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ABSTRACT
Temperature-inducible and calcium-regulated proteins encoded by the 
virulence plasmid of Yersinia.
Ingrid Bölin, Department of Cellbiology and Microbiology, National 
Defence Research Institute, S-901 82 Umeå, Sweden.
The pathogenic members of the genus Yersinia, Y. pseudotuberculosis, 
Y. pestis and Y. enterocolitica are transmitted from animals to man and 
may give rise to disease with ä~ variety of symptoms. These bacteria 
possess related plasmids necessary for virulence. In this study, gene 
products encoded by the virulence plasmid have been identified and 
characterized.
A temperature-inducible outer membrane protein YOPl, is encoded by the 
virulence plasmid. YOPl is expressed by Y. pseudotuberculosis and 
Y. enterocolitica at 37°C. The genetic locale of trie structural gene for 
YOPl on the virulence plasmid was determined. A mutant that was unable to 
express this protein, remained fully virulent, showing that YOPl is not a 
virulence determinant.
Several other proteins encoded+by the virulence plasmid are induced at 
37°C in a medium lacking Ca . T^ese proteins are not expressed at 26°C 
and expression is repressed by Ca -concentrations in excess of 2.5 mM. 
In Ca -deficient medium, the induced proteins can be found extracellu- 
larly as well as in the outer membrane. However, in the presence of Ca 
at 37°C they are only found in the outer membrane. The released proteins 
consist of eight polypeptides as revealed by two-dimensional electro
phoresis. These proteins, Y0P2a and 2b, YQP3, Y0P4a and 4b, the V-antigen 
and a small uncharacterized polypeptide, are expressed by all three 
pathogenic Yersinia species, both in vivo and in vitro.
The Ca^+-controlled expression of the YOP proteins is regulated by genes 
in the Ca -region, which are conserved in the three species. Mutations 
in this region repress the expression of the Ca -regulated YOPs. The 
genetic loci identified for five of these proteins revealed that only the 
structural gene of the Y0P4b protein is part of the Ca -region. The 
other genes were found at separate locations outside this region. The 
structural genes for YOP4b, YOP3 and the V-antigen, together with the 
genes for two additional polypeptides, were localized to a common region 
conserved on the plasmids of the Yersinia species. The structural genes 
for Y0P2b (yopH) and Y0P5 (yopE) are located in different positions on 
the plasmid from Y. enterocolitica, compared to the other two species. 
This plasmid has Been rearranged so that these genes are located close to 
one another.
The DNA sequence of the yopH gene shows that it is a singly transcrip
tional unit. Transcription of this gene is regulated by Ca -concentra
tion and by temperature. A mutant strain of Y. pseudo tuberculosis, de
leted for the yopH gene on the virulence plasmid, is avirulent In mice. 
Virulence is restored by trans-complementation with the cloned yopH gene. 
The mutant strain is also’ unable to inhibit phagocytosis of macrophages 
as compared to the wild-type strain. The trans-compleroented strain shows 
inhibition comparable to that of the wild-type. Therefore, the YOP2b 
protein is considered to be an essential virulence determinant.
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calcium / temperature / outer membrane proteins
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ABSTRACT

The pathogenic members of the genus Yersinia, Y. pseudotuberculosis, 
Y. pestis and Y. enterocolitica are transmitted from animals to man and 
may give rise to disease with a variety of symptoms. These bacteria 
possess related plasmids necessary for virulence. In this study, gene 
products encoded by the virulence plasmid have been identified and 
characterized.

A temperature-inducible outer membrane protein, YOPl, is encoded by the 
virulence plasmid. YOPl is expressed by Y. pseudotube rcuiosi s and 
Y. enterocolitica at 37°C. The genetic locale of the structural gene for 
YOPl on the virulence plasmid was determined. A mutant that was unable to 
express this protein remained fully virulent, showing that YOPl is not a 
virulence determinant.

Several other proteins encoded by the virulence plasmid are induced at 
37°C in a medium lacking Ca^+. These proteins are not expressed at 26°C 
and expression is repressed by Ca^+-concentrations in excess of 2.5 mM. 
In Ca^+-deficient medium, the induced proteins can be found extracellu- 
larly as well as in the outer membrane. However, in the presence of Ca^+ 
at 37°C they are only found in the outer membrane. The released proteins 
consist of eight polypeptides as revealed by two-dimensional electro
phoresis. These proteins, Y0P2a and 2b, Y0P3, Y0P4a and 4b, the V-antigen 
and a small uncharacterized polypeptide, are expressed by all three 
pathogenic Yersinia species, both in vivo and in vitro.

The Ca^+-controlled expression of the YOP proteins is regulated by genes 
in the Ca^+-region, which are conserved in the three species. Mutations 
in this region repress the expression of the Ca^+-regulated YOPs. The 
genetic loci identified for five of these proteins revealed that only the 
structural gene of the Y0P4b protein is part of the Ca^+-region. The 
other genes were found at separate locations outside this region. The 
structural genes for Y0P4b, Y0P3 and the V-antigen, together with the 
genes for two additional polypeptides, were localized to a common region 
conserved on the plasmids of the Yersinia species. The structural genes 
for Y0P2b (yopH) and Y0P5 (yopE) are located at different positions on 
the plasmid from Y. enterocolitica compared to the other two species. 
This plasmid has been rearranged so that these genes are located close to 
one another.
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The DNA sequence of the yopH gene shows that it is a single transcrip
tional unit. Transcription of this gene is regulated by Ca^+-concen- 
tration and by temperature. A mutant strain of Y. pseudotuberculosis 
deleted for the yopH gene on the virulence plasmid is avirulent in mice. 
Virulence is restored by trans-complementation with the cloned yopH gene. 
The mutant strain is also unable to inhibit phagocytosis of macrophages 
as compared to the wild-type strain. The trans-complemented strain shows 
inhibition comparable to that of the wild-type. Therefore, the YOP2b 
protein is considered to be an essential virulence determinant.
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PREFACE

The results presented in this thesis have been achieved as part of the 
work carried out by the Yersinia group at the Department of Cellbiology 
and Microbiology at FOA, Umeå. That many of the experiments have been 
performed as team work is reflected in the authorship of the resulting 
publications. Therefore, I will write "we" when referring to results 
obtained by the group or decisions made together. The pronoun "I" indi
cates my personal conclusions and opinions and the content of this thesis 
is, of course, my responsibility.

While working on this thesis, I have been an extramural graduate student 
of the Department of Microbiology, University of Umeå.

The papers I will discuss have focused on Yersinia virulence determinants 
from the point of view of the bacterium. Although of equal importance, 
the response of the host in the disease process is only briefly dis
cussed.
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GENERAL INTRODUCTION

1 Pathogenic bacteria and virulence

During the course of evolution, roan has been continuously exposed to 
microorganisms. As the various microbial species have evolved, they have 
taken advantage of the human body as an ecological niche. In response to 
these invaders, roan has developed defence measures against infections 
which involve both unspecific factors and the highly specific immune 
response. However, with the advantage of a short generation time, micro
organisms have developed properties that enable them to overcome these 
antimicrobial defences.

Bacteria have been particularly successful in adapting to the human body. 
They can be found both on and inside the body in great numbers. Most of 
these bacteria exist with man in a symbiotic relationship without causing 
damage. These commensals may cause disease if the host defense is im
paired, thus giving rise to an opportunistic infection (Mims, 1982). Only 
a small portion of the bacteria which infect roan actually cause patho
logical changes and disease. Such pathogenic bacteria may induce more or 
less severe damage to their human hosts, depending upon their virulence 
(Falkow, 1981).

Human infections are occasionally caused by bacteria having an alterna
tive host in nature. These bacteria may be transmitted to man by contact 
with the regular host or by contaminated food, water, etc. The pathogenic 
bacteria of the genus Yersinia belong to this category of infectious 
agents.

2 Classification and characteristics of the genus Yersinia

2.1 Taxonomy

The genus Yersinia belongs to the family Enterobacteriaceae. Yersinia was 
introduced as a separate genus in 1944 (Van Loghem, 1944) and so far, 
seven species have been assigned to this genus: Y. pseudotuberculosis,
Y. pestis, Y. enterocolitica (Bercovier, 1980a) (formerly Pasteurella 
pseudotuberculosis, Pasteurella pestis, and Pasteurella X, respectively),
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Y. intermedia (Brenner et al., 1980b), Y. frederiksenii (Ursing et al.,
1980), Y. kristensenii (Bercovier et al., 1980b) and Y. ruckeri (Ewing et 
al., 1978). An eighth species, Y. aldovae, has been proposed as a new 
member of Yersinia (Bercovier et al., 1984).

Studies on the DNA-relationships between the species have shown that 
Y. pestis and Y. pseudotuberculosis are virtually identical. The G+C 
content of the Y. pestis and Y. pseudo tube r culosi s DNA is 46 mol % 
(Bercovier et al., 1980c). From these data, it was concluded that 
Y. pestis should be classified as a subspecies of Y. pseudotuberculosis, 
however, the old nomenclature have been retained for safety reasons 
(Judicial Commission Int. Comm. Syst. Bacteriol., 1985).

The other Yersinia species (except Y. ruckeri) are at most 48 % DNA- 
related to Y. pestis and Y. pseudotuberculosis. The DNA G+C contents of 
these species are slightly higher, 47-49 % (Brenner et al., 1980a). 
Y. ruckeri is more distantly related (Ewing et al., 1977).

2.2 Physiology

The Yersinia species are Gram-negative, oxidase-negative, catalase-posi- 
tive, facultative anaerobic rods that grow on common laboratory media 
(e.g. nutrient agar) albeit slowly. Unlike other Enterobacteria, 
Y. pestis, Y. pseudotube rculos i s and Y. enterocolitica are capable of 
growth in temperatures from 4°C to 40°C (Eiss, 1975; Fukui et al., 1960; 
Paterson and Cook, 1963). Temperature also has a profound effect on many 
different properties of Yersinia. Y. pestis is non-motile, whereas 
Y. pseudotuberculosis and Y. enterocolitica are motile at temperatures 
below 30°C but not at 37°C. Furthermore, Y. pestis produces an envelope 
structure called fraction 1 at 37°C (see section 8.3).

Y. pestis and Y. pseudo tube r culos i s are biochemically and structurally 
similar and strains of both species are phenotypically homogeneous. Genes 
which are functional in Y. pseudotuberculosis have analogues in Y. pestis 
that are repressed, probably due to point mutations that are potentially 
revertable (Brubaker, 1979). Based on type-specific O-antigens, 
Y. pseudotuberculosis strains are divided into six serotypes I-VI (Thai 
and Knapp, 1971). Serotypes I, III and V have been found to cause human 
infections, although serotype I accounts for 90 % of the cases (Bottone,
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1981). No serotype subdivisions are employed for Y. pestis and the frac
tion 1 antigen is used for serodiagnosis of this species.

Y. enterocolitica strains show biochemical heterogeneity and different 
biotyping schemes have been suggested (reviewed by Swaminathan, 1982). 
Winblad (1973) proposed an antigenic scheme of nine serogroups for the 
typing of Y. enterocolitica. This scheme was later extended to include 
more than 50 O-antigen serotypes as well as K- and H-antigen types 
(Wauters, 1981). The biochemical heterogeneity is also reflected by the 
formation of the new Yersinia species, Y. intermedia, Y. frederiksenii, 
and Y. kristensenii, which formerly were called Y. enterocolitica-like 
organisms. The Y. enterocolitica serotypes most frequently encountered in 
human infections are 0:3, 0:5,27; 0:8, and 0:9 (Bottone, 1981).

2.3 Plasmid content

Plasmids are self-replicating extra-chromosomal elements found in bac
teria of all genera (Broda, 1979). They range in size from c. 2 kilobases 
(kb) to several hundred kb and, therefore, have the potential to impart 
considerable genetic information to plasmid-bearing strains.

The three pathogenic species Y. pestis, Y. pseudotubercuiosis and 
Y. enterocolitica each possess a plasmid that is of primary importance 
for virulence. These plasmids range in size from 42-47 megadalton (Mdal). 
Loss of the plasmid invariably leads to avirulence for all three species 
(Ben-Gurion and Schafferman, 1981; Ferber and Brubaker, 1981; Gemski et 
al., 1980a,b; Portnoy et al., 1981). In addition to the virulence plas
mid, Y. pseudotuberculosis has been reported to contain larger plasmids, 
one of 75 Mdal associated with the Far Eastern Scarlatinoid fever (Shubin 
et al., 1985) and another plasmid of 61 Mdal (Simonet et al., 1984). 
Several small plasmids have also been encountered but only in Y. pseudo
tuberculosis serotype I strains (Shubin et al., 1985). A variety of 
smaller and larger plasmids have also been found in Y. enterocolitica 
(Kay et al., 1982; Lee et al., 1981). Y. pestis harbours additional 
plasmids of 6 Mdal and 65 Mdal, respectively. These plasmids are associ
ated with virulence properties specific for Y. pestis (see section 8.2).

The 42-47 Mdal virulence plasmids are responsible of the Ca^+-response at 
37°C characteristic for pathogenic Yersinia (see section 8.1.1). The
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genetic organisation of the plasmids and the phenotypes associated with 
possession of this plasmid type will be discussed in the following chap- 
ters.

3 History

Historically, plague caused by Y. pestis has been well documented. One of 
the first pandemics to be recorded was the Justinian plague in the 6th 
century. The second great pandemic, known as the Black Death, started in 
1346. Over 25 percent of the population in Europe died of the disease. 
The third and most recent, pandemic occurred in Asia during the years 
1894-1920. Today, the disease is still endemic in some areas of America, 
Asia and Africa (Pollitzer, 1954). Not only is Y. pestis a threat to 
humans as the causative agent of an epidemic disease, but it has also 
been used as a biological warfare agent in the only documented appli
cation of such weapons which took place in China during World War II 
(Cookson and Nottingham, 1969).

The plague bacillus was independently described by Yersin and by Kitasatu 
in Hongkong in 1894, during the third pandemic (reviewed by Bibel and 
Chen, 1976). The genus Yersinia was subsequently named in honour of 
Yersin.

The first member of Yersinia to be described was the bacterium that 
had been described by Malassez and Vignai eleven years earlier (1884). 
They observed what they called "micrococci" in tuberculosis-like lesions 
in guinea pigs. Their observations are consistent with an epizootic 
disease in rodents caused by Y. pseudotuberculosis. This bacterium was 
given several different designations until finally it got its present 
name. Initially, this species was connected with cases of septicemia and 
it was not until 1954 that its importance as an intestinal pathogen was 
revealed (Keusch, 1986).

Y. enterocolitica was first described in the 1930s as the cause of human 
disease in the United States (Schleifstein and Coleman, 1939), but it was 
not until after World War II that it was recognized as an important human 
pathogen.
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4 Habitat and transmission to man

Y. pseudotuberculosis is widespread among animals. It has been recovered 
from diverse animal sources such as farm animals and pets, although it is 
most prevalent in rodents and birds. This species may cause epizootic 
infection and has also been reported to cause epidemic outbreaks of a 
human disease called Far Eastern Scarlatinoid fever in the eastern part 
of the Soviet Union. Transmission of Y. pseudotuberculosis to humans is 
probably accidental occurring via contact with infected animals or con
taminated food (Bottone, 1981).

Y. pestis is maintained in natural foci in Asia, Africa and America. Wild 
rodents are considered to be the principal reservoir of Y. pestis in 
these areas. It persists in the rodent population alternating between 
epizootics and periods of quiescence. Y. pestis is transmitted to man by 
the bite of fleas that live on infected rats. After ingestion of blood 
from an infected rat, Y. pestis grows in the gut of the flea blocking the 
fleas' stomach. When the flea subsequently bites a human host, it regur-4gitates, thereby introducing more than 10 bacteria into the blood stream 
and initiating bubonic plague (reviewed by Cavanaugh et al., 1982). The
seasonal incidence of human plague in endemic areas coincides with ambi
ent temperatures of 20-28°C. This temperature is suggested to be optimal 
for the flea, but is also optimal for Y. pestis to be able to establish 
an infection (Cavanaugh and Randall, 1959).

Pneumonic plague, the other form of disease caused by Y. pestis, occurs 
as a result of person to person transmission of aerosolized bacteria.

Y. enterocolitica has been found in all countries where it has been 
looked for, however, it occurs rarely in the tropical zone. It is not 
epizootic, although it has been isolated from a variety of animals and 
also from environmental sources like lakes and streams. The principal 
reservoir for the Y. enterocolitica serotypes associated with human 
disease is probably swine. Transmission to man has been shown to occur 
via contaminated food or water (reviewed by Bottone, 1981).



- 11 -

5 Pathogenesis of plague and yersiniosis

The characteristic features of Yersinia infection, both in animals and 
man, is the tropism for lymphatic tissue and the invasive nature of the 
disease.

5.1 Human disease

Plague is a severe systemic disease that can be manifested in two forms, 
bubonic or pulmonary, depending on the mode of transmission (see section 
4). Both forms are characterized by a sudden onset and a rapid pro
gression, leading to death if untreated. Bubonic plague may, in milder 
cases, be self-limiting. If untreated, the mortality rate is 60-90 per
cent for bubonic plague and essentially 100 percent for primary pulmonary 
plague.

Bubonic plague is characterized by a painful lymphoadenopathy in the 
lymph nodes, particularly affecting those located in the armpits or 
groin. The bacteria are disseminated throughout the body via the lym
phatic system and may reach the bloodstream. Thus, septicemia and pneu
monia may occur as secondary complications (Cavanaugh et al., 1982). 
Death resulting from the bubonic form may occur as rapidly as three days 
after onset of symptoms (Butler, 1983). In primary pulmonary plague, 
respiratory symptoms follow the initial symptoms common to both disease 
forms (i.e. headache, fever). Typical of this form of the disease is the 
productive cough which changes from being mucoid to blood-containing. 
Pneumonic plague is highly contagious.

Yersiniosis is an intestinal disease that can be caused by both 
Y. enterocolitica and Y. pseudotuberculosis (Bottone, 1981). The first 
symptoms of yersiniosis are usually fever and abdominal pain; infections 
caused by Y. enterocolitica are also characterized by diarrhoea. Both 
types of infections may manifest themselves as acute mesenteric lymph
adenitis, often described as pseudoappendicitis, or terminal ileitis with 
complications such as erythema nodosum and arthritis (Bottone, 1977;
1981). Septicemia is rarely seen and has in some cases been correlated 
with hepatic or other underlying diseases (Bottone, 1977). The frequency 
of arthritic complications varies between strains. In connection with a 
small outbreak of yersiniosis caused by Y. pseudotuberculosis type III,
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10 out of 19 diagnosed cases developed arthritis (Tertti et al., 1984). 
The mesenteric lymph nodes are greatly affected by yersiniosis and the 
terminal ileum is the likely portal of entry of Y. pseudotuberculosis 
since it shows pathological changes in all cases examined (El-Maraghi et 
al., 1979).

Far Eastern Scarlatinoid fever is caused by Y. pseudotuberculosis type I. 
This form of yersinosis is characterized by fever, scarlatiniform erup
tions, arthritis and arthralgia. The liver, the respiratory tract and the 
gastro-intestinal tract may also be affected (Avtsyn and Zhavoronkov,
1980).

5.2 Experimental infections

The pathogenicity of experimental Yersinia infections has been studied in 
several animals models including mice, rats, guinea pigs and rabbits. 
Rats are not susceptible to Y. pseudotuberculosis and may also be resist
ant to Y, pestis. Only serotype 0:8 of Y. enterocolitica is lethal for 
mice, but the virulence of serotype 0:3 may be enhanced by the use of 
iron-containing compounds (Prpic et al., 1983; Smith et al., 1981). A 
summary of the doses required for killing of 50 % of the infected animals 
( LDĵq) is presented in table 1.

Table 1. 50 % lethal dose of yersiniae in mice (Brubaker, 1983; Carter,
1975, and own data).

Organism Oral
Route of entry3  ̂
i.v. i.p. s.c.

Y. pestis ~106 <101 CIO1 OlO7) CIO1
Y. pseudotuberculosis III ~ 109 101 104 OlO7) 104
Y. enterocolitica 0:8 - 108 !02 104 (>107) 104

a) i.v., intravenous injection; i.p., intraperitoneal injection; and 
S.C., subcutaneous injection.
values in parentheses are for the isogenic plasmid-free strain.
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The pathological changes observed in rabbits and mice following infection 
with Y. pseudotuberculosis or Y. enterocolitica are similar (Carter, 
1975; Une, 1977c). Soon after oral infection, the organisms are found in 
cytoplasmic vesicles of the epithelial cells in the ileum; subsequently, 
the underlying lymphoid tissue of the Peyer's patches become infected. 
Later, large numbers of bacteria can be observed in the lamina propria 
and mesenteric lymph nodes and can also be recovered from the liver and 
spleen (Carter, 1975; Une, 1977a,c). Intravenous infection of mice with 
Y. enterocolitica results in lesions in the lung, liver and spleen, 
whereas the intestinal tissue and mesenteric lymph nodes show no signs of 
pathological changes (Carter, 1975). Y. pseudotuberculosis is more patho
genic than Y. enterocolitica in these animal models. Higher numbers of 
bacteria are recovered from organs and the lesions are more severe (Une, 
1977c). These differences in pathogenicity are also seen when the guinea 
pig eye model (Serény test) is employed. Y. pseudotuberculosis I in
itiates a systemic disease after being applied into the eye, whereas 
Y. enterocolitica only produces conjunctivitis (Mäki et al., 1983).

The subcutaneous route employed most often for experimental infection of 
mice and rats with Y. pestis, rapidly disseminates the bacteria via thv. 
lymphatic system to the bloodstream. Bacteria are found in the liver and 
spleen, and at death a complete invasion of all organs is seen (Jawetz 
and Meyer, 1944). Oral infection of mice with Y. pestis leads to a sys
temic disease with extensive necrosis. Bacteria are present in the liver, 
spleen and blood vessels but not in the kidneys or lungs. No difference 
in pathology of the intestinal tract was observed after oral or subcu
taneous infection and stool cultures were negative for Y. pestis (Butler 
et al., 1982). This latter feature is in contrast to Y. pseudotubercu- 
losis and Y. enterocolitica infections where large numbers of bacteria 
are excreted in the faeces of mice for several weeks (Falcäo et al., 
1984; Kaneko and Hashimoto, 1983). Significantly, such excretion is only 
seen after infection with Ca^+-dependent, i.e. plasmid-containing, 
strains of Y. pseudotuberculosis and Y. enterocolitica (Kaneko and 
Hashimoto, 1983).
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6 Hie immune response to Yersinia infections

Yersinia belongs to the group of pathogenic bacteria defined as organisms 
able to survive within polymorphonuclear leukocytes and, to some extent, 
in mononuclear phagocytes. Such bacteria are referred to as facultative, 
intracellular bacteria. Immunity to these bacteria is cell-mediated and 
depends on the interaction between specific T-cells and macrophages 
(reviewed by Hahn and Kaufmann, 1981).

The importance of cell-mediated immunity in protection against Yersinia 
infections has been demonstrated. Macrophages showed an enhanced phago
cytic and bactericidal effect against Y. pestis when exposed to T-cell 
factors from immunized animals. This effect is dependent on the ability 
of the macrophages to withstand the cytotoxic effect of Y. pestis (Wong 
and Elberg, 1977).

Although immune serum gave no protection (Alonso et al., 1980) immunocom
petent cells from the Peyer's patches of mice infected with Y. enterocol- 
itica 0:3 conferred protection on uninfected mice against a lethal chal
lenge with Y. pestis. Similarily, spleen cells from Y. pseudotuberculosis 
infected mice protected against Y. pestis infection when injected into 
athymic mice (Wake and Sutoh, 1983). In man, a cell-mediated immune 
response has been found in all yersiniosis patients examined (Toivanen et 
al., 1985).

The humoral antibody response to yersiniosis in humans has been studied, 
especially in relation to the development of arthritis. In cases of 
yersiniosis, the antibody response is rapid and results in high levels of 
serum antibodies (Lange and Larsson, 1984). This response persists longer 
in arthritic patients than in those that are non-arthritic. This is also 
the case for the IgA-response which is significantly stronger in arthri
tic complications. Although circulating immune complexes have been found, 
their appearance could not be correlated with the development of arthri
tis (Toivanen et al., 1985).

A number of studies have examined features of immunity and cross-protec
tion evoked upon infection with the different Yersinia species. Mazigh et 
al. (1984) showed that mice recovering from infections with Y. enterocol- 
itica serotype 0:3, 0:5,27 and 0:9 were resistant to a lethal challenge
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of Y. pestis. However, this was only true of bacteria containing the 42- 
47 Mdal virulence plasmids. Avirulent, plasmid-free strains induced no 
protective effects (Mazigh et al., 1984; Wake et al., 1983). A plasmid- 
free derivative of Y. pseudotuberculosis type I induced a protective 
response in mice towards a subsequent challenge with the homologous 
strain but not towards a challenge with Y. enterocolitica. In this case, 
partial protection was obtained against Y. pestis (Simonet et al., 
1985a). Thus, plasmid-encoded antigens appear to play a role in protec
tive immunity that is more important than the roles of other antigens 
shared by the closely related Y. pestis and Y. pseudotuberculosis.

7 Interaction with epithelial and phagocytic cells

The invasive enteric pathogens of the genera Escherichia, Shigella, 
Salmonella, and Yersinia share the ability to enter intestinal epithelial 
cells. Nevertheless, the pathology of Shigella (or enteroinvasive 
E. coli) infections differs from that found in infections with Salmonella 
and Yersinia. Shigella infections are limited to the epithelial cells of 
the colon and rarely produce bacteremia, whereas Salmonella and to 
Yersinia invade the ileum and underlying tissue and cause systemic dis
ease. As the first step in the invasion process of Yersinia, the interac
tion with epithelial cells has been extensively studied.

Y. pseudotuberculosis (Bovallius and Nilsson, 1975) and Y. enterocolitica 
(Lee et al., 1977; Une, 1977b) have been shown to invade HeLa cells. 
Electron microscopy studies revealed that the bacteria first adhere to 
the cell surface and are then taken up by a endocytic process to finally 
reside in vacuoles inside the cell. In studies of Y. enterocolitica from 
different sources, the epithelial cell-invasive phenotype has been shown 
to be limited to pathogenic serotypes (Lee et al., 1977; Pedersen et al., 
1979; Portnoy et al., 1981; Schiemann and Devenish, 1982; Une et al., 
1977b). Intracellular multiplication within epithelial cells has not been 
observed for either of Y. enterocolitica (Devenish and Schiemann, 1981) 
or Y. pseudotube rculosi s (Rosqvist and Wolf-Watz, 1986). Adherence and 
invasion of HeLa cells are inpaired when the bacteria are grown at 37°C 
as compared to 26°C (Brunius and Bölin, 1983; Lee et al., 1977; Martinez, 
1983; Okamoto et al., 1980). The expression of these features is also 
independent of the presence of the virulence plasmid (Portnoy et al., 
1981; Schiemann and Devenish, 1982; paper I), since a chromosomal gene
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encoding the invasive property has been cloned from Y. pseudotuberculosis 
(Isberg and Falkow, 1985). Strains of both Y. pseudotuberculosis and 
Y. enterocolitica which contain the virulence plasmid have a cytotoxic 
effect on cultured epithelial cells (Okamoto et al., 1984; Portnoy et 
al., 1981; Rosqvist and Wolf-Watz, 1986); such effects are not observed 
for the corresponding plasmid-free derivatives.

Y. pestis has mainly been studied in association with phagocytic cells. 
Burrows and Bacon (1956) showed that Y. pestis grown at 28°C were sensi
tive to phagocytosis by mouse peritoneal macrophages. Incubation of the 
bacteria at 37°C resulted in their rapidly (after 2 hrs) becoming phago
cytosis-resistant. This resistance occurred independently of capsulation 
(fraction 1 antigen) and only developed in virulent organisms.

Straley and Harmon (1984a) grew Y. pestis at 26°C and showed that there 
was no difference in the uptake and growth in peritoneal macrophages of 
strains either with or without the virulence plasmid. On the other hand, 
Charnetsky and Shuford (1985) did not observe intracellular growth of 
plasmid-free Y. pestis in macrophages, whereas virulence plasmid-contain
ing bacteria proliferated. These workers also noted a difference in 
susceptibility to phagocytosis depending on growth temperature that was 
consistent with the results of Burrows and Bacon (1956). Thus, Y. pestis 
can grow within macrophages and at 37°C bacteria become resistant to 
phagocytosis. Similarity, Y. pseudotuberculosis grown at 37°C also seems 
to inhibit phagocytosis by peritoneal macrophages (R. Rosqvist, personal 
communication).

Cytotoxic effects on macrophages induced by plasmid-bearing strains of 
Y. pestis and Y. pseudotuberculosis grown at 37°C have been noted (Goguen 
at al., 1986) however, these strains do not inhibit phagosome-lysosome 
fusion (Charnetzky and Shuford, 1985; Simonet et al., 1985b; Straley and 
Harmon, 1984b). It seems that the phagocytized bacteria are able to 
suppress the oxidative response of the macrophages (Charnetzky and 
Shuford, 1985).

Plasmid-bearing isolates Y. enterocolitica grown at 37°C have been re
ported to inhibit phagocytosis by human polymorphonuclear leucocytes 
(PMNs) and to impair the oxidative response of these cells (Lian and Pai, 
1985, Lian et al., 1987).
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The interaction with epithelial cells of Shigella species and enteroin- 
vasive E. coli differs from that of Yersinia (Small et al., 1987; Une, 
1977b). Shigella induce phagocytosis of the cells and multiply rapidly 
intracellularly. The phagosomal vacuoles which initially surround the 
bacteria, are lysed by a mechanism that has been correlated with a 
contact hemolytic activity (Sansonetti et al., 1986). Release of the 
bacteria into the cytoplasm efficiently kills the cell and allows the 
bacteria to infect adjacent cells (Clerc et al., 1987; Makino et al.,
1986). The invasion and killing of the host cells are mediated by plas
mids of 120 or 140 Mdal that are also found in invasive E. coli (Hale et 
al., 1983; Sansonetti et al., 1981,1982). In contrast to Y. pseudotuber
culosis (Isberg and Falkow, 1985), the invasive phenotype of Shigella 
requires about 37 kb DNA from the virulence plasmid (Maurelli et al., 
1985). Several gene products have been identified in this region (Buysse 
et al., 1987).

Infection of Salmonella typhimurium in mice is characterized by bacterial 
multiplication in the liver and spleen (Collins, 1972), and the interac
tion with phagocytic cells such as macrophages, seems to be crucial to 
allow Salmonella to establish an infection. In this situation, the LPa 
composition of the bacteria is of importance (see 9; Valtonen, 1977). 
Mutants defective for intracellular survival in macrophages in vitro are 
less virulent for mice (Fields et al., 1986).

Invasion of epithelial cells by S. typhimurium is not affected by the 0- 
antigen composition (Giannella et al., 1973) and also shows differences 
when compared to Y. pseudotuberculosis. The uptake process was found to 
occur more slowly and fewer bacteria per cell were seen with S. typhi
murium. The invasion did not require growth at 37°C and intracellular 
bacterial multiplication was not detected (Small et al., 1987).

Homologous plasmids, ranging from 30 to 62 Mdal, have been found among 
several serotypes of Salmonella (Jones et al., 1982; Helmuth et al., 
1985; Terakado et al., 1983). These plasmids are thoght to be involved in 
the invasion of HeLa cells (Jones et al., 1982) and in serum resistance 
(Helmuth et al., 1985). A comparison of a plasmid-containing strain and a 
cured derivative of each of Salmonella dublin and Salmonella typhimurium 
revealed no differences in the ability to invade epithelial cells and 
Peyer's patches in the intestine (Hackett et al., 1986; Heffernan et al.,
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1987). However, only the plasmid-containing strain was able to dissemi
nate and infect lymph nodes and the spleen (Heffernan et al., 1987). 
Salmonella also produces a membrane-associated cytotoxin (Reitmeyer et 
al., 1986).

8 Virulence determinants of Yersinia

There now exist many examples of plasmids in different genera that speci
fy properties which contribute to the pathogenicity of the organism. The 
properties that such virulence plasmids determine include toxins, invas
ive properties, adhesins, iron sequestering systems, or hemolysins 
(Elwell and Shipley, 1980).

8.1 The virulence plasmid

Pathogenic strains of Yersinia possess a virulence plasmid of fundamental 
importance to the pathogenicity of the organism in animal models (see 
section 2.3). Plasmid-cured strains are avirulent and have an LD^q dose 
several logs higher than the wild-type (table 1), although they regain 
virulence by introduction of the virulence plasmid (Heesemann et al., 
1984? Portnoy et al., 1983? Wolf-Watz et al., 1985). This plasmid, ori
ginally discovered in Y. enterocolitica and linked to the tissue invasive 
property of this species (Zink et al., 1980), has a molecular weight of 
c. 45 Mdal. It is also present in Y. pseudotuberculosis and in Y. pestis 
(Ben-Gurion and Schafferman, 1981? Ferber and Brubaker, 1981? Gemski et 
al., 1980a,b).

The virulence plasmids of Y. pestis and Y. pseudotuberculosis are almost 
identical, whereas the plasmid of Y. enterocolitica 0:8 shows 50 % over
all homology with the other two (Portnoy and Falkow, 1981? Portnoy et 
al., 1984). This homology is also evident from the respective restriction 
enzyme maps as shown in Fig. 3.8.1. The Y. enterocolitica plasmids show 
some heterogeneity between serogroups but have homologies ranging between 
60-90 % (Heesemann et al., 1983? Laroche et al., 1984? Portnoy et al.,
1981).
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PYV8081 pIB 1 PYV019

Xbal Xbal
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Xhol / /
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4bf 4bt,
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Figure 8.1. Circular BamHI restriction enzyme maps of plasmids pYV8081 
(Y. enterocolitica), pYV019 (Y. pesftis) and pIBl (Y. pseudotuberculosis). 
Tfie stippled area indicates the Ca -region. Black bars show the position 
of the gene products identified in this thesis.

All members of this group of closely-related plasmids in Yersinia belong 
to the incompatibility group IncFI which also includes F-plasmids. The 
only homology with F plasmids is the IncD determinant carried by the 
Yersinia plasmid (Bakour et al., 1983). Each of the virulence plasmici 
have the same replicon, but it is in the opposite orientation and differ
ently located on the Y. enterocolitica plasmid relative to the other two 
plasmids (Cornelis et al., 1987b; Portnoy et al., 1984).

8.1.1 Phenotypes associated with the virulence plasmid 

Calcium dependence
Calcium plays an important regulatory role in eucaryotic cells (reviewed 
by Haiech et al., 1985). The intracellular Ca2+-concentration is low,_3
whereas the concentration in extracellular tissue fluids is about 10 M.

Bacteria also maintain a low intracellular Ca2+-level by using a trans
port system coupled to the proton motive force to exclude Ca2+ (Rosen,
1987). The effect of Ca2+ on bacteria are obscure and, although it does 
not seem to be essential for bacterial growth, Yersinia exhibit an un
usual temperature-dependent requirement for this cation (Brubaker, 1967; 
Carter et al., 1980; Gemski et al., 1980a,b; Kupferberg and Higuchi, 
1958). As first described for Y. pestis (Higuchi et al., 1959), incu
bation at 37°C in the absence of Ca2+ results in the cessation of growth
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after a few generations. Growth is normal at 37°C in the presence of 
Ca^+-concentrations greater than 2.5 mM and independent of Ca^+at 
temperatures below 30°C. This behaviour has been termed Ca^+-dependence 
(Higuchi, 1959) or low calcium response (Goguen et al., 1984) and is 
pontentiated by Mg^+. The Ca^+-restricted state of the bacteria is 
characterized by a normal metabolic downshift (Brubaker, 1983; Charnetzky 
and Brubaker, 1982; Zahorchak et al., 1979); restricted cells commence 
growth upon a shift to room-temperature. Rescue of the bacteria by the 
addition of Ca^+ is only effective relatively soon after the shift to 
37°C (Zahorchak et al., 1979). Ca^+-restriction may also be prevented by 
the addition of ATP or by increasing the pH (Zahorchak and Brubaker,
1982). Ca^+-dependence is most pronounced for Y. pestis, whereas 
Y. enterocolitica does not show total restriction but has a reduced 
growth rate under Ca^+-deficient conditions (Carter et al., 1980; Berche 
and Carter, 1982).

Spontaneously-arising Ca2+-independent mutants are avirulent and can be 
easily selected using the Ca ̂-deficient, magnesium oxalate-containing 
plating medium developed by Higuchi (Higuchi and Smith, 1961). These 

independent colonies are devoid of the virulence plasmid (Ben-Gurion 
and Schafferman, 1981; Ferber and Brubaker, 1981; Gemski, 1980a,b; 
Portnoy et al., 1981) or, in the case of Y. pestis, may have insertions 
or deletions in the plasmid due to an insertion sequence (IS100) also 
found in the chromosome (Portnoy and Falkow, 1981).

A large region of about 20 kb on the virulence plasmid is involved in the 
Ca^+-response (Fig. 8.1.1, Cornelis et al., 1986; Goguen et al., 1984; 
Portnoy and Falkow, 1981; Portnoy et al., 1983). This region is conserved 
among the plasmids of the three Yersinia species (Portnoy et al., 1984). 
Insertional inactivation of genes in this region results in avirulence 
(Goguen et al., 1984; Portnoy et al., 1983; paper II).

Expression of VW-antigens
Two antigens, the V- and W-antigens, associated with virulence in 
Y. pestis (Burrows and Bacon, 1956), are expressed concomitantly with 
Ca^+-dependence at 37°C and repressed by Ca^+. These antigens are also 
produced by virulent strains of Y. pseudotuberculosis (Burrows and Bacon, 
1960) and Y. enterocolitica (Carter et al., 1980). The V-antigen is a
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protein of 38,000 molecular weight that is mainly found in the cyto
plasm/periplasm of Ca2+-restricted cells (Straley and Brubaker, 1981). 
The V-antigen is plasmid-encoded (Portnoy et al., 1983) and the structur
al gene for this protein has been mapped on the virulence plasmid (Fig. 
8.1.1; Perry et al., 1986; paper IV, V). The W-antigen was initially 
described as a 140,000 dalton lipoprotein (Lawton et al., 1963) but it 
has not yet been purified to homogeneity.

Expression of Ca^+-regulated outer membrane proteins (YOPs)
Under Ca^+-deficient conditions at 37°C, plasmid-containing Yersinia 
express large amounts of a set of outer membrane proteins (Portnoy et 
al., 1981 and 1984; Straley and Brubaker, 1981; paper III) which are also 
exported into the growth medium (Heesemann, 1984; Wolf-Watz et al., 
1986). Avirulent mutants, having insertions in the Ca^+-region or chromo
somal mutations, do not express these proteins (Cornelis et al., 1986, 
Wolf-Watz et al., 1985; paper III). Furthermore, the expression of these 
proteins is repressed by Ca^+. These Yersinia outer membrane proteins 
(YOPs) are further discussed in the Results and Discussion part of this 
thesis.

Autoagglutination
Autoagglutination is a temperature-dependent phenomenon that occurs when 
plasmid-containing Y. pseudotuberculosis and Y. enterocolitica are grown 
in tissue-culture medium at 37°C (Laird and Cavanaugh, 1980; Skurnik et 
al., 1984). Y. pestis strains were initially reported as positive for 
autoagglutination (Laird and Cavanaugh, 1980) but screening of a large 
number of strains indicated that they were, in fact, negative (Perry and 
Brubaker, 1983). No autoagglutination is seen with plasmid-free strains. 
Autoagglutination has been correlated to hemagglutination of guinea pig 
erythrocytes and to the appearance of surface fibrillar structures 
(Kapperud and Lassen, 1983; Kapperud et al., 1985; Lachica et al., 1984; 
Zaleska et al., 1985). These properties are mediated by the virulence 
plasmid gene product, YOPl, identified in paper I and II (Kapperud, 
1985; Skurnik et al., 1984). The protein has a molecular weight of 47-52 
kilodalton (kdal) (Skurnik et al., 1984; Zaleska et al., 1985) and forms 
a high-molecular weight surface structure of 150-250 kdal.
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Serum resistance
Serum resistance is the ability of a bacterium to avoid complement bind
ing and activation of the complement pathways (reviewed by Taylor 1983). 
The serum resistance exhibited by three Yersinia species is differently 
expressed. Y. pestis is serum resistant at both 26°C and 37°C/ indepen
dent of the virulence plasmid. Y. pseudotuberculosis is serum sensitive 
at 26°C but serum resistant at 37°C irrespective of plasmid content 
(Perry and Brubaker, 1983). In contrast, Y. enterocolitica grown at 37°C 
(but not at 26°C) is serum resistant only if the virulence plasmid is 
present (Martinez, 1983; Pai and De Stephano, 1982; Perry and Brubaker,
1983). The protein responsible for autoagglutination (Y0P1) is suggested 
to be involved in serum resistance of Y. enterocolitica. Autoagglutina
tion defective mutants were shown to be serum sensitive, however, this 
phenotype could be complemented by introducing the cloned structural gene 
in trans (Balligand et al., 1985).

8.2 Virulence properties unrelated to the virulence plasmid

In addition to the virulence plasmid conferring the Ca^+-dependent, 
phenotype, Y. pestis possesses a plasmid of 65 Mdal that is associated 
with the production of the plague murine toxin (Brubaker, 1984; Protsenko 
et al., 1983). This toxin has been shown to inhibit the respiration of 
heart mitochondria from susceptible animals (Rust et al., 1963) but its 
contribution to virulence is unresolved.

Furthermore, Y. pestis contains a 6 Mdal plasmid genetically linked to 
the production of pesticin, fibrinolysin and coagulase (Beesley et al., 
1967; Ferber and Brubaker, 1981). Pesticin is a bacteriocin which kills 
sensitive bacteria by hydrolysing their peptidoglycan. There is no evi
dence that pesticin promotes virulence as has been suggested for the 
fibrinolysin and coagulase. Coagulase is expressed at 26°C and may play a 
role in blocking the fleas stomach (see section 4). On the other hand, 
fibrinolysin is expressed at 37°C (Butler, 1983). Loss of this small 
plasmid (Pst-) reduces the virulence of Y. pestis when infection is via 
peripheral routes but not when infected intravenously (Brubaker, 1984).

The pigmentation phenotype (Pgm+) of Y. pestis is chromosomally-encoded 
(Ferber and Brubaker, 1981) and permits absorption of exogenous pigments 
like hemin and Congo red. This property is most pronounced at 26°C
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(Burrows, 1962). Pgm- mutants are avirulent when infected by peripheral 
routes; virulence can be restored by the injection of sufficient iron 
(Jackson and Burrow, 1956). Y. pseudotuberculosis and Y. enterocolitica 
have been classified as Pgnf (Perry and Brubaker, 1979), but Y. entero
colitica has been shown to bind Congo red (Prpic et al., 1983).

The Pgm phenotype was linked to pesticin resistance since Y. pestis Pst- 
Pgm+ are sensitive to pesticin but mutation to pesticin resistance re
sulted in a concomitant conversion to Pgnf (Brubaker, 1970). This has 
been suggested to arise due to loss of a receptor shared by hemin and 
pesticin. This receptor would merely serve as storage for hemin, because 
all three Yersinia species acquire iron, both hemin and Fe^+, by an 
inducible, siderophore-independent transport system unrelated to the Pgm 
determinant (Perry and Brubaker, 1979). However, at 37°C Pgm+ organisms 
have been demonstrated to have a selective advantage in an iron-deficient 
milieu (Sikkema and Brubaker, 1987). In vivo, Pgm mutants are rapidly 
cleared from the liver and spleen, whereas Pgm+ bacteria persist (Une and 
Brubaker, 1984).

Auxotrophic mutants lacking the ability to synthesize purines have bee., 
found in all three Yersinia species and are avirulent (Burrows, 1962; 
Straley and Brubaker, 1982). Purines are of limited availability in 
tissues and the chromosomal mutation thus impairs growth of Yersiniae in 
the host (Burrows, 1962: Straley and Harmon, 1984a). Reduced virulence of 
purine auxotrophs of other pathogenic bacteria has also been found 
(reviewed by Stocker and Mäkelä, 1986).

The capsule produced by Y. pestis at 37°C, called fraction 1 (Fl), is a 
glycoprotein (Bennett and Tornabene, 1974) which confers resistance to 
phagocytosis by PMNs and monocytes. Fresh isolates of Y. pestis from 
patients or rats are almost always encapsulated, but the importance of Fl 
in virulence is not clear. It has been suggested that the 65 Mdal plasmid 
also carries the genetic information for Fi (Protsenko et al., 1983). 
Strains unable to produce Fl are still virulent for mice but show a 
reduced virulence for guinea pigs (Burrows, 1962). Antibodies to fraction 
1 have been shown to give protective immunity against Y. pestis infection 
(Brubaker, 1972).
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9 Bacterial surface components in pathogenicity

Surface components are important parts of the pathogenic equipment of 
bacteria for resisting host defences. The virulence plasmid of Yersinia 
mediates drastic changes to the outer membrane and also causes the re
lease of proteins.

Gram-negative bacteria are surrounded by a cell envelope consisting of an 
inner, or cytoplasmic, membrane and an outer membrane. Between the two 
membranes are the peptidoglycan layer and the periplasmic space. The 
cytoplasmic membrane plays a major role in active transport, whereas the 
outer membrane has a protective function and interacts with the environ
ment. The main consitutents of the outer membrane are phospholipid, lipo- 
polysaccharide and protein (Lugtenberg and Van Alpen, 1983). Anchored in 
the outer membrane are polymeric structures such as pili (fimbriae) and 
flagella.

Adhesion to host cell surfaces is mediated by a group of surface proteins 
known as adhesins. Several different fimbrial adhesins showing different 
host-cell specificity are expressed by enteropathogenic E. coli (reviewed 
by Gaastra and deGraaf, 1982). Uropathogenic E. coli expressing Pap pili 
have the adhesin located at the tip of the pilus structure (Lindberg et 
al., 1987). Pili mediating adherence are also produced by several other 
pathogenic bacteria, among them Neisseria gonorrhoeae (Swanson et al., 
1973). Piliation of Y. enterocolitica and Y. pseudotuberculosis has been 
observed but has not been correlated to virulence (MacLagan and Old, 
1980; Skurnik et al., 1984).

In order to escape the antibody response some pathogenic bacteria have 
the ability to change surface antigens. Such antigenic variation occurs 
during infection with the spirochete Borrelia, the causative organism of 
relapsing fever (Barbour and Hayes, 1986). New antigenic variants appear 
by transposition of gene from a silent storage locus to an expression 
site on a linear plasmid (Plasterk et al., 1985).

In addition to pili, N. gonorrhoeae expresses an outer membrane protein, 
the opacity protein or protein II, that is involved in adhesion. Both the 
pilus protein and protein II are subject to antigenic variation and phase 
variation. Phase variation refers to the ability to rapidly switch a 
property either on or off. The antigenic and phase variation of these two
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proteins are controlled by a mechanism termed gene conversion. The pilin 
gene is rearranged by homologous recombination of gene blocks from silent 
storage sites to an expression site where the gene is transcribed 
(Hagblom et al., 1985; Swanson et al., 1986). Expression of the opacity 
protein is determined by the addition to or removal of a small coding 
repeat fragment from the transcribed genes, thus creating an effect at 
the level of translation (Stern et al., 1986). A similar mechanism has 
also been found in other Neisseria species (Stern and Meyer, 1987). 
Antigenic and phase variation involving chromosomal rearrangements, have 
also been shown for Neisseria meningitidis pili (Perry et al., 1987).

Bordetella pertussis may undergo variation from virulence to avirulenee 
and vice versa. Studies of this phase variation indicates that a single 
region controls the switch (Weiss and Falkow, 1984).

The lipopolysaccharide (LPS) portion of the outer membrane may also 
promote virulence. LPS consists of lipid A, a core region and variable 0- 
antigen side chains. The O-antigen constitutes a virulence determinant in 
enteropathogenic Salmonella and Shigella species. Rough mutants of Salmo
nella lacking O-antigen side chains are avirulent but the quality of t̂  
O-antigen also influences the virulence (Mäkelä et al., 1973). The 0- 
antigen polysaccharides are involved in the ability of the bacteria to 
activate the alternative complement pathway and, thus, the uptake of the 
bacteria by macrophages (Grossman and Leive, 1984; Liang-Takasaki, 1982,
1983; Saxén et al., 1987).

Presence of the Shigella O-antigen is necessary for the invasive property 
as measured by the Serény test (Binns et al., 1985). Although most LPS 
biosynthesis genes are located on the chromosome, the 120 Mdal plasmid of 
Shigella sonnei contains the genes necessary for the O-antigen synthesis
(Kopecko et al., 1980). These genes are genetically separate from the
invasive functions encoded by the plasmid (Kopecko et al., 1985). A 
6 Mdal plasmid involved in O-antigen synthesis has been found in Shigella 
dysenteriae I (Watanabe and Timmis, 1984; Watanabe et al., 1984).

There exists no published evidence that the LPS of Yersinia affects 
virulence. Y. pestis appears as rough colonies (i.e., lacking the 0- 
antigen) at both 26°C and 37°C (Darveau et al., 1983). Y. enterocolitica
also lacks the O-antigen at 37°C, but it is present at 26°C (Kawaoka et
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al., 1983), while Y. pseudotuberculosis has short O-antigen side chains 
at 26°C (Samuelsson, 1977).

Capsular substances covering the surface of bacteria have been associated 
with virulence (Kasper, 1986). For example, polysaccharide capsules that 
enhance virulence are produced by certain strains of E. coli (Kl) (Cross 
et al., 1986), Haemephilus influenzae (Zwahlen et al., 1983), and
Neisseria meningitidis (Masson et al., 1982).

Proteins located on the surface have to be transported across the cyto
plasmic and the outer membrane. For E. coli, proteins located in compart
ments outside the cytoplasmic membrane are usually synthesized as precur
sors with an amino terminal signal peptide. To mediate transport of these 
proteins, the signal peptide interacts with the export apparatus and is 
later removed during transport through the cytoplasmic membrane (reviewed 
by Bankaitis et al., 1987). The final location of the protein seems not 
to be determined by the signal peptide (Silhavy et al., 1983). Several 
genetic loci involved in protein secretion have been identified in 
E. coli (Pugsley and Schwartz, 1985).

Certain virulence factors such as toxins, hemolysins or other enzymes 
involved in pathogenesis of bacteria, are excreted to the environment. In 
some cases these excreted virulence factors have been shown to be trans
ported by specific mechanisms. The hemolysin of E. coli is known to be a 
virulence factor (Welch et al., 1981) and is excreted without having a 
signal peptide (Felmlee et al., 1985). It is encoded by an operon which 
includes genes necessary for secretion (reviewed by Mackman et al.,
1986); the C-terminal part of the hemolysin molecule has been shown to be 
essential for secretion (Gray et al., 1986).

The precursor molecule of the IgA protease of N. gonorrhoeae has been 
shown to contain all functions necessary for secretion. This includes the 
signal peptide for transport across the cytoplasmic membrane, a ”helper" 
domain which forms a pore through the outer membrane and a protelytic 
activity required to release the mature IgA protease to the exterior 
(Pohlner et al., 1987).
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10 Regulation of virulence genes

That environmental factors influence the expression of virulence determi
nants is a feature common to pathogenic bacteria. The invasive phenotype 
of Shigella species is expressed at 37°C but not at 30°C (Maurelli et 
al., 1984,1985) and temperature regulation of a virulence-associated 
transcriptional unit of the 140 Mdal virulence plasmid of S. flexneri has 
been demonstrated (Maurelli and Curtiss, 1984). Transcriptional regu
lation by temperature has also been shown for Pap pili, the K99 fimbriae 
genes and the 469-3 fimbriae of E. coli (Göransson and Uhlin, 1984; 
Roosendaal et al., 1986; Williams and Hinson, 1987).

Nutrients present in the growth medium may also serve as regulatory 
signals. The concentration of the amino acid alanine has been shown to 
influence the production of the K88 and K99 fimbriae (Gaastra and 
deGraaf, 1982). The Pap pili and the ST-toxin of E. coli are only ex
pressed under conditions of low glucose concentration, i.e. their regu
lation is under catabolite repression (Båga et al., 1985; Mekalanos, 
1985). In the case of Pap pili, the catabolite repressor protein acts 
together with two positive regulators to determine transcriptional ef
ficiency (Båga et al., 1985).

Diphtheria toxin production occurs under iron-limiting conditions which 
effects the transcription of the gene (Leong and Murphy, 1985). Ex
pression of the functionally related Pseudomonas exotoxin is also regu
lated by iron (Bjorn et al., 1978).

The production of Vibrio cholerae toxin is influenced by multiple factors 
(reviewed by Mekalanos, 1985). A regulatory gene encoding the transcrip
tional activator toxR which controls expression of the cholera toxin, 
pilus and outer membranes, has been identified. The toxR protein is a 
transmembrane protein that binds to the promoter region of the cholera 
toxin gene (Miller et al., 1987). Similarily, most virulence genes of 
Bordetella pertussis are regulated by a positive activator function 
(Weiss and Falkow, 1984). The temperature control of the expression of 
invasion plasmid antigens of Shigella flexneri has been proposed to work 
in much the same way (Buysse et al., 1987).

The Ca^+-region of the Yersinia virulence plasmid controls the expression 
of the V-antigen and the YOPs. The genetic organization of this region
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has been analyzed by Mu dl(lac) or mini-Mu(lac) insertions and transcrip
tional units have been identified by measuring the ß-galactosidase ac
tivity of the gene fusions. These results are summarized in Fig. 10.1. It 
was found that the transcription of these gene fusions was only affected 
by temperature, i.e. transcription increased at 37°C independent of Ca^+- 
concentration (Cornelis et al., 1986,1987a; Goguen et al., 1984; Yother 
et al., 1986). One of the loci identified, lcrE, resulted in a Ca^+-blind 
phenotype upon mutation (Yother and Goguen, 1985). Such a phenotype is 
similar to the temperature-sensitive phenotype obtained by insertions 
just outside the Ca^+-region (Cornelis et al., 1986), i.e. both types are 
unable to grow at 37°C irrespective of Ca2+-concentration. Similar 
mutants have also been observed when transposon mutagenized virulence 
plasmids have been analyzed (Balligand, 1985; Wolf-Watz et al., 1985). 
Studies of ß-lactamase production under the control of the YOP5 promoter 
in strains with different insertions outside and in the Ca^+-region 
(lower part, Fig. 2), have facilitated the identification of repressor 
and activator functions (Forsberg and Wolf-Watz, 1987). Repressor-nega
tive mutations were found to be located outside the Ca^+-region and 
resulted in the temperature sensitive phenotype. One of these mutations 
was located in the structural gene for the V-antigen. Furthermore, 
several different loci in the Ca^+-region were found to control the level 
of repressors. In addition to the control functions of the Ca^+-region 
and adjacent regions, the expression of the YOPs and the V-antigen is 
also dependent on unidentified chromosomal genes (Forsberg and Wolf-Watz, 
1987; Heesemann et al., 1984; paper III).
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Figure 10.1. Sumipary of results obtained from studies of Ca +-region 
mutants. The Ca -region is shown as double lines with numbers indicating 
the BamHI-fragments of pIBl shown in Fig 1. Arrows in the upper parts of 
the figure indicates transcriptional units determined by lac-gene fusions 
by the research groups denoted to the right. The lower part indicates the 
position of insertions (ma^çly Tn5) obtained b^+Wolf-Watz et al. The 
resulting phenotypes (CD = Ca -dependent, Cl = Ca -independent, ts = 
temperature-sensitive) are indicated horizontally. The bars indicate the 
position of gene products with their respective designations identified 
in this thesis and unpublished results (62 kdal protein).
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AIMS OF TOE THESIS

The lethal infection of mice by Y. pseudotube rcuiosi s III offers a con
venient model system for the study of pathogenicity and permits the
strict definition of virulence i.e. death of the experimental animals. I 
wanted to use this model infectious system to:

identify gene products encoded by the virulence plasmid of 
Y. pseudotuberculosis,

determine their genetic location, expression, and, if possible, 
to construct specific mutations in the genes,

determine the roles of the various gene products in the infec
tious process using the model system to evaluate virulence,

conpare the results obtained for Y. pseudotuberculosis with
Y. pestis and Y. enterocolitica.
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RESULTS AND DISCUSSION

1 Invasion of epithelial cells is a chromosomally-encoded property

When the work presented in this thesis was initiated, several papers had 
just been published reporting the presence of large plasmids in 
Y. enterocolitica, Y. pseudotubercuiosis and Y. pestis. These plasmids 
correlated with virulence and the classical virulence determinants, Ca^+- 
dependence and the VW-antigens of Y. pestis (see section 8.1). Further
more, the tissue invasive property of Yersinia was well-known and also 
shown to be mediated by these plasmids (see section 7).

Therefore, we asked if the adherence of Y. pseudotuberculosis to epi
thelial cells was part of the plasmid-mediated tissue invasiveness as 
measured by the Serény test. Earlier work had shown that the adherence to 
and invasion of HeLa cells by Y. pseudotuberculosis could be separated by 
allowing the adherence step to take place at 4°C (Brunius and Bölin,
1983). At this temperature the subsequent engulfment of the bacteria is 
nrevented, however, if the temperature is raised to 37°C the bacteria are 
rapidly taken up by the cells. The adherence of Y. pseudotuberculosis 
serotype III (Gemski et al., 1980b) and its plasmid-free derivative were 
assayed by this method and were found to adhere equally well regardless 
of plasmid content (paper I, table 1). The growth temperature of the 
bacterial cultures was shown to influence the adherence. Growth at 37°C 
in the presence of 5 raM Ca^+ (to prevent loss of the plasmid) drastically 
impaired the adherence of both the plasmid containing and plasmid-free 
strains as compared to growth at 26°C. Similar results have been obtained 
with Y. enterocolitica (Martinez, 1983). The growth conditions also had 
an effect on the course of infection in mice, i.e. the mice infected with 
bacteria pregrown at 37°C lived longer (paper I, Fig. 2). Thus, the state 
of the bacteria was important in initiating infection by the oral route. 
One could speculate that this temperature effect is a reflection of how 
bacteria, that are exposed to low temperature in the environment, might 
be expressing cell surface components favourable for initiation of infec
tion by the oral route. However, it was concluded that the adherence to 
HeLa cells was not a virulence plasmid-encoded property and therefore we 
did not pursue the investigation of its eventual role in pathogenesis.
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The uptake of Y. enterocolitica into epithelial cells has also been shown 
to be independent of the virulence plasmid (Portnoy et al., 1981; 
Schiemann and Devenish, 1982; Vesikari et al., 1983). Studies by Isberg 
and Falkow (1985) established the chromosomal location of the epithelial 
cell invasive property by cloning the inv locus from the chromosome of 
Y. pseudotuberculosis III. The cloned fragment of 4.6 kb was shown to 
encode a polypeptide of 103,000 molecular weight. When introduced into 
E. coli K12, the cloned inv gene was sufficient to render the bacteria 
invasive (Isberg et al., 1987). This locus has also been cloned in our 
laboratory. Plasmid-containing Y. pseudotuberculosis which are defective 
for invasion, Inv”, showed the same LD^q values as the wild-type strain 
when tested for virulence by the oral and i.p. routes, but the incubation 
period was prolonged after oral administration (R. Rosqvist, personal 
communication). This indicated that the inv locus may play a role in 
enabling a more efficient initiation of infection in the intestine by 
Y. pseudotuberculosis and Y. enterocolitica. However, Y. pestis rapidly 
penetrates the intestinal mucosa (Butler et al., 1982) in spite of being 
Inv” (R. Rosqvist, personal communication) showing that invasion of 
epithelial cells is not a prerequisite in the disease process.

2 Expression and genetic localization of the temperature-inducible
protein 1 (YOPl)

Surface structures are important in host-parasite interactions. This 
fact, together with the observed temperature effect on adherence as well 
as other temperature effects on Yersinia, prompted us to investigate 
outer membrane changes with respect to temperature.

A minimal medium was chosen for these experiments to give defined con
ditions and to ensure minimal variation. Analysis of the outer membrane 
of an isogenic pair of Y. pseudotuberculosis III, grown at 26°C and 37°C, 
identified a high-molecular weight protein with an estimated molecular 
weight of 140,000. This protein (denoted protein 1, and later YOPl) was 
only expressed by the plasmid-containing strain, and Ca^+ had no effect 
on the expression (paper I, Fig. 3). The protein was produced in small 
quantities at 26°C, but after the temperature-shift to 37°C rapidly 
increased its synthesis (paper I, Fig. 4).
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As this protein had not been described earlier, we compared different 
methods of outer membrane preparation and the influence of different 
growth media, on the recovery of protein 1. It was found that only the 
growth medium had an effect on the amount of protein 1 seen in the gels 
(paper I, Fig. 5).

The synthesis of protein 1 (YOPl) was repressed in rich medium, whereas 
minimal medium favoured its expression (paper I, Figs. 5 and 6). Tissue 
culture medium used for the autoagglutination test has been shown to 
further enhance the expression of YOPl (Heesemann, 1986; Skurnik et al.,
1984). The component of the medium responsible for this effect is not 
known.

YOPl was only seen in the plasmid-containing strain YPIII(pIBl); this was 
also the case when plasmid-free and plasmid-bearing strains of Y. entero- 
colitica were examined. A similar high molecuiar-weight protein, induced 
at 37°C, was seen in these plasmid-containing strains (paper I, Fig. 6).

The results obtained in paper I strongly suggested that YOPl was plasmid- 
encoded. This was verified in paper II by three lines of evidence.

In our first experiments, a cosmid bank of the Y. pseudo tube r cul os i s
plasmid pIBl was constructed and analyzed in E. coli for expression of
temperature-inducible outer membrane proteins. One clone carrying the
plasmid pBW8 (paper II, Fig. 7) was found to express a novel temperature-
inducible protein with a molecular weight corresponding to YOPl (paper *II, Fig. 4) . This protein reacted with anti-YOPl antiserum in imrauno- 
blotting experiments (paper II, Fig. 6). The antiserum we employed was 
raised against purified YOPl excised from KCl-stained gels. The purified 
protein was also used to determine the amino terminal amino acid se
quence .

The expression of YOPl in E. coli was not stable, however, this could not 
be attributable to the instability of the hybrid-plasmid. YOPl was later 
shown to be a polymeric structure consisting of 47-52 kdal subunits 
(Skurnik et al., 1984; Zaleska et al., 1983). Taking this into account,

* Please note that in paper II the pictures of figs. 2 and 3 are mixed 
up with the pictures of figs. 4 and 6, respectively. When referring to 
these figures, I will use the number of the figure containing the appro
priate picture.
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the instability of YOPl expression in E. coli could be due to impaired 
secretion or polymerization of the YOPl subunits.

Secondly, a set of synthetic oligonucleotides based on the DNA sequences 
deduced from the amino acid sequence were used as probes in Southern 
blotting experiments (paper II, Fig. 5). One probe hybridized to the 
BamHI fragment 10 (1.6 kb) of pIBl (paper II, Figs. 3 and 7). This frag
ment was also present in the YOPl-positive clone. Therefore, it was
concluded that at least the amino terminal end of the structural gene was 
located on BamHI fragment 10 of pIBl. The third piece of evidence for the 
genetic localisation of YOPl was obtained from analysing the Tn5 inser
tions in pIBl.

In the course of studying Yersinia virulence determinants, different 
approaches have been used to introduce insertion mutations into the 
virulence plasmid and to enable transfer of this large plasmid between 
strains. The phage Pi has been used to introduce the transposon Tn5 
(Portnoy et al) and phage Mu dl(Aplac) (Goguen et al., 1984) into
Yersinia. This phage has a broad host range and can infect Yersinia 
(Portnoy and Martinez, 1985). Pi has also been used to transfer virulence 
plasmid derivatives to Y. pestis and Y. pseudotuberculosis strains. In 
studies of Y. enterocolitica, mobilizable cointegrates between the 
Y. enterocolitica plasmid and a conjugative plasmid have been used to 
manipulate and transfer the virulence plasmid (Bailigand et al., 1985; 
Heesemann and Laufs, 1983; Heesemann et al., 1984).

Both Ca^+-dependent and independent Tn5 insertions of pIBl were screened 
for expression of YOPl. YOPl-negative mutants were found to have Tn5 
inserted into BamHI-fragment 10, independent of Ca^+-response (paper II, 
Fig. 1), in agreement with the results presented above. A Ca^+-dependent, 
YOPl-negative Tn5 insertional mutant YPIII(pIBl02) was tested for viru
lence in mice and was, to our disappointment, avirulent (paper II, table
2). Thus, the YOPl gene seems to be dispensable for virulence.

In paper V, the genetic location of the YOPl structural gene (yopA) was 
determined and accurately mapped on the virulence plasmids pYV019 and 
pYV8081 of Y. pestis and Y. enterocolitica, respectively. The YOPl gene 
on pYV8081 was found at a similar position to that on pIBl, relative the 
Ca^+-region. However, the two genes showed differences in their restric
tion enzyme patterns. No differences were observed between for the cloned
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YOPl genes of pYV019 and pIBl, although the cloned yopA gene from 
Y. pestis did not express YOPl (paper V). The inability of Y. pestis EV76 
to express YOPl is due to a point mutation which creates a stop codon 
early in the gene (M. Skurnik, personal communication). These data 
further support our conclusion that YOPl is not a virulence determinant.

The avirulence of the YOPl mutant forced me to reconsider the purpose of 
this work. After discussions, we made the decision to adhere to our 
initial goal - to identify virulence determinants and, as a consequence, 
abandon the examination of YOPl.

Nevertheless, the YOPl protein has been further investigated by others. 
The YOPl negative strain YPIII(pIBl02) was included in studies of the 
autoagglutination phenomenon of Y. pseudotuberculosis and Y. enterocol- 
itica (Skurnik et al., 1984), and was found to be autoagglutination- 
negative. Furthermore, plasmid-containing strains of these two species 
have been shown to express (at 37°C) fibrillar structures on their sur
face (Kapperud et al., 1985; Lachica et al., 1984; Zaleska et al., 1985). 
The appearance of these structures was directly related to the production 
of YOPl, and were found to mediate autoagglutination and mannose-resist- 
ant hemagglutination of guinea pig erythrocytes (Kapperud and Lassen, 
1983; Kapperud et al., 1985,1987; Zaleska et al., 1985). The YOPl protein 
has also been shown to be important for the serum resistance of 
Y. enterocolitica. Autoagglutination-negative, serum sensitive mutants 
were complemented to wild-type phenotypes with the cloned YOPl gene. 
However, YOPl alone was not sufficient to make plasmid-free Y. enterocol
itica serum-resistant and the virulence of the serum-resistant mutants 
were not tested in experimental animals (Balligand et al., 1985) .

Bacteria expressing YOPl have a hydrophobic surface (Lachica et al.,
1984) and adhere to glass and cell surfaces (Heesemann and Grüter, 1987). 
The adherence property mediated by YOPl seems to interfere with the 
invasive phenotype, because an invasive, plasmid-free strain of 
Y. enterocolitica 0:9 became cell-adherent but non-invasive, when a 
plasmid containing the YOPl gene was introduced (Heesemann and Grüter,
1987).

My conclusion from these data is that the YOPl fibrillar structures 
increase the bacterial surface hydrophobicity giving the cells an un
specific adherence. So far no evidence have been presented which is
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contradictory to our view that YOPl is not a virulence determinant. 
However, this protein may be of importance for the virulence of Y. 
enterocolitica (Kapperud et al., 1987).

3 In vivo expression of YOPs

We turned our interest to the outer membrane proteins which had been 
shown to be encoded by the virulence plasmids of Y. pseudotuberculosis 
an<3 enterocolitica (Portnoy et al., 1981,1984). These proteins were 
expressed under conditions known to induce the low Ca^+-response and 
synthesis of the V-antigen, and thus correlated with the expression 
virulence (Brubaker, 1983). To begin our study of these proteins, we 
wanted to determine if they were expressed during infection as would be 
expected of virulence determinants.

These inducible proteins were not detected in Y. pestis strains contain
ing the virulence plasmid (Darveau et al., 1980; Portnoy et al., 1984; 
Straley and Brubaker, 1981; paper III). However, miniceli analysis of 
plasmid-encoded products showed that the virulence plasmids of all three 
species encoded more than 20 polypeptides and that the polypeptides 
encoded by the Y. pestis and Y. pseudotuberculosis III plasmids were 
almost identical (Portnoy et al., 1984). When transferred to a plasmid-
free strain of Y. pseudotuberculosis, the Y. pestis plasmid conferred the

24-ability to express the outer membrane proteins under Ca -deficient 
conditions, showing that this plasmid contained functional genes (Wolf- 
Watz et al., 1985), The inability of Y. pestis to express these proteins 
was puzzling. One possible explanation was that Y. pestis had some defect 
in the chromosomal genes involved in the Ca^f-response, since we had 
observed that chromosomal mutations could make Y. pseudotuberculosis 
Caz+-independent and unable to express the proteins we referred to as 
YOPs (paper III, Fig. 3). However, if these proteins were important for 
virulence, Y. pestis would be expected to express them, at least in vivo. 
We addressed these questions in paper III and obtained data indicating 
that all three strains had the ability to express these proteins in vivo 
when sera from different sources were analyzed for antibody response 
towards the YOPs.
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A number of sera from clinically significant cases of Y. enterocolitica 
infection were screened by immunoblotting. The response towards indi
vidual YOPs varied from case to case but antibodies reacting with each 
YOP were detected in the material, indicating that they were synthesized 
in vivo. Specific antibodies against these proteins in convalescent sera 
were also detected in studies by Martinez (1983). Conclusive evidence was 
obtained in one case showing that the immune response towards the YOPs 
was induced as a result of the infection. This was seen in immunoblot 
experiments using three sequential serum samples from one individual. 
These sera showed an increased titer against the YOPs with time, most 
predominant for Y0P4. In these experiments, outer membranes from both 
Y. enterocolitica and Y. pseudotuberculosis were used as antigens and the 
yersiniosis antisera reacted equally well with both (paper III, Fig. 4). 
This showed that the YOPs produced by the two species are immunologically 
related.

Since Y. pestis did not express the YOPs we could not use homologous 
antigens in analysis of anti-YOP antibodies in Y. pestis infections. One 
of two serum samples from patients recovering from plague contained 
antibodies specific for Y0P4 and Y0P5, in addition to antibodies directed 
against antigens shared by the plasmid-free and plasmid-containing strain 
of Y. pseudotuberculosis, (paper III, Fig. 6). Y0P4 and 5 of Y. pseudo
tuberculosis were also recognized by a plague antiserum in studies by 
Mazza et al. (1985). Our reserve of human plague antisera was too small 
to permit any conclusion, but serum from a mouse surviving Y. pestis 
infection (paper III, Fig. 7) substantiated the notion the Y. pestis does 
have the ability to express YOPs (except YOPl) in the host.

The in vivo expression of YOPs by Y. pseudo tube r cul os i s was also studied 
in the mouse model. Orally infected mice showed a strong response towards 
plasmid-encoded antigens (paper III, Fig. 5). Thus, all the three patho
genic strains of Yersinia were synthesizing the YOPs in vivo. Whether 
this is due to induction in an intracellular environment with low Ca^+- 
concentration, as has been suggested (Brubaker, 1979), remains to be 
investigated. However, strains of Y. enterocolitica and Y. pestis, grown 
in capsules intraperitoneally, have been shown to express some of the 
plasmid-encoded proteins in this Ca^+-containing environment (Skurnik,
1985). This indicates that the YOPs may be expressed in an extracellular 
milieu.
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A strong antibody response is seen in yersiniosis patients that could, at 
least in part, be due to anti-YOP antibodies produced. The importance of 
these antibodies in the elimination of infection remains to be deter
mined. However, we achieved our aim to show that the YOPs were expressed 
in vivo, thus implicating them as possible virulence determinants; most 
importantly, we were able to prove that Y. pestis did express YOPs.

4 In vitro expression of YOP2-YOP5

In addition to the in vivo expression data, further evidence for the 
importance of YOPs in virulence was obtained. Ca2+-independent strains of 
Yersinia are avirulent and when analyzed for the production of YOPs 
(hereafter used to indicate YOP2,3,4 and 5), we found that these strains 
did not express YOPs (paper III). This observation was not related to a 
specific type of mutant, since these were strains containing Tn5-deriva- 
tives of plBl, as well as spontaneous rifampin-resistant mutants which 
retained the plasmid and were found to be Ca2+-independent. The aviru- 
lence of the rifampin-resistant strains indicated that chromosomal genes 
were involved in pathogenicity; since such mutants are known to be al
tered in the RNA-polymerase, factors interacting with this enzyme could
be one part of the regulatory machinery.

Furthermore, Ca2+-independent transductants of Y. pseudotuberculosis 
carrying Tn5 derivatives of the Y. pestis plasmid pYV019 did not express 
the YOPs (Wolf-Watz et al., 1985). We did, however, find one exceptional 
strain that, although Ca2+-independent, did express the YOPs and was 
virulent. These results showed that the ability to produce YOPs was 
strictly correlated to virulence and could be separated from the Ca2+- 
dependence. Cytotoxicity of virulent strains of Y. pseudotuberculosis has 
also been shown to require expression of YOPs (Rosqvist and Wolf-Watz,
1986).

We wanted to gain more information on the regulation of expression of 
these proteins and on the relationship between the YOPs produced by 
Y. pseudotuberculosis, Y. enterocolitica and Y. pestis.

In our initial studies, the YOPs were found to be the dominant proteins
in the outer membrane of stationary phase Y. pseudotuberculosis grown at 
37°C in a rich medium without Ca2+ (paper III, Figs. 1 and 2). They were
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not detected in the outer membranes of bacteria grown in a Ca^+-deficient 
minimal medium at 37 °C, but pulse-labelling experiments showed that they 
were, in fact, produced (paper III, Fig. 2).

However, it was found that these proteins could be detected early after 
the temperature-shift and also in the growth medium. Heesemann et al. 
(1984) reported that Y. enterocolitica released proteins to the culture 
medium when grown under conditions inducing the low calcium response. 
Such released proteins were also detected in culture supernatant fluids 
from Y. pseudotuberculosis and Y. pestis (Wolf-Watz et al., 1986). We 
observed that the proteins released by Y. pestis were subject to degra
dation, as breakdown products were seen in the protein gels. It was 
suggested that this might explain the inability to recover these proteins 
from the outer membranes of Y. pestis, especially since the membrane 
preparations analysed earlier were from stationary phase cultures (Wolf- 
Watz et al., 1986). Recently, it was shown that the proteolytic activity 
seen in Y. pestis was abolished when strains were cured of the small 
pesticin plasmid and in such strains the YOPs are easily detected (Sample 
et al., 1987). The enzymes (fibrinolysin) encoded by this plasmid are 
likely to be responsible for this degradation. However, it must be con
cluded that all three pathogenic Yersinia species have the ability to 
express the YOPs both in vivo and in vitro.

The excretion of the YOPs in large amounts into the growth medium enabled 
us to obtain a specific anti-YOP antiserum by injecting into rabbits 
precipitated supernatant fluid proteins from a Ca^+-restricted Y. pseudo
tuberculosis culture. We also obtained antiserum against individual YOPs 
by excising the appropriate protein bands from polyacrylamide gels and 
using them as antigens; this technique was analogous to the method used 
for YOPl. Using our antisera, we compared released and outer membrane 
proteins from the three Yersinia species obtained four hours after a 
temperature-shift to 37°C in the Ca^+-depleted medium (paper IV and V). 
The results from these immunoblottings showed that all three strains 
produced proteins with similar molecular weights that could be detected 
both in the outer membrane and in the extracellular fraction and that 
reacted with the antisera to similar extent. The V-antigen was also 
detected in the growth medium (Fig. 4.1). Minor differences in molecular 
weight were observed for some of the Y. enterocolitica proteins (paper V, 
table 2).
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Figure 4.1. Immunoblottings of released proteins and membrane proteins 
using, A, anti-YOP antiserum; B, anti-Y0P3 antiserum and C, anti-V anti
serum. Lanes: 1, released proteins from Y. enterocolitica 8081; 2, re
leased proteins from Y. pestis EV76; 3, released proteins from Y. pseudo
tuberculosis YPIII(plBl); 4, whole membranes from Y. enterocolitica 8061; 
5, whole membranes from Y. pesti s 6, whole membranes From Y.§seudotuberculosis YPIII(pIBl); Mw, X-labeled molecular weight stan- 
ard. Arrows indicate position of YOP2, Y0P3 V-antigen, Y0P4 and Y0P5.

The YOPs were also found in the outer membrane of Yersinia grown at 37°C 
in a Ca2+-containing medium (paper IV, Fig. 2; paper V, Fig. 3). Under 
these conditions, the YOPs were made in substantially reduced amounts and 
only detected in immunoblotting experiments using anti YOP-antiserum.

35Synthesis of the YOPs was analyzed by S-methionine labelling the pro
teins 30 minutes after shift to 37°C in the Ca2+-deficient medium. The 
majority of the label was incorporated into the YOPs found in the outer 
membrane and culture supernatant fluids (paper IV, Fig. 1). Ca2+-restric- 
ted Y. pestis has been shown to have a reduced rate of protein synthesis 
(Zahorchak et al., 1979) and an altered ratio of mRNA to rRNA and tRNA, 
so that mRNA is the predominant species (Charnetzky and Brubaker, 1982). 
This indicates that, in spite of the overall decrease in protein 
synthesis, the synthesis of the YOPs is specifically increased.

Another striking feature of Ca2+-restricted Y. pseudotuberculosis was 
seen when released and outer membrane proteins were analyzed at different 
timepoints after the shift to 37°C. The YOPs first appeared in the growth
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medium and then in the outer membrane (paper IV, Fig. 3). The reason why 
these proteins are released before being inserted into the outer membrane 
is unknown. In my view, the YOPs may mediate or induce some specific 
export process and that the outer membrane has to be "remodeled" in order 
to retain these proteins. This process may involve some of the YOPs. 
However, there is no evidence to support this hypothesis. This feature is 
specific for the YOP2-5 and the V-antigen, as no other proteins were seen 
in the medium. Y. pseudotuberculosis grown in the Ca2+-deficient medium 
used in this study do not express YOPl. In other media (i.e. BHl ) YOPl 
and YOP2-5 may be detected simultaneously. Under such conditions YOP2-5 
are excreted whereas YOPl is only detected in the outer membrane. 
Furthermore, the released proteins were found to be free of LPS and no 
change was seen in the cellular distribution of other proteins (Heesemann 
et al., 1986, paper IV). Thus, the occurrence of the YOPs in the medium 
is most likely not due to cell lysis or outer membrane disintegration.

Exported proteins are usually synthesized as precursors which are pro
cessed during secretion. This has not been observed in our studies of the 
YOPs, with the exception of YOP3. The latter protein seemed to be par
tially processed in the released form and was found to have a lower 
molecular weight in the outer membrane (paper IV, Fig. 2; paper V, Fig. 
2). This protein was also present in lower amounts than the other YOPs. 
We have suggested that YOP3 may be co-secreted with the other YOPs and, 
therefore, only partially processed, whereas the properly processed 
molecules are retained within the outer membrane. This could also explain 
why the predominantly cytoplasmic/periplasmic V-antigen can be detected 
in the growth medium. In the case of YOP5, a comparison of the amino 
acids in the amino terminal of the released form of the protein with the 
DNA-sequence of the structural gene revealed that a potential signal 
peptide had not been removed in the released protein (Forsberg and Wolf- 
Watz, 1987).

The released YOPs of Y. pseudotuberculosis were also analyzed by two- 
dimensional gel electrophoresis (2D-gels). These experiments were per
formed because preliminary data (see section 5) indicated the presence of 
two genes encoding proteins that corresponded to YOP4. It was found that 
YOP2 could be resolved into two proteins, one acidic and one basic pro
tein denoted YOP2a and 2b, respectively. The existence of two YOP4 
proteins was also verified. YOP4a was more abundant than YOP4b (paper IV, 
Fig. 4 and paper V). Thus, in addition to the V-antigen, YOP2a and b,
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Y0P3, Y0P4a and b, Y0P5, and small amounts of an earlier undetected 
protein were seen in these 2D-gels. The same pattern was seen in 2D-gels 
of released YOPs from Y. enterocolitica showing that the individual 
proteins had similar isoelectric points (paper V).

5 The genetic localization of the yop genes

The Tn5 mutants we obtained that affected the expression of YOPs, were 
expressed either all or none of the YOPs. This promted us to identify and 
map the positions of the YOP structural genes on the virulence plasmid 
pIBl of Y. pseudotuberculosis, in order to construct specific mutations 
in each YOP gene. A bank of BamHl fragments of pIBl cloned into pBR322 
contained in a minicell-producing strain of E. coli, was screened for 
clones expressing polypeptides with molecular weights similar to the 
YOPs. In this way, several clones were chosen for further examination, 
firstly, by immunoprécipitation with antiserum towards released YOPs and 
secondly, with antiserum directed towards the individual YOPs. The latter 
step did not distinguish between Y0P2a and 2b or Y0P4a and 4b.

Four hybrid-plasmids were shown to encode polypeptides which could be 
immunoprecipitated. These were identified as YOP2b, Y0P3, Y0P4a, Y0P4b 
and Y0P5. Using the same procedure with V-antiserum, one of these plas
mids was also shown to carry the gene for the V-antigen (paper IV, Fig. 
6). Subcloning experiments and analysis of the position of the subcloned 
fragments on pIBl, revealed that only the Y0P4b gene was located in the 
Ca^+-region. Furthermore, the structural genes of Y0P3, Y0P4a and the V- 
antigen were localized to a common BamHI fragment positioned adjacent to 
the Ca^+-region. The Y0P2b and Y0P5 genes were well separated from each 
other and distinct from the Ca^+-region (paper IV, Fig. 7). These results 
are summarized in Fig. 5.1. For two of the genes (the YOP4a and V-antigen 
genes), it was possible to determine the direction of transcription since 
truncated peptides appeared when subclones were analyzed, indicating that 
part of the gene encoding the amino terminal was present on the cloned 
fragment (paper IV, Figs. 6 and 7). As yet, we have not succeeded in 
identifying the position of the Y0P2a gene.
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Figure 5.1. Circular BamHI map of pIBl. Enlarged are shown restriction 
enzyme maps of the fragments encoding the cloned genes indicated by black 
bars with their respective designations. Arrows indicate the direction of 
transcription. Abbreviations used for restriction enzyme are: B = BamHI, 
Bgl = Bcflll, C = clal, E = EcoRI, H » Hindlll, P = PstI.

Knowing the location of the various structural genes on pIBl made it 
possible to compare the genetic loci of the YOP and V-antigen structural 
genes on the Y. pestis and Y. enterocolitica plasmids pYV019 and pYV8081, 
respectively (paper V). Probes made from the respective YOP and V-antigen 
hybrid-plasmids, were used in Southern blotting experiments with pYV019 
and pYV8081 plasmid DNA. The location of the YOP genes on pYV019 and pIBl 
were identical as were their restriction enzyme fragments detected in the 
blottings (paper V). However, differences were seen when pYV8081 was 
analyzed. The Y0P5 gene had a totally different location on this plasmid 
being situated close the the YOP2b gene which, in turn, was found closer 
to the Ca^+-region. Moreover, the YOP2b-region of pYV8081 had no restric
tion enzyme sites in common with this region of pIBl; the region encom
passing the gene for YOP5 also showed differences in restriction enzyme 
site pattern (paper V, Fig. 1). These differences were not surprising 
since the pYV8081 plasmid showed less homology when compared to the other 
two plasmids (Portnoy et al., 1981,1984).
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To ensure that the regions of pYV8081, which hybridized to the Y0P2b and 
YOP5 probes did encode functional polypeptides, appropriate subclones of 
this plasmid were made. Clones were selected by colony hybridization and 
analyzed in minicells. It was found that proteins corresponding to Y0P5 
and Y0P2b were expressed in minicells. The pYV8081-derived clone that 
contained the Y0P2b-equivalent gene expressed a protein slightly larger 
than Y0P2b (Fig. 5.2). This molecular weight difference was also seen 
when the YOPs expressed by the wild-type Y. enterocolitica 8081 and 
Y. pseudotuberculosis YPIII(plBl) were compared. As expected, the cloned 
fragment had no restriction enzyme sites in common with the cloned YOP2b 
structural gene from pIBl.

Figure 5.2. Miniceli analysis of 
proteins encoded by 1, hybrid-plas- 
mid containing the ^2.8 kb Pstl- 
fragment of pIBl; 2, S-methiomne- 
labelled released proteins of 
Y. pseudotuberculosis indicated with 
their respective designations; 3, 
pBR322; 4, hybrid-plasmid containing 
the Clal-fragment of pYV918 and 5, 
hybrid-plasmid containing the Çlal- 
fragment of pYV8081 (paper V).

Indirect evidence for the location of some of the yop genes on the viru
lence plasmid had been obtained by other research groups using lac gene 
fusion experiments in which these genes were inactivated. Gene fusions in 

Y. pestis plasmid pCDl that resulted in regulation of (3-galactosidase 
by Ca^+ and temperature, were identified by Straley and Bowmer (1986). 
After transduction to Y. pseudotuberculosis, these fusions were analyzed 
for expression of outer membrane proteins in a Ca^+-deficient medium. In 
this way, insertions affecting the expression of yopE and yopH, which 
encode proteins having molecular weights corresponding to YOP5 and YOP2b,

1 2 3 4 5
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were identified. The positions of these inserts on pCDl were in agreement 
with the loci we had determined for the Y0P5 and Y0P2b structural genes. 
Similarity, the position of the two genes corresponding to Y0P2b and Y0P5 
were mapped on the virulence plasmid of Y. enterocolitica 0:9 (Cornelis 
et al., 1987a), supporting our finding that these genes are located close 
to each other in Y. enterocolitica. Straley and Bowmer (1986) also 
identified Ca^+-regulated insertions that affected two genes encoding 
proteins with molecular weights different from the YOPs and having plas
mid positions dissimilar to any of the genetic locations determined by 
us.

Since structural genes of Y0P3, Y0P4a and the V-antigen were found to be 
closely linked on pIBl and this region was dissected further. Miniceli 
data had revealed that presence of two additional polypeptides (18 kdal 
and 13 kdal) were specified in this region. An insertion within the 
cloned fragment containing these genes was constructed and, when analyzed 
in minicells, was found to lack the V-antigen. Furthermore, a subclone 
was shown to express a truncated V-antigen together with the 13 kdal 
protein. Our interpretation of these observations suggested that the V- 
antigen and the 13 kdal protein were not contained within the same operon 
as the genes of Y0P3, Y0P4a and the 18 kdal protein. Different probes 
from this region were used in Southern blottings to establish a detailed 
map of the corresponding regions on pYV019 and pYV8081. We concluded that 
this region was conserved in all three species. Only a few minor differ
ences were noted (paper V, Fig. 1). This region is adjacent to the con
served Ca^+-region (Goguen et al., 1984: Portnoy, 1983) and together they 
occupy almost half of the plasmid. This region of the Y. pestis plasmid 
has also been analyzed by Perry et al. (1986). These workers isolated a 
Mu dl(lac) insert that showed a strong effect of temperature and Ca2+ on 
the ß-galactosidase production and did not produce the V-antigen. When 
this Y. pestis mutant was analyzed by two-dimensional gel electrophore
sis, it was found to lack, in addition to the V-antigen, both the 13 kdal 
and 18 kdal proteins. The results of subcloning experiments of this 
region were in agreement with our observations. Their conclusion was that 
the V-antigen gene is part of an operon which included not only the gene 
for the 13 kdal but also the gene for 18 kdal protein. Our results did 
not include the 18 kdal protein. However, we obtained our data from 
miniceli experiments which may give expression of genes by transcription 
downstream of a gene inactivated by insertion of the kanamycin resistance 
gene. This is suggested to be due to read-through of the terminator of
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the kanamycin resistance gene (Arps and Winkler, 1987). Furthermore, the 
V-antigen mutant showed inactivation of transcription of all genes 
downstream, i.e. the genes encoding 48 kdal, Y0P3, and Y0P4a, when 
transferred to Y. pseudotuberculosis (unpublished results). This mutant 
is also phenotypically repressor negative and unable to grow at 37°C 
irrespective of the Ca^+- concentration (Forsberg and Wolf-Watz, 1987). 
This regulatory role of the V-antigen (or other proteins encoded by this 
region) may account for the confused picture that emerges from these 
data. We are now in the process of sequencing this region in order to 
gain an improved insight into the organisation of these genes.

The identified genetic loci for the genes of the YOPs and the V-antigen 
on the virulence plasmids suggested that, although major rearrangements 
had occurred on pYV8081, the structural genes had been maintained. This 
implies that these proteins are of vital importance to Yersinia. Intra
genic changes were especially seen in the case of the gene for YOP2b, but 
it remains to be seen whether these changes have occurred throughout the 
gene' or if they are confined to specific regions which may represent 
functional domains. Sequencing of the cloned pYV8081 gene will clarify 
these points. The Y0P4b structural gene was the only gene found in the 
Ca^+-region. The location of this gene corresponds to the mutations 
resulting in the Ca^+-blind phenotype (Yother and Goguen, 1985), suggest
ing that this gene may be involved in Ca^+-regulation. The localization 
of the other yop genes relative to the Ca2+-region suggested that they 
were, in fact, regulated by factors encoded by the Ca^+-region.

6 YOP2b is a virulence determinant

The determined genetic locus for the structural gene of Y0P2b (yopH), is 
separate from the other yop genes on pIBl and is outside the Ca^+-region. 
This indicated that yopH might represent a single transcriptional unit. 
The DNA sequence of the yopH gene was determined to verify this assump
tion. The 2.8 kb Pstl-fragment shown to encode the Y0P2b protein was used 
to clone smaller fragments into M13 vectors and the resulting templates 
were sequenced by the dideoxy chain termination method (paper VI). It was 
difficult to obtain templates in some regions of the fragment. Therefore, 
synthetic oligonucleotides were used as primers to deduce the DNA se
quence of these regions. The DNA sequence was subjected to computer 
analysis and was found to contain one large open reading frame of 1404
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nucleotides that encoded a polypeptide having a molecular weight of 50 
kdal (paper VI, Figs. 3 and 4). As no other probable gene was contained 
within the PstI-fragment, it was concluded that the open reading frame 
corresponded to the yopH gene. When the sequence outside the coding 
region was analyzed, a Shine-Dalgarno sequence and several possible 
promoters were found upstream of the gene. A sequence of dyad symmetry 
which resembled the transcriptional terminators of E. coli, was apparent 
in the DNA sequence that followed the stop codon. In order to determine 
which of the observed promoter structures would be most likely to be 
positioned close to the transcriptional startpoint, the 5'-end of mRNA 
was identified. Several attempts to determine the start of the mRNA by 
Sl-endonuclease mapping were unsuccessful. Instead, primer extension of 
mRNA from Ca^+-restricted bacteria was performed (paper VI, Fig. 5). By 
this method, the transcriptional startpoint was identified thereby indi
cating the correct promoter. The -10 region of this promoter was in good 
agreement with the consensus sequence for E. coli promoters, while the 
-35 region showed less homology (paper VI, Fig. 4). These features of the 
yopH gene supported our initial assumption that this gene was a single 
transcriptional unit.

The main purpose of our studies with the YOPs has been to determine their 
role in virulence. To this end, a mutant was constructed lacking the yopH 
gene. This was achieved by deleting the Pstl-fragment of the hybrid-plas- 
mid containing the large BamHI fragment 2 of pIBl, and replacing it with 
a kanamycin resistance gene. Thereafter, the altered BamHI fragment was 
recombined into the wild-type plasmid pIBl. All these manipulations were 
performed in E. coli since we have been unable to perform recombination 
in Y. pseudotuberculosis. The recombinant plasmid was transferred to 
Y. pseudotuberculosis by Pl-transduction. The mutant strain YPlll(pIB29) 
was tested for virulence by the intraperitoneal and oral routes of infec
tion (paper VI, table 1). It was subsequently found to be avirulent show
ing that YOP2b is of importance in the pathogenicity of Y. pseudotuber- 
culosis. Furthermore, this mutant could be trans-complemented with a 
pACYCl84 derivative containing the Pstl-fragment encompassing the yopH 
gene. The trans-complemented strain, YPlll(plB29,pYOP21), was found to be 
fully virulent after intraperitoneal injection, but less virulent than 
the wild-type strain by the oral route. My conclusion from these results 
is that YOP2b is an essential virulence determinant. The impaired viru
lence seen after oral administration of the trans-complemented strain may 
be due to the fact that the yopH gene is located on a plasmid which can
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be lost during the initial phase of the infectious process. We observed 
that 4 % of the bacteria isolated from the liver of an infected mouse had 
lost the plasmid. If this occurs in the intestine, it would result in a 
reduction of the number of virulent bacteria.

In experiments with the high copy number plasmid pBR322 containing the 
yopE promoter transformed into strain YPIII(pIBl), it was demonstrated 
that the Ca2+-regulation of the YOPs was abolished in this strain 
(Forsberg and Wolf-Watz, 1987; paper VI, Fig. 6). This is probably an 
effect of depletion of the repressor pool by binding to the cloned pro
moter region in this high copy number vector, resulting in expression of 
YOPs even with Ca2+ added. When either the pBR322 based promoter plasmid 
or the promoter-containing low copy number plasmid pACYCl84 were present 
in the wild-type strain YPlll(plBl), the transcriptional level of the 
yopH gene was lower than in the wild-type regardless of Ca2+-concen- 
tration (paper VI, Fig. 6). This may account for the lowered expression 
of YOPs in strain YPIlI(pIB29,pYOP21) which may, in turn, affect the 
pathogenicity of this strain.

The Y0P2b-negative strain YPIII(pIB29) and the complemented strain YPIII 
(pIB29,pYOP21) were also tested for cytotoxicity and inhibition of phago
cytosis by macrophages, together with the wild-type strain and its 
plasmid-free derivative. It was found that YPIII(pIB29) and YPIII(pIB29, 
pY0P21) were as cytotoxic for HeLa cells as the wild-type strain. When 
tested for inhibition of phagocytosis by mouse peritoneal macrophages, 
the mutant YPIII(pIB29) showed a reduced inhibition. However, the reduc
tion was not as pronounced as for the plasmid-free strain. The trans- 
complemented strain inhibited phagocytosis to the same extent as the 
wild-type strain. These results are summarized in table 2.
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Table 2. Inhibition of phagocytosis and cytotoxicity of Y. pseudotuber
culosis strains.

virulence9^ % inhibition^ . c )cytotoxicity '

YPIII(pIBl) + 66 +
YPIII - 5 -

YPIII(pIB29) - 20 +
YPIII(pIB29,pYOP21) + 57 +

a) Paper VI, table I.
b) Percent inhibition of phagocytosis was determined by growing the 

strains at 37°C for 2 hrs in the Ca -deficient medium used throughout 
this., study (paper III) for 2 hrs. The cultures were then diluted to 
1x10 bacteria/ml in sterile saline and added to cultured mouse intra- 
peritoneal macrophages at a MOI of about 5. The infected cultures were 
incubated for 30 min at 37°C. Thereafter, the cultures were prepared 
for the immunofluorescence assay. To examine the extracellular macro
phage-associated bacteria, the infected macrophages were incubated 
with rabbit anti-Yersinia antiserum before fixation in methanol. The 
secondary goat anti-rabbit antibody, conjugated with TRITC, was then 
added. This resulted in a red fluorescence and only extracellular 
bacteria were stained. The total cell-associated bacteria (intracellu
lar as well as extracellular) were visualized antibodies conjugated to 
the green immunofluorescence dye FITC (Heesemann and Laufs, 1985; R. 
Rosqvist, personal communication). No inhibition of phagocytosis is 
seen with bacteria grown at 26°C. The results are expressed as percent 
extracellular bacteria of total cell associated bacteria.

c) The cytotoxic effect on HeLa cells was assayed as described earlier 
(Rosqvist and Wolf-Watz, 1986). - no cytotoxic effect, + cytotoxicity 
was observed.

These results showed that YOP2b is involved in inhibition of phagocyto
sis, however, additional factors may be contributing since the mutant 
showed a higher percentage on extracellular bacteria compared to the 
plasmid-free strain. Similar studies of the involvement of the YOP5 
protein in virulence have revealed that a strain of Y. pseudotuberculosis 
unable to express this protein, is avirulent and does not show a cyto
toxic effect on HeLa cells. However, this mutant could not be complement- 
ec* Al? trans to virulence, although the cytotoxicity was restored 
(Forsberg and Wolf-Watz, 1987; Forsberg and Rosqvist, unpublished re
sults). Thus, cytotoxicity and phagocytosis-inhibition seem to be two 
different mechanisms contributing to virulence that are mediated by two 
different virulence determinants. It will be exciting to investigate the 
properties of the remaining YOPs, but this may also require additional in 
vitro tests related to virulence.
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The transcription of the yopH gene was analyzed with regard to effects of 
temperature and Ca2+-concentration. Results from Northern blotting ex
periments showed that no transcript was seen at 26°C either with or 
without Ca2+. After a shift to 37°C in the Ca2+-deficient medium, tran
scription was induced and reached a detectable level after about one 
hour. The gene was also transcribed at 37°C with Ca2+ added, although to 
a much lesser extent (paper VI, Fig. 6). These findings agree with the 
results obtained when protein expression was studied.

The transcription of the yopH gene was also studied in strains of 
Y. pseudotuberculosis carrying different virulence plasmid derivatives 
with insertions that gave either a Ca2 +-independent or a temperature- 
sensitive phenotype (paper VI, Figs. 1 and 6). Ca2+-independent mutants 
showed a very low level of transcription at 37°C independent at Ca2+- 
concentration. In contrast, the temperature sensitive (phenotypically 
repressor negative) mutants exhibited a high level of transcription, both 
with and without Ca2+. The virulent strain YPIII(pYV019/2), previously 
shown to be Ca2+-independent, transcribed the yopH gene less efficiently 
than the wild-type strain. The transcriptional pattern of the yopH gene 
in these strains is very much the same as that obtained for the yopE gene 
(Forsberg and Wolf-Watz, 1987) and similar to the results obtained from 
the studies of the expression of YOPs.

It seems that the Ca2-independent and temperature-sensitive phenotypes 
result from the level of transcription of the yop genes. In the first 
case, a low level of transcription is seen, independent of calcium and 
temperature, while in the other case, the genes are activated and tran
scribed at a high level regardless of Ca2+-concentration. The high 
amounts of YOPs produced in temperature sensitive strains probably makes 
the bacteria unable to grow. It is possible that the differences in 
growth restriction in a Ca2+-deficient medium exhibited by the three 
pathogenic strains of Yersinia (see section 8.1.1), are due to different 
levels of transcription of the yop genes.

In spite of their different functions, Y0P2b and Y0P5 are synthesized and 
exported under the same conditions and their expression is regulated by 
elements encoded by the Ca2+-region and the V-antigen region. As the DNA- 
sequence of the yopE gene was available (Forsberg and Wolf-Watz, 1987), 
the promoter regions of the yopH and yopE genes were compared. Starting 
with the nucleotide shown to be the transcriptional startpoint, these
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regions were found to be similar in the two genes (paper VI, Fig. 4). 
Three additional regions were found in the promoter region of yopH and 
further upstream from the structural gene, that showed homology with 
regions upstream of the yopE gene. The longest stretch of DNA-showing 
homology had 4 mismatches out of 19 bases. These regions were AT-rich in 
both cases.

The significance of these findings remains to be elucidated. The DNA- 
sequences of additional yop genes will tell us if these homologies are 
common features of these genes. It is tempting to speculate that these 
regions are targets for the plasmid-encoded regulatory system and are 
perhaps, involved in binding of regulatory proteins.

The conclusion that can be drawn from my results is that YOP2b is a 
surface exposed virulence determinant of virulent Yersinia strains that 
mediates inhibition of phagocytosis. Further investigations of this 
protein should examine: the biochemical properties of the protein; the 
way in which it interacts with the phagocytic cell; what effects it has 
on cellular functions; and where it is expressed in vivo. Hopefully, such 
studies will provide us with more knowledge of bacterial pathogenicity.
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CONCLUSIONS

The results presented in this thesis have shown that:

1. the adherence step in invasion of epithelial cells by Y. pseudo
tuberculosis is a chromosomally-encoded property

2. the plasmid-encoded outer membrane protein YOPl is temperature- 
inducible but not Ca^+-regulated; this protein is not necessary for 
virulence of Yersinia

3. all pathogenic strains of Yersinia express the temperature-inducible, 
Ca^+-regulated YOP-proteins, both in vivo and _in vitro

4. the YOPs, identified as seven different polypeptides, are outer 
membrane proteins, they are produced in large amounts and are also 
excreted in Ca^+-deficient medium at 37°C; these proteins are not 
detected at 26°C.

5. five of the yop genes on the virulence plasmid are not part of a 
common operon but are separated from each other on the virulence 
plasmid; the conserved Ca^+-region encodes regulatory factors which 
act on the yop genes

6. the V-antigen is encoded by a conserved region of the virulence 
plasmid adjacent to, but separate from, the Ca^+-region; this region 
also contains the structural genes for YOP3 and YOP4a

7. the virulence plasmid of Y. enterocolitica shows genetic rearrange
ments with regard to the yop genes, whereas the Y. pseudotuberculosis 
and Y. pestis plasmids are identical

8. the YOP2b protein encoded by the yopH gene is a basic protein and 
that the gene is regulated by temperature and Ca^+ at the level of 
transcription; YOP2b is an essential virulence determinant of 
Yersinia.
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