 
pesticin and the pesticin immunity protein 
(Sodeinde & Goguen 1989), whereas 
pgtE is a chromosomal gene (Guina 
et al., 2000). Pla, Epo and PgtE are in 
predicted structure more closely related 
to each other than to the other omptins 
and form a subfamily (Fig 1). It has been 
proposed that PgtE is a common ancestor 
of Pla (Sodeinde & Guoguen 1989) and 
pla, pgtE, and epo have been partners in 
horizontal gene transfer between Y. pestis, 
S. enterica,and E. pyrifoliaea (Kukkonen 
& Korhonen 2004). Recent analyses have 
shown that a relatively small number of 
mutations in the surface-exposed loops 
cause major changes in omptin functions 
(Kukkonen et al. 2004). The omptin 
family is a good example of how virulence 
factors can adapt to new functions and 
different lifestyle of bacterial pathogens or 
commensals.  

1.5. Structure of omptins

The structure of OmpT was solved by 
crystallography to a resolution of 2.6Å 
(Vandeputte-Rutten et al., 2001). OmpT 
is an antiparallel β-barrel formed by ten 
strands in a vase-like shape that span the 
outer membrane (Fig 2). OmpT has a height 
of 70Å. The β-sheets have on the average 
23 residues and a tilt of 37-45o in relation 
to the barrel axis and are connected by fi ve 
mobile extracellular loops (L1 to L5) and 
four short periplasmic turns (T1 to T4). The 
barrel extends ~40Å to the extracellular 
side of the outer membrane and the loops 
are positioned right above the LPS core 
region (Ferguson 1998 et al.; Kramer et 

al., 2002), this feature is important for the 
omptins’ function because they interact 
with LPS (see chapter 1.7). Similarly to 
other β-barrels, two girdles of aromatic 
residues border the hydrophobic area of the 
protein embedded in the lipid bilayer and 
position the β-barrel in the membrane. The 
top of the protein has a circular diameter 
of ~32 Å which becomes elliptical in the 
central part to dimensions of ~13 Å x ~26 
Å (Fig 2). 

Initial fi ndings suggested that the 
omptins should be classifi ed as serine 
proteases (Sugimura et al., 1988). OmpT is 
weakly inhibited by a few serine protease 
inhibitors (serpins), and studies using 
site-directed mutagenesis of conserved 
serine and histidine residues showed that 
substitution of Ser99 and His212 nearly 
completely abolish the protease activity 
of OmpT measured against chromogenic 
substrates (Kramer et al., 2000). This 
amino acid pair, together with an aspartic 
or a glutamic acid residue, could form a 
classical serine protease catalytic triad. 
The resolution of the crystal structure 
of OmpT, however, revealed that the 
large distance between the Ser99 and the 
His212-Asp210 residues and the lack of 
a nucleophilic residue closer to the His-
Asp couple make the proposed catalytic 
triad unfeasible (Vandeputte-Rutten et 
al., 2001) (Fig 2D, E and F). The same 
study suggested that the catalytic site is 
actually formed by an Asp-Asp and an 
Asp-His dyad, which is conserved in all 
members of the family (Fig 2B). This is 
supported by the fi ndings that substitution 
of the aspartate residues at positions 83, 
85 or 210 reduced the activity of OmpT 
to 0,01% (Kramer et al., 2001). Mutation 
of the corresponding residues in the 
aspartic catalytic dyad of Pla of Yersinia 
pestis lead to a similar effect, abrogating 
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the protease activity measured with Plg, 
the biologically important polypeptide 
substrate (Kukkonen et al., 2001). These 
fi ndings led to the reclassifi cation of the 
family as aspartatic proteases (Kramer et 
al., 2001), where the nucleophilic attack is 
made by a water molecule stabilized in the 

Asp-Asp couple and activated by the Asp-
His couple (Dunn et al., 2002). 

The proper in vitro reactivation of 
purifi ed OmpT, Pla and PgtE (Kramer 
et al., 2002; Kukkonen et al., 2004) is 
dependent on the presence of LPS. The 
effect of LPS on the in vitro folding of 
bacterial outer membrane proteins has 

Introduction

Figure 2. Omptins model. The crystal structure of OmpT (B and E) (PDB accession number: 
1I78) was used as a template to prepare the models of Pla (A and D) and PgtE (C and F). The 
models were drawn with the Swiss-Pdb viewer software (Guex and Peitsch, 1997; http://www.
expasy.org/spdbv/). The loops (L1-L5) and residues important for LPS binding, auto-processing 
and the catalytic site are marked. The models show the side view (A to C) and the top view (D 
to F) of the omptin β-barrel. The black lines represent the position of the polar head groups of 
the lipids in the outer membrane (OM). A. The conserved LPS-binding motif residues R138 and 
R171 and the auto-processing site K262 in Pla are shown. B. The LPS binding motif R138, R175 
and K226 in OmpT are shown. C. The LPS-binding motif R138 and R171 in PgtE are shown. D 
to F. The conserved catalytic residues are marked. 
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been studied with PhoE of E. coli. When 
mixed with LPS micelles in the presence 
of Triton X-100 in vitro, PhoE presents 
differential migration in SDS-PAGE and 
resistance to trypsin, both characteristics 
of the folded protein (de Cock & Tomasen, 
1996). Subsequently, de Cock et al., 
(1999) demonstrated with a range of LPS 
types, including smooth-type LPS and 
rough mutants with a core oligosaccharide 
of different length (Ra to Re) (Hoslt et 
al., 1993) that charges in the inner core 
region of LPS contribute to the high 
folding effi ciency of PhoE in LPS/Triton-
X-100 mixtures. The crystallographic 
resolution of the folded structure of the 
iron transporter FhuA of E. coli in complex 
with LPS (Ferguson et al., 1998) added 
more insight in the role of LPS in OMP 
folding by characterizing an LPS-binding 
cluster of four basic amino acids (Lys306, 
Lys351, Arg382 and Lys428) (Ferguson 
et al., 2000). This three dimensional LPS-
binding motif is partially present in the 
structure of OmpT in the residues Arg138, 
Arg175 and Lys226 (Vandeputte-Ruten et 
al., 2001) as well as in other members of 
the omptin family such as Pla (Arg138 and 
Arg171) and PgtE (Arg 138 and Arg171) 
(Kukkonen et al., 2004). Mutation of the 
two arginines in the LPS-binding motif of 
PgtE abolished the ability of the protease 
to activate plasminogen (Kukkonen et al., 
2004). The interaction of the LPS-binding 
motif with LPS is not fully understood, 
and the omptin-binding regions in the LPS 
molecule remain to be determined. In the 
FhuA–LPS complex, charged residues in 
the LPS-binding motif interact with the 
negatively charged phosphates of the inner 
core and the diglucosamine backbone of 
lipid A (Ferguson et al., 1998; Ferguson et 
al., 2000). 

Ferguson et al. (2000) identifi ed the 
LPS-binding motif characterized in FhuA 

in four proteins that mediate LPS-induced 
immune response: the bactericidal/
permeability-increasing protein (BPI), 
lactoferrin, lysozyme and the Limulus 
antibacterial and anti-LPS factor (LALF), 
thus demonstrating that the LPS-binding 
motif is present in cells of both prokaryotic 
and eukaryotic origin. The Toll-like receptor 
4 (TLR4) is the mammalian receptor for 
LPS, and together with the protein MD2 
and CD14 forms a complex responsible 
for recognition of and the innate immune 
response to LPS (reviewed in Miller, 
2005). An accessory protein known as the 
LPS binding protein (LBP) that belongs 
to the same family of proteins as BPI, is 
needed to convert oligomeric micelles of 
LPS into monomers for delivery to the 
LPS recognition complex (Zweiger et 
al., 2006). A cluster of positively charged 
amino-acids formed by one Arg and two 
Lys residues, were showed by mutagenesis 
to be responsible for the LPS-binding 
activity of LBP (Lamping et al., 1996). 
A similar pattern of basic aminoacids 
involved in LPS binding is found in the 
MD2 protein (Visintin et al., 2003). MD2 
binds directly to LPS with high affi nity, 
and then to TLR4 initiating the signaling 
cascade that leads to an immune response. 
Mutation in basic aminoacid clusters 
in MD2 demonstrated that electrostatic 
interactions also are important in LPS 
binding (Gruber, 2004). 

1.6. Function of omptins
 
Omptins have been identifi ed in several 
Gram-negative bacterial species that infect 
humans or plants. Some of these species are 
aggressive pathogens (Y. pestis, S. enterica, 
S. fl exneri, Legionella pneumophila), 
while some are opportunists (E. coli), and 
some are essentially saprotrophic (Vibrio 
fi scheri); the functions of these omptins 
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seem to be adapted to the life style of their 
host species. Minor variations at critical 
sites in surface loops and the interaction 
with other surface components may 
account for the divergence of functions 
displayed in the family (Kukkonen & 
Korhonen, 2004).

Using synthetic tetrapeptides 
immobilized on a cellulose membrane 
support, Dekker et al. 2001 determined 
that OmpT preferentially cleaves between 
two basic amino acids in positions P1 and 
P1’ followed by and alanine in position P2’ 
but with no clear preference for any amino-
acid in position P2 (Fig. 3). A negatively 
charged residue in position P2 or P2’ 
reduces the activity of OmpT towards 
polypeptide substrates. Controversially, 
the same study (Dekker et al., 2001) found 
that OmpT also cleaves tetrapeptides which 
have Ile, His, Ala, Phe, Pro, Leu, Met, 
Gln, Asn or Val in position P1’, whereas 
most of the OmpT natural substrates are 
cleaved between dibasic residues, except 
for plasminogen that is cleaved, although 
slowly, between Arg and Val (McCarter 
et al., 2004). Okuno et al. (2002) used 
recombinant proteins as substrate to study 
the effect of residues further away from the 
cleavage site and found that basic residues 
in positions P4 and P6 positively affect 
the activity of OmpT. McCarter et al., 

(2004) also demonstrated that amino acids 
residues further away from the cleavage 
site, especially in positions P2’, P3 and 
P4, are important in substrate recognition. 
A study with larger substrates displayed 
in bacteriophage and phage screening 
methods confi rmed the overwhelming 
preference for OmpT cleavage between 
two basic residues in position P1 and P1’, 
with a small tolerance for Val and Gly 
in P1’ (McCarter et al., 2004). This is 
relevant in the case of Pla, where the main 
physiological substrate, Plg, is cleaved at 
an Arg-Val bond. The requirement of basic 
amino acids in position P1 and P1’ as well 
as lack of acidic residues in positions 
P2 and P2’ are consistent with the facts 
that omptins have a negatively charged 
catalytic groove (Vandeputte-Rutten et al., 
2001).

In relation to the role in virulence, 
the best studied omptin is Pla of Y. pestis. 
Pla is pivotal in the spread of Y. pestis 
from the subcutaneous site of infection 
to the regional lymph nodes and critical 
in the development of bubonic plague. 
In experimental mouse infections, strains 
devoid of the pPCP1 plasmid have a 
million-fold increase in the LD50 after 
subcutaneous injection (Brubaker et al., 
1965). Isogenic pPCP1- mutants of Y. 
pestis were also less effi cient in reaching 

P3’…Pn’Lys/Arg
Lys/Arg*
Val/Gly Ala

P2 P1 P1’ P2’

No clear
preference

Cleavage site

Lys/Arg
Lys/Arg*
Val/Gly Ala

P2 P1 P1’ P2’

No clear
preference

Cleavage site

Pn…P3

Figure 3. Amino acid specifi city in OmpT cleavage site. P1 and P1’ are the amino acid residues 
immediately prior to and following the scissile bond and so forth (P2…Pn, P2’…Pn’).  (*) 
In position P1’ Lys and Arg are the favourite substrates, while Val and Gly are well tolerated. 
Nomenclature according to Schechter & Bergen (1967)
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the local lymph nodes, liver and spleen 
of infected mice. This attenuation is not 
observable when the bacteria are injected 
intravenously, highlighting the importance 
of Pla in bacterial migration through 
subcutaneous tissue and to the lymphatic 
system (Brubaker et al., 1965; Sodeinde 
et al., 1992; Welkos et al., 1997). Further 
genetic analysis of pPCP1 showed that Pla 
is responsible for the effect of pPCP1 on 
virulence (Sodeinde et al., 1992; Welkos et 
al., 1997). A recent study showed that mice 
infected by fl eas contaminated with Pla- Y. 
pestis strains failed to develop bubonic 
plague, but one third of the infected 
mice developed terminal plague through 
primary septicemia. In contrast, eight out 
of ten mice infected with the Pla+ strain 
progressed to terminal plague, from which 
six mice presented the bubonic plague form 
and two the septicemic form (Sebbane 
et al., 2006). Y. pestis colonizes the fl ea 
midgut and forms a biofi lm that blocks 
their normal blood feeding (Hinnebusch 
et al., 2002). The blocked fl eas’ repeated 
attempts to feed occasionally result in 
direct injection of bacteria into blood 
vessels, leading to primary septicemic 
plague with Pla- strains also. While the 
same phenomenon was observed with 
the Pla+ strain, its normal infection route 
was via the lymph nodes (Sebbane et al., 
2006). The primary septicemia then is not 
dependent on Pla, which may account for 
the persistence of virulent Y. pestis strains 
devoid of Pla (Filippov et al., 1990) On 
the other hand, these results highlight 
the importance of Pla in pathogenesis of 
bubonic plague. 

The major attribute of Pla is the 
capacity to activate circulating human 
Plg into plasmin. Plg is a proenzyme found 
in high concentration (2μM) in human 
plasma, and also in other body fl uids and 
in the extracellular matrices (Stephens 

& Vaheri, 1993). Plg is converted into 
plasmin by a proteolytic cleavage at the 
single site Arg505-Val506 (Robbins et al., 
1967). Plasmin is a broad-spectrum serine 
protease that degrades fi brin and plays a 
central role in the process of fi brinolysis 
(Collen & Lijnen, 1991). Plasmin also 
degrades non-collagenous components 
of the extracellular matrix (ECM) and 
activates procollagenases (Saksela, 1985) 
and participates in processes of tissue 
remodeling and cell migration (Vassalli 
et al., 1992). Metastatic tumor cells are 
known to bind plasmin on their surface 
in order to facilitate their dissemination 
through tissue barriers (Mignatti & Rifkin, 
1993)

In normal conditions, the mechanism 
of fi brinolysis is tightly regulated. The 
physiological activators of Plg are the 
tissue-type Plg activator (tPA) and 
urokinase (uPA) which are also present in 
the human plasma, but in a 100.000 fold 
lower concentration than Plg (Rijken & 
Sakharov, 2001). During fi brinolysis, fi brin 
clots bind Plg and tPA thus increasing 
the Plg to plasmin conversion rate; the 
formed plasmin cleaves a polypeptide 
chain preferentially after a lysine residue. 
Carboxyterminal lysine residues are thus 
generated in the fi brin network to provide 
additional binding sites for Plg and to 
accelerate the degradation process (Rijken 
& Sakharov, 2001). Binding to fi brin also 
causes a conformational change in the Plg 
molecule exposing the cleavage site and 
enhancing activation by tPA (Mangel et 
al., 1990). Plasmin activity is controlled 
by serpins, mainly α2-antiplasmin (α2AP) 
and, to a lesser degree, α2-macroglobulin 
(α2M), while tPA and uPA are inhibited 
by Plg activator inhibitor-1 (PAI-1) and 
Plg activator inhibitor-2 (PAI-2). Plasmin, 
on a fi brin surface, is relatively protected 
from inactivation by α2AP; in solution, 
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however, α2AP binds to plasmin and 
reduces its half-life to 0,1s (reviewed 
in Booth, 1999). Pla also interferes with 
the regulation of the fi brinolytic system 
by inactivating α2AP (Kukkonen et al., 
2001). These two features of Pla, in concert 
with its adhesive characteristics (see 
below), promote uncontrolled proteolysis 
as well as damage of tissue barriers at the 
infection site (Lähteenmäki et al., 1998). 

Another proteolytic target of Pla 
is the serum complement protein C3 
(Sodeinde et al.,  1992) that has an 
essential role in bacterial opsonization, in 
the formation of the C5a fragment involved 
in chemotaxis of phagocytic cells and 
in the formation of the membrane attack 
complex, also known as MAC (Roitt & 
Delves, Essential immunology, eleventh 
edition). Pla cleaves the C3 fragment, and 
histological examination of subcutaneous 
infection sites in mice showed that lesions 
containing Pla-positive strains contained 
less infl ammatory cells than did the lesions 
with Pla-negative bacteria (Sodeinde et 
al., 1992). Pla-negative isogenic strains 
showed resistance to high concentration 
(90%) of human serum (Sodeinde et al., 
1992), and Welkos et al. (1997) could not 
fi nd any differences in the infl ammatory 
response to Pla positive and negative 
isogenic strains. These results show that the 
major role of Pla in plague pathogenesis is 
not serum resistance, and the importance of 
the Pla-mediated cleavage of complement 
remains to be elucidated.

Pla also degrades Yersinia outer 
membrane proteins (YOPs) (Sodeinde et 
al., 1988) which are important virulence 
factors and confer resistance of Yersinia 
to phagocytic killing (Viboud & Bliska, 
2005). The degradation of YOPs has 
been demonstrated in vitro (Sodeinde 
et al., 1988), Y. pestis cells, however, 

are capable of synthesizing intact YOPs 
in vivo in guinea pigs (Skurnik et al., 
1985) and deliver YOPs into mammalian 
cells (Skrzypek et al., 1998) and the 
signifi cance of YOPs degradation remains 
to be established.

Pla is implicated in bacterial 
adhesion to components of the ECM and 
the BM (Lähteenmäki et al., 1998). Plg, 
tPA as well as other components of the 
Plg system are present in BM (McGuire & 
Seeds, 1989). BMs are involved in various 
cellular functions such as adhesion, 
migration, differentiation, proliferation 
and apoptosis (Aumailley & Gayraud, 
1998). Recombinant E. coli expressing 
Pla adhere to Matrigel (Lähteenmäki et 
al., 1998), a biologically active BM-like 
preparation extracted from Engelbreth-
Holm-Swarm mouse sarcoma (Kleinman 
et al., 1982). The bacteria also adhere 
to ECM preparation from the human 
mucoepidermoid carcinoma cell line 
NCI-H292 (Lähteenmäki et al., 2001). 
Wild type Y. pestis binds very effi ciently 
to laminin and Matrigel while a Y. pestis 
strain cured of the pPCP1 plasmid 
adheres poorly. Both strains were found 
to bind to laminin, collagen type IV and 
Matrigel with low affi nity, suggesting that 
adhesin(s) other than Pla may be involved 
in these processes (Lähteenmäki et al., 
1998). An earlier study had reported that 
Pla mediates bacterial adhesion to mouse 
collagen type IV (Kienle et al., 1992), but 
this could not be repeated with human 
collagen IV (Lähteenmäki et al., 1998). 
Taken together, the adhesiveness to BM and 
the Plg activation by Pla create localized 
proteolysis that promotes damage of tissue 
barriers and bacterial migration (Kukkonen 
& Korhonen, 2004), and  such damage has 
indeed been experimentally demonstrated 
in vitro (Lähteenmäki et al., 2005). 
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Besides the adhesive function, a role of 
Pla in bacterial invasion into eukaryotic 
cells has also been observed. Cowan et al. 
(2000) reported that Y. pestis invades HeLa 
cells, derived from a cervical cancer, in the 
absence of fetal calf serum. The invasion 
was associated with the presence of the 
pPCP1 plasmid. Further studies found that 
Pla mediates invasion of recombinant E. 
coli to human endothelial cells (HUVECs, 
human umbilical vein endothelial cells) 
and the endothelial-like cell type ECV304 
(Lähteenmäki et al., 2001). Pla may 
provide an intracellular route for bacterial 
dissemination across the endothelial 
barrier of lymphatic vessels or the lung 
epithelium. 

The second member of the omptin 
family investigated in this thesis work is 
PgtE of S. enterica (Guina et al., 2000). 
PgtE shares 75% amino acid sequence 
identity with Pla, but their activities are 
different. Kukkonen et al., 2004 showed 
that PgtE activates plg and this activity 
is dependent on the absence of O-specifi c 
chain (also known as the O-antigen). 
S. enterica cells grown in laboratory 
medium express smooth LPS type (see 
chapter 1.7.2), and PgtE apparently is 
inactive. This accounts for the fact that 
earlier studies with wild type isolates of S. 
enterica presented no or very low activity 
towards Plg (Sodeinde & Goguen, 1998). 
The expression of PgtE and the shortening 
of the O-specifi c chain in LPS are both 
controlled by the PhoP/PhoQ system 
(reviewed in Groisman, 2001). The pgtE 
gene is one of the most highly transcribed 
genes of S. enterica sv. Typhimurium 
within murine macrophages (Eriksson 
et al., 2003). Accordingly, S. enterica 
sv. Typhimurium cells isolated from 
SCV of mouse macrophages have a high 
PgtE activity and effi ciently inactivate 
α2AP and activate Plg (Lähteenmäki et 

al., 2005a). Together, these two studies 
suggest that PgtE on the surface of S. 
enterica in macrophages is fully active 
and could contribute to bacterial spread 
and survival in vivo (Lähteenmäki et al., 
2005a). S. enterica sv Typhimurium also 
has Plg receptors, and the bound Plg 
can be activated by tPA, and the bound 
plasmin degraded basement membrane in 
vitro (Lähteenmäki et al., 1995). PgtE was 
not expressed in these test conditions but, 
in principle, can enhance the effi ciency of 
the process and increase damage of tissue 
barriers. PgtE also confers resistance 
to cationic antimicrobial peptides 
(CAMPs), Guina et al (2000) showed that 
PgtE cleaves an α-helical antimicrobial 
peptide and strains that had the pgtE gene 
deleted are more sensitive to CAMPs. 
They suggested that the proteolytic activity 
of PgtE within macrophages protects 
the bacteria by degrading CAMPs, thus 
lowering the concentration of these 
molecules in the SCVs and improving 
survival of intracellular bacteria (Guina 
et al., 2000). Recently it has been 
demonstrated that CAMPs also directly 
activate the PhoP/PhoQ system (Bader et 
al., 2005) and consequently upregulate the 
expression of PgtE. 

PgtE is a poorer adhesin to laminin 
and BMs than Pla and does not enhance 
bacterial invasion into human endothelial-
like cells (Kukkonen & Korhonen, 2004) 

1.7. Lipopolysaccharide 

Lipopolysaccharides (LPS) are found 
in the cell envelope of Gram-negative 
bacteria and are the major components of 
the outer leafl et of their outer membrane. 
Typically, an LPS molecule consists of 
three structural domains: the lipid A, which 
holds the endotoxic biological activity; a 
non-repeating oligosaccharide core; and a 
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polysaccharide, the O-specifi c chain, also 
known as O-antigen (Raetz & Whitfi eld, 
2002). 

Lipid A is the hydrophobic anchor 
for the incorporation of LPS in the 
outer membrane and is composed of 
a glucosamine disaccharide (β-D-
glucosaminyl-(1→6)-D-glucosamine), 
which is conserved in most Gram-negative 
species, (for a review Seltmann & Holst, 
2001). with long-chain 3-hydroxy fatty 
acids substitutions in positions 2, 3, 2’ 
and 3’ and with phosphates in positions 
1 and 4’. The acylation pattern, including 
the type, number, length and position 
of the fatty acid chains bound in lipid A 
vary according to the bacterial species 
(Seltmann & Holst, 2001). The phosphates 
can be modifi ed by the attachment of amino 
compounds, including 2-aminoethanol and 
4-amino-4-deoxy-L-arabinose (Ara4N), 
and this modifi cation is related to increased 
resistance to cationic antimicrobial 
peptides (Nummila et al., 1995; Raetz & 
Whitfi eld, 2002). 

Lipid A is responsible for the majority 
of the immunomodulatory activities of 
LPS. Many different eukaryotic cell types 
recognize LPS in subnanogram quantities 
and respond almost immediately by 
producing cytokines, chemokines, and 
cellular adhesion molecules (Darveau, 
1998). High bacteremia with a Gram-
negative pathogen often leads to endotoxic 
shock, a major clinical problem caused 
by the host innate infl ammatory response 
to the LPS released in the bloodstream 
(reviewed in Sharma & Dellinger, 2006). 

The core oligosaccharide connects 
the lipid A to the O-specifi c chain and 
can be further divided in the inner core 
(IC) and the outer core (OC). The IC 
in Enterobacteriaceae has a conserved 
backbone structure composed of two 

monosaccharides, 3-deoxy-D-manno-
oct-2-ulosonic acid (Kdo) or, in some 
cases, its 3-hydroxy derivative D-
glycero-D-talo-octulosonic acid (Ko) 
and L-glycero-D-manno-heptopyranose 
(Hep) (Frirdich & Whitfi eld, 2005). 
The basic structure can be modifi ed 
through the addition of rhamnose (Rha), 
galactose (Gal), glucosamine (GlcN), N-
acetylglucosamine (GlcNAc), Kdo, Ko, 
phosphate and phosphorylethanolamine 
(PEtN) residues (Frirdich & Whitfi eld, 
2005). The OC exhibits more variation 
and is composed of more ordinary hexoses 
and hexosamines, in contrast with the 
less common sugars such as Kdo and 
Hep. The outer core is also the docking 
site for the O-specifi c chain (Wilkinson, 
1996). The O-specifi c chain is composed 
of repeating oligosaccharidic units, and 
its structure is remarkably diverse, more 
than 60 monosaccharides and 30 different 
noncarbohydrate components have been 
identifi ed in different bacterial species 
(Raetz & Whitfi eld, 2002). The repeating 
units are the key to the serological 
behavior of the bacteria, and the chemical 
diversity of the O-specifi c chain confers 
specifi city to an organism (serotype) 
(Seltmann & Holst, 2001). The O-specifi c 
chain of LPS is considered important for 
bacterial pathogenesis in humans, since it 
blocks the access of complement proteins 
to the bacterial surface and hampers 
the formation of the MAC, and bacteria 
lacking O-specifi c chain are generally 
killed by serum complement (Rautemaa & 
Meri, 1999). LPS molecules containing the 
O-specifi c chain are termed smooth LPS 
(S-LPS) while the ones lacking O-antigen 
are known as rough LPS (R-LPS).
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1.7.1. Characteristics of the LPS of 
Y.pestis
 
The lack of O-antigen expression in 
Y. pestis results from mutations in fi ve 
genes of the gene cluster encoding the 
LPS biosynthetic pathway, thus Y. pestis 
has a rough type (R-LPS) (Skurnik et al., 
2000). The expression of a heterologous 
O-antigen from Y. enterocolitica in Y. 
pestis had no effect in virulence after 
intravenous challenge in mice, neither an 
effect in resistance to serum complement-
mediated killing was seen (Oyston et al., 
2002). It was postulated that Y. pestis 
developed other virulence mechanisms to 
compensate the absence of the O-antigen, 
such as the expression of the F1 capsule, 
the C3-degrading activity of Pla and a less 
endotoxic LPS, (see chapter 1.1 and next 
paragraph). Recently, it was demonstrated 
that Y. pestis binds the C4b binding protein 
(C4bp) from human, rabbit, guinea pig, 
rat, and mouse sera (Ngampasutadol et 
al., 2005), which confers resistance to 
complement killing.

Many phenotypic properties are 
regulated by temperature in Y. pestis, 
and the transition point, i.e. up- or 
downregulation of the genes in question, 
is around 26oC (Straley & Perry, 1995). 
Signifi cant structural variations can be 
found in the LPS of Y pestis in response 
to external factors. A shift in temperature 
from 21oC/27oC to 37oC, which represents 
the transmission from the fl ea to the human 
host, induces alterations in the number and 
type of acyl chains in the lipid A (Knirel et 
al., 2005; Kawahara et al., 2002; Rebeil et 
al., 2004). The predominant form of lipid A 
in cells grown at 37oC is tetraacylated with 
smaller amounts of the pentaacylated form. 
At lower (27oC and 25oC) temperatures, 
the picture is more complicated, with a 
mixture of tetra-, penta- and hexaacylated 

forms (Kawahara et al., 2002; Knirel et al., 
2005b). In cells grown at 21oC, the main 
lipid A type found is hexaacylated (Rebeil 
et al., 2004). The acylation level of lipid A 
affects the aggregation and the biological 
activity of LPS (Seltmann & Holst, 2001). 
The ability to stimulate the production of 
TNF-α in human macrophage cell lines 
can be used to evaluate the endotoxicity of 
LPS (Yao et al., 1997). LPS isolated from 
Y. pestis cells grown at 21oC (Rebeil et al., 
2004) and 27oC (Kawahara et al., 2002) 
stimulates the secretion of TNF-α, whereas 
LPS from bacteria grown at 37oC is a poor 
stimulator. The expression of LPS with 
low immunostimulatory characteristics is 
an obvious advantage for Y. pestis in the 
mammal hosts.

The core oligosaccharide of the LPS 
is also affected by the growth temperature, 
at 37oC Y. pestis ssp pestis has Kdo and 
Hep as the core terminal residues, while 
at 25oC a mixture containing all four 
possible combinations of residues is found 
(Kdo/Ko and Hep/Gal). Recently it was 
demonstrated that mutant Y. pestis strains 
which completely lack the outer core are 
still viable (Tan & Darby, 2005), but the 
effect of this mutation in the virulence 
of Y. pestis has not been reported yet and 
direct evidence linking changes in the 
sugar core of LPS to virulence are still 
lacking. It is interesting, however, that 
the LPS of Y. pestis ssp caucasica, which 
exhibits reduced virulence in guinea pigs 
and humans, lacks Hep residues (Knirel et 
al., 2005b).

The amount of Ara4N in the lipid A is 
higher in cells grown at 27oC and 25oC than 
at 37oC (Kawahara 2002; Knirel 2005b). 
The modifi cation of the LPS of Y. pestis 
with Ara4N appears to be controlled by 
the PhoP-PhoQ system. A phoP negative 
strain of Y. pestis failed to incorporate 
Ara4N in LPS at both 21oC and 37oC 
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(Rebeil et al., 2004). Indeed, microarray 
analyses of the Y. pestis transcriptome 
revealed that the genes for biosynthesis and 
addition of Ara4N to lipid A are regulated 
by the PhoP-PhoQ system (Zhou et al., 
2005). More recently, it was described 
that expression of the biosynthetic genes 
pbgP and ugd responsible for the addition 
of Ara4N to the LPS of Y. pestis can also 
be controlled by the PmrA/PmrB system 
which, independently of the PhoP-PhoQ 
system, is activated by high concentration 
of Fe3+, indicating that these genes are 
regulated by two separated promoters 
(Winfi eld et al., 2005). A Y. pestis phoP 
mutant was highly sensitive to polymyxin 
B and to cationic antimicrobial peptides 
that are abundant within macrophage 
phagosomes, an environment depleted of 
Mg2+ (Hitchen et al.,  2002), and presented 
a reduced ability to survive in J774 
macrophage cell cultures (Oyston et al., 
2000). Furthermore, the modifi cation of 
lipid A with Ara4N may help the bacteria 
cope with low Mg2+ stress by making 
the Mg2+ present in the LPS available to 
other compartments in the bacterial cell 
(Groisman, 2001). These data suggests 
that LPS modifi cations mediated by the 
PhoP-PhoQ system are important for 
the bacterial survival in the intracellular 
environment of macrophages and may help 
the bacteria deal with the host defenses of 
the fl ea (Rebeil et al., 2004). 

1.7.2. Characteristics of the LPS of 
S.enterica

Salmonella has an LPS typical of the 
family Enterobacteriaceae presenting 
an O-specifi c chain that confers major 

antigenic variability to the cell surface. S. 
enterica exhibits 46 serogroups that differ 
in the O-antigen (Popoff et al., 1997). As 
mentioned earlier in this text, expression 
of O-antigen is related to resistance 
to phagocytosis and serum-mediated 
killing (Skurnik & Toivanen, 1993). In 
mouse infection models, Typhimurium 
mutants expressing LPS devoid of the 
O-antigen display a severe reduction in 
virulence (Thomsen et al., 2003). On the 
other hand, Typhimurium downregulates 
genes for synthesis of LPS and reduces 
the length of the O-specifi c chain inside 
macrophage-like cells (Eriksson et al., 
2003, Lähteenmäki et al., 2005a), which 
add to the  high activity of PgtE observed 
in cells from SCVs (Lähteenmäki et al., 
2005a). Mutant strains devoid of the O-
antigen induced production of lower 
amounts of nitric oxide and were able to 
grow faster in these macrophage-like cells 
as compared with wild-type bacteria (Bjur 
et al., 2006)  

S. enterica has a PhoP-PhoQ two-
component system that regulates structural 
modifi cations of lipid A in a similar fashion 
as in Y. pestis (Guo et al., 1997). Activation 
of the PhoP-PhoQ system under low Mg2+ 
concentration or by antimicrobial peptides 
leads to increased acylation and addition 
of Ara4N to LPS (Guo et al., 1997; 
Bader et al., 2005). These modifi cations 
in LPS are associated with resistance to 
antimicrobial cationic peptides and likely 
to occur in the intracellular milieu. It then 
appears that both S. enterica and Y. pestis 
modify the composition of their LPS as 
the bacteria moves from an extracellular 
to an intracellular environment or from the 
fl ea to the mammalian host. 
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2. Aims of the study

When this work begun, the virulence role 
of Pla of Y. pestis had been well established 
and putative virulence-associated-
functions for PgtE of S. enterica had been 
identifi ed. Pla and PgtE are transmembrane 
proteases/adhesins, and their functions had  
been studied in recombinant bacteria. An 
aim of this work was to develop functional 
studies with purifi ed omptin proteins and 

to ascertain the observed functions using 
the omptin proteins. The importance of 
LPS for Pla function had been observed 
(Kukkonen et al., 2004), and the fi rst 
study of OmpT-LPS interaction had been 
reported (Kramer et al., 2002). A major 
aim in this work was to determine the 
structural aspects in LPS that affect Pla 
function.

Aims of the Study
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3. Material and methods 

Bacterial strains and plasmids used in this study are listed in table 1 and 2. The methods 
used are listed in table 3 and are described in the original articles. The methods not found 
in the articles are described bellow.

Bacterial strains Characteristics Used in Reference 

Y. pestis KIM D27 pPCP1+ pgm pYV+

derivative of KIM-10 

Paper II Une & Brubaker, 

1984

Y. pestis KIM D34 pPCP1- pgm pYV+

derivative of KIM-10 

Paper II Une & Brubaker, 

1984

S. enterica 14028 Smooth LPS Paper III ATCC 

S. enterica 14028R Rough LPS derivative of 

14028

Paper III Wick et al., 1994 

S. enterica 14028-1 pgtE- derivative of 14028 Paper III Kukkonen et al.,

2004

S. enterica 14028R-1 Rough LPS derivative of 

14028-1 (pgtE-)

Paper III Lähteenmäki et

al., 2005a 

E. coli XL1 Blue MRF endA1 gyrA96(nalR) thi-

1 recA1 relA1 lac 

glnV44 F'[ ::Tn10 

proAB+ lacIq

Δ(lacZ)M15] hsdR17(rK
-

mK
+)

Paper II, III Stratagene 

E. coli BL21 F– ompT gal dcm lon 

hsdSB(rB
- mB

-) λ(DE3)

Paper I, II and 

III

Studier & 

Moffatt, 1986 

Table 1 - Bacterial strains used in this study
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Plasmids Characteristics Used in Reference 

pSE380 Trc promoter, LacO

operator, lacI

Paper I, II and 

III

Invitrogen

pMRK1 pla in Pse380 Paper III Kukkonen et al.,

2001

pMRK3 pgtE in Pse380 Paper III Kukkonen et al.,

2004

pMRK31 pgtE D206A in Pse380 Paper III Kukkonen et al.,

2004

pMRK34 pgtE R138E R171E in 

Pse380

Paper III Kukkonen et al.,

2004

pQE30 T5 promoter, lac

operator, His6-tag

Paper I, II and 

III

Qiagen

pQE30.1 pQE30 with Pla(R138E) Paper II This study 

pQE30.2 pQE30 with Pla(R171E) Paper II This study 

pQE30.3 pQE30 with 

Pla(R138E/R171E)

Paper II This study

pQE30.4 pQE30 with Pla(D206A) Paper II This study 

pREP4 lacI Paper III Qiagen 

Table 2 - Plasmids used in this study
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Method Used in 

Expression of recombinant omptin in E.

coli

Papers I, II and III 

Expression of recombinant His6-tagged

omptin in E. coli

Papers I, II and III 

Cultivation and Growth of Y. pestis Thesis text 

Cultivation and Growth of S. enterica Paper III 

Purification and refolding of His6-tagged

omptin 

Papers I, II and III 

Reactivation of His6-tagged omptins with 

LPS

Papers I, II and III 

Generation of point mutantions  Paper II 

DNA sequencing Paper II 

Coating of fluorescent micro particles with 

His6-tagged omptin 

Paper I 

Adhesion of FMPs to immobilized 

substrates

Paper I 

Plasminogen activation assays Papers I, II and III 

Plasmin inhibition by LPS Paper II 

Degradation of plasminogen Paper II 

Degradation of Gelatin and Collagen Paper III 

Degradation of DQ-gelatin Paper III 

Outer membrane extraction Thesis text 

Table 3 - Methods
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3.1. Cultivation of Y. pestis

Y. pestis strains were briefl y stored on 
brain and heart infusion (BHI) plates and 
cultivated overnight in BHI broth for 3 
consecutive passages at either 20oC or 
37oC before each experiment. Bacterial 
growth was collected, washed once and 
resuspended in phosphate buffered saline 
pH 7.2 (PBS 7.2), the concentration 
was adjusted to 2x109 cells/ml by 
spectrophotometry (BioRad, Hercules, 
CA). 

3.2. Extraction of outer membrane of Y. 
pestis 

Outer membrane proteins were extracted 
as described in Pouillot et al., 2005. 

Briefl y, IPTG-induced bacterial cultures 
were adjusted to 2x109 cells/ml in PBS 
and 1ml of each suspension was sonicated 
in 3 cycles of 10 seconds with 10 second 
interval over crushed ice. Intact cells were 
removed by centrifugation at 1800g for 
5min. The supernatant was centrifuged 
again for 10min at 15000g. The pellets 
were resuspended in 30μl of sample 
buffer, separated by 12% SDS-PAGE 
and transferred to hybond nitrocellulose 
membranes (GE Healthcare). Pla protein 
or the LPS-binding mutant proteins were 
detected using anti-His6-Pla rabbit antisera 
(1:1000) produced in Medprobe (Norway) 
and alkaline phosphatase conjugated anti-
rabbit IgG (1:5000) (Dako, Denmark) and 
exposed to phosphatase substrate.   

Materials and Methods
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4. Results and discussion

4.1. Reactivation of purifi ed His6-Pla 
with E.coli K12 LPS and coating onto 
FMPs (I, III)

The reactivation procedure of His6-Pla 
used in this thesis is based on the activation 
of purifi ed OmpT described by Kramer 
et al., 2000b. These authors found that 
OmpT purifi ed from inclusion bodies in 
recombinant E. coli adopts a folded state 
but remains enzymatic inactive in a buffer 
containing the detergent dodecyl-N,N’-
dimethyl-1-ammonio-3-propanesulfonate 
(DodMe2NPrSO3). Based on previous work 
done on refolding of the outer membrane 
phospholipase A of E. coli (Dekker et al., 
1995), several conditions for the activation 
of OmpT were tested, and it was found 
that activation of OmpT required the 
presence of LPS. No major changes were 
found by spectroscopy in the secondary 
structure of OmpT after addition of LPS, 
which probably means that LPS induced 
only minor conformational changes in 
the highly mobile surface loops of OmpT 
(Brandenburg et al., 2005; Krammer et 
al., 2002). The crystal structure of OmpT 
(Vandeputte-Ruten et al., 2001) suggests 
that it is a monomer and that one molecule 
of LPS per an OmpT molecule is bound, 
but no in vitro binding data exists to support 
this conclusion. Kukkonen et al. (2004) 
showed that the recovery of Plg activation 
by Pla also is dependent on the presence 
of LPS, specifi cally R-LPS, while S-LPS 
was poor in the reactivation. The authors 
suggested that the long O-chain of S-LPS 
blocks the contact of the active site of the 
enzyme with Plg substrate.   

In this study, His6-Pla was isolated 
as inclusion bodies from E. coli BL21 
(pREP4/pQE30) (Kukkonen et al., 2001) 
in denaturing conditions (8M urea) and 

purifi ed by affi nity chromatography. 
To obtain activation, the protein was 
then extensively dialyzed against step-
wise decreasing concentrations of urea 
in HEPES buffer (pH 7.2) (4M, 2M, 
1M, 0,5M and buffer without urea) in 
the presence of 1mM of the detergent 
DodMe2NPrSO3 (Kramer et al., 2000; 
Kukkonen et al., 2001). The enzymatic 
activity of the purifi ed His6-Pla was 
measured in an indirect assay, in which Pla 
cleaves plasminogen into the active form 
plasmin, which subsequently cleaves the 
chromogenic substrate SS-2251 that can 
be spectroscopicaly determined at 405nm 
(Kukkonen et al., 2001). Increasing 
amounts of K12 LPS (10pmol, 40pmol, 
100pmol, 1nmol and 2nmol) were used 
to activate 200pmol of His6-Pla (Fig. 1 
of II). Addition of LPS in amounts as 
low as 10pmol and 40pmol already lead 
to an increase in the activity of His6-Pla. 
The highest activity was achieved with 
100pmol-1nmol of LPS, i.e. at nearly 
equimolar concentrations of His6-Pla 
and LPS. A higher LPS concentration of 
2nmol did not further increase the activity, 
rather, the activity was lower (Fig. 1 of II). 
This was found to result from inhibition of 
plasmin activity and Plg cleavage by high 
amounts of LPS. No plasmin was formed 
by LPS-treated His6-Pla D206A mutant 
protein (Fig. 1A of II) which indicates 
that active Pla is needed. We also assessed 
the cleavage of the Plg molecule into 
the two-chain plasmin by His6-Pla using 
Western blotting (Fig. 1B of II). Plasmin 
formation was not seen without added 
LPS. This shows that LPS is needed for 
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the proteolysis and that this effect is not 
due to an incorrect cleavage of the Plg 
molecule. 

We observed the highest His6-Pla 
activation at nearly equimolar concentration 
of K-12 LPS. This is in agreement with the 
crystal structure of FhuA (Ferguson et al., 
1998) and the modeling of the LPS-OmpT 
complex (Vandepute-Rutten et al., 2001), 
which show one molecule of LPS bound 
to a molecule of FhuA/OmpT. However 
we cannot conclude from our data that 
Pla binds only one LPS molecule. It is 
possible that both the Pla/DodMe2NPrSO3 
complex as well as the LPS used here 
(Mukerjee et al., 1999) are in micelles 
and that the concentration of free LPS 
molecules is probably low. Kramer et al. 
(2002) concluded that, in their activation 
of OmpT, the LPS molecules formed 
mixed micelles with the detergent and 
OmpT, and it is reasonable to assume that 
a similar situation exists in the activation 
of His6-Pla. Our assay with Plg as a 
substrate is justifi ed because of the high 
biological relevance, but adds complexity 
to the system because high concentrations 
of LPS were found to interfere with 
plasmin activity. This probably resulted 
from unspecifi c binding of LPS to the Plg/
plasmin molecule. 

Pla has been associated with bacterial 
adhesion to laminin (Lähteenmäki et al., 
1998) and other cell or tissues targets 
(Lähteenmäki et al., 1998, Kienle et al., 
1992). Purifi ed OMPs are diffi cult to use 
in adhesion assays, and in this thesis work 
I coated activated His6-Pla onto fl uorescent 
micro-particles (FMPs) and used them in 
binding studies (I). To assess the coating, I 
measured enzymatic activity of the FMPs 
(Fig. 1 of I). The His6-Pla-FMPs activated 
Plg, whereas no Plg activation was detected 
with beads coated with LPS (LPS-FMPs) 
or BSA (BSA-FMPs). The activity of 109 

His6-Pla-coated particles was compared 
against the activity of the same amount of 
His6-Pla that was used to coat the FMPs. 
The activity of His6-Pla-FMPs was clearly 
lower than that of the soluble His6-Pla-LPS 
complex. This reduction may result from 
protein loss during the coating process. It 
is also possible that the coating of His6-
Pla onto FMPs leads to an unnatural 
conformation with reduced enzymatic 
activity or that the immobilization may 
hide the active site in Pla. 

4.2. Adhesion of His6-Pla-FMPs to 
ECM proteins (I)

Lähteenmäki et al., (1998) reported 
that recombinant E.coli expressing Pla 
adhere to Matrigel and laminin but not to 
collagen type I or IV (Lähteenmäki et al., 
1998). Pla degrades YOPs (Sodeinde et 
al., 1998) and thus modifi es the cell wall 
of Y. pestis (Kienle, 1992). It remained 
uncertain whether Pla is an adhesin or 
whether the adhesiveness results cell wall 
modifi cations by Pla. No major changes 
in the OMPs of E. coli K-12 strain LE392 
expressing Pla were observed (Sodeinde 
et al., 1988, Lähteenmäki et al., 1998) 
which supported the role of Pla as an 
adhesin. However, a direct demonstration 
of adhesive properties in the Pla protein 
was lacking. 

His6-Pla-FMPs bound to Matrigel 
and to laminin but not to collagen IV- or 
BSA-coated slides (Figs. 2 and 3 of I). The 
His6-Pla-FMPs bound onto Matrigel and 
laminin substrate were variably aggregated 
(Fig. 2 of I), which complicated the assays. 
The quantitation of the FMPs binding was 
based on computer-assisted counting of 
the total fl uorescent area on the target, 
which was divided by the size of one 
FMP. Whereas the His6-Pla-FMPs were 
highly adhesive, the control FMPs coated 

Results and Discussion



24

with purifi ed LPS or BSA showed only a 
low level of binding (Figs 2 and 3 of I), 
which indicated specifi city of the system. 
The intrinsic adhesive characteristic 
of Pla was confi rmed and the paper I 
demonstrated that an outer membrane β-
barrel protein, refolded from its denatured 
state, can be coated to the surface of micro 
particles without loosing its enzymatic 
activity and adhesive properties. To best 
of my knowledge, this is the fi rst report on 
coating the FMPs with an entire β-barrel 
protein molecule. 

4.3. Reactivation of His6-Pla with 
different LPS chemotypes (II)

LPS molecules are composed of regions 
(O-antigen, outer core, inner core and lipid 
A) which could be involved in the LPS-Pla 
interaction. Moreover, the modifi cations 
of their structures in response to 
environmental changes take place in Y. 
pestis (Hitchen et al., 2002; Knirel et al., 
2005b). Here, a set of structurally distinct 
LPS/lipid A chemotypes were compared 
for reactivation of His6-Pla in an attempt 
to identify the regions of LPS involved in 
the interaction. It was previously reported 
(Kukkonen et al., 2004) that Pla expressed 
in smooth enterobacteria is functionally 
inactive, apparently due to a steric 
inhibition by the O-antigen. A similar 
difference in activation of His6-Pla was 
observed in the assays with purifi ed LPS 
(Fig 2 of II). Particularly interesting is the 
behaviour of Y. pseudotuberculosis O1b 
and O1bΔwb bacteria (Kukkonen et al., 
2004) and LPS (Fig 2 of II). In both cases, 
S-LPS is associated with low activation of 
Pla/His6-Pla. Y. pestis has evolved from Y. 
pseudotuberculosis O1b (Skurnik et al., 
2000), and one of the advantages of the 
loss of the O-antigen could be the high 
activity of Pla. 

The deep rough Re-LPS from E. 
coli caused a poor activation of His6-
Pla, while the corresponding Ra LPS 
from E. coli K12 was highly active (Fig 
2 of II). Deletion of the wb region in Y. 
pseudotuberculosis O1b LPS results in a 
complete core region and mimics the LPS 
structure of Y. pestis (Skurnik et al., 2000). 
The Y. pestis KM218, which was effi cient 
activator of His6-Pla, also has an outer core 
in LPS. The Y. pestis EV11M LPS is in 
structure similar to Re of E. coli (Knirel et 
al., 2005a) and lacks the outer core region 
and most of the inner core, and both were 
poor in enhancement of His6-Pla activation 
(Fig 2 of II). A marginal enhancement of 
His6-Pla activity was seen with hexaacyl 
lipid A (Fig 2 of II). Taken together, these 
results show that an LPS with a near 
complete outer core region is optimal for 
activation of His6-Pla. On the hand, the 
R-LPS from Yersinia and E. coli here 
tested differ in oligosaccharide structure 
and in substitution with phosphate, the 
results thus suggest that the presence, 
rather than specifi c sequence, of an outer 
core oligosaccharide is critical for Pla 
functions. 

We next assessed a possible effect of 
the LPS acylation on His6-Pla activation 
with Re and lipid A molecules that differ in 
degree of acylation (Fig 3 of II). The poor 
activation of His6-Pla by hexaacylated 
lipid A was slightly increased in the penta- 
and tetraacylated lipid As. The effect was 
more obvious between the hexa- and 
pentaacylated Re LPS molecules. Lipid 
A molecules lacking the phosphates 
in position 4’ or 1 of the disaccharide 
backbone failed to activate His6-Pla. The 
Y. pestis 1146 LPS was poor in enhancing 
the His6-Pla function (Fig 2 of II). This 
LPS differs from the other Y. pestis LPS 
in having a nearly complete substitution 
of both lipid A phosphates with Ara4N 
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(Knirel et al., 2005a). Its low activity 
indicates a role of lipid A phosphates. One 
of the common modifi cations in LPS of Y. 
pestis is the substitution of phosphates in 
lipid A with Ara4N (Raetz, 2001; Winfi eld 
et al., 2005). 

Our fi ndings are in agreement with 
previous reports concerning the effect of 
the O-chain in Pla activity. Kukkonen et 
al. (2004) showed that the activities of 
Pla and PgtE are dependent on R-LPS 
but are inhibited by the long O-antigen 
of S-LPS, possibly by steric hindrance of 
the catalytic site. The results in paper II 
support this hypothesis and also indicate 
that the presence of an outer core in the 
LPS molecule is required for Pla activity. 
Similarly, Kramer et al. (2002) showed that 
deep rough Re LPS and lipid A are poor 
activators of OmpT. It was also reported 
that phosphates bound to the heptose 
sugars in the outer core are important 
for OmpT activity (Kramer et al., 2002). 
Differently from E. coli K-12 LPS, Y. 
pestis LPS does not contain phosphates 
in the outer core heptoses. We found that 
lipid A lacking either of the phosphates is 
less effi cient in Pla activation. Differences 
between the interaction of Pla and OmpT 
with LPS may result from the fact that the 
LPS-binding motif of OmpT has one more 
positively charged amino acid (Lys 226) in 
the correct spatial conformation than the 
LPS-binding motif in Pla. Kramer et al., 
2002 found that hexacylated LPS activates 
OmpT more effi ciently than triacylated 
LPS. In contrast, we found that tetra- and 
pentacylated lipid A are more effi cient to 
reactivate Pla than hexaacylated lipid A. 
At 37oC Y. pestis produces mainly tetra- 
and pentaacylated lipid A, which are 
less immunogenic than the hexaacylated 
form that are prevalent at20-27oC. The 
supra-molecular structure of the tetra- and 
pentacylated LPS aggregates is lamellar, 

while the hexacylated LPS is an inverted 
cubic structure (Brandenburg et al., 2003). 
The LPS in the outer leafl et of the outer 
membrane is believed to be in a lamellar 
state (de Cock et al., 1999) which could 
explain the preference of Pla for this 
structure. 

4.4. Effect of phosphate and NaCl on 
His6-Pla activity (III)

The results suggested that lipid A 
phosphates have a role in Pla-LPS 
interaction. We further addressed 
this question by testing the effect of 
phosphate and salt on enhancement of 
His6-Pla activity. Their effects were dose-
dependent, and 50mM of phosphate or 
NaCl completely abolishes the activity 
(Fig. 4 of II). In control assays, the same 
concentration of phosphate or NaCl had no 
effect on the enzymatic activity of plasmin, 
showing that the inhibition occurred during 
activation of Plg by Pla. These results are 
similar to those detected by Kramer et al., 
2002 in activation of OmpT and show the 
importance of ionic forces in OmpT-LPS 
interaction.   

4.5. Effect of mutations in the LPS-
binding motif of Pla on plasminogen 
activation (III)

To further analyze the role of lipid A 
phosphates in the reactivation of Pla, we 
substituted the two arginines (138 and 
171) in the lipid A-binding motif either 
separately or in combination. These 
arginines are oriented outwards in the Pla 
barrel (See Fig. 1) and form a part of the 
three-dimensional conserved motif detected 
in several LPS-binding prokaryotic and 
eukaryotic proteins (Ferguson et al., 
2000). Kukkonen et al. (2001) showed that 
PgtE activity is abolished upon mutation 
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of the two arginines in the LPS-binding 
motif. These positively charged amino 
acids interact with negatively charged 
phosphates in lipid A, (Ferguson, et al., 
2000; Kukkonen et al., 2001).   

The substitution R171E considerably 
diminished the activity of Pla reconstituted 
with Y. pestis KM 218 LPS (Fig. 5A of 
II). The substitutions in Arg 138 and the 
double substitution in R138E R171E 
abolished the PA activity of His6-Pla (Fig. 
5A of II). We also addressed the cleavage 
of Plg the proteins using Western blot 
(Fig. 5B of II). Activated His6-Pla cleaved 
Plg almost completely after 2h incubation, 
and also the His6-Pla without reactivation 
with LPS slowly degraded Plg. The LPS-
binding mutants did not cleave Plg in the 
absence of LPS and the activity of the 
reactivated proteins remained very poor 
(Fig. 5B of II). The cleavage assay (in Fig. 
5B of II) is less sensitive than the activity 
assay measurement (Fig. 5A of II), which 
probably explains the lack of detectable 
cleavage by His6-Pla R171E (lanes d and 
e, fi g. 5B of II)

We analyzed the folding of His6-Pla 
and its derivatives by Western blotting and 
found the three forms of the protein (Fig. 
5C of II). α-Pla contains the unprocessed 
and the mature forms of Pla, β-Pla is the 
autoprocessed form, γ-Pla is believed to 
be an alternative folding form of the α-
Pla (Kukkonen et al.,  2001). Boiling of 
the samples in SDS-containing buffer 
resulted in loss of γ-Pla (Fig. 5C of II). 
The mutated His6-Pla proteins R138E and 
R171E formed much less β-Pla than did 
the wild type His6-Pla. The double His6-Pla 
mutant protein R138E R171E was unable 
to form either β- or γ-Pla, indicating that 
binding to LPS is also important for the 
autoprocessing and folding of the protein. 
Incubation of KM218 LPS with His6-Pla 
did not increase the amounts of β- or γ- 

forms of His6-Pla (Fig. 5D of II). These 
results support the hypothesis that binding 
of the side chains of the arginines to lipid 
A phosphates is important in activation of 
His6-Pla.  

4.6. Effect of growth temperature in Y. 
pestis on the activity of Pla (III)

The plasminogen activator Pla is 
clearly important for the infection in 
the mammalian host. On the other hand, 
strains devoid of Pla are fully capable 
of colonizing and surviving in the fl ea 
(Sebanne et al., 2006) and Pla seems to 
be unnecessary for survival of Y. pestis in 
the fl ea.  McDonough & Falkow (1989) 
found that the PA activity of Pla is higher 
at 37oC than at lower temperatures, 
which suggested that the activity of Pla is 
adjusted to the host temperature. However, 
microarray analyses revealed that the 
level of transcription of pla is similar at 
the low temperature as at the mammalian 
body temperature (Han et al., 2004; Han 
et al., 2005). I compared Plg activation 
by Y. pestis KIM D27 cells grown at 37oC 
or 20oC and found that cells from 37oC 
presented a higher PA activity (Fig. 4).  Pla 
defi cient KIM D34 did not activate Plg at 
all (Fig. 4A). Analysis of OM from both 
bacteria by Western blotting with anti-
His6-Pla (Fig. 4B) and image processing 
revealed a 1.6 times higher amount of Pla 
peptides in the OM from 37oC. I adjusted 
both OM samples to have the same amount 
of His6-Pla and found that the OM from 
37oC exhibited a higher PA activity (Fig. 
4C). Interestingly, the Western blotting 
analyses revealed that β-Pla is only formed 
at 37oC (Fig. 4B). These results indicate 
that the higher PA activity of Pla at 37oC 
involves both a slight increase in the Pla 
protein amount as well as a slight increase 
in the activity of the protein; the latter 
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could involve the lower acylation and 
phosphate substitution in lipid A in cells 
growing at 37oC. The formation of β-Pla 
may result from the increased fl uidity of 
LPS with the tetraacyl lipid A (Bengoechea 
et al., 2003), which could potentiate more 
contacts between the Pla molecules in the 
membrane. 

4.7. Degradation of gelatin and 
collagen by Pla and PgtE (II)

Surface-associated proteolysis and 
penetration through tissue barriers 
are central in cell migration (Plow et 
al., 1999; Lähteenmäki et al., 2005; 
Myöhänen & Vaheri, 2004). Collagen 
and its denatured form, gelatin, are major 
component of the ECM and hence obvious 
obstacles for cell migration in tissues. 
Matrix metalloproteinases (MMPs) form 
a family of collagenases (which cleave 
fi brillar collagens) and gelatinases (which 
cleave gelatin and nonfi brillar collagens) 
(Johansson et al., 2000), and their role 
in migration of eukaryotic cells is well 
characterized (Parks et al., 2004). MMPs 
are secreted as proenzymes from a number 
of mammalian cell types, and, interestingly 
for this thesis work, production of pro-

Figure 4. Effect of growth temperature on 
Pla activity. A. Plasminogen activation by Y. 
pestis strains KIM D27 (Pla+) and KIM D34 
(Pla-) grown at grown at 20oC and 37oC. B. 
Western blot of Y. pestis KIM D27 (Pla+) outer 
membrane extracts grown at a. 20oC and b. 
37oC. Migration of α-Pla, β-Pla and γ-Pla are 
shown in the left. C. Plasminogen activation by 
the outer membrane extracts of Y. pestis strains 
KIM D27 (Pla+) and KIM D34 (Pla-) grown at 
20oC and 37oC. Pla was quantifi ed by image 
analyses of the Western blot of the extracts and 
the same amount of Pla was used.
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MMPs by monocytes is stimulated by 
LPS (Parks et al., 2004). Pro-MMPS 
are proteolytically activated to MMPs 
(or gelatinases); in mammals, the active 
proteases include plasmin and MMPs. 

Production of gelatinases or 
collagenases has been reported for bacteria 
causing periodontal infections as well as for 
clostridial species (Harrington, 1996), and 
a few pathogenic species, such as Vibrio 
cholerae and Pseudomonas aeruginosa, 
express proteases that activate pro-MMPs 
(Okamoto et al., 1997). However, the 
highly invasive species Y. pestis and S. 
enterica studied in my thesis have not been 
reported to express gelatinase activity, 
which led us to assess possible degradation 
of collagens/gelatins by Pla and PgtE. 

 The strain 14028R of S. enterica, which 
lacks O-antigen and hence expresses active 
PgtE (Lähteenmäki et al., 2005b), rapidly 
degraded porcine skin gelatin, whereas the 
pgtE deletion derivative 14028R-1 was 

inactive (Fig. 2 of III). The role of active 
PgtE in the cleavage was further shown 
by the activity of the complemented 
strain 14028R-1 (pMRK3) and the lack 
of activity of 14028R-1 (pMRK31) (Fig. 
2B of III). The plasmid pMRK31 encodes 
a nonactive PgtE D206A with a catalytic 
site substitution (Kukkonen et al., 2004). 
PgtE-positive S. enterica strains also 
cleaved denatured human type I collagen 
(gelatin) (Fig. 2D of III). Y. pestis KIM 
D27 with pPCP1 also cleaved the gelatin, 
however by a lower rate than S. enterica 
14028R, and the Pla-negative strain KIM 
D34 was inactive (Fig. 5). Overexpression 
of pla in E. coli XL1 (pMRK1) resulted 
in active gelatin degradation (Fig. 5). 
PgtE-expressing S. enterica (Fig. 2 of 
III) as well as recombinant E. coli XL1 
(pMRK3) (Fig. 5C of III) also degraded 
the fl uorescein-conjugated DQ-gelatin 
substrate, which, however, was not seen 
with XL1 (pMRK1) expressing Pla (Fig. 

Figure 5. Comparison of gelatin degradation by Pla and PgtE. Bacteria expressing either PgtE 
or Pla were incubated with porcine skin gelatin for 4 or 22h, and the degradation of the substrate 
was accessed by SDS-PAGE analyses. a. S. enterica 14028R; b. E. coli XL1 (pMRK1); c. E.coli 
XL1 (pSE380); d. Y. pestis KIM D27 (pPCP1+); e. Y. pestis KIM D34 (pPCP1-); f. porcine skin 
gelatin in PBS; g. His6-Pla reconstituted with R-LPS 
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5C of III). These results showed that PgtE 
and Pla both express gelatinase activity 
and that PgtE is more active in this novel 
omptin function.

I then compared the gelatin degradation 
and Plg activation by purifi ed and activated 
His6-PgtE and its derivatives. The His6-
PgtE protein activated Plg (Fig. 5B) but 
did not cause detectable degradation of 

Figure 6. Degradation of gelatin 
and collagen type I by His6-PgtE. 
A. Degradation of DQ-gelatin by 
reactivated His6-PgtE and its derivatives. 
The degradation by MMP-9 was done 
as in Fig 1B of paper III. B. Activation 
of Plg by reactivated His6-PgtE and its 
derivatives. C. Degradation of native (-
) and denatured (+) collagen I by His6-
PgtE Lanes: a. His6-PgtE with R-LPS; 
b. His6-PgtE D206A with R-LPS; c. 
His6-PgtE R138E R171E with R-LPS; d. 
collagen I in buffer. Activation of His6-
PgtE and its derivatives was done as in 
paper III.   

A.

B.

the DQ-gelatin (Fig.5A). As with Pla, 
reconstitution of His6-PgtE with S-LPS 
gave a lower level of Plg activation than 
with the R-LPS, and the double mutant 
protein His6-PgtE R138 R171 showed 
a low activity. The His6-PgtE protein 
cleaved the porcine skin gelatin (Fig. 2C 
of II) as well as denatured human type I 
collagen (Fig. 2D of II; Fig. 4C), whereas 
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no activity was seen with His6-PgtE 
R138E R171E and His6-PgtE D206A (Fig. 
6C). His6-Pla slowly degraded porcine 
skin gelatin (Fig. 5) but not human type 
I gelatin (not shown); neither did His6-Pla 
degraded DQ-gelatin.

The results show that PgtE is a 
gelatinase, capable of degrading pig skin 
gelatin, the commonly used gelatinase 
substrate DQ-gelatin, as well as denatured 
human type I collagen (gelatin), whereas 
Pla shows detectable activity with the 
pig skin gelatin but not with the other 
substrates. The observed activity of PgtE 
suggested that it could functionally mimic 
mammalian gelatinases, MMPs, and later 
work in paper III – to be included in the 
PhD thesis of Päivi Ramu of this laboratory 
– showed that this indeed is the case. PgtE 
also activated pro-MMP-9, which was 
not seen with Pla, and Pla expressed in 
E. coli XL1 could be induced to express 
DQ-gelatin degradation and pro-MMP-9 
activation through genetic substitutions 
of pla regions encoding residues in the 

surface loops (Figs. 5C-5H of III). Deletion 
of PgtE also attenuated the strain 14028 
in experimentally infected mice, which is 
the fi nal evidence for a virulence role of 
PgtE. An interesting feature in paper III 
for my PhD thesis is that S. enterica cells 
with active PgtE degraded both gelatin as 
well as the DQ-gelatin substrate, whereas 
purifi ed His6-PgtE was active only with 
the porcine and human type I gelatin but 
not with the DQ-gelatin (Fig. 5A and). The 
reason for this discrepancy remains open. 
The detailed structure of DQ-gelatin is not 
available, but it is a fl uorescein-conjugated 
compound derived from porcine skin 
gelatin. It could be that degradation of 
gelatin requires an immobilization onto 
the bacterial cell surface and hence is 
very poor with isolated His6-PgtE; another 
possibility is that the degradation may 
require a closer PgtE-substrate contact 
or a high substrate density obtainable 
with gelatin but not with DQ-gelatin 
molecules. 
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5. Conclusion

This thesis work underlines the importance 
of coordinated regulation of surface 
structures in creating powerful surface 
proteolysis. The omptins are unique 
OMPs in that their proteolytic activity is 
dependent on LPS. S-LPS inhibits their 
functions, and in the case of Pla of Y. pestis, 
this is overcome by the genetic loss of O-
antigen biosynthesis genes. S. enterica is 
an intracellular pathogen, which modifi es 
its surface and LPS inside macrophages in 
a manner that optimizes PgtE proteolysis. 
This study showed that the maximal 
enhancement of Pla activity occurs with 
an LPS containing the complete outer 
core region, i.e. an LPS type similar to the 
one existing in Y. pestis. Also in the case 
of Y. pestis, changes in the LPS structure 
occur when the bacteria are transformed 
from a lower temperature – mimicking 
the fl ea host – to the temperature of the 
mammalian body. It is remarkable that the 
changes, i.e. lowering of lipid A acylation 
and phosphate substitution, address the 
features that were, in this study, found 
important for Pla activity. The activity 
of Pla is increased in cells from higher 
temperature, which, as with PgtE and S. 
enterica, indicates that Pla proteolysis 
is regulated by changes in cell wall 
architecture. In this study, formation of β-
Pla was detected in cells from the higher 
temperature; this most likely refl ects the 
higher fl uidity of tetraacyl LPS lamellae. 
The LPS-Pla interaction in this study was 
mainly analyzed with purifi ed His6-Pla 
and LPS, and it remains to be established 
whether other structures and modifi cations 
in the cell envelope of Y. pestis also affect 
the proteolysis. 

Binding of prokaryotic and eukaryotic 
proteins to lipid A is dependent on a 
conserved motif of basic amino acids. 

That the same motif is important in Pla-
LPS interaction and that LPS has a role in 
modifying the folding of Pla, is suggested 
by the enzymatic inactivity and lack 
of γ-Pla in the His6-Pla R138E R171E 
derivative from recombinant E. coli. 
Although this mutant was nearly inactive 
in proteolysis, the study, however, does not 
unequivocally demonstrate that γ-Pla is the 
active conformation of Pla. No changes 
in Pla peptide patterns were correlated 
with the increased enzymatic activity 
observed upon LPS addition to His6-Pla 
protein. Thus the biological signifi cance 
of the γ-Pla formation remains open. It is 
interesting to note that the OmpT-LPS and 
Pla-LPS interactions share characteristics 
(presence of outer core, sensitivity to salts) 
but also exhibit differences (acylation in 
lipid A, presence of phosphates in the core 
region). 

Pla is a multifunctional protein and 
known to modify the cell envelope in Y. 
pestis. The biological signifi cance of these 
changes has remained open, but they could 
contribute to communication of Y. pestis 
with the mammalian host, e.g. in bacterial 
adhesion and invasion. This study shows 
that the Pla molecule has intrinsic adhesive 
properties, which in a previous study were 
obseved to be blocked in bacteria with S-
LPS (Kukkonen et al., 2004). Thus the 
LPS effects also address adhesiveness of 
Pla-expressing Y. pestis and thereby the 
establishment of localized proteolysis.

The novel gelatinase activity detected 
with Pla and PgtE can enhance damage of 
tissue barriers and potentiate cell migration. 
Yersinia and S. enterica have not been 
previously shown to have gelatinases. The 
two omptins differ in this aspect, with PgtE 
being more active. This may exemplify 
adaptation to the life style of Salmonella, 
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whose dissemination is thought to involve 
infective cycles of phagocytes, which are 
known to secrete pro-MMPs in response 
to infection. The gelatinase activity, 
as measured with DQ gelatin, was not 
detectable with isolated His6-PgtE but was 

effi cient with PgtE-expressing cells. This 
indicates that some functions of omptins, 
in this case exemplifi ed by the gelatinase 
activity, may require the omptin to be 
expressed on the bacterial cell surface. 
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