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INTRODUCTION 

A. Introduction 

Actinobacillus (A.) pleuropneumoniae is a facultatively anaerobic gram-negative rod 

belonging to the family of Pasteurellaceae. As a highly host-specific, strictly 

extracellular pathogen, it is the causative agent of porcine pleuropneumonia, a 

disease occurring worldwide and causing significant economic losses. The course of 

the disease is highly variable, ranging from peracute deaths over acute 

pleuropneumonia with typical hemorrhagic and necrotic lesions to chronic disease 

with unspecific symptoms such as reduced weight gain; subclinical infections also 

occur. A major problem in controlling the disease is the pathogen’s ability to persist 

on respiratory tract epithelia, in tonsils, and in sequestered lung tissue for weeks or 

months after infection resulting in clinically healthy carrier animals. 

Several virulence or virulence-associated factors of A. pleuropneumoniae, including 

RTX toxins, capsule, iron uptake mechanisms and a DMSO reductase have been 

described to date. Recent studies using novel approaches like Signature-Tagged 

Mutagenesis, In Vivo Expression Technology, Representational Difference Analysis 

and Selective Capture Of Transcribed Sequences identified several novel factors 

involved in virulence and pathogenesis. However, pathogenesis as a whole and the 

mechanisms leading to persistence are not fully understood. Furthermore, although it 

has been clearly demonstrated that A. pleuropneumoniae gene expression is 

regulated in response to the host environment, the role of global regulators for 

A. pleuropneumoniae pathogenesis has not been investigated to date. 

In order to better understand A. pleuropneumoniae pathogenesis, the goal of this 

study was to (i) identify proteins expressed under in vivo-like conditions (addition of 

bronchoalveolar lavage fluid [BALF] to the growth medium) using two-dimensional 

gel electrophoresis with subsequent mass spectrometry, (ii) functionally characterize 

putative virulence-associated factors resulting from this approach in an aerosol 

infection model and (iii) investigate the potential involvement of global regulators in 

the BALF-mediated protein expression.  
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LITERATURE REVIEW 

B. Literature Review 

B.1. Actinobacillus pleuropneumoniae  

B.1.1. Taxonomy 

Actinobacillus (A.) pleuropneumoniae is a gram-negative rod belonging to the family 

of Pasteurellaceae. Originally classified as Haemophilus (H.) pleuropneumoniae 

(SHOPE et al. 1964) the species was transferred to the genus Actinobacillus due to 

high homology to A. lignieresii on the DNA level (POHL et al. 1983). 

Actinobacillus pleuropneumoniae strains can be grouped in two biotypes based on 

nicotine amide dinucleotide (NAD)-dependence; biotype 1 is NAD-dependent 

whereas biotype 2 is NAD-independent (POHL et al. 1983; NICOLET 1992; 

NIELSEN et al. 1997). Based on surface polysaccharides, six serotypes can be 

distinguished within biotype 2 and twelve serotypes have been recognized for biotype 

1 (BOSSE et al. 2002). Additionally, A. pleuropneumoniae biotype 1 serotypes 1 and 

5 are subdivided into subtypes a and b, respectively. In recent years, three more 

serotypes (serotypes 13, 14 and 15) have been proposed (NIELSEN et al. 1997; 

BLACKALL et al. 2002).  

B.1.2. Infection and disease 

Actinobacillus pleuropneumoniae was first identified as the causative agent of 

porcine pleuropneumonia in 1957 (NICOLET 1992). The pathogen is highly specific 

for pigs with only one report of an isolation from lambs (HERVAS et al. 1996). 

Although A. pleuropneumoniae occurs worldwide, serotypes and biotypes are not 

evenly distributed; the predominant serotypes in continental Europe are 1, 2, 3, 5 and 

9 (BLAHA 1992; CHIERS et al. 2002). Infection with A. pleuropneumoniae typically 

occurs via droplet infection or direct contact between animals (TAYLOR 1995; 

JOBERT et al. 2000). Airborne transmission over short distances has also been 

described but appears to be rare (TORREMORELL et al. 1997; KRISTENSEN et al. 

2004). Due to the very low tenacity of the pathogen, disinfection is highly efficacious 

and transmission via personnel rarely occurs (FENWICK and HENRY 1994; 

TAYLOR 1995). In contrast, persistently infected clinically healthy carrier animals are 

thought to be the major risk for introduction of the pathogen into 

 16 
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A. pleuropneumoniae–free herds leading to severe outbreaks (RYCROFT and 

GARSIDE 2000). 

Although pigs of all age groups can be infected, the animals appear to be most 

susceptible to disease between 10 and 16 weeks of age (FENWICK and HENRY 

1994). The course of the disease is highly variable, ranging from peracute to chronic, 

depending on the serotype, infectious dose and immune status of the host 

(SEBUNYA et al. 1983; ROGERS et al. 1990; CRUIJSEN et al. 1995). Typical clinical 

symptoms during peracute and acute disease include fever, dyspnea, tachypnea, 

anorexia and vomitus. Severe lung lesions result in cyanosis, hemorrhagic froth from 

pulmonary edema and subsequent death, mostly within the first four days after 

infection (SEBUNYA and SAUNDERS 1983; ROSENDAL and MITTAL 1985; 

TAYLOR 1999). Lung lesions during this phase of disease are characterized by 

edema, hemorrhage and necrosis. Furthermore, fibrinous pleuritis, pericarditis, 

fibrinous clots and serosanguinous fluid in the thoracic cavity are commonly found. 

Animals that recover from acute disease frequently retain focal sequestra of necrotic 

tissue and pleural adhesions that can lead to chronic respiratory problems and 

reduced growth (MATSCHULLAT 1982; BERTRAM 1985; ROSENDAL and MITTAL 

1985; DIDIER et al. 2002). Convalescent and subclinically infected pigs without 

clinical symptoms can still harbor A. pleuropneumoniae, thereby serving as 

reservoirs (LIGGETT et al. 1987; FENWICK and HENRY 1994).  

B.1.3. Immunity and vaccination 

Protective immunity against A. pleuropneumoniae is thought to be mainly based on a 

humoral immune response mediated by immunoglobulin G (IgG), but the 

mechanisms are not fully understood yet (DEVENISH et al. 1990; BOSSE et al. 

1992; RYCROFT and GARSIDE 2000). Maternal antibodies protect newborn piglets 

but steadily decline after weaning, thereby rendering the animals susceptible at 10-

16 weeks of age (NIELSEN 1975; CRUIJSEN et al. 1992). Natural infection leads to 

detectable antibodies within ten days with a maximal antibody titer after three to four 

weeks that protects the animal against challenge with a homologous serotype. 

Protection against heterologous challenge is variable, probably depending on cross-

reactivity of antibodies against lipopolysaccharides (LPS), outer membrane proteins, 
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and RTX toxins (NIELSEN 1985; CRUIJSEN et al. 1995; JOLIE et al. 1995; HENSEL 

et al. 1996; HAESEBROUCK et al. 1997). 

Commercial vaccines based on whole cell bacterins or subunit vaccines can prevent 

clinical disease and mortality upon challenge with the homologous serotype. 

However, they do not prevent colonization, and their protectivity against heterologous 

challenge is limited (NICOLET 1992; FENWICK and HENRY 1994; CHIERS et al. 

1998).  

In order to address these problems, novel vaccination strategies have been 

investigated recently. Subunit vaccines prepared from iron-restricted cultures greatly 

reduce clinical disease but do not prevent colonization (GOETHE et al. 2000). Empty 

bacterial envelopes, so-called ghosts, have been used for intramuscular vaccination 

and successfully prevent both disease and colonization (HENSEL et al. 2000). A 

prototype for an attenuated unmarked life vaccine strain has been constructed by 

deletion of genes coding for the urease and the ApxII toxin. Aerosol immunization 

with the vaccine strain prevents colonization and disease upon challenge with the 

homologous serotype. However, the vaccine strain itself still causes lung lesions 

(TONPITAK et al. 2002). Likewise, a spontaneously capsule-deficient A. pleuro-

pneumoniae strain has been shown to be protective but still causes disease (INZANA 

et al. 1993). 

Preferably, a vaccine protecting from A. pleuropneumoniae infection would be 

efficacious against all serotypes, prevent clinical disease as well as colonization, 

allow differentiation of vaccinated and infected animals, and protect after a single 

application. These requirements as a whole are not met by any commercially 

available A. pleuropneumoniae vaccine to date. 

B.1.4. Virulence factors 

Virulence is the relative ability of a pathogen to cause disease. Virulence factors are 

defined as bacterial products that aid in growth or survival of a bacterium in the host, 

contributing to infection and disease (MEKALANOS 1992; MAHAN et al. 1996). As 

the differentiation between virulence factors and house-keeping genes can be 

arguable, proteins involved in both metabolism and virulence are designated as 

virulence-associated factors.  
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B.1.4.1. RTX toxins 

RTX toxins are named after repetitive glycin-rich sequences (repeats – in – toxin) 

and occur in many gram-negative pathogens (WELCH 1991). These toxins are 

secreted by type I secretion systems and form pores in target membranes, causing 

cytolysis (THOMPSON et al. 1993). The four RTX toxins of A. pleuropneumoniae, 

ApxI to ApxIV, vary in cytotoxicity, hemolytic activity and distribution amongst the 

different serotypes. Expression of ApxIV (predicted to have a molecular mass of 

202 kDa) has only been observed in vivo; the respective gene occurs in all A. pleuro-

pneumoniae serotype reference strains (SCHALLER et al. 1999). All serotypes 

except serotype 10 additionally express ApxII (120 kDa), which is weakly hemolytic 

and cytotoxic (FREY et al. 1994). Most serotypes express a third RTX toxin. 

Serotypes 1, 5, 9, 10 and 11 express the strongly hemolytic and cytotoxic ApxI 

(105 kDa). ApxIII (103-105 kDa), which is strongly cytotoxic towards macrophages 

but non-hemolytic, occurs in serotypes 2, 3, 4, 6, 8 (FREY and NICOLET 1988; 

KAMP et al. 1991; FREY et al. 1993; JANSEN et al. 1994). In addition to the direct 

cell damage caused by the Apx-toxins, toxin-mediated release of inflammatory 

cytokines from immune cells contributes to the severe tissue damage (FREY 1995). 

Since the effects observed after inoculation of pigs with recombinant ApxI or ApxIII or 

culture supernatant are very similar to the ones observed in A. pleuropneumoniae 

infection, ApxI and ApxIII are thought to be major virulence factors of the pathogen 

(VAN LEENGOED and KAMP 1989; KAMP et al. 1997). While a recent report found 

ApxII to be necessary for full virulence in A. pleuropneumoniae serotype 1 (producing 

ApxI, ApxII and ApxIV; BOEKEMA et al. 2004), the role of ApxIV in the development 

of severe lung lesions in A. pleuropneumoniae infection remains to be elucidated 

(BOSSE et al. 2002).  

B.1.4.2. The role of fimbriae, LPS and capsule for adherence and pathogenesis 

Adherence is often the initial step in pathogenesis of bacterial diseases. In many 

pathogens, adherence is mediated by fimbriae. Genes coding for type IV fimbriae 

have been recently identified in A. pleuropneumoniae, the transcription appears to be 

tightly regulated and can be induced by contact to primary lung epithelial cells and in 

vivo (ZHANG et al. 2000; STEVENSON et al. 2003; BOEKEMA et al. 2004). Fimbriae 

have been demonstrated to play a role in A. pleuropneumoniae adherence to swine 
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alveolar epithelial cells in vitro (VAN et al. 2002). LPS have been proposed to be 

major adhesions of A. pleuropneumoniae (BELANGER et al. 1990) and mediate 

adherence to tracheal sections and porcine alveolar epithelial cells (PARADIS et al. 

1994; RIOUX et al. 1999; VAN et al. 2002). However, the findings are contradictory in 

whether O-antigen or core-lipid A is responsible for binding. BOEKEMA et al. (2003) 

even found transposon mutants deficient in O-antigen to adhere better to lung 

epithelial cells than the parental strain. Therefore, the molecular mechanism of 

adherence of A. pleuropneumoniae requires further elucidation. LPS further mediate 

binding to hemoglobin (BELANGER et al. 1995) and contribute to pathogenesis by 

lipid A-mediated stimulation of cytokine production; cytokines in turn stimulate an 

immune response that contributes to tissue damage (BAARSCH et al. 1995). 

The A. pleuropneumoniae capsule has been shown to mediate resistance to porcine 

serum and phagocytosis. However, the capsule seems to hinder adherence, as 

capsule-deficient mutants adhere better to piglet tracheal frozen sections than the 

encapsulated parental strain (INZANA et al. 1988; RIOUX et al. 1999). 

B.1.4.3. Iron acquisition 

In order to overcome iron limitation inside the mammalian host, A. pleuropneumoniae 

has developed a number of uptake systems that allow utilization of iron from porcine 

transferrin (GONZALEZ et al. 1990; GERLACH et al. 1992), hemoglobin 

(BELANGER et al. 1995; ARCHAMBAULT et al. 2003; SRIKUMAR et al. 2004) and 

hemin (DENEER and POTTER 1989; ARCHAMBAULT et al. 2003; SRIKUMAR et al. 

2004). All serotypes produce hemolysins and therefore are able to obtain heme 

products (FREY et al. 1993). Additionally, A. pleuropneumoniae produces receptors 

for the uptake of siderophores (MIKAEL et al. 2002; BALTES et al. 2003b). Despite 

this ability, mutants deficient for transferrin-binding proteins are avirulent and unable 

to colonize, thus emphasizing the role of transferrin uptake for A. pleuropneumoniae 

pathogenesis (BALTES et al. 2002).  

B.1.4.4. Nutrient uptake 

Iron is not the only restricted factor in the host; other nutrients like carbohydrates are 

likewise of limited availability in the respiratory tract (MACFADYEN and REDFIELD 

1996). Thus, a number of ABC-transporters for nutrient uptake have been identified 
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in Signature-Tagged Mutagenesis (STM) studies and by Selective Capture Of 

Transcribed Sequences (SCOTS) (FULLER et al. 2000b; SHEEHAN et al. 2003; 

BALTES and GERLACH 2004). 

B.1.4.5. Other factors 

Urease catalyzes hydrolysis of urea, thereby producing ammonia and carbamic acid. 

Ammonia is a preferred nitrogen source for bacteria and leads to an increase in pH. 

Since the pH value in acutely inflamed tissue is reduced, urease might contribute to 

the creation of a more favorable environment for the pathogen. However, the role of 

urease in A. pleuropneumoniae infection is not fully clear. While urease-negative 

mutants are unable to establish disease after low-dose challenge (BOSSE and 

MACINNES 2000; BALTES et al. 2001), no difference to the wild type strain has 

been seen at high challenge doses (TASCON CABRERO et al. 1997) and a 

spontaneously urease-negative mutant has been isolated from a case of acute 

pleuropneumonia (BLANCHARD et al. 1993). 

Several distinct secreted proteases have been identified in A. pleuropneumoniae 

serotype 1 and were shown to be expressed in vivo. Cleavage of immunoglobulin A 

by proteases has been suggested to facilitate colonization of the lower respiratory 

tract (KILIAN et al. 1979; NEGRETE-ABASCAL et al. 1994) and zinc-metallo-

proteases degrade gelatin and actin (GARCIA-CUELLAR et al. 2000; GARCIA et al. 

2004). 

A periplasmic Co,Zn superoxide dismutase was shown to protect A. pleuro-

pneumoniae from reactive oxygen radicals in vitro but is not required for virulence 

(LANGFORD et al. 1996; SHEEHAN et al. 2000). Another enzyme putatively 

involved in defense against oxidative damage, an organic hydroperoxide reductase, 

was identified in a study using In Vivo Expression Technology (IVET; SHEA and 

MULKS 2002).  

Mutants deficient in DMSO reductase, an enzyme facilitating anaerobic respiration, 

were attenuated in acute disease (BALTES et al. 2003a).  

 

 21



LITERATURE REVIEW 

B.2. Function and regulation of the aspartate ammonia-lyase 

The aspartate ammonia-lyase (aspartase) catalyzes the conversion of aspartate to 

fumarate and ammonia. This reaction is part of the amino acid metabolism, 

facilitating the utilization of L-glutamate and L-asparagine as carbon sources 

(MARCUS and HALPERN 1969; KAY 1971). The product fumarate can be used to 

fuel the tricarboxylic acid cycle (TCA cycle) but can also serve as alternative electron 

acceptor under anaerobic conditions. Fumarate can be produced either via aspartate 

by aspartate aminotransferase and aspartase or from oxaloacetate via malate 

involving malate dehydrogenase. These pathways are best studied in Escherichia 

(E.) coli, where the aspartase is regulated by the global anaerobic regulator FNR 

(JERLSTRÖM et al. 1987; WOODS and GUEST 1987) and is increased under 

anaerobic conditions (JERLSTRÖM et al. 1987; GUEST and RUSSELL 1992), 

whereas the malate dehydrogenase is downregulated (COURTRIGHT and 

HENNING 1970). Therefore it was suggested that, under anaerobic conditions, 

fumarate production is mediated by the aspartase pathway rather than by malate 

dehydrogenase (COURTRIGHT and HENNING 1970; GUEST and RUSSELL 1992; 

JENNINGS and BEACHAM 1993). Thus, the aspartase might contribute to anaerobic 

respiration by producing an alternative electron acceptor. 

An aspartate ammonia-lyase has been described in several other gram-negative 

organisms, including Klebsiella (K.) aerogenes (TYLER 1978), Salmonella (S.) 

Typhimurium (KUSTU et al. 1979), Pseudomonas (Ps.) species (SONAWANE et al. 

2003), Eikenella corrodens (SELBY et al. 2003) and H. influenzae (SJOSTROM et al. 

1997). The H. influenzae aspartase was shown to possess the additional function of 

binding plasminogen (SJOSTROM et al. 1997).  

 

B.3. Regulation of virulence-associated factors  

In order to adapt to the host environment, pathogens developed systems to 

coordinate the up- and downregulation of virulence-associated factors in response to 

environmental changes. Some of the known signals and regulatory mechanisms 

involved will be summarized in chapters B.3-B.5; however, many factors still need to 

be identified or further characterized. 
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B.3.1. Temperature, osmolarity, pH and oxidative stress 

Entering and leaving a mammalian host generally includes a temperature shift. Most 

mammalian pathogens have adapted to their host environment and have a 

temperature optimum of 37°C. However, fever is a common host response to 

infection and temperature can rise as high as 42°C. Heat shock and cold shock 

response has been reported in many bacteria, mainly mediated by alternative sigma 

factors like σ32 (ANG et al. 1991; KNIPPERS et al. 2002). Alternative sigma factors 

regulate expression of stress response proteins but can also influence the expression 

of virulence-associated factors. In Shigella spp. for example, factors essential for 

invasion and spreading are upregulated upon a temperature shift from 30°C to 37°C 

(HALE 1991), and in Borrelia burgdorferi the alternative sigma factor σs stimulates 

expression of virulence determinants essential for survival in the mammalian host 

(CAIMANO et al. 2004).  

Changes in osmolarity and pH are frequently encountered by enteric pathogens on 

their route through the gastrointestinal tract. Low pH may serve as a signal for 

S. Typhimurium for the expression of virulence-associated factors necessary for 

survival in the stomach (GORDEN and SMALL 1993; FOSTER 1999). 

Activation of macrophages and polymorphonuclear neutrophils during infection leads 

to the release of reactive oxygen species by these cells. This induces a protective 

oxidative stress response in the bacteria leading to the expression of dismutases and 

peroxidases. In E. coli, oxidative stress induces the regulator OxyR that in turn 

upregulates genes encoding proteins responsible for resistance to oxygen radicals, 

like catalase and hydroperoxidase (MAHAN et al. 1996; LEE et al. 2004).  

B.3.2. Quorum sensing 

Quorum sensing is a term describing the communication of bacteria within a 

population based on small secreted molecules that function as autoinducers. 

Increasing population density leads to an increase in autoinducer production; once a 

threshold is reached, gene regulation mechanisms are triggered (WHITEHEAD et al. 

2001). After its first discovery in Vibrio fischeri (FUQUA et al. 1994), quorum sensing 

systems have been identified in a variety of bacteria including Ps. aeruginosa, where 

it is involved in biofilm formation and virulence (PARSEK and GREENBERG 2000) 
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and Staphylococcus (St.) aureus (DUFOUR et al. 2002). Autoinducer molecules and 

genes coding for components of a quorum sensing system have also been reported 

for A. pleuropneumoniae and other Pasteurellaceae (MALOTT and LO 2002). 

B.3.3. Host-specific inducers 

Although recognition of host-specific factors would appear to be a highly effective 

mechanism for regulation of bacterial virulence factors, only few host factors have 

been identified to date. Proinflammatory cytokines were shown to promote growth of 

E. coli (PORAT et al. 1991) and other pathogens in vitro and in vivo (BOELENS et al. 

2000; MEDURI 2002). Invasion of HeLa cells by Shigella flexneri is enhanced by 

tumor necrosis factor alpha (LUO et al. 1993). However, the underlying mechanisms 

leading to the observed effects still need to be elucidated. 

Presently unknown host-specific factors appear to play a role in expression of the 

ApxIV toxin in A. pleuropneumoniae, as this toxin is clearly expressed in vivo but not 

under various culture conditions (SCHALLER et al. 1999). It is also still unknown, 

which factors in bronchoalveolar lavage fluid (BALF) are responsible for the induction 

of differential gene expression (TEUTENBERG-RIEDEL 1998; HENNIG et al. 1999). 

 

B.4. The global anaerobic regulator FNR 

B.4.1. The role of FNR for gene regulation in E. coli 

FNR is a global regulator that was initially identified in E. coli mutants unable to 

perform fumarate and nitrate reduction (LAMBDEN and GUEST 1976). 

Subsequently, FNR has been shown to regulate more than 120 genes in E. coli in 

response to anaerobiosis (SAWERS et al. 1988). Amongst the genes positively 

regulated by FNR are enzymes of the TCA cycle and enzymes that allow utilization of 

alternative electron acceptors such as TMAO/DMSO, fumarate and nitrate for 

anaerobic respiration (PARK and GUNSALUS 1995; CHAO et al. 1997). FNR activity 

depends on the presence of a [4Fe-4S] center that allows formation of a homodimer 

which can bind to the consensus sequence TTGATN1N2N3N4ATCAA (EIGLMEIER et 

al. 1989; LAZAZZERA et al. 1993). Aerobic conditions lead to rapid disintegration of 

the iron-sulfur-cluster and formation of monomers (LAZAZZERA et al. 1996).  
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B.4.2. The A. pleuropneumoniae FNR-homologue HlyX 

HlyX is the FNR homologue of A. pleuropneumoniae and is able to complement 

E. coli fnr mutants. However, unlike FNR, HlyX induces the expression of a latent 

hemolysin in E. coli, indicating that the regulons of these two proteins are overlapping 

but not identical (GREEN and BALDWIN 1997). Expression of HlyX in E. coli not only 

depends on oxygen levels but is also influenced by growth phase and carbon source 

(SOLTES and MACINNES 1994). 

Actinobacillus pleuropneumoniae is able to persist in host tissues, such as tonsillar 

crypts and sequestered necrotic lung tissue, where oxygen supply is scarce. 

Adaptation to anaerobic conditions likely involves HlyX. One putative member of the 

HlyX regulon, the DMSO reductase, has been shown to be involved in virulence 

during the acute phase of disease (BALTES et al. 2003a). 

 

B.5. The ferric uptake regulator Fur 

B.5.1. The role of Fur for gene regulation and virulence 

Iron is essential for most bacteria; however, since most iron is present in its insoluble 

ferric state, it is of limited availability (LITWIN and CALDERWOOD 1993). 

Additionally, iron in mammalian hosts occurs mainly as a complex with iron-binding 

proteins (AISEN and LEIBMAN 1972), thereby further reducing its accessibility for 

pathogens. To overcome this problem, bacteria have developed a variety of iron 

uptake systems such as siderophores (CORNELISSEN and SPARLING 1996; 

BRAUN and KILLMANN 1999) and transferrin-binding proteins (CORNELISSEN and 

SPARLING 1994; GRAY-OWEN and SCHRYVERS 1996; SCHRYVERS and 

STOJILJKOVIC 1999). In many bacteria, the expression of iron uptake systems is 

regulated by the ferric uptake regulator protein Fur. Fur complexes ferrous iron 

(BAGG and NEILANDS 1987b) and this iron-loaded Fur protein acts as a 

transcriptional repressor by binding to conserved sequences, the so-called Fur boxes 

containing the palindromic consensus sequence GATAATGA TAA TCATTATC 

(BAGG and NEILANDS 1987a; ESCOLAR et al. 1999; BAICHOO and HELMANN 

2002). In addition, there are reports of Fur-mediated positive regulation of some 

genes (LOPRASERT et al. 2000; HORSBURGH et al. 2001; MASSE and 

GOTTESMAN 2002; GRIFANTINI et al. 2003; HSU et al. 2003). For pathogens, the 
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iron deficiency encountered in the host can serve as a general signal indicating that 

they entered the host environment, and iron-sensing regulatory systems such as Fur 

mediate the response to this environment. Therefore, it is not surprising that the 

regulatory role of Fur in many pathogens exceeds iron metabolism and includes 

regulation of virulence factors (KARJALAINEN et al. 1991; LITWIN and 

CALDERWOOD 1993; PRINCE et al. 1993), acid tolerance (FOSTER and HALL 

1992; HALL and FOSTER 1996; BEARSON et al. 1998), oxidative stress (DUBRAC 

and TOUATI 2000; LOPRASERT et al. 2000 COOKSLEY et al. 2003) and general 

metabolism (SEBASTIAN et al. 2002).  

B.5.2. Fur and iron uptake by A. pleuropneumoniae 

Actinobacillus pleuropneumoniae has developed highly specialized iron uptake 

systems (see B.1.4.3). Both transferrin-binding proteins, TbpA and TbpB, are 

essential for colonization of the host (BALTES et al. 2002), and it has been proposed 

but never been shown that transcription of tbpBA is negatively regulated by Fur 

(GONZALEZ et al. 1995). Recently, the fur genes of the A. pleuropneumoniae 

serotype 1 strain 4074 and the serotype 5 strain A. pleuropneumoniae K17 have 

been cloned and shown to partially complement an E. coli fur deletion mutant (HSU 

et al. 2003).  

 

B.6. Proteome analysis 

B.6.1. Proteome and proteomics 

With the completion of the first genome projects, it became apparent that, although 

genome analysis provided knowledge about the stable genetic information within a 

cell, it allowed only limited predictions about the presence of functional products. 

Transcription of genes, translation, post-translational modification and protein turn-

over are regulated depending on the environment, resulting in qualitative and 

quantitative changes on the mRNA and protein levels. The availability of fully 

sequenced genomes facilitated the development of methods to study genome-wide 

transcription, termed transcriptome analysis or transcriptomics, such as the microchip 

technology (microarray technology). The term “proteome” was established to 

describe the “total set of expressed proteins” and the terms “proteome analysis” and 
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“proteomics” refer to “the analysis of the PROTEin complement expressed by a 

genOME“ (QI et al. 1996; WILKINS et al. 1996; PENNINGTON et al. 1997). 

Proteomics, complementing transcriptome analysis, is increasingly used in 

microbiological research as a tool to investigate adaptation of microorganisms to 

different environments, including adaptation to the host (JUNGBLUT et al. 2001; 

BOYCE et al. 2004; CORDWELL 2004). Generally, the methodological approach of 

proteome analyses is based on separation of protein species and subsequent protein 

identification. Most commonly, this is achieved by two-dimensional-polyacrylamide 

gel electrophoresis (2D-PAGE) in combination with protein identification by mass 

spectrometry (MS) (QUADRONI and JAMES 1999; GRAVES and HAYSTEAD 2002; 

NAISTAT and LEBLANC 2004).  

B.6.2. Protein separation: 2D-PAGE  

The first step in the analysis of complex protein samples is the separation of proteins 

by 2D-PAGE. This method is based on separation of proteins according to their 

isoelectric point (IP) by isoelectric focusing (IEF) in the first dimension and according 

to their molecular mass in the second dimension and was first introduced in 1975 by 

O’Farrell and Klose (KLOSE 1975; O'FARRELL 1975). Several developments have 

been introduced since then, leading to wider application of this technique in recent 

years. 

IEF was originally performed in carrier ampholyte-containing polyacrylamide gels 

cast in narrow tubes. Carrier ampholytes are small, soluble, amphoteric molecules 

with a high buffering capacity near their IP. If a voltage is applied to a polyacrylamide 

gel containing a mixture of carrier ampholytes, these molecules align themselves 

along the gel according to their IP, buffering the gel and thereby creating a 

continuous pH-gradient (KLOSE 1975; O'FARRELL 1975). This technique was 

improved by the introduction of immobilized pH gradients (IPGs), enhancing the 

reproducibility of IEF. IPGs are created by using acrylamide solutions containing 

acrylamido buffers, molecules consisting of a single acid or basic group linked to an 

acrylamide monomer. A pH gradient can be formed by pouring a gradient gel using 

one acidic and one basic acrylamide-acrylamido buffer solution. As the acrylamido 

buffers copolymerize with the acrylamide and bisacrylamide, they form an 

immobilized pH gradient (BJELLQVIST et al. 1982; GÖRG et al. 1985; GÖRG et al. 
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1988; GORG et al. 2000). Mobilization of proteins in these gels is achieved by 

application of high voltage; thus, it is important to minimize the amount of charged 

molecules other than proteins in the samples (GORG et al. 2000). IEF is generally 

performed under denaturing conditions using urea and thiourea, reductants and non-

ionic or zwitterionic detergents for solubilization of hydrophobic proteins. Highly 

hydrophobic proteins like integral membrane proteins are often difficult to solubilize 

and therefore, are rarely detectable on 2D gels (MOLLOY et al. 2000; MOLLOY et al. 

2001). Problems also occur with very large proteins because they do not enter the 

acrylamide matrix for IEF (GORG et al. 2000). 

Separation in the second dimension is performed by standard sodium dodecyl sulfate 

(SDS)-polyacrylamide gel electrophoresis (PAGE) on large format gels. Equilibration 

with a buffer containing SDS and a reducing agent is necessary to ensure transfer of 

the proteins from the first dimension matrix to second dimension gels (GORG et al. 

2000). 

2D-PAGE is a very potent protein separation method, and several thousand proteins 

have been separated on single 2D gels (SHEVCHENKO et al. 1996). However, a 

number of problems still remain. Low abundance proteins, highly hydrophobic 

proteins and proteins with a very high or very low IP are not represented on standard 

2D gels (GYGI et al. 1999; GORG et al. 2000; HAYNES and YATES, III 2000), and 

2D-PAGE is both labor intensive and time consuming (GRAVES and HAYSTEAD 

2002). Since not all proteins in a sample can be visualized on a single gel, different 

pH gradients in the first dimension and several acrylamide concentrations in the 

second dimension have to be used to visualize as many of the proteins within a 

sample as possible, thereby multiplying time, labor and amounts of sample 

necessary for a comprehensive analysis of the proteome (GORG et al. 2000; 

JUNGBLUT 2001). 

B.6.3. Identification of proteins: Edman chemistry and Quadrupole-time-of-
flight mass spectrometry 

Protein identification from gel spots can be achieved by different techniques. One of 

the earliest methods used was microsequencing by Edman chemistry to obtain 

amino (N)-terminal amino acid sequences. Although this method is still used, it has 

certain disadvantages. The average sequence length that can be obtained is 30-40 
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amino acids, allowing reliable identification of annotated proteins but possibly 

insufficient if the genome sequence of a species is not available and identification 

has to be based on homologies to proteins of other species. Another limitation is the 

amount of protein necessary for Edman chemistry: The necessary minimum is 10-

100 fold higher than the sensitivity of silver staining (INGLIS 1991; RABILLOUD 

1992). Finally, N-terminal modifications interfere with N-terminal sequencing. 

Using mass spectrometry protein and peptide mass information can be obtained. 

With Quadrupole-time-of-flight (Q-TOF) MS it is additionally possible to deduce 

peptide sequence information. Usually proteins are digested with a protease prior to 

MS to generate a peptide spectrum that is then analyzed. A Q-TOF mass 

spectrometer consists of a quadrupole, a quadrupole collision cell and a time-of-flight 

(TOF) analyzer (SHEVCHENKO et al. 1997). In the first stage of analysis, it is 

operated in MS scan mode that allows generation of the mass spectrum of the 

peptides in the sample, the so-called peptide mass fingerprint (HENZEL et al. 1993; 

MANN et al. 1993; YATES, III et al. 1993). Since the peptide mass fingerprint is 

unique for an individual protein, it can be used in combination with protein data bases 

or appropriately annotated DNA data bases to identify the protein (HENZEL et al. 

1993; MANN et al. 1993; YATES, III et al. 1993). However, since the application of 

peptide mass fingerprinting depends on the availability of annotated genome 

sequences, it is of limited use for organisms that are not yet sequenced. In this case, 

a Q-TOF mass spectrometer can be operated in MS/MS mode for second stage 

analysis. In the MS/MS mode the quadrupole is used to selectively pass a single 

peptide species into the collision chamber where the peptide ions are fragmented at 

the peptide bonds by interaction with an inert gas. The peptide fragments are then 

detected by the TOF analyzer. Since the series of peptides differ in mass by a single 

amino acid, the amino acid sequence can be deduced from the spectrum (HUNT et 

al. 1981; HUNT et al. 1986; BIEMANN 1990). This operation sequel is also referred 

to as tandem mass spectrometry. Sequences can be obtained from several peptides 

per sample, generating significantly more information than sequencing by Edman 

chemistry. Thus, sequence information used in combination with databases can allow 

cross-species identification of homologous and orthologous proteins, thereby 

presenting a useful tool for proteome analyses of species for which only limited 
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sequence information is available (LISKA and SHEVCHENKO 2003; SUNYAEV et al. 

2003). 
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C. Materials and methods 

C.1. Chemicals, reagents and equipment 

Chemicals and reagents used in this study were purchased from Sigma 

(Deisenhofen, Germany), Merck (Darmstadt, Germany) or Roth (Karlsruhe, 

Germany) unless stated otherwise. Media and media ingredients were purchased 

from Difco (Augsburg, Germany) and Oxoid (Wessel, Germany). Equipment and 

specific biologicals are indicated in footnotes. 

 

C.2. Bacterial cultures 

C.2.1. Bacterial strains 

Bacterial strains used in this study are listed in Table 1. 

C.2.2. Growth conditions, media, antibiotic solutions and supplements 

Escherichia coli strains were cultured in Luria-Bertani (LB) medium supplemented 

with the appropriate antibiotics (100 µg/ml ampicillin, 50 µg/ml kanamycin, 25 µg/ml 

chloramphenicol); for cultivation of E. coli β2155 (∆dapA), 1 mM diaminopimelic acid 

was added. Bacteria were incubated at 37°C in an incubator1 or in a shaking 

incubator2. 

Actinobacillus pleuropneumoniae strains were cultured at 37°C in supplemented 

PPLO medium with Tween®80 (0.1%). For the selection of A. pleuropneumoniae 

transconjugants, 25 µg/ml kanamycin or 5 µg/ml chloramphenicol were added 

depending on the transconjugation vector used. Iron restriction was induced by the 

addition of 2,2-dipyridyl to a final concentration of 100 µM; for iron supplementation 

ferric citrate was added to a final concentration of 25 µM. The cultures were 

                                            
1 Heraeus T6420 3PH, Heraeus Instruments GmbH Labortechnik, Hanau, Germany 
2 Incubator shaker Series 25, New Brunswick Scientific Co., Inc., Edison, NJ, U.S.A. 
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incubated at 37°C in a 5% CO2 incubator1 or in a shaking incubator. Anaerobic 

cultures were incubated at 37°C either in anaerobic jars using the AnaeroGen® 

system2 or in an anaerobic chamber3. 

 

Media 
LB broth: 10 g Bacto® tryptone, 5 g yeast extract, 5 g NaCl, add 

distilled water to 1 liter, autoclave. 

LB agar: LB broth with 1.5% agar (w/v), autoclave. 

PPLO broth:  21 g PPLO® broth, add distilled water to 1 liter, sterile 

filter; prior to use EIVX (see below) and Tween®80 (0.1% 

final concentration) were added. 

PPLO agar:  35 g PPLO® agar, 3 g agar, add distilled water to 1 liter, 

autoclave; prior to use EIVX (see below) was added. 

Supplemented blood agar: 40 g Columbia blood agar base 2®, add distilled water to 

800 ml, autoclave, cool to 55°C, add 200 ml bovine blood 

and 0.7% nicotine amide dinucleotide (NAD). 

Selective blood agar: Add crystal violet (1 µg/ml), lincomycin (1 µg/ml), nystatin 

(50 µg/ml), bacitracin (100 µg/ml) to supplemented blood 

agar. 

 

Antibiotic solutions and supplements 
Ampicillin: stock solution 100 mg/ml in 70% ethanol, a few 

drops of concentrated HCl were added until all 

substance was completely dissolved 

Bacitracin: stock solution 100 mg/ml in A. bidest. 

Chloramphenicol: stock solution 25 mg/ml in 70% ethanol 

Lincomycin: stock solution 1 mg/ml in A. bidest. 

Kanamycin: stock solution 50 mg/ml in A. bidest. 

Nystatin: stock solution 50 mg/ml in A. bidest. 

Crystal violet: stock solution 1 mg/ml in A. bidest. 

                                            
1 Heraeus CO2-Auto-Zero, Heraeus Instruments GmbH Labortechnik, Hanau, Germany 
2 Oxoid GmbH, Wesel, Germany 
3 Linde, Höllriegelskreuth, Germany 
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Diaminopimelic acid:  stock solution 100 mM in A. bidest., a few drops of 

concentrated HCl were added until the solution 

cleared 

PPLO supplement stock solution, 100 × concentrated:   

1 g/l L-glutamine1, 26 g/l L-cysteine dihydrochloride, 

1 g/l L-cystine dihydrochloride, 1 g/l NAD in 10% 

D (+) glucose monohydrate 

All stock solutions were sterilized by filtration2 and stored at –20°C. 

C.2.2.1. Culture conditions for proteome analysis and aspartase assay 

One hundred ml A. pleuropneumoniae culture was grown with shaking at 200 rpm to 

an optical density at 660 nm (OD660) of 0.3. This culture was split into 20 ml aliquots 

and an equal volume of freshly thawed bronchoalveolar lavage fluid (BALF) or, for 

control cultures, an equal volume of 150 mM NaCl solution was added to the culture 

media. Cultures with BALF and aerobic control cultures were further incubated with 

shaking for one hour, growing to an OD660 of approximately 0.6. Anaerobic cultures 

were placed into an anaerobic jar without shaking at 37°C for three hours after 

addition of 150 mM NaCl, reaching an OD660 of approximately 0.6.  

C.2.2.2. Culture conditions for investigation of plasminogen binding and 

DmsA expression 

One hundred ml A. pleuropneumoniae culture were grown to an of OD660 of 0.3 in a 

shaking incubator followed by incubation in an anaerobic jar without shaking for three 

hours.  

C.2.2.3. Culture conditions for comparison of anaerobic growth 

One hundred ml supplemented PPLO medium were pre-incubated in an anaerobic 

chamber for 36 to 48 h, inoculated with a single colony of the A. pleuropneumoniae 

strain under investigation and further incubated for 16 h. 

                                            
1 Serva, Heidelberg, Germany 
2 FP30/0,2 CA-S, pore size 0.2 µM, cellulose acetate, Schleicher & Schuell, Dassel, Germany 
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C.3. Bacteriological methods 

C.3.1. Urease assay 

Bacterial cultures on supplemented PPLO agar were overlaid with 0.5% agarose1 

containing 0.3 M urea and 0.01% phenol red. Color of the colonies was assessed 

after 1 min. Urease positive colonies turned red, whereas urease negative colonies 

turned yellow. 

C.3.2. Determination of bacterial growth by determination of dry pellet weight 

One hundred ml bacterial culture were harvested by centrifugation at 7,000 × g in a 

polypropylene tube of previously determined weight. The pellet was dried at 80°C in 

an oven2 for 24 h, the weight of the tube with pellet was determined and the dry pellet 

weight was calculated as the difference to the weight of the tube alone. 

C.3.3. Plate bioassay: Sensitivity to ferric citrate 

Actinobacillus pleuropneumoniae strains grown overnight on supplemented PPLO 

agar were resuspended in 150 mM sodium chloride solution and diluted to an OD600 

of 0.1. One hundred  µl were evenly spread onto supplemented PPLO agar plates. 

Plates were preincubated for 30 min at 37°C in a 5% CO2 incubator, paper discs 

soaked with 10 µl of 250 mM ferric citrate were placed onto the plates and the plates 

were further incubated overnight. 

C.3.4. Plate bioassay: Sensitivity to bacitracin under iron-restricted conditions 

To induce iron restriction, the iron chelator diethylentriamine-pentaacetic acid calcium 

trisodium salt hydrate (Na3CaDTPA) was spread onto supplemented blood agar 

plates (100 µl 30 mM Na3CaDTPA per 20 ml agar). Bacteria were grown in 

supplemented PPLO medium in a shaking incubator to an OD600 of 0.3, iron 

restriction was induced and the cells were further incubated for 90 min. The bacteria 

were diluted with 150 mM sodium chloride solution to an OD600 of 0.1 and 100 µl 

                                            
1 Appligene, Illkirch, France 
2 Booskamp, Wuppertal, Germany 
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were evenly spread onto the iron-restricted plates. Paper discs soaked with 15 µl 

bacitracin (200 µg/ml) were placed onto the plates and incubated overnight at 37°C in 

a 5% CO2 incubator. 

 

C.4. Manipulation of nucleic acids 

C.4.1. Plasmids 

The plasmids used in this study are summarized in Table 2. Restriction 

endonuclease digests, ligations, generation of blunt ends via Klenow fragment or 

T4 DNA polymerase, alkaline phosphatase treatments and agarose1 gel 

electrophoresis were done according to standard protocols and the respective 

manufacturer’s instructions. Restriction endonucleases, other enzymes, DNA size 

standards and buffers were purchased from New England Biolabs, Frankfurt, 

Germany, unless stated otherwise. Plasmids were analyzed by gel electrophoresis in 

0.5 × TBE buffer on a 0.8 % agarose gel; for preparative gels 1 × TAE buffer was 

used. 

10 ×  TBE buffer: 1 M Tris-borate, 10 mM EDTA (pH 8.0) 

50 ×  TAE buffer: 2 M Tris-HCl (pH 8.0), 1 M acetic acid, 50 mM EDTA (pH 8.0) 

                                            
1 Qbiogene, Heidelberg, Germany 
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C.4.2. Primers 

The primers used in this study are summarized in Table 3. Primers were synthesized 

by Invitrogen, Karlsruhe, Germany. 

C.4.3. Isolation of DNA 

C.4.3.1. Plasmid DNA 

Plasmid DNA was either prepared by alkaline lysis (BIRNBOIM and DOLY 1979) 

following standard procedures (SAMBROOK et al. 1989) or by using the 

NucleoBond® AX kit1 according to the manufacturer’s instructions. 

DNA cleanup following alkaline lysis was performed by phenol-chloroform extraction 

according to standard procedures (SAMBROOK et al. 1989) or by using the Gene 

Clean® kit2 according to the manufacturer’s instructions. Centrifugation steps were 

carried out in a microcentrifuge3.  

C.4.3.2. Total chromosomal DNA of A. pleuropneumoniae 

Overnight bacterial cultures grown on solid medium were harvested by suspending 

the bacteria in 2.5 ml TE buffer (10 mM Tris [pH 8.0], 1 mM EDTA [pH 8.0]) and 

transferred to a 10 ml polypropylene tube. To lyse the bacterial cells, 64 µl 

proteinase K (20 mg/ml), 250 µl SDS (10% w/v) and 50 µl 0.5 M EDTA (pH 8.0) were 

added, the solution was mixed by gentle inversion of the tube and incubated at 55°C 

for 1 h. RNase was added to a final concentration of 100 µg/ml and the solution was 

further incubated at 37°C for 30 min to remove RNA contamination. DNA was purified 

by phenol-chloroform extraction as follows: Five hundred µl phenol equilibrated in 

TE buffer pH 7.8 were added to the solution and mixed well. The solution was kept at 

-70°C for at least 1 h. Then 600 µl of a chloroform-isoamyl alcohol mixture (24:1) 

were added, mixed and centrifuged at 10,000 rpm for 10 min. The top (aqueous) 

phase containing DNA was carefully removed using a plastic pasteur pipette and 

                                            
1 Macherey & Nagel, Düren, Germany 
2 Qbiogene, Heidelberg, Germany 
3 MC-13 Amicon, Heraeus Instruments, Osterode, Germany 
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transferred to a new tube. Chloroform-isoamyl extraction was repeated at least 

3 times until no interphase was visible. The upper phase was transferred into a new 

tube, and DNA was precipitated by adding 0.1 volume of 3 M Na-acetate (pH 5.2) 

and 1 volume of isopropanol. The DNA thread generated by careful inversion of the 

tube was collected with a small pipette tip and washed twice in 70% ethanol for 

5 min. DNA was dissolved in 500 µl A. bidest., and 5 µl of DNA were analyzed by 

agarose gel electrophoresis. 

C.4.4. Isolation of RNA 

Cultures were grown with shaking at 37°C until reaching an OD660 of approximately 

0.6. Centrifuge tubes were filled to one third with crushed ice and placed on ice until 

needed. Bacterial cultures were poured onto the crushed ice and centrifuged at 

7,000 × g for 5 minutes. Supernatant was completely removed and the pellet frozen 

at -70°C for 30 min. RNA was extracted using the RNeasy® kit1 according to the 

manufacturer's instructions. RNA was visualized on a glyoxal/dimethyl sulfoxide gel 

following standard procedures (SAMBROOK et al. 1989). 

C.4.5. Polymerase chain reaction 

Polymerase chain reactions (PCRs) were performed in a thermal cycler2 in 25 or 

50 µl total reaction volume using Taq DNA polymerase3. The reaction mixtures were 

prepared on ice by addition of the reagents in the order described in Table 4. In the 

case of transformants, the DNA template consisted of 5 µl of a bacterial suspension 

prepared by taking up a single colony in 100 µl A. dest. (C.4.5.1). Amplification 

conditions are listed in Table 5; the extension time was estimated based on the 

length of the expected PCR product (1 min for every 1 kb). PCR products were 

analyzed by gel electrophoresis in 0.5 × TBE buffer on a 1.5% agarose4 gel if 

products were < 1500 base pairs (bp), otherwise a 0.8 % agarose gel was used. 

                                            
1 Quiagen GmbH, Hilden, Germany 
2 Eppendorf Mastercycler, Eppendorf AG, Hamburg, Germany 
3 Invitrogen, Eggenstein, Germany 
4 Qbiogene, Heidelberg, Germany 
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Table 3: Primers used in this study

Primer Characteristics Reference 
or source 

M13 
forward CAGGAAACAGCTATGAC Amersham 

Biosciences 

M13 
reverse GTAAAACGACGGCCAG Amersham 

Biosciences 

oAS1 
GGTCTAGAGCGATTGTAGCWGCTTGTGATG 
(upstream primer with an internal XbaI site comprising 
position 219 to 241 of the aspA ORF) 

This work 

oAS2 
CGTCTAGACGTAAGTTCACACAAGCATTGG 
(downstream primer with an internal XbaI site 
comprising position 1135 to 1158 of the aspA ORF) 

This work 

oAS3 GGCCCACGTGCCGGTTTAAA ( upstream primer 
comprising position 900 to 919 of the aspA ORF) This work 

oAS4 CTTCCGCTTTTGCTTCGAAG (downstream primer 
comprising position 779 to 760 of the aspA ORF) This work 

oAS5 CTTCGAAGCAAAAGCGGAAG (upstream primer 
comprising position 760 to 779 of the aspA ORF) This work 

oAS6 AGGTAAACCGGTTACTTCCG (downstream primer 
comprising position 518 to 537 of the aspA ORF) This work 

oAS7 GAGGTGAATTTATGAGTAAT GTACGTG (upstream 
primer comprising position -11 to 18 of the aspA ORF) This work 

oAS8 
AAWTACTCTTCTTCAGTAAA TTTCGCC (downstream 
primer comprising position 1405 to 1432 of the aspA 
ORF) 

This work 

oAS9 
GGATCCGCGAAAGAGAAGTACCTGC (upstream 
primer with an internal BamHI site comprising position 
46 to 64 of the aspA ORF) 

This work 

oAS10 
TCGAGTTCGCCGCTTTATAAGTCGG (upstream 
primer with an internal XhoI site comprising position 
1392 to 1411 of the aspA ORF) 

This work 

oAS15 TTG TTCGCG GTATGG TAATGGTAAAAA (upstream 
primer comprising position 136 to 163 of the aspA ORF) This work 

oAS16 CCGCATCTTGTAACTGAGTA (downstream primer 
comprising position 564 to 583 of the aspA ORF) This work 
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Table 3 continued 

 

Primer Characteristics Reference 
or source 

oDMSA 
del1 

TTGAAATATCCGATGAAACGT (downstream primer 
comprising positions 317 to 338 of the dmsA homologue) 

BALTES et 
al. 2003a 

oDMSA 
del2 

TCATATTGGCGACATAAGCAT (upstream primer 
comprising positions 1583 to 1604 of the dmsA 
homologue) 

BALTES et 
al. 2003c 

5' RACE 
Abridged 
Anchor 
primer 

GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG 
(primer binding to the oligo-dC tail in the 5`RACE 
System) 

Invitrogen, 
Paisley, UK

oASL1 
GTAAGGTACCATAGGGACTCTCTACGAAATTTGGAA
AC (upstream primer with an internal Acc65I site for 
amplification and cloning of luxAB) 

This work 

oASL2 
TCATTACGTAGCTGCAACTCGAAATCTATTAGG 
(downstream primer with an internal SnaBI site for 
amplification and cloning of luxAB) 

This work 

oFU1a 
ACGCTCTAGAGTCATCGGTATCTTCGGTTG 
(upstream primer on position -291 to - 313 upstream of 
fur; containing an XbaI recognition site) 

This work 

oFU2 
ACGCTCTAGAAGGACTCGGTTTTACCACCA 
(downstream primer on position 919 to 938 downstream 
of the fur start codon; containing an XbaI recognition site) 

This work 

oTON1 CTTGGCTGTAAGTCTGATCC (upstream primer on 
position 33 to 52 of the tonB ORF) This work 

oTON2 TACTTCCTTTGAGGGAGGCT (downstream primer on 
position 306 to 287 of the tonB ORF) This work 

oTON4 CCGTAAGGGACTCTTCAACA (downstream primer on 
position 172 to 153 of the tonB ORF) This work 
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Table 4: PCR reaction 

reaction 
components 

stock 
solution 

final 
concentration 

volume per 
reaction (µl) 

volume per 
reaction (µl) 

A. bidest. - - 11.15 22.3 

MgCl2 50 mM 1.5 mM 0.75 1.5 

PCR-buffer 10 x 1 x 2.5 5 

dNTPs 10 mM 0.2 mM 0.5 1 

forward primer 5 pmol/µl 0.5 pmol/µl 2.5 5 

reverse primer 5 pmol/µl 5 pmol/µl 2.5 5 

Taq DNA 
polymerase 5 U/µl 0.5 0.1 0.2 

template - - 5 10 

final volume   25 50 

mineral oil 
overlay - - 30 40 

 
Table 5: PCR protocols 

primers PCR protocol 

M13 for, M13 rev 3' 94°C, (1' 94°C, 1' 58°C, 3' 72°C) x 32, 10' 72°C 

oAS1, oAS2, oAS3 3' 94°C, (30’’ 94°C, 40'' 60°C, 1'30’’ 72°C) x 32, 10' 
72°C 

oAS5, oAS6 3' 94°C, (30'' 94°C, 1’ 52°C, 45’’ 72°C) x 32, 10' 72°C

oAS7, oAS8, oAS9, oAS10; 
oAS15, oTON1, oTON2 

3' 94°C, (30'' 94°C, 1' 55°C, 1'30’’ 72°C) x 32, 10' 
72°C 

oDMSAdel1, oDMSAdel2 3' 94°C, (30'' 94°C, 1’ 54°C, 1’30’’ 72°C) x 32, 10' 
72°C 

5' RACE Abridged Anchor 
primer, oAS4, oASL1, 

oASL2, oTON4 
3' 94°C, (30'' 94°C, 1’ 55°C, 2' 72°C) x 32, 7' 72°C 

oFU1a, oFU2 3' 94°C, (30’’ 94°C, 40'' 60°C, 2' 72°C) x 32, 10' 72°C
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C.4.5.1. Preparation of DNA template by colony boiling 

A single colony was touched with a small sterile glass bead which was then 

transferred into 100 µl 1:10 diluted TE buffer or A. dest. in a microtiter plate or in a 

1.5 ml reaction tube. The solution was boiled in a microwave oven for 8 min at 

180 W. Five µl of this mixture served as template in a 25 µl PCR reaction. For the 

negative control, 100 µl 1:10 diluted TE buffer was boiled at the same conditions, and 

5 µl were used as template.  

C.4.6. Determination of transcriptional start points by 5’RACE®1 

RNA from A. pleuropneumoniae grown under appropriate conditions was prepared 

and DNA was removed by incubating approximately 6 µg of crude RNA with 10 µl 

DNase2 in a total volume of 200 µl for 45 min at 37°C. RNA was purified from the 

mixture by phenol-chloroform extraction as follows: One hundred µl phenol (pH 4.5 to 

5.0) and 100 µl chloroform: isoamyl alcohol (24:1) were added, mixed, and the 

supernatant was transferred to another tube. This step was repeated twice. RNA was 

then precipitated by adding 1/10 volume 3 M sodium acetate (pH 4.5) and 

2.5 volumes 96 % [v/v] ethanol and subsequent incubation over night at -70°C. After 

centrifugation for 20 min at 4°C and 15,000 × g the RNA pellet was washed once with 

ice cold 70% [v/v] ethanol and then solubilized in 11 µl DEPC-treated A. bidest.; 

absence of genomic DNA was confirmed by PCR using 5 µl of 1:10 diluted RNA as 

template. 

First strand DNA was synthesized using a gene specific primer (GSP; oAS16 for 

aspA and oTON2 for tonB). Five µl RNA were mixed with 10 µl DEPC-treated 

A. bidest. and 1 µl GSP (5 pmol/µl), incubated at 90 °C for 2 min followed by 10 min 

incubation at 42°C to allow annealing of the primer. For synthesis of the cDNA, 2 µl 

10 × RT-buffer, 1 µl dNTP (10 mM each) and 1 µl Reverse Transcriptase3 were 

added and incubated at 42°C for 30 min. To facilitate separation of mRNA and cDNA 

strands, the temperature was raised to 95°C for 5 min before the tube was 

                                            
1 The 5’RACE System for Rapid Amplification of cDNA Ends, Version 2.0, Invitrogen, Eggenstein, 

Germany 
2 Turbo DNase, Ambion, Austin, U.S.A. 
3 M-MuLV Reverse Transcriptase, New England Biolabs, Frankfurt, Germany  
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transferred onto ice. RNA was removed by RNase1 treatment at 37°C for 30 min 

followed by purification of cDNA using the Gene Clean® kit2. The following 

procedures were done according to the manufacturers instructions: An oligo-dC tail 

was added to the 3’end of the purified cDNA using terminal deoxynucleotidyl 

transferase3 and the tailed cDNA was amplified by PCR using 5’ RACE Abridged 

Anchor Primer3 and a nested GSP (oAS4 for aspA and oTON4 for tonB). The PCR 

products were cloned into pCR®2.1-TOPO using the TOPO TA cloning kit3. Six of the 

resulting clones were sequenced for each of the reactions performed. 

 

C.4.7. Pulsed field gel electrophoresis (PFGE) 

C.4.7.1. Isolation of agarose-embedded chromosomal A. pleuropneumoniae 

DNA 

Actinobacillus pleuropneumoniae strains were grown on PPLO agar and washed off 

the plate with 3 ml of PETT IV-buffer. The bacterial suspension was adjusted to an 

OD600 of 0.3 and then placed on ice. Five ml of the culture were centrifuged at 

5,000 rpm at 4°C for 10 min, the supernatant was removed and the cells were 

washed once in 5 ml ice-cold PETT IV-buffer. After centrifugation the pellet was 

resuspended in 0.5 ml PETT IV buffer and incubated briefly at 55°C before 0.5 ml of 

1.2% agarose4 (kept at 55°C) were added and mixed by repeated pipetting. The 

suspension was poured into 100 µl plug molds (Sample CHEF Disposable Plug 

Mold5) and allowed to solidify at 4°C for 10-15 min. The plugs were removed from the 

mold and 5 plugs each were transferred into a polypropylene tube containing 3 ml 

lysis buffer. The tube was incubated horizontally at 37°C for 2 h after which the lysis 

buffer was discarded. Three ml EPS buffer containing 1% N-laurylsarcosine and 

1 mg/ml proteinase K were added and the plugs were incubated at 55°C overnight. 

The EPS buffer was discarded and the plugs were washed twice with 3 ml A. bidest. 

for 15 min by tube-rolling at room temperature, then the A. bidest. was discarded. To 

                                            
1 RNase, DNase free, Roche, Basel, Switzerland 
2 Quiagen GmbH, Hilden, Germany 
3 Invitrogen, Eggenstein, Germany 
4 Qbiogene, Heidelberg, Germany 
5 BioRad Inc., Munich, Germany 
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inactivate residual proteinase K, plugs were washed twice with 2 ml TE-PMSF for 

30 min at room temperature. Plugs were then washed with 3 ml A. bidest. for 15 min, 

which was removed before washing the plugs with 3 ml TE buffer for 30 min and 

finally storing them in 5 ml TE buffer at 4°C . 

PETT IV-buffer: 1 M NaCl, 10 mM Tris-HCl (pH 8.0), 10 mM EDTA 

lysis buffer:  1 M NaCl, 10 mM Tris-HCl (pH 8.0), 0.2 M EDTA, 0.5% N-

laurylsarcosine, 0.2% sodium deoxycholate, 2 µg/ml RNase, 

1 mg/ml lysozyme 

EPS:    0.5 M EDTA, 1% N-laurylsarcosine, 1 mg/ml proteinase K 

TE-PMSF:  1.5 mM PMSF in TE buffer 

PMSF:   17 mg phenylmethylsulfonyl fluoride1 per ml isopropanol 

 

C.4.7.2. Restriction endonuclease digestion of DNA embedded in agarose 

plugs 

One third of a gel plug was used for each reaction. Prior to digestion, plugs were 

equilibrated in 3 volumes of an appropriate restriction endonuclease buffer (supplied 

by the manufacturer) for 1 h at room temperature. The buffer was removed, new 

buffer was added, and 10 U of enzyme were used to cleave the DNA in the plugs 

overnight at the temperature appropriate for the respective restriction endonuclease. 

C.4.7.3. Pulsed field gel electrophoresis 

An 1% agarose2 gel was prepared using 0.5 x TBE buffer, cooled to 55°C and 

poured into a gel casting platform3. The gel was allowed to solidify for 15 min before 

removal of the comb. The gel plugs containing the digested DNA were transferred 

into the slots. Bacteriophage lambda concatemers embedded in agarose gel were 

used as size marker. The slots were filled up with agarose gel to prevent buoyancy of 

the plugs. The gel was placed into the electrophoresis chamber4 and carefully 

                                            
1 Serva, Heidelberg, Germany 
2 Qbiogene, Heidelberg, Germany 
3 BioRad Inc., Munich, Germany 
4 CHEF-DR III pulsed-field electrophoresis system, Bio-Rad, Munich, Germany 
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immersed in cold (12°C) 0.5 x TBE buffer. PFGE gels were run at 6 V/cm and 12°C 

with linear ramped switch times from 10 to 20 sec for 14 h and from 35 to 70 sec for 

12 h. After the run, DNA was stained with ethidium bromide in A. bidest. (0.5 µg/ml) 

for 15 min and destained in A. bidest. for 15 to 30 min. Gels were documented on a 

UV transilluminator and photographed with an image documentation system1. 

 

C.4.8. Nucleic acid detection 

C.4.8.1. Southern blotting 

DNA was cleaved with an appropriate restriction endonuclease and separated by gel 

electrophoresis. The gel was photographed with a ruler on a UV transilluminator prior 

to Southern transfer by capillary blotting onto nylon membrane2 according to 

standard procedures (SAMBROOK et al. 1989). DNA crosslinking was achieved by 

baking the membrane in an oven3 at 80°C for 120 minutes. 

C.4.8.2. Labeling of DNA probes with α32P-dCTP 

DNA probes were generated using random priming of PCR products. Briefly, 20 to 

30 ng of DNA in 5 µl A. bidest. were denatured at 100°C for 5 min and placed on ice. 

Then, 10.5 µl of A. bidest., 5 µl OLB solution, 1 µl acetylated BSA (10 mg/ml), 1 µl 

Klenow fragment (5 U/µl) and 2.5 µl α-32P-dCTP (370 kBq/µl) were added and the 

reaction was incubated at room temperature for 4 h. One hundred µl of stop buffer 

were added to stop the reaction. The labeled DNA probe was used immediately or 

stored in a lead container at -20°C for a few days. Immediately prior to use, the 

labeled DNA probe was denatured at 95°C for 5 min. 

 

OLB solution:  100 µl solution A, 250 µl solution B, 150 µl solution C 

Solution O:   625 µl 2 M Tris-HCl (pH 8), 125 µl 1M MgCl, 250 µl A. bidest. 

Solution A:  1 ml solution O, 18 µl mercaptoethanol, 5 µl 100 mM dTTP, 

5 µl 100 mM dGTP, 5 µl 100 mM dATP 

                                            
1 BioRad Inc., Munich, Germany 
2 Positive membrane, Appligene, Illkirch, France 
3 Booskamp, Wuppertal, Germany 
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Solution B:   2 M HEPES (pH 6.6) 

Solution C:  random hexa-desoxynucleotides in TE buffer, 4.5 mg/ml1  

Stop solution:  20 mM NaCl, 20 mM Tris-HCl (pH 7.5), 2 mM EDTA (pH 8), 

0.25% [w/v] SDS 

C.4.8.3. Southern hybridization 

Southern hybridization was performed overnight following standard procedures 

(SAMBROOK et al. 1989) in a hybridization oven2 at 60°C, using a hybridization 

buffer containing 6 × SSC, 0.5% SDS, 5 × Denhardt’s solution and 0.01 M EDTA. 

Blots were washed three times for 30 minutes at 65°C (3 × SSC, 0.5% SDS for most 

applications; for higher stringency, 0.1 × SSC, 0.5% SDS was used), and exposed to 

an X-ray film3. The exposure time was adjusted depending on the signal strength. 

20 × SSC:  3 M NaCl, 0.3 M trisodium acetate  
50 × Denhardt's solution:  1% [w/v] polyvinylpyrrolidone, 1% [w/v] Ficoll 400,  

   1% [w/v] BSA; in A. bidest. 

 

C.4.9. Nucleotide sequencing and sequence analysis 

Nucleotide sequencing was done by SEQLAB, Göttingen, Germany. Sequence 

analyses were performed using the HUSAR program package supplied by Deutsches 

Krebsforschungszentrum Heidelberg, Germany (dkfz). 

 

C.4.10. Transformation  

C.4.10.1. Preparation of E. coli competent cells for transformation  

Competent E. coli were prepared using the method described by HANAHAN et al. 

(1991). 

Escherichia coli cells were grown in 250 ml LB broth with 20 mM MgCl2 to an OD600 

of 0.3 to 0.4 and then chilled on ice. Cells were harvested by centrifugation at 

4,500 × g and 4°C for 10 min, resuspended in 30 ml ice-cold TFB1 and kept on ice 

                                            
1 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
2 Mini hybridization oven, Qbiogene, Heidelberg, Germany 
3 Kodak X-OMAT® AR or BioMax, SIGMA, Deisenhofen, Germany 
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for a minimum of 90 min before centrifuged again as described above. The pellet was 

resuspended in 5 ml of ice-cold TFB2; aliquots of approximately 250 µl were 

transferred (using a pre-chilled pipette) to pre-chilled eppendorf tubes and stored at   

-70°C until use. 

 

TFB1: 30 mM potassium acetate, 100 mM RbCl, 10 mM CaCl2, 50 mM MnCl2, 

15% glycerine (pH 5.8) 

TFB2: 10 mM MOPS, 75 mM CaCl2, 10 mM RbCl, 15% glycerine (pH 6.5) 

Both solutions were sterilized by filtration1 and stored at 4°C. 

C.4.10.2. Transformation of E. coli by heat shock 

The competent cells were thawed on ice, split into 100 µl aliquots and approximately 

0.5 µg DNA or 12.5 µl of a ligation reaction were added. After incubation for a 

minimum of 30 min on ice the cells were placed into a 42°C temperature block2 for 

3 min and then chilled on ice for 2 min. Two hundred µl of LB broth were added, and 

the cells were allowed to regenerate at 37°C for 1 hour before spreading the mixture 

on LB agar plates containing the appropriate antibiotic. 

C.4.10.3. Preparation of electrocompetent A. pleuropneumoniae 

A modified method by FREY (1992) and TUNG and CHOW (1995) was used. Briefly, 

A. pleuropneumoniae cells were grown in 250 ml of supplemented PPLO broth in a 

shaking incubator to an OD600 of 0.3 to 0.4; the culture was then kept on ice for 20 to 

30 min before the cells were harvested by centrifugation at 4,500 × g and 4°C for 

10 min. The cells were washed three times, with 50 ml, 30 ml and 20 ml of ice-cold 

GYTT medium, respectively. After the last centrifugation step, bacteria were 

resuspended in 1.5 ml ice-cold GYTT, 250 µl aliquots were transferred (using a 

chilled glass pipette) to pre-chilled eppendorf tubes on ice and electrotransformation 

was performed on the same day. 

                                            
1 FP30/0,2 CA-S, pore size 0.2 µM, cellulose acetate, Schleicher & Schuell, Dassel, Germany 
2 Multi-Block Heater, Lab-Line, Kleinfeld-Labortechnik GmbH, Gehrden, Germany 
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GYTT:  Glycerol   100 ml 

Yeast extract  1.25 g 

Tryptone   2.5 g 

Tween®80:  0.2 ml 

A. dest.   ad 1000 ml 

The solution was sterilized by filtration1 and stored at 4°C. 

C.4.10.4. Electrotransformation of A. pleuropneumoniae 

A modified method from FREY (1992) and TUNG and CHOW (1995) was used. 

Competent cells (250 µl) and 2-5 µg salt free DNA were mixed in a cold tube on ice, 

kept on ice for 30 min and transferred into a pre-chilled electrotransformation 

cuvette2. The Gene Pulser3 was set to 2.5 kV, 25 µFD and the pulse controller was 

set up to 800 Ω. Water drops on the cuvette’s outside were dried, the cuvette was 

placed into the Gene Pulser chamber and the pulse was applied. Immediately 

afterwards, 1 ml supplemented PPLO broth, pre-warmed to 37°C, was added to the 

cells and the mixture was transferred to a glass tube. The bacterial cells were 

allowed to regenerate for 2-4 h at 37°C in a CO2-incubator before aliquots were 

spread onto supplemented PPLO agar plates containing the appropriate antibiotic.  

C.4.11. Construction of A. pleuropneumoniae isogenic deletion mutants 

The method described by OSWALD et al. (1999b) was used with small modifications. 

Deletions were introduced into A. pleuropneumoniae by allelic replacement, using the 

principle of homologous recombination to exchange an intact gene for the truncated 

version of the gene. The recombinant plasmid containing the truncated version of the 

gene was transferred into A. pleuropneumoniae from an E. coli donor by conjugation. 

                                            
1 FP30/0,2 CA-S, pore size 0.2 µM, cellulose acetate, Schleicher & Schuell, Dassel, Germany 
2 Electrotransformation cuvette, 0.2 cm electrode gap, BioRad Inc., Munich, Germany 
3 BioRad Inc., Munich, Germany 
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C.4.11.1. Transconjugation from E. coli to A. pleuropneumoniae by filter mating 
technique 

In this study, the truncated gene cloned into the mutagenesis vectors pBMK1 or 

pEMOC2 was mobilized from E. coli β2155 (Table 1), a diaminopimelic acid 

auxotrophic donor strain, into the A. pleuropneumoniae recipient. Donor and recipient 

were grown on appropriate solid medium and incubated overnight. Cultures were 

collected with a sterile cotton swab and resuspended in TNM buffer in separate tubes 

(E. coli  β2155 must not be resuspended by vortexing, as this may damage the pilus 

needed for conjugation) and cell density was adjusted to an OD660 of 2.0. Three 

nitrocellulose discs1 (0.45 µM pore size, 2.5 cm diameter) were placed onto sterile 

gel blotting paper in a petri dish, and 50 µl donor and 350 µl recipient were mixed by 

careful, repeated pipetting and transferred onto each nitrocellulose disc, allowing the 

buffer to be absorbed. The discs containing the culture mixture were then transferred 

onto prewarmed PPLO agar plates (with 1% EIVX, 1 mM diaminopimelic acid, and 

10 mM MgSO4) and incubated at 37°C in a CO2 incubator (5% CO2 atmosphere) for 

7 h. Following incubation, the discs were placed into an eppendorf tube containing 

650 µl supplemented PPLO broth, the bacteria were washed from the membrane by 

intensive vortexing, the suspension was plated onto a well-dried PPLO agar plate 

supplemented with 25 µg/ml kanamycin or 5 µg/ml chloramphenicol, respectively, 

and incubated at 37°C in a CO2 incubator for 36 h. 

Presence of the truncated gene in colonies growing on selective PPLO agar was 

confirmed by gene-specific PCR. 

TNM buffer:   1 mM Tris-HCl (pH 7.2), 100 mM NaCl, 10 mM MgSO4 

C.4.11.2. Sucrose counterselection 

A single colony of A. pleuropneumoniae confirmed to carry the truncated gene 

resulting from a plasmid cointegrate, was inoculated into 1 ml supplemented PPLO 

broth that had been prewarmed at 37°C, 5% CO2 overnight, and incubated at 37°C 

with shaking (200 rpm) for 2 h or until the culture was slightly turbid. One ml counter 

selection medium was added. The tube was further incubated at 37°C with shaking 

                                            
1 Millipore, Eschborn, Germany 
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(200 rpm) for six hours; then 50 µl were plated on supplemented PPLO agar without 

antibiotics and incubated overnight at 37°C, 5% CO2.  

Counter selection medium (2 x) 
4 volumes 2.5 x salt-free PPLO broth 

5 volumes sucrose [40% w/v] 

1 volume sterile equine serum 

2.5 × salt-free PPLO broth 

Forty-six g of Bacto® Beef Heart For Infusion in 1 l A. dest. were kept at 50°C with 

constant stirring for 1 h, boiled in a microwave oven for 3 min and cooled to room 

temperature with constant stirring. The suspension was filtered to remove solids, 

7.4 g of Bacto® Peptone were added, the pH was adjusted to 7.4 with 1 M NaOH, 

and the solution was sterilized by filtration. 

 

C.5. Manipulation of proteins 

C.5.1. Preparation of proteins 

C.5.1.1. Preparation of proteins from A. pleuropneumoniae by whole cell lysis 

Actinobacillus pleuropneumoniae was grown as described in chapter C.2. Bacteria 

were harvested by centrifugation at 4°C and 7,000 × g for 10 min. The supernatant 

was removed, the cells were resuspended in 500 µl 50 mM Tris-HCl (pH 7.3) and 

stored at -70°C. The cells were ruptured using a Mini BeadBeater®1 3 x 3 min 

followed by sonication2 (2 x 30 pulses, output 3-4) on ice. Alternatively, cells were 

ruptured using a FastPrep instrument3, 3 x 40 sec, intensity 5.0. If the protein sample 

was to be used for 2D-PAGE, the lysate was treated with 5 U Benzonase®4 for 

10 min at 37°C. Unbroken cells were removed by centrifugation at 16,000 × g in a 

                                            
1 BioSpec Products Inc., Bartlesville, U.S.A. 
2 Sonic Cell Disruptor, Branson Sonifer, Branson Power Co., Dannbury, U.S.A. 
3 FastPrep® FP120, B101 Thermo Savant, Qbiogene, Heidelberg, Germany 
4 Merck Biosciences, Schwalbach, Germany 
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benchtop centrifuge1 for 10 min. The supernatant was transferred into a new 

microcentrifuge tube and stored at -70°C. 

C.5.1.2. Preparation of surface-associated proteins 

Preparation of surface-associated proteins was performed by the method described 

by GOETHE et al. (2000). Briefly, 20 ml cultures were induced as described in 

chapter C.2.2 followed by addition of sodium azide to a final concentration of 0.04% 

to inhibit further protein expression. Bacteria were pelleted by centrifugation at 4°C 

and 7,000 × g for 5 min and resuspended in 30 ml 150 mM sodium chloride solution 

containing 0.04% sodium azide, 10 mM Tris-HCl (pH 8.0) and 0.05% sodium 

deoxycholate. After incubation for 30 min cultures were centrifuged for 10 min at 

8,000 × g. The supernatant containing surface-associated proteins was precipitated 

overnight with trichloroacetic acid (TCA; 10% final concentration). After centrifugation 

for 10 min at 8,000 × g and 4°C, pellets were washed twice with pure acetone, 

resuspended in 50 mM Tris-HCl (pH 7.3) and stored at -70°C.  

C.5.1.3. Preparation of membranes 

Membranes of A. pleuropneumoniae were prepared by the method of HANCOCK 

and NIKAIDO (1978). Briefly, 500 µl bacteria in 50 mM Tris-HCl (pH 8.0) were 

ruptured using a FastPrep instrument2 for 40 sec at intensity 5.0, then 4.5 ml 

30 mM Tris-HCl (pH 8.0) containing 20% (w/v) saccharose were added and the 

mixture was sonicated3 for 3 × 30 sec at output 6. Cell debris was removed by 

centrifugation at 12,000 × g for 10 min. To separate the membranes, the solution was 

centrifuged for 1 hour at 177,000 × g and 4°C. The supernatant containing periplasm 

and cytoplasm was transferred to a new tube; the membrane pellet was resuspended 

in 500 µl 30 mM Tris-HCl (pH 8.0). Both fractions were kept at -70°C until use. 

C.5.1.4. Preparation of periplasm 

Periplasm was prepared by a chloroform extraction-based method described by 

AMES et al. (1984). Briefly, 10 ml bacterial culture was centrifuged at 5,000 × g and 

                                            
1 Centrifuge 5415D, Eppendorf AG, Hamburg, Germany 
2 FastPrep® FP120, B101 Thermo Savant, Qbiogene, Heidelberg, Germany 
3 Sonic Cell Disruptor, Branson Sonifer, Branson Power Co., Dannbury, U.S.A. 
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4°C for 10 min, the supernatant was removed, and the pellet was resuspended in the 

residual medium by vortexing. One hundred µl chloroform were added, mixed and 

incubated for 15 min at room temperature. Then 1 ml 0.01 M Tris-HCl (pH 8.0) was 

added, mixed and centrifuged for 20 min at 8,500 × g and 4°C. The supernatant 

containing the periplasm was carefully removed; the pellet was resuspended in 

500 µl 0.01 M Tris-HCl (pH 8.0); both fractions were stored at -70°C until use. 

 

C.5.1.5. Preparation of inclusion bodies (protein aggregates) 

In this study, inclusion bodies (protein aggregates) were used to raise antibodies 

against A. pleuropneumoniae aspartase in rabbits. These protein aggregates were 

generated by inserting parts of the respective gene into a matching reading frame of 

an appropriate pGEX expression vector (Table 2). Induction of the plasmid’s tac 

promoter with IPTG results in the production of GST (glutathione-S-transferase) 

fusion proteins. These fusion proteins can agglomerate in the cytoplasm of the E. coli 

host cell, forming inclusion bodies that can be purified and, upon solubilization, can 

be used as antigens to raise antibodies in rabbits. 

Protein aggregates were prepared as described by GERLACH et al. (1992). Briefly, 

250 ml liquid culture of the E. coli strain carrying the expression vector was incubated 

to an OD660 of 0.3-0.5, induced with IPTG (1 mM) and incubated for additional 2 h. 

Bacteria were harvested by centrifugation (5,000 x g) at 4°C for 10 min, the cell pellet 

was resuspended in 2.5 ml 50 mM Tris-HCl (pH 8.0) with 25% sucrose and frozen at 

–70°C overnight. After thawing, ¼ volume of 250 mM Tris-HCl (pH 8.0) containing 

10 mg/ml of lysozyme was added and the mixture was incubated on ice for 10 min. 

The addition of 5 volumes 2 x RIPA/ TET (mixed 5:4) was followed by another 

incubation on ice for 10 minutes. Then the mixture was sonicated using the 

sonicator's midi tip1 4 × 30 seconds at output 6. 

Aggregate preparations were centrifuged at 15,000 × g, 4°C for 20 minutes and then 

resuspended in 1 ml A. bidest.. In order to confirm the purity of the aggregate 

preparations, 2 µl aliquots were run on 10.8% SDS-PAGE gels and stained with 

Coomassie Blue.  

                                            
1 Sonic Cell Disruptor, Branson Sonifer, Branson Power Co., Dannbury, U.S.A. 
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2 x RIPA:  20 mM Tris-HCl (pH 7.4), 300 mM NaCl, 2% [w/v] desoxycholic acid, 

  2% [v/v] Tergitol (NP40) 

TET:   100 mM Tris (pH 8.0), 50 mM EDTA (pH 8.0), 2% [v/v] Triton X-100 

C.5.1.6. Preparation of porcine plasminogen 

Lysine Sepharose®4B1 was rehydrated according to the manufacturer’s instructions 

and loaded onto a chromatography column2. The sepharose matrix was washed 

3 times with 3 volumes of binding buffer. A maximum of 10 volumes of porcine serum 

was loaded onto the column, the column was then washed with 2 volumes of binding 

buffer and 3 volumes of washing buffer to remove unspecifically bound substances. 

Plasminogen was eluted with 3 volumes of elution buffer, sampled in 10 fractions of 

1 ml each. The fractions were analyzed by SDS-PAGE (see C.5.3). The column was 

regenerated by washing 3 times with 3 volumes of regeneration buffer. Since ε-amino 

capronic acid in the elution buffer might interfere with the preparation of 

plasminogen-binding proteins, ε-amino capronic acid was removed from the 

plasminogen preparation by column chromatography. Sephadex® G-25 columns3 

were washed with 10 ml coupling buffer, 0.5 ml of the plasminogen preparation were 

added and allowed to soak into the gel matrix. Plasminogen was eluted with 1 ml 

coupling buffer in two fractions of 500 µl each. These fractions were analyzed by 

SDS-PAGE. 

binding buffer:   50 mM phosphate buffer, pH 7.5 

washing buffer:   50 mM phosphate buffer, pH 7.5, 0.5 M NaCl 

elution buffer:   0.2 M ε-aminocapronic acid in A. dest. 

regeneration buffer:  50 mM phosphate buffer, pH 7.5, 1 M NaCl,   

    0.2 M ε-aminocapronic acid 

coupling buffer:  100 mM sodium carbonate buffer, pH 8, 0.5 M NaCl 

                                            
1 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
2 Poly-Prep® Chromatography Columns, BioRad Inc, Munich, Germany 
3 Pharmacia NAP®-5 columns, Amersham Pharmacia Biotech AB, Uppsala, Sweden 
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C.5.1.7. Preparation of plasminogen-binding proteins 

The method was modified from SJOSTROM et al. (1997). Briefly, plasminogen was 

coupled to 1.5 g CNBr-activated Sepharose® 4 Fast Flow1 according to the 

manufacturer’s instructions and filled into a chromatography column2. Five µl 

sepharose were analyzed by SDS-PAGE to confirm binding of plasminogen to the 

matrix. The gel was washed twice with 5 ml of equilibration buffer. Twelve ml whole 

cell lysate in 50 mM phosphate buffer (pH 7.0) containing NaCl (final concentration 

0.5 M) and 500 kallikrein inhibitor-units (KIU)/ml aprotinin (a plasmin inhibitor) were 

loaded onto the column, the flow through was collected. The column was then 

washed with equilibration buffer until the OD280 of the flow through was < 0.1. The 

column was washed twice with 5 ml of washing buffer to remove NaCl. Proteins were 

then eluted with 10 ml of elution buffer; 10 fractions of 1 ml each were collected and 

analyzed by SDS-PAGE and aspartase assay. 

equilibration buffer: 50 mM sodium phosphate buffer, pH 7.0, 0.5 M NaCl,  

0.01% Tween®80 

washing buffer:  50 mM sodium phosphate buffer, pH 7.0,  

0.01% Tween®80, aprotinin (500 KIU/100 ml) 

elution buffer:  50 mM sodium phosphate buffer, pH 7.0,  

10 mM ε-aminocapronic acid 

 

C.5.2. Determination of protein concentration 

Protein concentrations were determined using the Micro BCA® Protein Assay3 or the 

MicroBCTM® Assay4 in 96 well microtiter plates according to the manufacturer's 

instructions. Protein samples were diluted appropriately. The assay was read in an 

ELISA reader5 at a wavelength of 550 nm.  

 

                                            
1 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
2 Poly-Prep® Chromatography Columns, BioRad Inc, Munich, Germany 
3 Pierce Micro BCA® Protein Assay, Pierce, Rockford, U.S.A. 
4 Uptima Interchim, Montlucon Cedex, France 
5 MR5000, Dynatech Laboratories Inc., Alexandria, U.S.A. 
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C.5.3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)  

Discontinuous SDS-PAGE was performed following standard procedures 

(SAMBROOK et al. 1989) using a Protean II Minigel system1. 

 

C.5.4. Two-dimensional-polyacrylamide gel electrophoresis (2D-PAGE) 

C.5.4.1. Sample preparation 

An appropriate amount of protein (150 µg for analytical gels, 500 µg for preparative 

gels) was precipitated with TCA (final concentration 10%) overnight at 4°C and 

pelleted by centrifugation for 10 min at 16,000 × g in a benchtop centrifuge. The 

pellets were washed twice with pure acetone and solubilized in 340 µl isoelectric 

focusing (IEF) solution containing 7 M urea, 2 M thiourea, 1% w/v ASB-142, 0.5% v/v 

Triton X-100, 40 mM Tris-base, 30 mM dithiotreitol (DTT) and 0.5% IPG buffer3. Prior 

to isoelectric focusing, insoluble material was removed by centrifugation at 

16,000 × g for 5 min in a benchtop centrifuge. 

C.5.4.2. First dimension: Isoelectric focusing 

Immobiline®DryStrips3 (18 cm) were rehydrated with the IEF solution containing the 

protein sample for 12 h and subsequently focused using an Ettan IPGphor®3 for 16 h 

in a series of time blocks with increasing voltage: 2 h 100 V, 1 h 500 V, 1 h 1,000 V, 

3 h 4,000 V, 3 h 8,000 V gradient, 6 h 8,000 V. 

C.5.4.3. Second dimension: SDS-PAGE 

Prior to second dimension, the strips were equilibrated for 10 min by rocking in a 

solution of 50 mM Tris-HCl (pH 8.8), 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS and 

10 mg/ml DTT followed by an additional 10 min of equilibration in the solution 

containing 25 mg/ml iodoacetamide instead of DTT. Proteins were separated in the 

                                            
1 BioRad Inc, Munich, Germany 
2 Calbiochem, affiliate of Merck KgaA, Darmstadt, Germany 
3 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
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second dimension by SDS-PAGE at 15°C and 80 V for 15 min followed by 200 V for 

3.5 h in a vertical Hoeffer chamber1. 

 

C.5.5. Protein detection 

C.5.5.1. Protein stains 

Preparative 2D gels and SDS-PAGE gels were stained either with Coomassie 

Brilliant Blue R250 or with colloidal Coomassie Brilliant Blue G250 stain (WILTFANG 

et al. 1991). Proteins in analytical 2D gels were visualized using a modified protocol 

of the silver staining method of Blum (RABILLOUD 1999).  

C.5.5.2. Western blotting 

Western blotting was done using the Mini Trans-Blot® system2. Proteins were trans-

ferred to a nitrocellulose membrane3 as described by SAMBROOK et al. (1989) for 

30 min at 50 V. 

C.5.5.3. Immunoblotting using alkaline phosphatase-conjugated antibodies 

Immunoblotting was performed according to standard procedures using an alkaline 

phosphatase-conjugated goat anti-rabbit IgG antibody4, diluted 1:2,000, as 

conjugate, and BCIP (5-bromo-4-chloro-3-indolyl phosphate) and NBT (nitroblue 

tetrazolium) as substrate for visualization of protein bands (SAMBROOK et al. 1989). 

Rabbit sera raised against recombinant proteins were used as indicated in Table 6. 

                                            
1 Hoeffer SE600 Standard Vertical Elelctrophoresis system, Hoeffer Scientific Instruments, 

San Francisco, U.S.A. 
2 BioRad Inc., Munich, Germany 
3 Protran BA85 0.45 µM, Schleicher and Schuell, Dassel, Germany 
4 Jackson ImmunoResearch Laboratories, Dianova, Hamburg, Germany 
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Table 6: Dilution of antisera used in this study 

serum raised against dilution 
AspA 1:500 

DmsA 1:2,000 

ExbB 1:200 

TbpB 1:2,000 

TbpA 1:2,000 

HSP60 1:2,000 
 

C.5.6. Protein identification by mass spectrometry 

Proteins of interest from whole cell lysates of A. pleuropneumoniae were analyzed in 

collaboration with the German Research Centre for Biotechnology (GBF), 

Braunschweig, Germany as follows: The spots were cut from the gels and treated 

using a slightly modified method of SHEVCHENKO et al. (2000). Briefly, the gel 

pieces were washed with water, dehydrated with acetonitrile, rehydrated with 

100 mM NH4HCO3, and prior to trypsin digestion again dehydrated by acetonitrile. 

Peptides were extracted by 25 mM NH4HCO3, followed by acetonitrile and by 5% 

formic acid followed by acetonitrile. Extracted peptides were purified using ZipTip 

C18-microcolumns1. Peptide sequences were determined from MS/MS fragmentation 

data recorded on an ESI Q-TOF II mass spectrometer2. Proteins were identified 

using the program Sonar MS/MS3 searching either against the genome of 

H. influenzae (NC_000907) or NCBI's bacterial genomes 

(http://www.ncbi.nlm.nih.gov/sutils/genom_table. cgi; release 06/2002). 

Trypsin digest, peptide elution, MALDI-MS, MALDI-TOF TOF MS/MS and data base 

searches of surface-associated protein spots were performed by Toplab GmbH, 

Martinsried, Germany. Spectrometry data were obtained using a Voyager-DE STR 

mass spectrometer4 and a 4700 Proteomics Analyzer4. Proteins were identified using 

                                            
1 Millipore, Billerica, MA, U.S.A. 
2 Micromass, Milford, MA, U.S.A. 
3 Proteomics, New York, U.S.A. 
4 Applied Biosystems, Foster City, U.S.A. 
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ProFound® 1 and Mascot (http://www.matrixscience.com/home.html) software 

searching the NCBI database (release 25/05/2004 and 21/06/2004). 

 

C.5.7. Preparation of antisera 

Antibodies directed against recombinant A. pleuropneumoniae aspartase were raised 

in rabbits. Custom immunization was done by SEQLAB2, according to the following 

two-months protocol: 

 

Day 0 First intracutaneous injection of antigen; pre-immune serum 

Day 21 Second intracutaneous injection of antigen 

Day 35 First bleeding (10-20 ml) 

Day 49 Third intracutaneous injection of antigen 

Day 53 Second bleeding (10-20 ml) 

Day 60 Final bleeding 

 

The antigen was prepared in PBS (pH 7.2); 220 µg were used per injection in 

combination with incomplete Freund’s adjuvant. 

 

PBS:    100 mM NaCl, 100 mM Na2HPO4,100 mM KH2PO4 

 

C.5.8. Purification of antisera 

In order to reduce background signals, antisera were purified by adsorption to 

nitrocellulose-bound whole cell lysates of E. coli DH5α carrying the vector pGEX-5x3. 

The absorption was repeated if the background signals were not reduced sufficiently.  

Bacterial strains were grown in 50 ml of appropriate medium, induced with IPTG 

(1 mM) and incubated for two hours before centrifugation. The pellet was 

resuspended in 500 µl A. bidest., 500 µl of SDS-PAGE sample buffer were added 

and the mixture was heated to 100°C for 5 minutes. Twenty cm2 of nitrocellulose 

were saturated with 500 µl of lysate, washed four times with washing buffer, blocked 

                                            
1 ProteoMetrics, New York, U.S.A. 
2 SEQLAB GmbH, Göttingen, Germany 
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for one hour in blocking buffer and incubated with 5 ml of serum (diluted 1:5 in 

blocking buffer) overnight at 4°C on a rolling shaker1. 

 

C.6. Enzymatic assays 

C.6.1. Aspartase assay 

Aspartase activity was measured spectrophotometrically at 240 nm by determination 

of fumarate formation (TOKUSHIGE 1985). The assay buffer contained 3 mM MgCl2, 

0.1 M L-aspartate and 0.1 M Tris-HCl (pH 9.0). The reaction was initiated by the 

addition of cell lysates and the increase in absorbency at 240 nm was determined 

(PAULSEN and HUSTEDT 1994). Aspartase activity was expressed in units with one 

unit being the amount converting 1.0 nmol of L-aspartate to fumarate per minute. A 

molar extinction coefficient of 2530 M-1 × cm-1 at 240 nm (TOKUSHIGE 1985) was 

used to calculate the activity, and statistical analysis was performed using the 

Student's t-Test. 
 

C.6.2. Luciferase assay 

Actinobacillus pleuropneumoniae ∆aspA::luxAB was grown as described in 

chapter C.2.2.1 for induction with BALF with the exception of the anaerobic control 

culture. Anaerobic incubation was done for only one hour to allow analysis in parallel 

with aerobic control and BALF induced cultures. Prior to analysis of luciferase 

activity, the anaerobic culture was vigorously shaken for 30 sec and left standing for 

10 min in normal atmosphere to provide sufficient oxygen for the luciferase reaction; 

2.5 ml of each culture were transferred to a 24-well plate and mixed with 5 µl 

substrate (N-decyl-aldehyde [1%]). Then, an x-ray film was exposed for 3 min to the 

24-well plate. 

 

                                            
1 CAT RM5, Ingenieurbüro CAT, M. Zipperer GmbH, Staufen, Germany 
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C.7. Virulence studies 

Virulence of the A. pleuropneumoniae mutants constructed in this study was 

examined in an aerosol infection model, mimicking the natural route of infection, in 

pigs 7-9 weeks of age (permit no. 509c-42502-01/488). 

 

C.7.1. Timeline of challenge experiments 

Day –5:  Arrival at the facility, blood samples taken for enzyme linked 

immunosorbent assay (ELISA), collection of BALF under anesthesia 

(see below) 

Day –1: Clinical examination (including determination of body temperature) 

Day 0:  Clinical examination (including determination of body temperature), 

aerosol infection 

Days 1–7: Clinical examination (including determination of body temperature) 

Day 7:  Collection of BALF, blood samples taken; euthanasia and post mortem 

examination of some animals 

Day 21:  Collection of BALF, blood samples taken; euthanasia and post mortem 

examination of all remaining animals 

 

C.7.2. Origin and housing of the animals 

Outbred pigs 7 to 9 weeks of age were purchased from an A. pleuropneumoniae-free 

herd (no clinical symptoms, no serological response in the ApxII-ELISA [LEINER et 

al. 1999]), randomly assigned to the different groups, and cared for in accordance 

with the principles outlined in the European Convention for the Protection of 

Vertebrate Animals Used for Experimental and Other Scientific Purposes (European 

Treaty Series, no. 123: http://conventions.coe.int/treaty/EN/ Menuprincipal.htm). 

Absence of A. pleuropneumoniae specific antibodies was confirmed by serological 

examination of blood samples taken prior to infection. Groups were housed in 

separate isolation units with controlled temperature and ventilation.  
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C.7.3. Aerosol infection chamber 

Infections were carried out in an aerosol chamber built by Impfstoffwerk Dessau 

Tornau1 GmbH based on the descriptions of JACOBSEN et al. (1996). This chamber 

allows the simultaneous infection of four to five pigs 7-12 weeks of age. The top of 

the chamber consists of an acrylic window allowing easy surveillance of the animals 

during aerosol exposure. The chamber has two air vents equipped with filters, one of 

which is connected to a compressor2 and is used to exchange the air in the chamber 

after aerosol exposure. All tubing is made from either autoclaveable silicone or 

Teflon®. The bacterial suspension is aerosolized via a nozzle3 operated by 

compressed air4.  

 

C.7.4. Preparation of bacteria for aerosolization 

For aerosol infection, a 500 ml culture was inoculated with 50 ml of an overnight 

liquid culture of the A. pleuropneumoniae strain under investigation and grown with 

shaking for approximately 2 h at 37°C to an OD660 of 0.4. The culture was placed on 

ice, diluted 1:300 in ice-cold NaCl (150 mM), and kept on ice until use for a maximum 

of 2 h. Immediately prior to aerosolization, bacteria were further diluted 1:100 in ice-

cold NaCl (150 mM) resulting in approximately 1 × 105 colony forming units (CFUs) 

per 13 ml dose (for four pigs); upon aerosolization, this dose corresponds to 

approximately 1 × 102 A. pleuropneumoniae cells per liter of aerosol in the chamber, 

a dose which had been titrated for the A. pleuropneumoniae strain AP76 to induce 

severe but not fatal disease (Teutenberg-Riedel et al., unpublished data). 

 

C.7.5. Aerosol infection 

Groups of four pigs at a time were challenged in the chamber. To achieve an even 

distribution of the aerosol in the chamber, the nozzle was set to "5" and the valve 

regulating the flow of the fluid was set to "75". The challenge dose, 13 ml of diluted 

bacterial suspension, was aerosolized at a pressure of 2 bar within a time of 

                                            
1 Dessau, Germany 
2 KNF Neuberger, Freiburg, Germany 
3 Model no. 97058, Schlick Duesen, Untersiemau, Germany 
4 Linde, Hannover, Germany 
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approximately two minutes. Ten minutes after completing aerosolization, the air in 

the chamber was exchanged ten times over the duration of 20 min using a 

compressor before the pigs were led back to their stable. 

 

C.7.6. Surveillance of the animals during the experiment 

Pigs were clinically examined at least daily or as needed, and body temperature and 

clinical symptoms were recorded for each individual pig. Based on the directive in the 

European Pharmacopoeia for testing A. pleuropneumoniae vaccines (Porcine 

Actinobacillosis Vaccine [Inactivated]), a clinical scoring system was employed to 

assess the clinical condition of each individual animal as follows: A score of one was 

given for the occurrence of coughing, dyspnea and vomitus, respectively, resulting in 

a minimum clinical score of zero and a maximum score of three per day; the added 

daily clinical scores of days 1 to 7 were designated as the total clinical score. 

Statistical analysis of the total clinical score was performed using the Student's t-

Test. 

 

C.7.7. Bronchoalveolar lavage fluid1 

BALF was collected from anaesthetized pigs (2 mg/kg azaperone2 and 15 mg/kg 

ketamine3, intramuscular application) immobilized in a specially designed hammock. 

A flexible bronchoscope was introduced into the bronchus of the right posterior 

cranial lobe. The tip of the bronchoscope4 was pushed into 'wedge position' in order 

to seal the bronchus. Twenty ml of isotonic NaCl (pre-warmed to 30°C) were injected 

and recovered by applying a suction force of 0.2 to 0.5 bar using an especially 

designed vacuum pump5. This washing process was repeated five times and an 

average of 90 ml of BALF were obtained. The BALF was kept on ice for up to 2 h 

until the cytological status was assessed. BALF intended for use in induction 

                                            
1 Collection of BALF was performed by Dr. Isabel Hennig-Pauka, Clinic for Pigs and Small Ruminants, 

Veterinary School Hannover, Foundation, Hannover, Germany 
2 Stresnil®, Janssen GmbH, Neuss, Germany 
3 Ursotamin®, Serumwerk Bernburg AG, Bernburg, Germany 
4 Type XP20, Fa. Olympus, Hamburg, Germany 
5 Endoaspirator, Fa. Georg Paudrach, Hannover, Germany 
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experiments was centrifuged at 5,000 × g for 10 minutes to remove cell debris and 

bacteria, sterility was confirmed by plating of 100 µl of BALF on Columbia Sheep 

Blood (CSB) agar and supplemented PPLO agar. 

 

C.7.8. Post mortem examination 

Pigs were euthanized following BALF collection on day 7 or 21 post infection 

(depending on the experimental setup) by intravenous injection of 10 ml of 

Eutha 77® 1 per pig. 

 

C.7.8.1. Determination of lung lesion scores 

In order to assess lung damage caused by A. pleuropneumoniae infection under 

laboratory conditions, HANNAN et al. (1982) developed a simple scheme of lung 

lesion mapping and evaluation; by separate scoring of each lobe and assessing a 

total possible score of 5 for each (resulting in a maximum score of 35 for the entire 

lung), individual lesions may be mapped on simplified lung chart in which every lobe 

is subdivided into triangles. The number of 'affected' triangles is then counted, and 

the score for this lung lobe calculated as a fraction of five (HANNAN et al. 1982). This 

scheme has been adopted in the European Pharmacopoeia2 as the reference 

method in vaccine trials for A. pleuropneumoniae. 

Statistical analysis of the total clinical score was performed using the Wilcoxon test. 

C.7.8.2. Histopathological examination of altered lung tissue 

Histopathological examinations were performed in cooperation with Prof. Achim 

Gruber3. Macroscopically altered lung tissues were immersion-fixed in formalin, 

embedded in paraffin, and 5 µm thin sections were stained with hematoxylin and 

eosin (H&E).  

                                            
1 Pentobarbital, Essex Pharma, Munich, Germany 
2 http://www.pheur.org 
3 Institute for Pathology, Veterinary School Hannover, Foundation; Hannover, Germany 
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C.7.8.3. Bacteriological examination of organ samples, semi quantitative 

The bacteriological examination included surface swabs of affected and unaffected 

lung tissue, palatine tonsil, bronchial lymph node and heart muscle on supplemented 

PPLO agar as well as on selective blood agar (JACOBSEN and NIELSEN 1995) and, 

for A. pleuropneumoniae ∆fur, CSB agar. The degree of total bacterial colonization, 

as well as colonization by A. pleuropneumoniae-like bacteria (minimal growth with 

distinct hemolysis on CSB, good growth with strong hemolysis on selective blood 

agar) was assessed as + (growth only on directly inoculated agar) ++ (growth in first 

streak) and +++ (growth in second streak). 

C.7.8.4. Quantitative determination of lung colonization 

In order to determine the number of CFUs of A. pleuropneumoniae still present in 

lung tissue one and three weeks after infection, 100 mg of tissue were processed in a 

FastPrep instrument1 using six sterile 3 mm glass beads2 in 1 ml of NaCl (150 mM) 

for 2 x 40 seconds at a setting of 5.5. The number of A. pleuropneumoniae CFUs 

was assessed by serial 10-fold dilutions and plating on selective supplemented blood 

agar and supplemented PPLO agar. 

 

C.7.9. Enzyme Linked Immunosorbent Assay (ELISA) 

The humoral immune response of pigs was determined in two different ELISAs. A 

standardized ELISA based on the recombinant A. pleuropneumoniae ApxIIA protein 

as solid phase antigen was employed to assess antibody levels directed against the 

ApxIIA toxin (LEINER et al. 1999). Additionally, antibody levels directed against outer 

membrane components were determined using an ELISA based on the detergent 

extract of iron-restricted A. pleuropneumoniae AP76 culture as solid phase antigen 

(GOETHE et al. 2000). The detergent extract was diluted 1:50 in carbonate buffer 

(50 mM; pH 9.6); Polysorp® 96-microwell plates3 were coated with 100 µl per well at 

4°C for 16 h without subsequent blocking. Plates were washed with PBST before the 

addition of serum, conjugate, and chromogen. Sera were initially diluted 1:100 and 

                                            
1 FastPrep® FP120, B101 Thermo Savant, Qbiogene, Heidelberg, Germany 
2 Roth, Karlsruhe, Germany 
3 Nunc, Roskilde, Denmark 
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further twofold dilutions were performed in the plates in PBST. An internal positive 

control (pool of sera taken three weeks post infection from pigs infected with 

A. pleuropneumoniae AP76) and negative control (pool of sera taken from pigs prior 

to infection) were used on each plate. Serum dilutions and goat anti-pig peroxidase 

conjugate were each incubated for 1 h at room temperature. The ELISA was 

developed using 2,2'-azino-di- [3-ethylbenzthiazoline-6-sulfonate] (ABTS) as 

substrate. The test was considered valid when the OD405 of the negative serum at a 

1:100 dilution was lower than the OD405 of the positive serum at a 1:12,800 dilution. 

The titer given is the serum dilution with an OD405 higher than twice the OD405 of the 

negative control serum at a 1:100 dilution. 

Antibody titers were compared using the Mann-Whitney U-Test and the Wilcoxon 

test. 

PBST:   PBS + 0.05% Tween®20 

substrate buffer:  0.1 M citric acid (pH 4.25, adjusted with Na2HPO4)  

with 0.002% H2O2 

substrate:   ABTS 800 mg/l, in substrate buffer 
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D. Results 

D.1. Identification of cellular proteins upregulated by 
bronchoalveolar lavage fluid  

Addition of BALF of healthy pigs and pigs experimentally infected with 

A. pleuropneumoniae to culture medium has been shown previously to influence 

protein expression of A. pleuropneumoniae. This ex vivo model was used in 

combination with 2D-PAGE to identify proteins upregulated by BALF, as it was 

hypothesized that they are also upregulated in the pig and, therefore, might be 

virulence-associated factors. 

 

D.1.1. 2D-PAGE of A. pleuropneumoniae whole cell lysates: Development of a 
suitable protocol 

2D-PAGE is a very potent protein separation method; however, in order to fully utilize 

the potentials of this method, it is necessary to optimize sample preparation, 

isoelectric focusing (IEF) and SDS-PAGE conditions for the sample under 

investigation. 

Different protocols adopted from the literature were tested; best results were 

obtained if (i) excess DNA and RNA were removed by treatment with Benzonase®1, 

(ii) proteins were precipitated over night with   and (iii) residual salts were removed by 

washing with acetone (C.5.4.1). For solubilization of proteins prior to IEF, a buffer 

described by MOLLOY et al. (2001) was used as it had been shown to facilitate 

solubilization of hydrophobic membrane proteins of E. coli. 

In order to gain an impression of the distribution of whole cell proteins over pH and 

molecular mass range, samples prepared as described in Materials and Methods 

(C.5.4.1) were separated on pH gradients from pH 3 to 10 by IEF and on SDS-PAGE 

gels containing different acryl amide concentrations (10.8%, 12% and 15%). Most 

proteins were found to have isoelectric points between pH 4 and 7 and a molecular 

mass between 30 kDa and 90 kDa. Therefore, a pH range of pH 4 to 7 for IEF and an 

                                            
1 Merck Biosciences, Schwalbach, Germany 
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acrylamide concentration of 10.8% for SDS-PAGE was chosen for the following 

experiments. 

 

D.1.2. Comparison of different growth conditions by 2D-PAGE: Identification 
of differentially expressed proteins 

Protein expression profiles of A. pleuropneumoniae AP76 grown with addition of 

BALF from pigs prior to infection, on day 7 and day 21 after infection were compared 

to bacteria grown with the addition of saline. The expression patterns within a given 

culture condition were highly reproducible; however, minor differences in spot 

intensity were observed for few spots from gel to gel. Therefore, at least three 

preparations per growth condition from independent cultures were used to generate 

2D gels for spot comparison. Only spots consistently regulated in all preparations 

were considered differentially expressed and chosen for further analysis.  

At least 11 protein spots were found to be reproducibly upregulated by the addition of 

BALF; additionally, several spots were downregulated in the ex vivo model. As 

proteins upregulated in the ex vivo model might also be upregulated in vivo and, 

therefore, might contribute to virulence, nine protein spots upregulated by BALF were 

chosen for identification by mass spectrometry1 (Fig. 1 and Table 7). Some of the 

proteins identified are involved in metabolic pathways. Other proteins were 

homologous only to hypothetical proteins or did not share homologies with any data 

base entries to date; therefore, their functions remain unclear. 

                                            
1 Performed by Matthias Trost, German Research Centre for Biotechnology, Braunschweig, Germany 
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Fig. 1: 2D-PAGE of A. pleuropneumoniae whole cell lysates: Differential protein 
expression induced by BALF. Five hundred µg protein of A. pleuropneumoniae 

whole cell lysates separated on pH 4-7 linear Immobiline®DryStrips and 10.8% 

acrylamide gels. A. pleuropneumoniae was grown with an equal volume of (A) 

NaCl (control culture), (B) BALF prior to infection, (C) BALF day 7 post infection, 

(D) BALF day 21 post infection. The experiments were performed in triplicate using 

lysates from independent cultures; results similar to the ones shown here were 

obtained in each experiment, and proteins consistently upregulated by the addition 

of BALF are indicated by circles with the numbers referring to Table 7. The 

numbers on top of the gels indicate the isoelectric point and the numbers between 

the gels indicate the position of the proteins in the molecular mass standard. 
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D.2. Characterization of the A. pleuropneumoniae aspartate 
ammonia-lyase 

Using 2D-PAGE in combination with Q-TOF MS, an A. pleuropneumoniae aspartate 

ammonia-lyase (aspartase) was identified to be upregulated in the ex vivo model. 

The aspA gene was further investigated for two reasons. (i) Aspartase, like the 

DMSO-reductase previously identified (BALTES et al. 2003a), is involved in 

anaerobic respiration which might be important for persistence of 

A. pleuropneumoniae in the respiratory tract, and (ii) the aspartase of H. influenzae 

had been shown to possess a plasminogen binding activity which might be related to 

virulence (SJOSTROM et al. 1997). 

 

D.2.1. Expression of the aspartate ammonia-lyase 

On the protein level, aspartase expression was assessed by 2D-PAGE and, in 

addition, functionally by an enzymatic assay. A comparison of the proteomes of 

A. pleuropneumoniae AP76 by 2-D PAGE showed a clearly increased spot intensity 

upon growth under anaerobic conditions and after the addition of BALF as compared 

to aerobic standard culture (Fig. 2). Likewise, the enzymatic activity of the aspartase 

in whole cell lysates differed by a factor of 1.5 to 2 (Table 8); aspartase activity was 

significantly increased under anaerobic conditions and by the addition of BALF 

compared to aerobic control conditions (p < 0.02; Student's t-Test). However, 

induction upon growth under anaerobic conditions was significantly stronger than 

induction obtained by the addition of BALF (p < 0.01; Student's t-Test). 
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Fig. 2: 2D-PAGE of A. pleuropneumoniae whole cell lysates: Modulated expression 
of aspartate ammonia-lyase under different growth conditions. (A) Gel loaded 

with 500 µg of protein of A. pleuropneumoniae AP76 grown with addition of BALF 

from day 21 after infection, focussed on a pH 4 - 7 linear Immobiline®DryStrip. The 

boxed area is shown enlarged in (B) to (E), representing the following growth 

conditions: (B) aerobic control culture, (C) anaerobic culture, (D) addition of BALF 

collected from uninfected pigs, (E) addition of BALF collected on day 21 after 

infection with A. pleuropneumoniae AP76. The experiments were performed in 

triplicate with lysates from independent cultures. White circles indicate proteins 

identified as aspartate ammonia-lyase. The numbers on top of the gels indicate the 

isoelectric point and the numbers to the left of the gels the position of the proteins 

in the molecular mass standard. 
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Table 8: Aspartase activity in cell lysates under different growth conditions 

Growth condition Aspartase activitya  
(U/mg cell lysate) 

aerobic control                   395 ± 92 

anaerobic culture 877 ± 105 

BALF prior to infection 652 ± 46* 

BALF day 7 after infection 586 ± 40* 

BALF day 21 after infection 599 ± 40* 
 

a Arithmetic mean and standard deviation derived from from six 

independent experiments per growth condition. 

* Asterisks indicate statistically significant difference (determined by 

Student's t-Test) to both aerobic and anaerobic control (p < 0.02). 

 

D.2.2. Analysis of the aspartase encoding gene aspA 

At the time of this investigation, sequence information on an A. pleuropneumoniae 

aspartase gene was not available in public databases. Therefore, available 

sequences of aspA genes from H. influenzae (GenBank acc. no. U32735) and 

Pasteurella multocida (GenBank acc. no. AE006151) were used to design primers 

oAS1 and oAS2 located in regions highly conserved between both genes. A 939 bp 

PCR product was generated with these primers from A. pleuropneumoniae wt 

chromosomal DNA as template and was subjected to nucleotide sequencing. 

Comparison of the sequence obtained with public DNA databases using BLAST1 

(genomic and nucleotide-nucleotide BLAST) revealed a 1,506 bp open reading frame 

(ORF) encoding a protein with a calculated molecular mass of 51.7 kDa and an IP of 

5.14 in the unfinished genomes of A. pleuropneumoniae (NC_003998; NC_004130; 

NC_004427); furthermore, data base analysis showed that the A. pleuropneumoniae 

protein is 88.6% identical to the aspartate ammonia-lyase of H. influenzae, which had 

been found to possess plasminogen-binding activity (SJOSTROM et al. 1997). Based 

on sequence information from the unfinished genomes of A. pleuropneumoniae 
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serotypes 1, 5, and 7 (NC_003998; NC_004130; NC_004427) primers oAS7 and 

oAS8 were designed to amplify the complete A. pleuropneumoniae aspA ORF. The 

complete nucleotide sequence of aspA and the putative amino acid sequence are 

listed in appendix I.1. 

Subsequent PCR analyses using primers oAS7 and oAS8 revealed the presence of 

the aspA gene in all A. pleuropneumoniae serotype reference strains (Fig. 3).  

 

 

Fig. 3: Presence of aspA in A. pleuropneumoniae serotype reference strains. PCR 

from A. pleuropneumoniae serotype reference strains 1 to 15 (lines 1 to 15), 

A. pleuropneumoniae AP76 (line 16) and negative control without DNA template 

(N). 

 

D.2.2.1. Determination of the transcriptional start point of aspA  

Using primer oAS16 to transcribe mRNA into cDNA, specific products were obtained 

from anaerobically grown bacteria but not from an aerobic control culture (Fig. 4). 

Terminal transferase was used to generate a poly-C-tail. Amplification with a second 

gene-specific primer, oAS4, and the 5' RACE Abridged Anchor Primer® binding to the 

poly-C-tail, yielded a product of approximately 600 bp in length. This product was 

cloned into the vector pCR®2.1-TOPO using the TOPO®-cloning kit, and three of the 

transformants obtained were sequenced locating the transcriptional start point 40 bp 

upstream of the start codon.  

 

                                                                                                                                        
1 http://www.ncbi.nlm.nih.gov/BLAST/ 

 79



RESULTS 

 

Fig. 4: PCR with cDNA generated with aspA specific primer oAS16 as template in 
the 5’-RACE reaction. cDNA was prepared from different growth conditions and 

used in ten-fold serial dilutions ranging from 1:10 to 1:10,000. 1-4, cDNA from 

anaerobic culture; 5-8, cDNA from aerobic culture; 9, chromosomal DNA; 10, no 

template. 

 

D.2.2.2. Sequence analysis of the putative promoter region 

Seven base pairs upstream of the start codon a putative Shine-Dalgarno consensus 

sequence (GAGG) was identified. The transcriptional start point as determined by 

5’ RACE is located 40 bp upstream of the start codon and is preceded by a putative 

promoter sequence (TATGAT). Furthermore, a single putative FNR binding domain 

(GTGAT-N1N2N3N4-ATCAC), which is a close match to the proposed E. coli 

consensus sequence (TTGAT-N1N2N3N4-ATCAA) (GREEN and BALDWIN 1997), 

was identified 35 bases upstream of the transcriptional start site (Fig. 5).  

 

 

Fig. 5: Promoter region of the aspA gene of A. pleuropneumoniae AP76. SD indicates 

the position of the Shine-Dalgarno consensus sequence, and – 10 indicates the 

consensus sequence of the promoter – 10 region. 
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D.2.2.3. Localization of aspA on the A. pleuropneumoniae genome 

In order to determine the relative position of the aspA gene on the 

A. pleuropneumoniae genome, Southern blot analysis of a PFGE gel was performed, 

using a radiolabeled PCR product obtained with primers oAS7 and oAS8 as a probe. 

This allowed positioning of aspA on the genomic map constructed previously 

(OSWALD et al. 1999a, Fig. 6). 

Fig. 6: Genomic map of A. pleuropneumoniae AP76. The arrow indicates the localization 

of the aspA gene as assessed by hybridization of a specific probe to fragments Not 6, 

Asc 2, and Apa 2. The circles indicate the relative positions of the fragments resulting 

from restriction endonuclease digests with ApaI (purple), AscI (green), and NotI 

(blue). 
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D.2.3. Recombinant expression and generation of antibodies against 
A. pleuropneumoniae aspartase 

In a first attempt to express A. pleuropneumoniae aspartase in E. coli, the complete 

A. pleuropneumoniae aspA ORF and the putative Shine-Dalgarno sequence were 

excised from plasmid pAS110 by a HincII/BamHI digest and ligated into SmaI/BglII 

digested pGH433 (Fig. 7). Transformants harboring the resulting plasmid pAS400 

showed significantly increased aspartase activity compared to bacteria carrying 

pGH433 without insert (Fig. 8). However, the protein could not be purified as 

inclusion bodies. To overcome this problem, a second expression vector, pAS500 

(based on pGEX-5x3), was constructed to express part of AspA as gluthathione-S-

transferase (GST)-fusion protein (GST-AspA) (Fig. 9). The PCR product obtained 

from A. pleuropneumoniae AP76 chromosomal DNA using primers oAS9 and oAS10 

was cloned into pCR®2.1-TOPO using the TOPO® cloning kit, resulting in plasmid 

pAS820. Using the internal BamHI and XhoI recognition sites in primers oAS9 and 

oAS10, respectively, the aspA fragment was excised from pAS820 and ligated into 

BamHI/XhoI digested pGEX-5x3 in order to obtain a translational fusion to GST. The 

fusion protein was purified as inclusion body and used to raise antibodies in rabbits. 

Whole cell lysates of E. coli DH5α carrying pAS400 and expressing recombinant 

A. pleuropneumoniae aspartase were used as a positive control in Western blot 

analyses using the serum raised against the GST-AspA fusion protein. 
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Fig. 7: Construction of pAS400. Arrows denote the direction of the respective reading 

frames in the circular maps. amp, ampicillin resistance determinant; aspA, 

A. pleuropneumoniae aspA ORF (red). 
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Fig. 8: Aspartase activity in whole cell lysates of E. coli harboring pGH433 lacI 
induced with IPTG (▲), E. coli harboring pAS400 not induced (■) and E. coli 
harboring pAS400 induced with IPTG (●). Active aspartase leads to production 

of fumarate and an increase of absorbtion at 240 nm over time given in min on the 

x-axis. Cell lysates containing 50 µg of total protein were added to the assay 

buffer. One of three independent experiments, each performed in triplicate and 

giving similar results, is shown. 
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Fig. 9: Construction of pAS500. Arrows denote the direction of respective reading 

frames in the circular maps. amp, ampicillin resistance determinant; oAS9/10, PCR 

product containing part of the A. pleuropneumoniae aspA gene (red). 
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D.2.4. Localization of the A. pleuropneumoniae aspartase in the cell 

In order to investigate the cellular localization of the A. pleuropneumoniae aspartase, 

different cell fractions were prepared and analyzed by aspartase assays and Western 

blots using antibodies raised against the GST-AspA fusion protein. Aspartase activity 

could be detected only in the cytoplasm/periplasm fraction (Table 9) and no activity 

was detected in any of the fractions derived from a chloroform-based periplasm 

preparation (C.5.1.4). In Western blot analyses, an aspartase-specific band was 

observed in whole cell lysates and in cytoplasm-containing fractions, but not in 

periplasm and membrane fractions (Fig. 10). These results show that the 

A. pleuropneumoniae aspartase, similar to that of E. coli, is located in the 

cytoplasmic compartment.  

 

Table 9: Aspartase assay with different cell fractions of A. pleuropneumoniae AP76 
grown under anaerobic conditions 

cellular fraction increase in OD at 240 nm over 10 min per 
100 µg protein preparationa 

membrane -0.007 ± 0.001 

cytoplasm + periplasm 0.330 ± 0.007 

periplasmb -0.015 ± 0.005 

membrane + cytoplasmb -0.009 ± 0.001 
 

a Arithmetic mean and standard deviation of results from three independent 

experiments per cellular fraction; an increase in adsorption indicates aspartase 

activity 
b Prepared with chloroform (C.5.1.4) 
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Fig. 10: Expression of AspA in different cell fractions of A. pleuropneumoniae. 
Coomassie stained gel (top) and corresponding Western blot (below). 1, cell lysate 

of E.coli harbouring pAS400 (positive control); 2, A. pleuropneumoniae whole cell 

lysate; 3, cytoplasm + periplasm; 4, periplasm; 5, membrane. The arrowhead 

indicates the position of the AspA protein. The numbers to the right indicate the 

position of the molecular mass markers in kDa. 

D.2.5. Investigation of the plasminogen-binding activity of A. pleuro-
pneumoniae aspartase 

The aspartase of H. influenzae had been shown to bind to plasminogen, thereby 

enhancing activation of plasminogen into plasmin (SJOSTROM et al. 1997). Plasmin 

is a broad spectrum protease capable of degrading extracellular matrixes and has 

hence been discussed as a putative virulence factor. Since the aspartase of 

A. pleuropneumoniae showed high homology to the H. influenzae aspartase, the 

ability of the A. pleuropneumoniae aspartase to bind to plasminogen was 

investigated. 

Porcine plasminogen was purified from porcine serum using lysine-based affinity 

chromatography and subsequently coupled to CnBr-activated sepharose. In order to 

identify plasminogen binding proteins, the sepharose-coupled plasminogen was used 

in an affinity chromatography experiment with cell lysates of anaerobically grown 

A. pleuropneumoniae as well as lysates of E. coli harboring pAS400 and expressing 

large amounts of A. pleuropneumoniae aspartase. Eluted fractions were analyzed in 
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an aspartase assay as well as by SDS-PAGE and Western blotting using antibodies 

raised against GST-AspA. Aspartase activity could not be detected in the eluate. In 

addition, no protein binding to sepharose-coupled plasminogen was visible on SDS-

PAGE gels stained with either Coomassie Brilliant Blue or silver; likewise, no antigen 

was detected on Western blots.  

D.2.6. Construction of isogenic deletion mutants 

In order to investigate whether the A. pleuropneumoniae aspA gene is the only 

aspartase-encoding gene and to determine its impact on in vitro growth and 

virulence, an isogenic ∆aspA deletion mutant was constructed. Furthermore, since 

the aspartase, like the previously described DMSO-reductase might be involved in 

anaerobic respiration, an isogenic ∆aspA∆dmsA knockout mutant was constructed to 

study possible additive effects of these genes. 

A single-step transconjugation system was used to construct these mutants 

(OSWALD et al. 1999b). The mutants obtained contain no foreign DNA and no 

antibiotic resistance marker. The transconjugation plasmids used in this study were 

constructed based on shuttle vectors pBMK1 and pEMOC2. 

D.2.6.1. Construction of pAS610 for the introduction of an aspA in-frame 
deletion into A. pleuropneumoniae  

The complete ORF encoding AspA was amplified from chromosomal DNA of 

A. pleuropneumoniae AP76 by PCR using primers oAS7 and oAS8. The PCR 

product obtained was cloned into pCR®2.1-TOPO; the resulting plasmid pAS810 was 

digested with EcoRI and ligated into pBluescript SK∆KpnI digested with EcoRI, 

resulting in plasmid pAS110. To construct the transconjugation plasmid pAS610 the 

following steps were required; first, to introduce a 57 bp in-frame deletion, pAS110 

was restricted with Acc65I and SnaBI. The 5‘ overhang generated by Acc65I was 

filled in using Klenow Fragment, and the plasmid was religated resulting in plasmid 

pAS112. The deletion was characterized by restriction enzyme digest, PCR, and 

nucleotide sequence analysis. In a second step, the insert from pAS112 was 

removed with SalI and XbaI and ligated into the transconjugation vector pBMK1 

resulting in the conjugative plasmid pAS610  (Fig. 11). 
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Fig. 11: Construction of pAS610. Arrows denote the direction of the respective reading 

frames in the circular maps. kan, kanamycin resistance determinant; amp, 

ampicillin resistance determinant; aspA, A. pleuropneumoniae aspA (red), the 

SnaBI-Acc65I-fragment to be deleted is highlighted. 
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D.2.6.2. Construction of the deletion mutants A. pleuropneumoniae ∆aspA and 
A. pleuropneumoniae ∆aspA∆dmsA 

To construct A. pleuropneumoniae ∆aspA the conjugative plasmid pAS610 was 

transferred to A. pleuropneumoniae AP76 by conjugation using diaminopimelic acid 

auxotrophic E. coli β2155 as donor. Plasmid pDM800 (BALTES et al. 2003a) was 

used to introduce a dmsA in-frame deletion into A. pleuropneumoniae ∆aspA. 

Kanamycin-resistant and chloramphenicol-resistant colonies, respectively, were 

subcultured on selective medium and presence of the plasmids introduced into the 

chromosome was confirmed by PCR analyses. Three clones showing the right PCR 

profile were subjected to counter selection (C.4.11.2).  

Colonies obtained after counter selection were tested by PCR analyses using 

primers oAS5 and oAS6 for A. pleuropneumoniae ∆aspA and oDMSAdel1 and 

oDMSAdel2 for the double mutant A. pleuropneumoniae ∆aspA∆dmsA. Colonies with 

the correct PCR profile (Fig. 12A) were confirmed by Southern blot analyses (Fig. 

12B). Absence of genomic rearrangements in both mutants was confirmed by PFGE 

(Fig. 12C).  

 

D.2.7. Phenotypical characterization of isogenic A. pleuropneumoniae 
mutants 

D.2.7.1. Aspartase activity and aspartase expression 

In order to determine if aspA encodes the sole aspartase of A. pleuropneumoniae 

and if the deletion of 57 bp was sufficient to abolish aspartase function, an aspartase 

assay with cell lysates from A. pleuropneumoniae wt, A. pleuropneumoniae ∆aspA 

and A. pleuropneumoniae ∆aspA∆dmsA grown under anaerobic conditions was 

performed. Both mutants lacked detectable aspartase activity (Fig. 13), but a 

shortened protein was detected by antibodies raised against recombinant aspartase 

(Fig. 14). These results strongly imply that aspA encodes the only aspartase activity 

of A. pleuropneumoniae, and they confirm that an aspA in-frame mutation was 

constructed. 
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Fig. 12: Genotypic characterization of A. pleuropneumoniae ∆aspA and A. pleuro-

pneumoniae ∆aspA∆dmsA. Lane 1, A. pleuropneumoniae wt; lane 2, 

A. pleuropneumoniae ∆aspA; lane 3, A. pleuropneumoniae ∆aspA∆dmsA; lane N, 

no DNA template; lane M, size marker. (A) PCR analysis, using primers oAS5 and 

oAS6 (left) and oDMSAdel1 and oDMSAdel2 (right). (B) Southern blot analysis 

using radiolabeled oAS15/oAS8 PCR product (left) or oDMSAdel1/oDMSAdel2 

PCR product (right) as a probe. Digestion of genomic A. pleuropneumoniae DNA 

with DdeI or KpnI and SspI, respectively (left) and BspMI and EcoRI (right). (C) 

PFGE of ApaI-, AspI-, NotI-digested DNA to demonstrate that no gross genomic 

rearrangements have occurred. Arrows indicate the macrorestriction fragments 

hybridizing to an aspA-specific DNA probe. 
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Fig. 13: Aspartase activity in A. pleuropneumoniae wt, A. pleuropneumoniae ∆aspA, 
A. pleuropneumoniae ∆aspA∆dmsA and A. pleuropneumoniae ∆aspA 
complemented with an intact aspA gene. 
Active aspartase leads to production of fumarate and increase of absorbency at 

240 nm over time given in min on the x - axis. Cell lysates containing 100 µg of 

total protein were added to the assay buffer. One of three independent 

experiments, each performed in triplicate and giving similar results, is shown. 

 

Fig. 14: Expression of AspA in E. coli pAS400 transformants, A. pleuro-
pneumoniae wt and A. pleuropneumoniae ∆aspA. Coomassie stained gel (left) 

and corresponding Western blot (right). 1, cell lysate of E. coli harboring pAS400 

(positive control); 2, A. pleuropneumoniae wt; 3, A. pleuropneumoniae ∆aspA. The 

arrowheads indicate the position of wild type AspA (solid) and truncated AspA 

(open). 
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D.2.7.2. Complementation of A. pleuropneumoniae ∆aspA 

Complementation of A. pleuropneumoniae ∆aspA was performed by reintroduction of 

the intact ORF into the chromosome. For this, the conjugative plasmid pAS620 was 

constructed by ligating the SalI-XbaI fragment obtained from pAS110 into SalI-XbaI 

digested pBMK1 (Fig. 15). Conjugation with A. pleuropneumoniae ∆aspA as recipient 

strain, selection and counter selection were performed as described above (D.2.6.2). 

Several clones carrying the wild type gene were screened in an aspartase assay and 

showed restored aspartase activity (Fig. 13). These data give the final proof that 

aspA is the only gene encoding aspartase activity in A. pleuropneumoniae.  

 

D.2.7.3. Growth characteristics of deletion mutants 

The A. pleuropneumoniae strains used in this study showed massive clumping under 

anaerobic conditions, thus hampering determination of optical density and colony 

forming units. Therefore, bacterial growth had to be measured as dry pellet weight. 

Under anaerobic conditions, both A. pleuropneumoniae ∆aspA and A. pleuro-

pneumoniae ∆aspA∆dmsA showed significantly reduced growth over 16 hours 

compared to both A. pleuropneumoniae wt and A. pleuropneumoniae ∆dmsA with no 

difference being apparent between the aspartase negative mutants (Fig. 16). In 

contrast, growth of A. pleuropneumoniae wt and mutant strains were 

undistinguishable under aerobic conditions (data not shown). These data show that 

A. pleuropneumoniae aspartase activity supports growth under anaerobic conditions, 

but is not essential. 
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Fig. 15: Construction of pAS620. Arrows denote the direction of respective reading 

frames in the circular maps. kan, kanamycin resistance determinant; amp, 

ampicillin resistance determinant; aspA, A. pleuropneumoniae aspA (red). 

 

 94 



RESULTS 

 

Fig. 16: Anaerobic growth of A. pleuropneumoniae wt and mutant strains. Bars 

represent the arithmetic mean of dry pellet weights, hinges the standard deviation 

as determined from three independent experiments. The asterisks indicate 

statistical significance (p < 0.01) as determined by the Student's t-Test. 
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D.2.8. Transcriptional studies using an A. pleuropneumoniae ∆aspA::luxAB 
reporter strain 

In order to investigate the induction of aspA transcription by BALF, an 

A. pleuropneumoniae ∆aspA::luxAB mutant was constructed carrying the luxAB 

genes in transcriptional fusion with the truncated aspA gene on the chromosome. 

 

D.2.8.1. Construction of the A. pleuropneumoniae ∆aspA::luxAB reporter 
strain 

The luxAB genes coding for the luciferase of Photorhabdus luminescens were 

amplified from plasmid pSB417 (WINSON et al. 1998), kindly provided by M. K. 

Winson, using primers oASL1 and oASL2. Primer oASL1 contains a stop codon TAG 

for aspA on position 12 to 14, overlapping with a Shine-Dalgarno consensus 

sequence for luxAB. The PCR product was restricted with Acc65I and SnaBI and 

ligated into Acc65I/SnaBI restricted pAS110, resulting in plasmid pASLux101 that 

encodes the luxAB genes in transcriptional fusion with the aspA gene. To construct 

conjugation vector pASLux700, the PspOMI/NotI fragment from pASLux101 was 

ligated into PspOMI/NotI restricted pEMOC2. Using pASLux700 and 

A. pleuropneumoniae AP76 in the single-step transconjugation system 

A. pleuropneumoniae ∆aspA::luxAB was constructed (Fig. 17). 

D.2.8.2. Determination of ∆aspA::luxAB transcription in a luciferase assay 

The reporter strain A. pleuropneumoniae ∆aspA::luxAB was used in a luciferase 

assay to examine whether anaerobic conditions and addition of BALF to the culture 

medium would influence aspartase expression on the transcriptional level. Using the 

luciferase assay, it was determined that A. pleuropneumoniae ∆aspA::luxAB showed 

clearly enhanced transcription of the polycistronic aspA::luxAB mRNA upon induction 

by both anaerobic conditions and addition of BALF (Fig. 18). 
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Fig. 17: Construction of pASlux700. Arrows on the circular maps indicate the direction of 

respective reading frames. amp, ampicillin resistance determinant; cm, 

chloramphenicol resistance determinant. aspA indicates the position of the 

A. pleuropneumoniae aspA ORF (red) and luxAB the position of the luciferase 

genes (yellow). 
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Fig. 18: Luciferase assay of A. pleuropneumoniae ∆aspA::luxAB. Cells were cultured 

under anaerobic (1) and aerobic conditions (2), induced by the addition of BALF 

from animals prior to infection (3), from day 7 (4) and day 21 (5) after infection with 

A. pleuropneumoniae AP76; (6) contains medium only. Of each culture, 2.5 ml 

were exposed to an x-ray film for 3 minutes. 

 

D.2.9. Regulation of aspartase activity by the global anaerobic regulator HlyX 
(FNR-homologue of A. pleuropneumoniae) 

The upregulation of luciferase activity in A. pleuropneumoniae ∆aspA::luxAB under 

anaerobic conditions as well as the presence of a putative FNR binding site upstream 

of the transcriptional start  suggested involvement of the global anaerobic regulator 

HlyX (the A. pleuropneumoniae FNR homologue) in aspA regulation. Therefore, 

aspartase activities of an isogenic A. pleuropneumoniae ∆hlyX mutant (N'DIAYE 

2005) and complemented mutants grown under aerobic and anaerobic conditions 

were investigated. In contrast to A. pleuropneumoniae wt, which showed a twofold 

upregulation of aspartase activity under anaerobiosis, A. pleuropneumoniae ∆hlyX 

showed no increase in aspartase activity in the absence of oxygen (Table 10). 

Complementation with plasmid pHLYX1300, carrying the intact hlyX gene in the 

same orientation as promoter for the antibiotic resistance gene sulA (Table 2), 

restored upregulation of aspartase activity under anaerobic conditions, thereby 

proving that HlyX is responsible for the upregulation of aspA transcription under 

anaerobic conditions.  
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Table 10: Increase in aspartase activity under anaerobic conditions 

Strain 
Increase in aspartase activity under 

anaerobic conditions a  
(relative activity, aerobic conditions = 100%) 

A. pleuropneumoniae  AP76 161 

A. pleuropneumoniae  ∆hlyX 106 

A. pleuropneumoniae  ∆hlyX + 
pHLYX1300 202 

A. pleuropneumoniae  ∆hlyX + 
pHLYX1301 104 

 

a Arithmetic mean of results from three independent experiments per growth   

condition for A. pleuropneumoniae wt and A. pleuropneumoniae ∆hlyX. 

 

D.2.10. Role of the aspartase in A. pleuropneumoniae infection 

D.2.10.1. Aerosol infection experiment and clinical observations 

In a first experiment, A. pleuropneumoniae ∆aspA was used in an aerosol infection 

model and compared to the parental strain A. pleuropneumoniae wt. The challenge 

doses were 3.6 × 104 CFUs (aerosolized for four pigs) in the group challenged with 

A. pleuropneumoniae wt and 2.2 × 104 CFUs in the group challenged with 

A. pleuropneumoniae ∆aspA. All animals in this experiment were sacrificed on 

day 21 post infection. In a second aerosol infection experiment with higher challenge 

doses, groups of pigs were infected with mutant strains A. pleuropneumoniae ∆aspA 

or A. pleuropneumoniae ∆aspA∆dmsA (16.38 × 104 CFUs and 11.05 × 104 CFUs for 

four pigs, respectively) and compared to a control group infected with 

A. pleuropneumoniae wt (6.76 × 104 CFUs for four pigs). Pigs were sacrificed on 

day 7, except for three randomly assigned animals in the group challenged with 

A. pleuropneumoniae ∆aspA∆dmsA and four randomly assigned animals in the 

control group, which were sacrificed on day 21. Infection with 

A. pleuropneumoniae wt and both mutants led to an increase in body temperature 

above 40°C in 38 of the 44 challenged pigs, with no apparent difference observed 

between the challenge groups. However, dyspnea was observed longer in pigs 

challenged with A. pleuropneumoniae wt compared to either one of the mutant 

 99



RESULTS 

strains (Fig. 19A). Animals infected with A. pleuropneumoniae ∆aspA∆dmsA showed 

a significantly lower clinical score (p < 0.01; Student’s t-Test) in comparison to 

animals infected with a similar challenge dose of A. pleuropneumoniae ∆aspA or 

A. pleuropneumoniae wt (Fig. 19B). 

 

Fig. 19: Clinical symptoms in pigs infected with A. pleuropneumoniae wild type and 
mutant strains. (A) Occurrence of dyspnea in pigs infected with 

A. pleuropneumoniae wt or mutant strains from days one to seven post infection. 

Values are given as percentage of animals showing dyspnea within groups 

infected with either A. pleuropneumoniae wt (●), A. pleuropneumoniae ∆aspA (■) 

or A. pleuropneumoniae ∆aspA∆dmsA (▲). (B) Clinical score of pigs infected with 

different A. pleuropneumoniae strains: A. pleuropneumoniae wt (●), A. pleuro-

pneumoniae ∆asp (■), A. pleuropneumoniae ∆aspA∆dmsA (▲). The central 

symbol in each hourglass shape indicates the geometric mean, the hinges indicate 

the values in the middle half of the data, and the top and bottom symbols indicate 

the maximum and minimum values. The asterisk indicates statistical significance 

(p < 0.01) as determined by the Student's t-Test. 

 

D.2.10.2. Post mortem examination 

At necropsy, a lower lung lesion score was seen in the groups challenged with either 

of the two mutant strains compared to groups challenged with A. pleuro-

pneumoniae wt (Table 11) with no apparent differences in the histological 

examination. Actinobacillus pleuropneumoniae was consistently reisolated from lung 

lesions in pure culture in 35 of 37 pigs. The number of viable bacteria in pneumonic 

lung ranged from 105 to 108 CFU/g on day 7 and 102 to 107 CFU/g on day 21 

irrespective of the challenge strain. Reisolation of challenge strains from intact lung 
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succeeded in all animals infected with the high challenge dose of A. pleuro-

pneumoniae wt and A. pleuropneumoniae ∆aspA, but only in 2 out of 7 pigs infected 

with a comparable dose of A. pleuropneumoniae ∆aspA∆dmsA (Table 11). Most 

importantly, using surface swabs, only one and six colonies, respectively, could be 

isolated from these two animals, in contrast to the several hundred A. pleuro-

pneumoniae colonies obtained from a surface smear of intact lung from pigs infected 

with A. pleuropneumoniae wt or with A. pleuropneumoniae ∆aspA. This finding was 

supported by the results from quantitative determination of lung colonization. Here, 

intact lung of pigs infected with either A. pleuropneumoniae wt or A. pleuro-

pneumoniae ∆aspA contained up to 106 CFU/g, whereas no bacteria were reisolated 

from 5 of 7 animals infected with A. pleuropneumoniae ∆aspA∆dmsA; the remaining 

two animals of this group were found to contain less than 102 CFU/g in intact lung 

tissue.  

Surface smears of palatine tonsils, lymph nodes and heart were sporadically culture 

positive for A. pleuropneumoniae without consistent differences between the 

challenge groups.  

D.2.10.3. Systemic immune response 

Serum samples were obtained one week before and one or three weeks after 

experimental infection. Two different ELISA systems, using detergent extract or 

recombinant ApxIIA protein as the solid-phase antigen were employed to quantify the 

systemic immune response of infected pigs. 

All three, A. pleuropneumoniae wt and both mutants induced a strong humoral 

immune response, and no significant difference was seen in ELISA titers between 

the different challenge groups on neither day 7 nor day 21 (Table 11). 

 

 

 

 101



RESULTS 

 102 

Ta
bl

e 
11

: V
iru

le
nc

e 
of

 A
. p

le
ur

op
ne

um
on

ia
e 

w
t, 

A
. p

le
ur

op
ne

um
on

ia
e 
∆a

sp
A

 a
nd

 A
. p

le
ur

op
ne

um
on

ia
e 
∆a

sp
A
∆d

m
sA

 fo
llo

w
in

g 
ae

ro
so

l c
ha

lle
n g

e 

 



RESULTS 

 

 
a 

B
ac

te
ria

l 
cu

ltu
re

s 
w

er
e 

gr
ow

n 
to

 t
he

 f
ol

lo
w

in
g 

O
D

66
0: 

0.
37

 f
or

 A
. 

pl
eu

ro
pn

eu
m

on
ia

e 
w

t, 
0.

44
 f

or
 A

. 
pl

eu
ro

-

pn
eu

m
on

ia
e 

∆a
sp

A 
 a

nd
 0

.4
5 

fo
r 

A.
 p

le
ur

op
ne

um
on

ia
e 

∆a
sp

A∆
dm

sA
, k

ep
t o

n 
ic

e 
fo

r 
10

 m
in

 a
nd

 th
en

 d
ilu

te
d 

30
0 

fo
ld

 

w
ith

 1
50

 m
M

 N
aC

l s
ol

ut
io

n,
 k

ep
t 

on
 ic

e 
an

d 
fu

rth
er

 d
ilu

te
d 

10
0 

fo
ld

 im
m

ed
ia

te
ly

 b
ef

or
e 

ch
al

le
ng

e;
 t

hi
rte

en
 m

l o
f 

th
is

 

su
sp

en
si

on
 w

er
e 

us
ed

 fo
r c

ha
lle

ng
e 

in
 th

e 
ae

ro
so

l c
ha

m
be

r. 
C

FU
s 

w
er

e 
de

te
rm

in
ed

 fr
om

 c
ha

lle
ng

e 
di

lu
tio

n.
 

b 
D

ay
 a

fte
r 

in
fe

ct
io

n 
on

 w
hi

ch
 a

ni
m

al
s 

w
er

e 
sa

cr
ifi

ce
d,

 p
os

t 
m

or
te

m
 a

na
ly

si
s 

w
as

 p
er

fo
rm

ed
 a

nd
 a

nt
ib

od
y 

tit
er

s 
w

er
e 

de
te

rm
in

ed
. 

c 
Th

e 
so

lid
 p

ha
se

 a
nt

ig
en

 w
as

 p
re

pa
re

d 
as

 d
es

cr
ib

ed
 p

re
vi

ou
sl

y 
(G

O
E

TH
E

 e
t 

al
. 

20
00

), 
th

e 
nu

m
be

r 
gi

ve
n 

is
 t

he
 

ar
ith

m
et

ic
 m

ea
n 

of
 th

e 
hi

gh
es

t s
er

um
 d

ilu
tio

n 
re

su
lti

ng
 in

 a
n 

op
tic

al
 d

en
si

ty
 tw

ic
e 

as
 h

ig
h 

as
 th

e 
ne

ga
tiv

e 
co

nt
ro

l s
er

um
 

at
 a

 d
ilu

tio
n 

of
 1

:1
00

. 
d 

R
ec

om
bi

na
nt

 A
px

II 
w

as
 u

se
d 

as
 s

ol
id

 p
ha

se
 a

nt
ig

en
 a

s 
de

sc
rib

ed
 p

re
vi

ou
sl

y 
(L

E
IN

E
R

 e
t a

l. 
19

99
), 

th
e 

nu
m

be
r g

iv
en

 

is
 th

e 
ar

ith
m

et
ic

 m
ea

n 
of

 th
e 

se
ru

m
 a

ct
iv

ity
 in

 E
LI

S
A

 u
ni

ts
. 

e 
Th

e 
lu

ng
 le

si
on

 s
co

re
 w

as
 d

et
er

m
in

ed
 a

s 
de

sc
rib

ed
 b

y 
H

A
N

N
A

N
 e

t a
l. 

(1
98

2)
. 

f 
A

lth
ou

gh
 

th
e 

lu
ng

 
le

si
on

 
sc

or
es

 
of

 
an

im
al

s 
in

fe
ct

ed
 

w
ith

 
A.

 
pl

eu
ro

pn
eu

m
on

ia
e 

∆a
sp

A 
an

d 
A.

 p
le

ur
o-

pn
eu

m
on

ia
e 

∆a
sp

A∆
dm

sA
 a

re
 lo

w
er

 th
an

 o
bs

er
ve

d 
fo

r a
ni

m
al

s 
in

fe
ct

ed
 w

ith
 A

. p
le

ur
op

ne
um

on
ia

e 
w

t, 
th

is
 d

iff
er

en
ce

 is
 

no
t 

st
at

is
tic

al
ly

 
si

gn
ifi

ca
nt

 
w

ith
 

p 
= 

0.
11

 
fo

r 
A.

 
pl

eu
ro

pn
eu

m
on

ia
e 

∆a
sp

A 
an

d 
p 

= 
0.

24
 

fo
r 

A.
 

pl
eu

ro
-

pn
eu

m
on

ia
e 

∆a
sp

A∆
dm

sA
 in

 th
e 

W
ilc

ox
on

 te
st

. 
g 

O
ne

 a
ni

m
al

 w
as

 e
ut

ha
ni

ze
d 

on
 d

ay
 6

 a
fte

r 
in

fe
ct

io
n 

du
e 

to
 r

ec
ta

l p
ro

la
ps

e.
 T

hi
s 

an
im

al
 w

as
 in

cl
ud

ed
 in

 lu
ng

 le
si

on
 

sc
or

e 
an

d 
re

is
ol

at
io

n 
an

al
ys

es
 b

ut
 e

xc
lu

de
d 

fro
m

 d
et

er
m

in
at

io
n 

of
 s

er
ol

og
ic

al
 re

sp
on

se
. 

 

 103



RESULTS 

D.3. Role of the ferric uptake regulator (Fur) as a global gene 
regulator in A. pleuropneumoniae  

Results presented above revealed that the addition of BALF to the culture medium 

induced upregulation of genes controlled by the global anaerobic regulator HlyX.  

In previous experiments, TEUTENBERG-RIEDEL (1998) and HENNIG et al. (1999) 

had demonstrated, that the transferrin-binding protein TbpB, which is induced by iron 

restriction, is also upregulated by addition of BALF to the culture medium. Since it 

had been proposed, that iron-dependent regulation of TbpB was mediated by the 

global ferric uptake regulator Fur (GONZALEZ et al. 1995), we hypothesized that 

BALF does not only induce proteins of the HlyX regulon but also proteins of the Fur 

regulon. In order to prove this hypothesis, an isogenic A. pleuropneumoniae fur 

deletion mutant was constructed and characterized, and expression of surface 

associated proteins by this strain was compared to BALF-induced cultures (chapter 

D.4).  

 

D.3.1. Construction of an isogenic fur mutant 

Initially, an A. pleuropneumoniae 4074 Nalr signature-tagged Tn10 transposon 

mutant, 6C12, carrying the transposon-insertion within the fur gene, was identified by 

SHEEHAN et al. (2003) in a signature-tagged mutagenesis study. Sequence 

information received from Paul R. Langford and Janine T. Bossé1 was used to design 

primers for cloning of the A. pleuropneumoniae AP76 fur gene. The complete 

nucleotide sequence of fur and the deduced amino acid sequence are listed in 

appendix I.2. 

D.3.1.1. Construction of pFU600 for the introduction of a fur in-frame deletion 
into A. pleuropneumoniae  

Using primers oFU1a and oFU2 a 1250 bp fragment containing the 447 bp fur ORF 

of A. pleuropneumoniae AP76 was amplified by PCR from chromosomal DNA. 

Subsequently, the PCR product was digested with XbaI and ligated into XbaI 

                                            
1 Department of Paediatrics, Imperial College London, St. Mary's Campus, London; United Kingdom 
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restricted pBluescript II SK. The resulting plasmid pFU100 was digested with BamHI 

and HindIII followed by treatment with the Klenow Fragment of DNA Polymerase I to 

obtain blunt ends. Religation led to plasmid pFU102, lacking the pBluescript EcoRV 

recognition site. To construct an 171 bp in-frame deletion in fur (position 157 to 327 

of the fur ORF), pFU102 was digested with EcoRV and the large fragment was 

religated, forming plasmid pFU104. The XbaI fragment of pFU104 encoding the 

truncated fur ORF was ligated into XbaI digested pBMK1, resulting in the conjugative 

plasmids pFU600 and pFU601 (Fig. 20). 

D.3.1.2. Construction of the deletion mutant A. pleuropneumoniae ∆fur 

Using the conjugative plasmid pFU600 in the single-step transconjugation system a 

171 bp in-frame deletion was introduced into A. pleuropneumoniae AP76, resulting in 

the mutant strain A. pleuropneumoniae ∆fur. Verification of the deletion by PCR, 

Southern blot analyses and nucleotide sequencing (data not shown) was performed 

by Jörg Gerstenberger1. In addition, no gross genomic rearrangements were 

detectable by PFGE (Jörg Gerstenberger1). 

D.3.1.3. Complementation of A. pleuropneumoniae ∆fur 

The PCR product amplified from chromosomal DNA of A. pleuropneumoniae AP76 

with primers oFU1a and oFU2 was cloned into pCR®2.1-TOPO using the TOPO®-

cloning kit, excised from the resulting plasmid pFU800 by EcoRI digestion and ligated 

into EcoRI digested plasmid pLS88 (Fig. 21). The resulting plasmids pFU1310 and 

pFU1311, carrying the fur gene in either direction, were transformed into 

A. pleuropneumoniae ∆fur by electroporation and kanamycin-resistant clones were 

screened for presence of the wild type fur gene by PCR. 

 

                                            
1 Jörg Gerstenberger, diploma thesis: „Charakterisierung des Fur-Regulons von Actinobacillus 

pleuropneumoniae“, Institute of Microbiology, Veterinary School Hannover, Foundation, Hannover, 

Germany 
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Fig. 20: Construction of pFU600 and pFU601. Arrows denote the direction of respective 

reading frames in the circular maps. kan, kanamycin resistance determinant; amp, 

ampicillin resistance determinant; fur, A. pleuropneumoniae fur (dark green). The 

EcoRV-fragment to be deleted is highlighted. 
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Fig. 21: Construction of pFU1310 and pFU1311. Arrows denote the direction of 

respective reading frames in the circular maps. kan, kanamycin resistance 

determinant; amp, ampicillin resistance determinant, sulA, sulfonamide resistence 

determinant; strAB, streptomycin A resistance; fur, A. pleuropneumoniae fur (dark 

green). 
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D.3.2. Growth characteristics of A. pleuropneumoniae ∆fur 

Actinobacillus pleuropneumoniae ∆fur showed significantly reduced growth in (i) non-

agitated PPLO broth in an atmosphere with 5% CO2 (p < 0.01, Student's t-Test; Fig. 

22A), (ii) under anaerobic conditions (p < 0.01, Student's t-Test; Fig. 22B) and (iii) on 

supplemented PPLO agar plates (Fig. 22C). Additionally, the mutant strain was not 

able to grow on selective supplemented blood agar (Fig. 22D). In contrast, the growth 

rate of A. pleuropneumoniae ∆fur in supplemented PPLO broth under normal 

atmosphere with agitation was indistinguishable from A. pleuropneumoniae wt (data 

not shown). Complementation with plasmids pFU1310 and pFU1311 led to increased 

colony size compared to A. pleuropneumoniae ∆fur but colonies of 

A. pleuropneumoniae ∆fur pFU1311 transformants were still slightly smaller than wild 

type colonies (Fig. 22C).  

Although the ability to grow on selective supplemented blood agar was restored by 

both plasmid pFU1310 and pFU1311, colony size was considerably smaller in 

A. pleuropneumoniae ∆fur pFU1311 transformants compared to A. pleuro-

pneumoniae ∆fur pFU1310 transformants (Fig. 22D). In order to determine the 

selective agent inhibiting growth of A. pleuropneumoniae ∆fur on selective 

supplemented blood agar, supplemented blood agar containing only one of the 

selective components was prepared; A. pleuropneumoniae ∆fur grew on agar 

containing either crystal violet (1 µg/ml), lincomycin (1 µg/ml) or nystatin (50 µg/ml) 

as well as on agar without any selective agents, but in smaller colonies than the wild 

type (Fig. 23A). This was comparable to growth on supplemented PPLO agar. No 

growth of A. pleuropneumoniae ∆fur was observed on agar containing bacitracin 

(100 µg/ml; Fig. 23B).  

D.3.2.1. Iron-dependent sensitivity of A. pleuropneumoniae ∆fur to bacitracin 

In order to determine whether the inability of A. pleuropneumoniae ∆fur to grow on 

bacitracin-containing agar was linked to iron, the following experiments were 

performed: (i) The iron chelator Na3CaDTPA (150 µM) was added to supplemented 

blood agar plates containing 100 µg/ml bacitracin and was found to restore growth of 

A. pleuropneumoniae ∆fur (Fig. 23C). (ii) A plate bioassay with bacitracin-soaked 

paper discs (200 µg/ml) on Na3CaDTPA-supplemented blood agar plates was 
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performed. No zone of growth inhibition occurred around the paper discs (data not 

shown). 

 

 

Fig. 22: Growth characteristics of A. pleuropneumoniae ∆fur in liquid (A, B) and on 
solid medium (C, D). (A) Growth of A. pleuropneumoniae wt and A. pleuro-

pneumoniae ∆fur in supplemented PPLO medium in a 5% CO2 atmosphere and 

(B) under anaerobic conditions. The asterisks indicate statistical significance 

(p < 0.01) as determined by the Student's t-Test. Data in (A) and (B) were derived 

from five and three independent experiments, respectively. The central symbol in 

each box indicates the geometric mean, the hinges indicate the values in the 

middle half of the data, and the top and bottom symbols indicate the maximum and 

minimum values. (C) Growth of A. pleuropneumoniae wt and A. pleuro-

pneumoniae ∆fur on supplemented PPLO agar and (D) on selective supplemented 

blood agar; “pFU1310” and “pFU1311” indicate the position of A. pleuro-

pneumoniae ∆fur complemented in trans with the respective plasmids. 
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Fig. 23: Growth of A. pleuropneumoniae wt and A. pleuropneumoniae ∆fur on 
supplemented blood agar containing (A) lincomycin (1 µg/ml; similar results were 

obtained with agar containing nystatin [50 µg/ml], crystal violet [1 µg/ml] or no 

selective agents), (B) bacitracin (100 µg/ml), and (C) bacitracin (100 µg/ml) and 

the iron chelator Na3CaDTPA. 

 

D.3.2.2. Sensitivity of A. pleuropneumoniae ∆fur to ferric citrate 

In order to exclude that toxicity due to excessive iron uptake (in the form of ferric 

citrate) was responsible for the diminished growth on PPLO agar, a plate bioassay 

was performed. Both A. pleuropneumoniae wt and A. pleuropneumoniae ∆fur 

showed an area of growth inhibition around ferric citrate-soaked paper discs; the 

diameter of this inhibition zone was indistinguishable between both strains (Fig. 24). 
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Fig. 24: Sensitivity of A. pleuropneumoniae wt (AP76) and A. pleuropneumoniae ∆fur 
to ferric citrate. In the plate bioassay A. pleuropneumoniae strains were plated on 

supplemented PPLO agar and filter platers soaked with 10 µl of a 250 mM ferric 

citrate solution were placed on top. Plates were inoculated in the CO2-incubator 

(5% CO2) at 37°C overnight. 

 

D.3.3. Expression of iron-regulated proteins by A. pleuropneumoniae ∆fur  

D.3.3.1. Expression of TbpB and ExbB 

 

Since expression of both TbpB and ExbB is upregulated in iron deficient medium and 

because it was proposed that this regulation might be mediated by Fur (GONZALEZ 

et al. 1995), we evaluated the expression of TbpB and ExbB in A. pleuro-

pneumoniae ∆fur by Western blot analysis. In A. pleuropneumoniae ∆fur, TbpB and 

ExbB were constitutively expressed, whereas A. pleuropneumoniae wt showed only 

low expression levels under standard conditions, and a clear upregulation upon iron 

restriction (Fig. 25). Complementation of A. pleuropneumoniae ∆fur with plasmid 

pFU1310 but not plasmid pFU1311 restored iron-dependent regulation of TbpB and 

ExbB expression (Fig. 25).  
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Fig. 25: Expression of TbpB and ExbB by A. pleuropneumoniae ∆fur. 
Coomassie blue-stained SDS-PAGE gel (top) and corresponding Western blots of 

whole cell lysates grown under standard (uneven lanes) and iron-depleted 

conditions (even lanes) from A. pleuropneumoniae wt (1, 2), the uncomplemented 

isogenic deletion mutant A. pleuropneumoniae ∆fur (3, 4) and complemented with 

plasmids pFU1310 (5, 6) or pFU1311 (7, 8). The blots were developed with 

antibodies directed against TbpB (middle) and ExbB (bottom), respectively. The 

solid arrowhead indicates the position of the TbpB protein; the open arrowhead 

indicates the position of the ExbB protein. 

 

D.3.3.2. Sequence analysis of the putative promoter region of the exbD-tbpBA 
operon 

Sequence analysis of the upstream region of exbB (NZ_AACK01000001.1, 

A. pleuropneumoniae serovar 1 strain 4047 Aple01_1, whole genome shotgun 

sequence) and the preceding gene, tonB, revealed a putative Fur box centered 35 bp 

upstream of the tonB start codon (Fig. 26). The transcriptional start point as 

determined by 5’ RACE is located 41 bp upstream of the tonB start codon, within the 

putative Fur box, and is preceded by a putative -10 sequence (TAAAAT). 
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Fig. 26 Nucleotide sequence of the region upstream of the predicted tonB ORF 

located at the 5’ end of the exbBD-tbpBA-operon. The position of the predicted 

Fur box is indicated relative to the tonB start codon. 

 

Together, these data show that TbpB expression is regulated by Fur and that 

therefore, the BALF-induced expression of TbpB protein observed by 

TEUTENBERG-RIEDEL (1998) and HENNIG et al. (1999) is most likely Fur-

dependent. 

 

D.3.4. Virulence studies 

D.3.4.1. Aerosol infection experiment and clinical observations 

To investigate the effects of the fur deletion in vivo, pigs were challenged in an 

aerosol infection model with either A. pleuropneumoniae ∆fur (9.1 × 104 CFU 

aerosolized for four pigs) or the parental strain A. pleuropneumoniae wt (6.7 × 104 

CFU aerosolized for four pigs). In both groups, an increase in body temperature was 

observed after challenge without any difference between the two groups. In contrast, 

clinical symptoms were more often observed in the group challenged with the 

parental strain, leading to a significantly higher clinical score (Fig. 27A, p = 0.015, 

Student's t-Test). Striking differences were observed in occurrence of dyspnea and 

inappetence between the groups: Only 1 of 8 animals in the group challenged with 

A. pleuropneumoniae ∆fur showed dyspnea, in contrast to 10 of 12 pigs infected with 

the parental strain. Inappetence developed in 11 of the 12 pigs infected with 

A. pleuropneumoniae wt, whereas no animal challenged with the mutant strain 

showed reduced food intake.  
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Fig. 27: Clinical symptoms and lung lesions. Groups of 12 and 8 pigs, respectively, 

were infected with A. pleuropneumoniae wt (●) or A. pleuropneumoniae ∆fur (▲). 

The central symbol in each hourglass shape indicates the geometric mean, the 

hinges indicate the values in the middle half of the data, and the top and bottom 

symbols indicate the maximum and minimum values. (A) Total clinical score. The 

asterisk indicates statistical significance (p = 0.015) as determined by the 

Student's t-Test. (B) Lung lesion score. The asterisk indicates statistical 

significance (p = 0.017) as determined by the Wilcoxon test. 

 

D.3.4.2. Post mortem examination 

At post mortem analysis, a significantly lower lung lesion score  was seen in the 

group challenged with A. pleuropneumoniae ∆fur (p = 0.017, Wilcoxon test; Table 12, 

Fig. 27B). Histological examination of lung tissue on day 7 after infection with 

A. pleuropneumoniae wt revealed pleuritis, fibrinous exudation into alveoli, purulent 

bronchitis, thrombosis, vasculitis and multifocal coagulative and liquefaction necroses 

of up to 1.5 cm in diameter. Necroses were lined by active immune cells, mainly 

neutrophils and macrophages. This area of active cells was demarcated by cell 

debris consisting of decayed neutrophils and macrophages (Fig. 28A). Lung lesions 

in pigs infected with A. pleuropneumoniae ∆fur differed insofar, as the area of active 

immune defense was broader, included fibroblasts and collagen fibers, and cell 

debris was less prominent (Fig. 28B). This difference was even more distinct on 

day 21 post infection, as necroses caused by A. pleuropneumoniae wt were still 

surrounded by a wall of decayed inflammatory cells of up to 500 µm thickness (Fig. 

28C) which was completely absent in lesions caused by the mutant (Fig. 28D). 
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Lesions caused by both strains were sequestered from healthy tissue by a fibrous 

demarcation wall containing mostly active fibroblasts, collagen fibers, lymphocytes 

and plasma cells. The thickness of the demarcation wall was up to 500 µm in lesions 

caused by wild type bacteria but only half this size in pigs infected with the mutant 

strain.  

Actinobacillus pleuropneumoniae wt could be reisolated in large numbers from lymph 

nodes as well as from intact and altered lung tissue of all animals in the group 

infected with wild type bacteria; reisolation from tonsils was successful in 9 of 12 

animals in this group (Table 12). In contrast, reisolation of A. pleuropneumoniae ∆fur 

was successful only from altered lung tissue (Table 12). The numbers of viable 

bacteria reisolated from lung lesions were comparable between both strains. 

D.3.4.3. Systemic immune response 

Evaluation of the systemic immune response was performed as described for the 

aspartase-deficient mutant strains (D.2.10.3). At day 7 a humoral immune response 

was present only in animals showing lung lesions, independent of the challenge 

strain. In contrast, all animals at day 21, including the ones without lung lesions, 

showed increased serum antibody titers (Table 12). At both time points animals 

infected with A. pleuropneumoniae ∆fur had a lower antibody titer compared to pigs 

challenged with the wild type strain (Table 12), and the difference was statistically 

significant on day 21 (p < 0.05 in the Mann-Whitney U-Test). 
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RESULTS 

 

Fig. 28: Histopathology of lung lesions in a hematoxylin and eosin stain. Animals 

were infected with A. pleuropneumoniae wt (A, B) or A. pleuropneumoniae ∆fur (C, 

D) and sacrificed on days 7 (A, C) and 21 (B, D) post infection, respectively. L, 

normal lung tissue, partially with alveolar edema; F, demarcation by fibroblasts and 

collagen fibers; D, cell debris consisting mainly of decayed neutrophils and 

macrophages; N, center of necrosis. 
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D.4. Proteome analysis of surface-associated proteins: Comparison 
of protein expression of A. pleuropneumoniae wt, BALF-
induced expression patterns, and A. pleuropneumoniae ∆fur 

Based on the observation, that addition of BALF to the culture medium leads to 

upregulation of the transferrin-binding protein TbpB (HENNIG et al. 1999), and the 

finding that TbpB is regulated by Fur (chapter D.3.3.1), we hypothesized that BALF 

might induce additional proteins belonging to the Fur regulon. 

In order to prove this hypothesis and to identify additional proteins that are induced 

by BALF, a comparison of the protein expression profiles of A. pleuropneumoniae wt 

grown under standard conditions and with addition of BALF to A. pleuro-

pneumoniae ∆fur was performed. 

 

D.4.1. 2D-PAGE of A. pleuropneumoniae surface-associated proteins 

In other bacteria, Fur has been shown to regulate a large number of genes involved 

not only in iron metabolism but also virulence factors and proteins involved in acid 

tolerance and stress response. Many of these proteins are membrane- or surface-

associated and can therefore directly interact with the environment and with host 

cells. Furthermore, many surface-associated proteins, including the Fur-regulated 

A. pleuropneumoniae proteins TbpA and TbpB, are highly immunogenic, thereby 

representing interesting candidates for vaccine development. However, due to the 

relative abundance of intracellular proteins and the often hydrophobic nature of 

surface-associated proteins and membrane proteins, these proteins tend to be 

underrepresented on 2D gels of whole cell lysates. Therefore, it was necessary to 

prepare fractions enriched in these proteins. For the preparation of surface-

associated proteins the method described by GOETHE et al. (2000), treatment with 

sodium deoxycholate (see chapter C.5.1.2.), was chosen, because it efficiently 

increases the amount of surface-associated proteins in the culture supernatant while 

leaving the outer membrane intact (GOETHE et al. 2000). It was also shown by 
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GOETHE et al. (2000) and Jörg Gerstenberger1, that periplasmic and cytoplasmic 

proteins (alkaline phosphatase and heat shock protein 60 [Hsp60], respectively) are 

not released into the supernatant by this method. The absence of Hsp60 and 

absence of TbpA, an outer membrane protein, in the preparations was confirmed in 

this study (Fig. 29). 

Fig. 29: Presence of cytosolic and membrane proteins in preprarations of surface-
associated proteins. Coomassie blue-stained SDS-PAGE (left) and 

corresponding Western blots of cell lysates (lanes 1-3) and preparations of 

surface-associated proteins (lanes 4-6) from A. pleuropneumoniae wt and 

A. pleuropneumoniae ∆fur (3, 6) grown under standard conditions (1, 4), and 

A. pleuropneumoniae grown with addition of BALF (2, 5). The blots were 

developed with antibodies directed against TbpA (middle) and Hsp60 (right), 

respectively. The solid arrowhead indicates the position of the TbpA protein; the 

open arrowhead indicates the position of the Hsp60 protein. 

 
Similar to proteins in whole cell lysates, most surface-associated proteins were found 

to have isoelectric points between pH 4 and 7 and a molecular mass of between 

30 kDa and 90 kDa. Therefore, a pH range of pH 4 to 7 for IEF and an acrylamide 

concentration of 10.8% for SDS-PAGE were chosen for the following experiments. 

2D-PAGE of A. pleuropneumoniae membranes was attempted, but solubilization and 

separation by IEF were unsatisfying and did not allow thorough comparison of 

proteomes (data not shown).  

                                            
1 Jörg Gerstenberger, diploma thesis: „Charakterisierung des Fur-Regulons von Actinobacillus 

pleuropneumoniae“, Institute of Microbiology, Veterinary School Hannover, Foundation, Hannover, 

Germany. 
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D.4.2. Identification of proteins upregulated by addition of BALF 

Surface-associated proteins of A. pleuropneumoniae AP76 grown with addition of 

BALF from pigs prior to infection and on day 7 and day 21 after infection were 

compared to bacteria grown with the addition of saline. In order to exclude false 

positives due to gel-to-gel variations in spot intensity, at least three preparations per 

growth condition from independent cultures were used to generate 2D gels for spot 

comparison. Only spots consistently regulated in all preparations were considered 

differentially expressed and chosen for further analysis.  

At least 12 protein spots were found to be reproducibly upregulated by the addition of 

BALF (Fig. 30); these spots were chosen for identification by mass spectrometry1 

(Table 13). Two of the proteins identified are involved in transport; two are stress 

response associated proteins. Furthermore, one major lipoprotein of 

A. pleuropneumoniae, OmlA and a parvulin-like peptidyl-prolyl isomerase were found 

to be upregulated by BALF. The polynucleotide phosphorylase identified in this study 

was previously identified in STM studies conducted by FULLER et al. (2000b) and 

SHEEHAN et al. (2003). The remaining 5 proteins were either only homologous to 

hypothetical proteins or did not share homologies with any data base entry to date; 

therefore, their functions remain unclear. 

                                            
1 Mass spectrometry and data base search performed by Age-Lab Pharma GmbH, Hamburg, 

Germany and TopLab GmbH, Martinsried, Germany. 
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Fig. 30: 2D-PAGE of A. pleuropneumoniae surface-associated proteins: Differential 
protein expression induced by BALF. One hundred and fifty µg of A. pleuro-

pneumoniae surface-associated protein preparation separated on pH 4-7 linear 

Immobiline®DryStrips and 10.8% acrylamide gels. A. pleuropneumoniae was 

grown with an equal volume of (A) NaCl (control culture), (B) BALF prior to 

infection, (C) BALF day 7 post infection, (D) BALF day 21 post infection. The 

experiments were performed in triplicate using lysates from independent cultures; 

results similar to the ones shown here were obtained in each experiment, and 

proteins consistently upregulated by the addition of BALF are indicated by circles 

with the numbers referring to Table 13. The numbers on top of the gels indicate the 

isoelectric point and the numbers between the gels the position of the proteins in 

the molecular mass standard. TbpB indicates the putative position of the small 

transferrin-binding protein B. 
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D.4.3. Identification of surface-associated proteins upregulated by BALF and 
constitutively expressed by A. pleuropneumoniae ∆fur 

In order to identify those proteins which are upregulated by BALF and are regulated 

by Fur, the Fur-negative mutant strain A. pleuropneumoniae ∆fur was included in the 

proteome analysis by 2D-PAGE.  

Fur acts mainly as classical transcriptional repressor, binding to conserved DNA 

sequences in the presence of iron, thereby preventing transcription of the target 

gene. Hence, proteins repressed by Fur in the presence of iron should be 

upregulated in the Fur-negative mutant compared to wild type. Proteins that are 

upregulated in both A. pleuropneumoniae ∆fur and A. pleuropneumoniae wt grown 

with addition of BALF should therefore belong to the Fur regulon. 

A. pleuropneumoniae ∆fur was grown like the A. pleuropneumoniae wt control, with 

the addition of saline, and three 2D-PAGE gels from three different preparations were 

used for spot comparison. In order to elucidate if the upregulation of Fur-regulated 

genes in the presence of BALF is due to decreased iron availability, 

A. pleuropneumoniae wt was grown with the addition of iron-supplemented BALF 

(final concentration 25 µM ferric citrate in the medium) and included in the 

comparison (Fig. 31). 

Five of the twelve proteins upregulated by BALF and analyzed by mass spectrometry 

were likewise upregulated in A. pleuropneumoniae ∆fur. Identity of these proteins 

with the proteins analyzed from gels of bacteria grown with BALF was confirmed by 

mass spectrometry (Table 14). 

Iron supplementation abolished only upregulation of spot DW.3, a protein without 

significant homologies to entries in public databases. Expression of the remaining 

four proteins was not, or only slightly affected by addition of ferric citrate. The gene 

sequences of the four identified proteins were further investigated for the presence of 

putative Fur boxes or other binding sites for known regulators. Additionally, 

predictions of transmembrane domains, signal sequences and signal peptidase 

cleavage sites were performed using the web-based programms TMHMM-2.01  

 

                                            
1 www.cbs.dtu.dk/services/TMHMM-2.0; Nielsen and Krogh 1998 (NIELSEN u. KROGH 1998) 
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(transmembrane domains), SignalP-3.01 (signal sequence, cleavage site) and LipoP2 

1.0. 

 

Table 14: Mass spectrometry results of A. pleuropneumoniae proteins upregulated by 
BALF and constitutively expressed by A. pleuropneumoniae ∆fur. 

Spot 
MW (kDa) 
observed/
calculated 

IP (pH) 
observed/
calculated 

Identification 

DW.2 16 / 10.2 5.2 / 5.2 10 kDa chaperonin (protein Cpn10, groES protein) 
gi | 3913234 | ref | P94165 

DW.3 42 6.35 no significant hit 

DW.7 58 / 56.1 7.5 / 7.4 
ABC-type dipeptide transport system, periplasmatic 

component 
gi | 32033491 | ref | ZP_00133818.1   COG0747 

DW.11 31 / 32.9 5.7 / 8.5 
ABC-type metal ion transport system, periplasmic 

component/surface adhesin 
gi | 32035412 | ref | ZP_00135383.1   COG0803 

DW.12 22 / 21.8 5.3 / 8.8 uncharacterized protein conserved in bacteria 
gi | 46143261 | ref | ZP_00135573.2   COG3110 

 

 

D.4.3.1. In silico analysis of DW.2: GroES, a chaperonin  

GroES is the small subunit of a heat-shock inducible chaperone system; the coding 

ORF groES (mopB) is localized upstream of the ORF groEL (mopA), encoding the 

large subunit (VEZINA et al. 1997). In E. coli, the groE operon is transcribed from a 

σ32 promoter; in contrast, the groES-groEL operon of Enterococccus faecalis is 

transcribed from a σA-type promoter immediately upstream of a cis-acting regulatory 

element (controlling IR of chaperone expression, CIRCE; LAPORT et al. 2004), 

similar to the situation in Bacillus subtilis (ZUBER and SCHUMANN 1994). The 

sequence upstream of A. pleuropneumoniae groES (for full sequence see appendix 

                                            
1 www.cbs.dtu.dk/services/SignalP-3.0; Bendtsen et al. (BENDTSEN et al. 2004) 
2 http://www.cbs.dtu.dk/services/LipoP/; Juncker et al. (JUNCKER et al. 2003) 
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I.3) was searched for the presence of a Fur box, a CIRCE element and a putative 

promoter. 

The region upstream of A. pleuropneumoniae groES showed high homology to the 

E. coli σ32 promoter upstream of the groE operon (HEMMINGSEN et al. 1988) and 

the E. coli σ32 promoter consensus sequence (GROSS 1996; Fig. 32), but no putative 

Fur box or CIRCE element were identified.  

 

 
Fig. 32: Alignment of the promoter region of A. pleuropneumoniae groES with E. coli 

promoters. AP76, A. pleuropneumoniae groES; groE, E. coli groE operon; cons, 

E. coli consensus sequence for σ32 promoters. Shaded: identity with consensus 

sequence;   -10: -10 promoter region; -35: -35 promoter region. 

 

 

D.4.3.2. In silico analysis of DW.7: putative ABC-type dipeptide transport 
system, periplasmic component 

Structural analysis of protein DW.7 using TMHMM-2.0 identified a putative N-terminal 

transmembrane region (position 7 to 29). However, analysis by SignalP-3.0 revealed 

a signal peptide (probability 1.00) for Sec-dependent transport in this region and a 

putative signal peptidase cleavage site between position 40 and 41 (probability 0.99), 

suggesting, that the putative transmembrane region serves as signal peptide for Sec-

dependent transport through the inner membrane and is cleaved afterwards by signal 

peptidase I. Nucleotide sequence, deduced amino acid sequence and detailed 

structure analysis data and graphs are given in appendix I.5 and I.6. 

Protein DW.7 belongs to a phylogenetic family of proteins defined by the program 

“Cluster of Orthologous Groups” (COG; COG0747; TATUSOV et al. 1997). Proteins 

within a COG often have the same function. However, the identity on the amino acid 

level to periplasmic components of dipeptide transporter systems studied in E. coli 

(dppA) and H. influenzae (HI0853) is only moderate (30% and 31%, respectively). 
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ORFs encoding further components of an ABC-type transport system, two permease 

components of an ABC-type dipeptide/oligopeptide/nickel transport system (acc. no. 

ZP_00133819.2 and ZP_00133820.1) and an ATPase for an ABC-type oligopeptide 

transport system (ZP_00133821.1), are located downstream of the ORF encoding 

DW.7 (NZ_AACK01000002). Sequence information upstream of the DW.7 ORF was 

only available for 165 bp. Within this sequence, a putative ribosomal binding site was 

found, but no putative Fur box, palindromic sequences or putative promoter 

structures could be identified (Fig. 33). 

 

 

Fig. 33: Nucleotide sequence of the region upstream of the ORF encoding DW.7. SD 

indicates the position of the putative Shine-Dalgarno consensus sequence. The 

arrow indicates the predicted cleavage site for signal peptidase I. 
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D.4.3.3. In silico analysis of DW.11: ABC-type metal ion transport 
system/surface adhesin 

This protein has been previously identified as upregulated in A. pleuro-

pneumoniae ∆fur by Jörg Gerstenberger1.  

Based on the affiliation of DW.11 to the COG0803 it was annotated as part of an 

ABC-type metal ion transport system, periplasmic component/surface adhesin. It 

shows a high homology (80.0% similarity, 75% identity) to the H. influenzae protein 

HI0362, which belongs to the same COG and was identified as putative adhesin B by 

LU et al. (1998). Close homologues to COG0803 were described as surface antigens 

in Streptococci and shown to be lipoproteins involved in metal ion uptake 

(GANESHKUMAR et al. 1993; DINTILHAC et al. 1997; DINTILHAC and CLAVERYS 

1997).  

A putative signal sequence for Sec-dependent transport through the inner membrane 

and a cleavage site for signal peptidase I between position 23 and 24 (probability 

0.99) were identified (appendix I.8). Prediction of transmembrane helices2 revealed 

an N-terminal transmembrane sequence overlapping with the predicted signal 

sequence for signal peptidase I (probability 1.00; appendix I.8); the remaining 

sequence was predicted to be external. 

The ORF encoding DW.11 (for full sequence see appendix I.7) is preceded by a 

putative ribosomal binding site and a putative Fur box centered 61 bp upstream of 

the start codon (Fig. 34). An ATPase for ABC-type Mn/Zn transport systems 

(ZP_00135384.2) is located immediately downstream of the DW.11 ORF. 

D.4.3.4. In silico analysis of DW.12: Uncharacterized protein conserved in 
bacteria 

DW.12 was identified as a protein of unknown function but with a conserved motif 

(COG3110) that is also found in proteins of unknown function in E. coli (acc. no. 

yccT, Z1315 and Ecs1048), Yersinia pestis (acc. no. NP_405033), S. Typhimurium 

                                            
1 Jörg Gerstenberger, diploma thesis: „Characterisierung des Fur-Regulons von Actinobacillus 

pleuropneumoniae“, Institute of Microbiology, Veterinary School Hannover, Foundation, Hannover, 

Germany 
2 www.cbs.dtu.dk/services/TMHMM-2.0; Nielsen and Krogh 1998 (NIELSEN u. KROGH 1998) 
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(acc. no. STM1077), Vibrio cholerae (acc. no. VC1853, VCA0026), H. influenzae 

(acc. no. HI1681) and Pasteurella multocida (acc. no. PM0394). 

Similar to the results obtained for DW.7 and DW.11, protein DW.12 was predicted to 

possess an N-terminal transmembrane domain that is also predicted to function as 

signal peptide (probability 1.00; appendix I.10). The putative cleavage site for signal 

peptidase I is located between position 21 and 22 (probability 0.72; appendix I.10), 

the remaining sequence was predicted to be located outside the membrane.  

An ORF coding for a putative Mg2+ and Co2+ transporter (CorC, acc. no. 

ZP_00135574.1) lies immediately downstream of the DW.12 ORF (for sequence see 

appendix I.9); upstream of the DW.12 ORF another, inversely orientated ORF is 

located. A putative ribosomal binding site is located upstream of the gene coding for 

DW.12, preceded by a putative Fur box centered 111 bp upstream of the start codon 

(Fig. 35). 

 

 

Fig. 34: Nucleotide sequence of the region upstream of the ORF encoding DW.11. 
The predicted Fur-box is boxed; SD indicates the position of the putative Shine-

Dalgarno consensus sequence. The arrow indicates the predicted cleavage site for 

signal peptidase I. 
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Fig. 35: Nucleotide sequence of the region upstream of the ORF encoding DW.12. 
The predicted Fur-box is boxed; SD indicates the position of the putative Shine-

Dalgarno consensus sequence. The arrow indicates the predicted cleavage site for 

signal peptidase I. 

 

 

 

Fig. 36: Alignment of known and putative Fur boxes of E. coli and A. pleuro-
pneumoniae. E. coli, E. coli consensus sequence; tbpB, putative Fur box 

upstream of tbpB proposed by GONZALEZ et al. (1995); tonB, DW.11 and DW.12, 

Fur boxes upstream of tbpB and the ORFs encoding the respective proteins, 

identified in this study. Sequence identical to the consensus sequence is shown in 

bold letters, homology in number of bases identical with the consensus 

sequences/total number of bases in consensus sequence.  
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E. Discussion 

Actinobacillus pleuropneumoniae is the causative agent of a respiratory disease 

occurring in pigs world wide. Although a large number of genes essential for survival 

in the host or upregulated in vivo or in an ex vivo model have been identified in the 

last years, adaptation of the pathogen to the host environment and pathogenesis are 

only partially understood. Therefore, the aim of this study was the identification of 

molecular mechanisms that enable A. pleuropneumoniae to infect pigs and persist in 

the host. In order to complement previous studies based on transcriptome analysis a 

proteomic approach in combination with an ex vivo model was chosen in this study. 

Based on 2D-PAGE in combination with protein identification by mass spectrometry, 

proteins upregulated in whole cell lysates and in preparations of surface-associated 

proteins were identified. One of these proteins, the aspartate ammonia-lyase was 

characterized in vitro and in vivo using isogenic deletion mutants. Furthermore, an 

isogenic mutant carrying a deletion of the ferric uptake regulator (fur) gene was 

constructed and characterized. This mutant was used to investigate if BALF also 

upregulates proteins belonging to the Fur-regulon. 

 

E.1. Identification of cellular proteins upregulated by BALF 

Knowledge of the mechanisms leading to adaptation of pathogens to their host 

environment and their interaction with host cells is crucial for understanding 

pathogenesis and for systematic development of life vaccines. One strategy is the 

identification of genes expressed in vivo. Several experimental approaches have 

been used recently to investigate which A. pleuropneumoniae genes are important in 

vivo, most importantly In Vivo Expression Technology (IVET), Signature-Tagged 

Mutagenesis (STM) and subtractive hybridization techniques. STM is based on 

comparison of pools of tagged transposon mutants recovered from infected animals 

to the pools prior to infection. Mutants that are not recovered likely have insertions in 

genes essential for survival; however, genes that only modulate virulence and genes 

that are involved in persistence are rarely identified by this approach (FULLER et al. 

2000b; SHEEHAN et al. 2003). IVET allows the identification of promoters which are 

switched on in the host. An A. pleuropneumoniae IVET study was performed using a 
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riboflavin auxotrophic strain transformed with plasmids containing A. pleuro-

pneumoniae genomic DNA fragments and promoterless riboflavin genes. These 

mutants only survive in the host if the promoter is active in vivo, leading to 

transcription of riboflavin synthesis genes. Promoters that are active in later phases 

of disease only and that might be involved in persistence would not facilitate survival 

of the mutants during the acute phase of infection. Therefore, such promoters cannot 

be identified by IVET. Various methods based on subtractive hybridization of cDNA 

have been described for detection of differentially transcribed genes. 

Representational Difference Analysis (RDA) has been used previously to 

successfully identify A. pleuropneumoniae genes upregulated upon addition of BALF 

from day 7 post infection (BALTES 2002; BALTES et al. 2003a; BALTES et al. 

2003b). An advanced subtractive hybridization technique, the Selective Capture of 

Transcribed Sequences (SCOTS) has been employed recently to identify A. pleuro-

pneumoniae genes which are transcribed in necrotic porcine lung tissue (BALTES 

and GERLACH 2004). However, regulation of gene expression is not the only 

mechanism contributing to adaptation of pathogens to their host environment. Both 

the rate of translation and the protein stability or rate of degradation additionally 

influence the amount of a protein species in a cell. Therefore, mRNA levels don’t 

necessarily correlate with protein levels (ANDERSON and SEILHAMER 1997; GYGI 

et al. 1999). In addition, posttranslational modifications might affect the function of 

proteins, and even the subcellular localization might be of importance (DALLO et al. 

2002; NOUWENS et al. 2003). Therefore, in addition to transcriptome analyses, the 

comparison of proteomes might yield valuable information about adaptive responses 

of pathogens to environmental changes (CASH 2003; NOUWENS et al. 2003; 

CORDWELL 2004). In contrast to STM, IVET and most subtractive hybridization 

techniques, proteomic approaches, like 2D-PAGE combined with mass spectrometry, 

allow quantitative analysis of protein expression and modification. However, direct 

analysis of a pathogen’s proteome in infected tissue is extremely difficult due to the 

abundance of host proteins and would require separation of bacteria from host cells 

prior to analysis. A feasible alternative is the use of ex vivo models mimicking the 

host environment. Such a model, based on the addition of BALF to the culture 

medium, has been established in our group previously (TEUTENBERG-RIEDEL 

1998; HENNIG et al. 1999) and was used successfully in an RDA study (BALTES 

2002). Using BALF collected at different time points during infection, changes in the 
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host environment over the course of disease can be mimicked. Therefore, in order to 

complement and extend the results obtained by SCOTS and RDA, a proteomic 

approach, based on protein separation by 2D-PAGE and subsequent identification by 

mass spectrometry was used in this study. Proteins upregulated by the addition of 

BALF to the culture medium were to be identified, hypothesizing that these proteins 

would also be upregulated in vivo and might contribute to virulence. 

Sample preparation and solubilization are crucial for satisfactory protein separation 

by 2D-GE. In order to separate proteins contained in the BALF from the bacterial 

cells, bacteria were pelleted by centrifugation before preparation of cell lysates. 

Hence, whole cell lysates analyzed in this study do not include any secreted proteins, 

for example RTX toxins. Removal of RNA/DNA by enzymatic treatment, precipitation 

and washing steps were necessary to obtain sufficient resolution on 2D gels. It 

should be noted, that most likely, some proteins were lost during sample preparation 

steps due to incomplete precipitation or due to solubility in acetone during the 

washing steps aimed at reduction of the salt concentration. Conditions for IEF and 

SDS-PAGE were chosen to facilitate optimal separation and visualization of the 

majority of cellular proteins which showed a range of molecular mass from 30 kDa to 

90 kDa with an isoelectric point between pH 4 and pH 7. Consequently, proteins with 

an isoelectric point below pH 4 and above pH 7, and very small or large proteins are 

not represented on the 2D gels in this study. Also, low abundance proteins and highly 

hydrophobic proteins tend to be underrepresented on 2D gels, thus differential 

expression of these proteins might not be detectable. Therefore, the proteins 

identified in this study only represent a subset of all proteins regulated by BALF. 

Approximately 200 protein spots were visible on gels stained with Coomassie Brilliant 

Blue. At least 11 spots were found to be reproducibly upregulated by BALF. Four of 

the 9 protein spots analyzed by Q-TOF MS were identified as metabolic enzymes. 

The finding that metabolic enzymes are regulated in a model mimicking the condition 

inside the host, is consistent with results from the RDA study (6 of 11 identified 

genes; BALTES 2002) and studies using IVET (4 of 7 identified genes; FULLER et al. 

1999) or SCOTS (22 of 46 identified genes; BALTES and GERLACH 2004) to 

identify genes upregulated in vivo. Likewise, enzymes involved in metabolism were 

found to be necessary for virulence in two STM studies (10 of 20 and 21 of 55 

identified genes, respectively; FULLER et al. 2000b; SHEEHAN et al. 2003). The 
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metabolic proteins upregulated by BALF identified in whole cell lysates were an 

aspartate ammonia-lyase (two spots; discussed in E.2), a dihydrolipoamide 

dehydrogenase and a phosphoribosylpyrophosphate (PRPP) synthetase. The 

dihydrolipoamide dehydrogenase showed upregulation by BALF taken at all three 

time points. In E. coli, this enzyme is a subunit of both the 2-ketoglutarate 

dehydrogenase and the pyruvate dehydrogenase; additionally it is involved in the 

glycine enzyme cleavage system (STEIERT et al. 1990). As part of the 2-

ketoglutarate dehydrogenase it is involved in the conversion of 2-ketoglutarate to 

succinyl-CoA in the TCA cycle (GUEST and RUSSELL 1992). A transposon-insertion 

mutant in lpd coding for the dihydrolipoamide dehydrogenase was identified by Fuller 

et al. (2000b) in an STM study and found to be highly attenuated compared to wild 

type bacteria. This suggests that the dihydrolipoamide dehydrogenase is of 

importance for in vivo survival of A. pleuropneumoniae. 

Expression of the PRPP synthetase was found to be upregulated only by BALF prior 

to infection and BALF from day 7 post infection; BALF from day 21 post infection led 

to increased spot intensity only in one of three gels. The enzyme catalyzes the 

generation of PRPP from ribose 5-phosphate, thereby diverting ribose from the 

energy generating pentose phosphate way to biosynthesis of pyridine nucleotide 

coenzymes, histidine, tryptophan and pyrimidine and purine nucleotides (CURTISS 

III et al. 1996). In E. coli activity of the PRPP synthetase is inhibited by binding of 

ADP to the ATP binding site (HOVE-JENSEN et al. 1986). Additionally, pyrimidine 

represses enzyme synthesis. There is no obvious role for a PRPP synthetase in 

A. pleuropneumoniae infection except for its role in biosynthesis; increased 

expression induced by BALF might be part of a more general metabolic adaptation to 

nutrient restriction in the host environment.  

Two of the 9 proteins analyzed by Q-TOF MS showed no homology to any public 

data base entry; this is a higher proportion than obtained in STM studies (FULLER et 

al. 2000b; SHEEHAN et al. 2003; 2 of 20 and 2 of 55, respectively) and in SCOTS 

(3 of 46; BALTES and GERLACH 2004). Since at the time of analysis only a small 

portion of the A. pleuropneumoniae genome was sequenced and annotated in public 

databases, identification of proteins mainly depended on homology to annotated 

proteins of related species. Sequence information obtained by Q-TOF might not have 

been sufficient to allow identification of proteins with a relatively low similarity, 
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especially if the sequenced peptides derived from variable rather than conserved 

regions within a protein. The progress in sequencing of the A. pleuropneumoniae 

genome in combination with repetition of mass spectroscopy to obtain further peptide 

sequences should allow identification of these proteins in the future.  

 

E.2. Characterization of the A. pleuropneumoniae aspartate 
ammonia-lyase 

Among the proteins identified to be upregulated in whole cell lysates the aspartate 

ammonia-lyase was further investigated for two reasons. (i) Aspartase, like the 

DMSO-reductase previously identified (BALTES et al. 2003a), is involved in 

anaerobic respiration which might be important for persistence of A. pleuro-

pneumoniae in the respiratory tract, and (ii) the aspartase of H. influenzae had been 

shown to possess a plasminogen-binding activity which might be related to virulence 

(SJOSTROM et al. 1997).  

The initial observation, that the aspartase protein is upregulated by addition of BALF 

was confirmed by an enzymatic assay, showing increased aspartase activity in 

cultures treated with BALF and anaerobic cultures; the relative increase of aspartase 

activity upon anaerobic culture was twofold in comparison to the aerobic control 

culture, and induction due to BALF was slightly less than that.  

The highly increased aspartase activity in an E. coli strain harboring the 

A. pleuropneumoniae aspA ORF demonstrated that aspA indeed codes for a 

functional aspartase. Furthermore, it was noteworthy, that the E. coli strain carrying 

the expression vector only showed no detectable aspartase activity. This finding is 

concordant with observations of JERLSTRÖM et al. (1987) and GUEST and 

RUSSELL (1992) that E. coli aspartase is not expressed under standard conditions. 

The situation in A. pleuropneumoniae differs from this, as aspartase activity was 

clearly detectable under standard culture conditions. 

Using Western blot analysis and aspartase assays, the A. pleuropneumoniae 

aspartase was found to be localized in the cytoplasm, as expected. Absence of 

aspartase activity in any cellular fraction obtained from chloroform preparation of 

periplasmic proteins could be due to negative effects of chloroform on aspartase 

function. 
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The construction of an isogenic aspA in-frame mutation and its complementation in 

combination with the investigation of aspartase activity in the respective strains 

clearly showed that A. pleuropneumoniae AP76 has a single aspA gene. Using aspA 

specific primers, a PCR product of the correct size could be amplified from all 

serotype reference strains, suggesting that the genetic basis for aspartase activity is 

not serotype specific. Based on these results, the expression of an active aspartase 

in the reference strains was not evaluated, as it would have been outside the scope 

of this study. 

The determination of the transcriptional start site and the presence of a putative FNR 

binding domain centered at position -42.5 implied that A. pleuropneumoniae aspA - 

like the E. coli aspA - possesses a class II FNR-dependent promoter (JERLSTRÖM 

et al. 1987; WOODS S.A. and GUEST 1987), and thus, FNR would enhance 

transcription of aspartase. This hypothesis was supported by the finding that both the 

amount of aspartase and the aspartase activity in anaerobically grown bacteria are 

increased compared to aerobic conditions. Furthermore, no aspA-specific cDNA 

could be transcribed from mRNA of A. pleuropneumoniae AP76 grown under aerobic 

conditions. 

In order to further support the transcriptional activation of aspA under anaerobic 

conditions and upon the induction of BALF, an A. pleuropneumoniae ∆aspA::luxAB 

strain (a mutant carrying a transcriptional aspA-luxAB fusion on the chromosome) 

was constructed. The luciferase of Photorhabdus luminescens was chosen as it has 

been used previously to perform gene expression studies in bacteria due to its 

stability at 37°C and its short half-life (WINSON et al. 1998; FRANCIS et al. 2000). In 

this mutant, no detrimental influences due to copy number are to be expected as they 

can occur in plasmid-based systems, which have been used previously to investigate 

promoter function in A. pleuropneumoniae (BOEKEMA et al. 2004). Further, the 

fusion resulted in an artificial aspA-luxAB-operon structured similar to the 

A. pleuropneumoniae urease (BOSSE and MACINNES 1997) and tbpBA operons 

(TONPITAK et al. 2000), with the stop codon overlapping the Shine-Dalgarno 

consensus sequence of the downstream ORF. This structure was considered to 

minimize potential polar effects. Using this mutant, a clear-cut transcriptional 

activation upon anaerobic growth and upon the addition of BALF was observed 

without the high background seen in aerobic control cultures in the aspartase assay. 
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These findings imply, that transcription of aspA is upregulated by anaerobiosis and 

suggest that one component regulating the A. pleuropneumoniae aspartase might be 

HlyX, the A. pleuropneumoniae FNR-homologue (GREEN and BALDWIN 1997). This 

hypothesis is strongly supported by the observation, that upregulation of aspartase 

activity under anaerobic conditions is abolished in an HlyX-negative mutant. 

Therefore, the regulation would resemble the situation in E. coli, where aspA 

transcription is likewise upregulated by FNR under anaerobic conditions 

(JERLSTRÖM et al. 1987; WOODS S.A. and GUEST 1987).  

However, as induction of aspartase activity in A. pleuropneumoniae wt and luciferase 

activity in A. pleuropneumoniae ∆aspA::luxAB was shown upon induction with BALF 

during aerobic growth with shaking, it appears unlikely that a decreased oxygen 

tension alone is responsible for the upregulation of aspartase expression. The 

suggested influence of other factors coregulating the expression of HlyX dependent 

genes is supported by the finding of SOLTES and MACINNES (1994), who showed 

that HlyX-dependent expression of an frdA-lacZ fusion in E. coli varied depending on 

growth phase and carbon source. Therefore, we hypothesize that as of yet unknown 

factors in the BALF are responsible for upregulation of aspartase activity and 

transcription of aspA. One possibility would be that these factors have an HlyX-

mediated effect on AspA expression. Further, since the putative FNR-binding site 

upstream of aspA (GTGAT-CTAA-ATCAC) also shows high homology with the E. coli 

CRP (cAMP receptor protein)-binding site (EBRIGHT et al. 1989; AAAT-GTGAT-

CTAG-ATCAC-ATTT), regulation by CRP would also seem to be a possibility. 

However, nothing is known about CRP-homologues in A. pleuropneumoniae, and 

also it cannot be excluded that other transcriptional regulators and promoter 

structures are involved. Therefore, further studies are needed to elucidate the 

possible role of HlyX in aspartase regulation and as a global regulator in 

A. pleuropneumoniae. 

The reduced growth observed for A. pleuropneumoniae ∆aspA under anaerobic 

conditions and the lack of detectable plasminogen-binding activity, as it had been 

described for H. influenzae (SJOSTROM et al. 1997), led to the hypothesis, that the 

major function of aspartase in A. pleuropneumoniae virulence might be the 

production of fumarate acting as electron acceptor for anaerobic respiration as 

described for E. coli (JENNINGS and BEACHAM 1993). This hypothesis was 

 142 



DISCUSSION 

supported by the finding that growth of the mutant was not impaired under aerobic 

conditions, thereby implying that the role of aspartase in amino acid metabolism is 

unlikely to be the cause for reduced growth under anaerobic conditions. Since 

alternative anaerobic respiration pathways are likely to compensate for each other's 

absence in the presence of suitable substrates, the second A. pleuropneumoniae 

pathway known for anaerobic respiration which is driven by the DMSO reductase, 

was deleted by constructing the double mutant A. pleuropneumoniae ∆aspA∆dmsA. 

The finding, that the growth of this double mutant was indistinguishable from that of 

the single mutant A. pleuropneumoniae ∆aspA, and our observation, that the lack of 

the dmsA gene alone does not diminish growth under anaerobic conditions in vitro, 

suggest that aspA but not dmsA is important for anaerobic growth in vitro.  

The challenge of pigs with A. pleuropneumoniae ∆aspA led to clinical disease with 

only slightly lower clinical score than observed in pigs challenged with 

A. pleuropneumoniae wt. The absence of dyspnea from day 3 onwards observed in 

pigs challenged with A. pleuropneumoniae ∆aspA is most likely due to the lack of 

animals with very severe lung lesions as they occurred upon infection with 

A. pleuropneumoniae wt. Thus, although the lung lesion score did not differ 

significantly, it was reduced by almost half in pigs challenged with A. pleuro-

pneumoniae ∆aspA. 

The clinical score (based on dyspnea, vomitus and coughing) of pigs challenged with 

A. pleuropneumoniae ∆aspA∆dmsA was significantly reduced in comparison to the 

groups challenged with A. pleuropneumoniae wt or A. pleuropneumoniae ∆aspA. As 

clinical symptoms are primarily due to a general colonization of the airways rather 

than the presence of sequestered tissue, this observation supports the relevance of 

our finding, that A. pleuropneumoniae ∆aspA∆dmsA could only very sporadically be 

reisolated from intact lung tissue on days 7 and 21 post infection. Together, these 

findings might suggest a role for enzymes involved in anaerobic respiration in 

colonization of the respiratory epithelium.  

The lung score of pigs infected with either one of the mutants was decreased by 50% 

with respect to the wild type (although the challenge dose for both mutants was 

approximately double that of the wild type). Despite the lack of statistical significance, 

this finding is noteworthy, as it strongly supports the attenuation of both strains. 

Further, it implies that A. pleuropneumoniae has additional metabolic pathways to 
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grow and persist within necrotic lesions. Possibly, other enzymes facilitating 

anaerobic respiration such as the nitrate/TMAO reductase (NZ_AACK01000004.1) 

might play a role as it has been described for Mycobacterium bovis BCG infections 

(FRITZ et al. 2002; WEBER et al. 2000). One possible enzyme contributing to 

anaerobic respiration could be the homologue to a Pasteurella multocida periplasmic 

nitrate reductase (acc. no. AAK03681) identified by SHEEHAN et al. (2003) in an 

A. pleuropneumoniae STM study.  

Based on the results of this study, we conclude that enzymes involved in anaerobic 

respiration play a role in A. pleuropneumoniae persistence and virulence. They 

appear to be important not only for survival in necrotic lesions but, surprisingly, might 

be required for long term colonization of intact respiratory epithelium in a presumably 

aerobic environment. 

 

E.3. Role of Fur as global gene regulator in A. pleuropneumoniae 

The ferric uptake regulator Fur plays an important role as iron-dependent gene 

regulator in a number of pathogenic bacteria, and an A. pleuropneumoniae 

serotype 1 fur mutant was isolated in a signature-tagged mutagenesis study aimed at 

the identification of virulence-associated genes (SHEEHAN et al. 2003). 

Furthermore, HENNIG et al. (1999) were able to show, that BALF induces expression 

of putatively Fur-regulated proteins and that these proteins are likewise induced in 

vivo. We therefore hypothesized, that not only members of the HlyX regulon are 

induced by BALF and play a role in virulence (see chapter D.2 and E.2), but that the 

Fur regulon also contributes to pathogenesis. To further investigate the role of Fur, 

an isogenic A. pleuropneumoniae serotype 7 in-frame deletion mutant carrying no 

antibiotic resistance marker was constructed. This approach was chosen in order to 

minimize polar effects potentially present in transposon insertion mutants.  

The A. pleuropneumoniae ∆fur strain constructed showed significant growth 

deficiencies on different media. The reduced growth in supplemented PPLO medium 

and on supplemented PPLO agar might be due to (i) increased iron uptake leading to 

toxic concentrations of iron in the cell, (ii) redundant energetic investment in the 

production of Fur-regulated proteins in the presence of sufficient iron, or 

(iii) downregulation of metabolic enzymes positively regulated by Fur. In a Moraxella 

 144 



DISCUSSION 

catarrhalis fur mutant, growth deficiencies observed were suggested to be caused by 

toxic iron concentrations due to increased uptake (FURANO and CAMPAGNARI 

2003). Likewise, a Yersinia pestis mutant showed severely decreased growth in iron-

supplemented medium (STAGGS et al. 1994). The hypothesis, that iron is also 

responsible for the decreased growth of the A. pleuropneumoniae ∆fur strain, is 

supported by our growth experiments. Thus, in aerobic atmosphere with rigorous 

shaking (200 rpm), ensuring that iron is maintained in its insoluble ferric state, growth 

of A. pleuropneumoniae ∆fur is indistinguishable from the wild type (data not shown), 

whereas under anaerobic conditions, causing the reduction of iron to the soluble 

ferrous state, growth of A. pleuropneumoniae ∆fur was reduced significantly.  

The finding, that A. pleuropneumoniae ∆fur was not able to grow on selective blood 

agar due to sensitivity to bacitracin, and that this sensitivity was abolished by the 

addition of the iron chelator Na3CaDTPA to the medium, supports the hypothesis that 

iron is the component inhibiting growth. Bacitracin is a cyclic thiazoline ring-

containing peptide antibiotic produced by Bacillus (B.) licheniformis, that is used 

against gram-positive bacteria. Although the primary mechanism of action of this 

antibiotic is thought to be the inhibition of peptidoglycan synthesis (STORM 1974), it 

is known that bacitracin binds a variety of divalent metal ions, including iron (MING 

and EPPERSON 2002), and it was suggested, that metal ion transport might be the 

physiological role for bacitracin in B. licheniformis, and that the antimicrobial effects 

of bacitracin might be due to uptake of toxic amounts of metal ions (HAAVIK 1976). 

Actinobacillus pleuropneumoniae is naturally resistant against bacitracin (SHIMIZU et 

al. 1982), but to our knowledge the resistance mechanism has not been studied to 

date. Known resistance mechanisms in other species are ABC transporters in 

B. licheniformis (PODLESEK et al. 1995), B. subtilis (BERNARD et al. 2003), E. coli 

(HAREL et al. 1999) and Enterococcus faecalis (MANSON et al. 2004), and an 

undecaprenyl pyrophosphate phosphatase in E. coli (EL GHACHI et al. 2004) and 

Streptococcus mutans (LIS and KURAMITSU 2003). Therefore, the iron-dependent 

sensitivity of A. pleuropneumoniae ∆fur towards bacitracin might be due to an 

uncontrolled uptake of the iron-saturated molecule via a Fur-regulated transport 

protein. However, it cannot be excluded that the uptake of bacitracin is selective for 

the iron-saturated molecule and that bacitracin itself is the toxic component.  
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Bacterial fur mutants constitutively express iron uptake systems and other iron-

repressible proteins (HASSETT et al. 1996; HORSBURGH et al. 2001; FURANO and 

CAMPAGNARI 2003). In A. pleuropneumoniae, both the small transferrin-binding 

protein TbpB and ExbB, a protein necessary for the utilization of transferrin-bound 

iron (TONPITAK et al. 2000), are regulated depending on iron availability in 

A. pleuropneumoniae wt. GONZALEZ et al. (1995) proposed, that regulation of tbpB 

is mediated by Fur binding to a putative Fur box (GATATTTCCGTGGAATATC, 50% 

homologous to the E. coli Fur box) upstream of tbpB within exbB. Our finding, that 

the fur deletion mutant constitutively expressed TbpB and that complementation with 

fur in trans restored iron-dependent regulation, is the first experimental evidence that 

Fur is indeed a negative regulator of TbpB. In addition, we could show that ExbB is 

also constitutively expressed in the fur mutant. Furthermore, a putative Fur binding 

site was identified upstream of tonB (GATAATGATTTTCATTAAC) showing 84% 

identity to the E. coli Fur consensus sequence (GATAATGATAATCATTATC; 

CALDERWOOD and MEKALANOS 1988). The transcriptional start point of tonB was 

determined to be located within the Fur box, resembling the typical localization of Fur 

boxes in Fur-regulated genes of E. coli (DE LORENZO et al. 1987; VASSINOVA and 

KOZYREV 2000). These results, together with our previous findings, that exbBD and 

tbpB are transcriptionally linked (TONPITAK et al. 2000), imply that the tonB-exbBD-

tbpBA operon is negatively regulated by Fur binding to the Fur box identified 

upstream of tonB. 

A transposon insertion into the A. pleuropneumoniae fur gene was found to lead to a 

high level of attenuation in competition experiments (SHEEHAN et al. 2003). Since 

polar effects caused by transposon-insertion might have influenced these results, we 

decided to investigate the virulence of the in-frame deletion mutant 

A. pleuropneumoniae ∆fur in an aerosol infection model. Contrary to the results with 

the A. pleuropneumoniae transposon mutant, we found that A. pleuro-

pneumoniae ∆fur was significantly attenuated but still able to cause clinical disease in 

all animals infected and lung lesions in 4 of 8 animals. Since all animals infected with 

A. pleuropneumoniae ∆fur showed seroconversion on day 21, even those animals 

without lung lesions must have been colonized sufficiently long to stimulate a 

detectable humoral immune response. The histological differences observed, 

particularly the presence of fibroblasts and collagen in the demarcation wall of 
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lesions caused by A. pleuropneumoniae ∆fur as early as day 7 post infection and the 

absence of the prominent layer of decayed immune cells on day 21, suggest that 

A. pleuropneumoniae ∆fur was more susceptible to the host defense system than 

A. pleuropneumoniae wt and therefore, it was eliminated faster with less destruction 

of immune cells. Given that the center of necrotic areas is shielded from the active 

immune response by cell debris and, in the chronic stage, fibrous demarcation, 

bacteria in this area are protected from the immune system to a certain extent. This 

fact together with the hypothesis, that A. pleuropneumoniae ∆fur is more susceptible 

to the host immune response, would explain why reisolation of A. pleuro-

pneumoniae ∆fur succeeded only from lung lesions, whereas A. pleuro-

pneumoniae wt was additionally reisolated in high numbers from intact lung, lymph 

nodes and tonsils. 

The lack of persistence of A. pleuropneumoniae ∆fur on the respiratory epithelium 

might be mediated by the continuous expression of TbpB. TbpB is a highly 

immunogenic protein eliciting a protective immune response (ROSSI-CAMPOS et al. 

1992). It is downregulated in a later stage of infection (HENNIG et al. 1999) thereby 

possibly facilitating persistence of A. pleuropneumoniae. This hypothesis is 

supported by the finding that a fur mutant of Moraxella catarrhalis exhibiting 

constitutive expression of iron-repressible proteins was significantly more susceptible 

to the bactericidal activity of human serum, and it was proposed that antibodies 

directed against these proteins might be involved in this effect (FURANO and 

CAMPAGNARI 2003).  

An additional cause for the inability of A. pleuropneumoniae ∆fur to persist could be 

deregulated iron uptake resulting in toxic levels of intracellular iron and reduced 

growth, as it was proposed for a St. aureus fur mutant attenuated in a murine skin 

lesion model (HORSBURGH et al. 2001). As A. pleuropneumoniae ∆fur was 

susceptible to bacitracin only in the presence of sufficiently high levels of iron but was 

insensitive to high levels of ferric citrate, deregulated iron uptake might add to 

attenuation. Furthermore, Fur was found not only to downregulate iron uptake 

systems but also to upregulate factors that might influence survival inside the host. In 

E. coli, the superoxide dismutase encoded by sodB is indirectly upregulated by Fur 

(DUBRAC and TOUATI 2000; MASSE and GOTTESMAN 2002) and Fur is involved 

in the transcriptional response to reactive nitrogen species (MUKHOPADHYAY et al. 

 147



DISCUSSION 

2004). The catalase of St. aureus and Helicobacter pylori were shown to be positively 

regulated by Fur (HORSBURGH et al. 2001; HARRIS et al. 2002) as well as a 

superoxide dismutase and peroxidase of Burkholderia pseudomallei (LOPRASERT 

et al. 2000). These enzymes would aid bacteria to withstand the respiratory burst of 

macrophages and neutrophils, and decreased levels of these enzymes in a fur 

deletion mutant might render the mutant more susceptible to reactive oxygen and 

nitrogen species. Two distinct superoxide dismutases, SodA and SodC, have been 

described for A. pleuropneumoniae and SodA appears to be iron-dependently 

regulated (LANGFORD et al. 1996). However, the role of Fur in regulation of 

enzymes involved in oxidative stress response has not been studied in A. pleuro-

pneumoniae to date and it remains to be elucidated if it contributes to resistance 

against the host immune system.  

Finally, HSU et al. (2003) demonstrated that expression of ApxI, one of the RTX 

toxins that are major virulence factors of A. pleuropneumoniae (FREY 1995), is 

positively regulated by Fur under high calcium conditions. The A. pleuropneumoniae 

serotype 7 strain used in this study possesses only the ApxII and ApxIV toxins 

(KAMP and VAN LEENGOED 1989; FREY 1995), of which ApxIV is only expressed 

in vivo (SCHALLER et al. 1999). Since the impact of Fur on the expression of these 

toxins is unknown, a decreased toxin production as an additional cause for 

attenuation of A. pleuropneumoniae ∆fur cannot be excluded.  

In summary, our results clearly demonstrate that Fur-mediated gene regulation is an 

important factor for A. pleuropneumoniae virulence. However, the underlying 

mechanisms leading to attenuation of A. pleuropneumoniae ∆fur appear to be 

complex and need to be further investigated. The A. pleuropneumoniae ∆fur strain 

constructed could be used to identify the Fur regulon using genomic and proteomic 

approaches; this knowledge could significantly expand our understanding of the 

pathways involved in host-pathogen interaction and might prove useful for future 

vaccine development. 
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E.4. Proteome analysis of surface-associated proteins: Comparison 
of the protein expression of A. pleuropneumoniae wt, BALF-
induced expression patterns and A. pleuropneumoniae ∆fur   

Membrane and surface-associated proteins play important roles in 

A. pleuropneumoniae pathogenesis, as they mediate attachment to the respiratory 

epithelium (VAN OVERBEKE et al. 2002; ENRIQUEZ-VERDUGO et al. 2004) and 

iron acquisition (GERLACH et al. 1992). Furthermore, they are often highly 

immunogenic and provide attractive candidates for vaccine development. Therefore, 

proteomic analysis of differential expression of membrane and surface-associated 

proteins was attempted. Due to the high hydrophobicity of membrane proteins, 2D-

PAGE of membrane preparations is difficult (KASHINO 2003; CORDWELL 2004). 

Although some problematic steps like sample solubilization have been improved by 

development of new detergents like ASB-14 (MOLLOY et al. 1999), 2D-PAGE of 

membrane proteins remains challenging. 2D-PAGE of membrane preparations was 

performed in this study but protein separation was not sufficient to allow thorough 

analysis of differences in protein expression patterns. Instead, surface-associated 

proteins were prepared using the method described by GOETHE et al. (2000). These 

preparations contain lipoproteins and other membrane-associated proteins but leave 

the outer membrane intact.  

Twelve of the approximately 200 proteins visible on 2D gels of preparations of 

surface-associated proteins were consistently upregulated by BALF and were 

selected for further analyses by Q-TOF MS. Four of these proteins showed no 

homology to any data base entries, although 6 to 10 peptides of each protein were 

sequenced. These proteins have likely not been annotated yet or might be specific 

for A. pleuropneumoniae. Among the remaining 8 proteins, spot DW.4 was identified 

as a previously characterized highly immunogenic lipoprotein, OmlA (GERLACH et 

al. 1993; BUNKA et al. 1995). The increased concentration of OmlA in preparations 

of BALF induced cultures was unexpected, as OmlA has been described to be 

constitutively expressed (GERLACH et al. 1993); whether this increased presence of 

the protein is due to transcriptional regulation specifically induced by BALF 

components or due to posttranslational regulation leading to decreased degradation 

of the protein, remains to be determined. A polynucleotide phosphorylase (PNPase) 

was slightly upregulated by BALF prior to infection and day 7 post infection (spot 
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DW.6), whereas expression levels in cultures grown with BALF from day 21 post 

infection were comparable to those seen in control cultures. The gene coding for 

A. pleuropneumoniae PNPase, pnp has been previously identified in both 

A. pleuropneumoniae STM studies (FULLER et al. 2000b; SHEEHAN et al. 2003) 

and an insertion mutant has been shown to be attenuated (FULLER et al. 2000b). 

Likewise, pnp mutants of Pasteurella multocida were attenuated in a STM study 

using a mouse septicemia model (FULLER et al. 2000a). The best studied function of 

PNPase is the modulation of mRNA stability. In E. coli, PNPase is induced by cold 

shock and essential for growth at low temperatures but dispensable under normal 

growth conditions (POLISSI et al. 2003). In contrast to the situation in E. coli, 

Ps. putida pnp mutants do not exhibit cold sensitivity (FAVARO and DEHO 2003). 

Posttranscriptional and posttranslational regulation seems to influence the amount of 

PNPase both in E. coli and Ps. putida (ZANGROSSI et al. 2000; FAVARO and 

DEHO 2003). CLEMENTS et al. (2002) were able to demonstrate that expression of 

virulence factors in S. enterica is influenced by PNPase; mutations in PNPase led to 

persistent infections in a mouse model.  

A parvulin-like peptidyl-prolyl isomerase (PPIase) was identified to be upregulated in 

BALF-induced cultures from day 7 and 21 post infection (spot DW.8). PPIases 

catalyse the cis-trans isomerisation of peptide bonds N-terminal to proline residues in 

polypeptide chains (RAHFELD et al. 1994a; RAHFELD et al. 1994b; LAZAR and 

KOLTER 1996). The E. coli parvulin-like PPIase SurA plays an important role as 

periplasmic chaperone, facilitating the correct folding and maturation of outer 

membrane proteins (BEHRENS et al. 2001). A homologous protein in Bacillus subtilis 

is a lipoprotein anchored in the membrane (VITIKAINEN et al. 2004) and the 

parvulin-like PPIase in Rickettsia prowazekii is a major outer membrane protein 

(EMELYANOV and DEMYANOVA 1999). The localization and function of this protein 

in A. pleuropneumoniae is unknown, but its function is conserved between different 

species and it therefore seems likely, that the A. pleuropneumoniae PPIase likewise 

serves as chaperone for folding of membrane proteins. The increased expression in 

BALF-induced cultures might be an indication of increased turnover of membrane 

proteins aiding in adaptation to the host environment. 

The A. pleuropneumoniae copper-zinc superoxide dismutase (Cu,Zn SOD) which 

was identified to be upregulated by BALF (spot DW.10) has been previously 
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described and characterized by the group of Simon Kroll (LANGFORD et al. 1996; 

SHEEHAN et al. 2000). It was proposed, that the Cu,Zn SOD is localized in the 

periplasm, as it has been established for other bacterial Cu,Zn SODs (LANGFORD et 

al. 1996; SAN MATEO et al. 1998). The Cu,Zn SOD protects A. pleuropneumoniae 

from extracellular superoxide in vitro, but is not required for virulence, at least in the 

acute phase of infection (SHEEHAN et al. 2000). However, upregulation of Cu,Zn 

SOD inside the host might still be beneficial for the pathogen and might play a more 

important role in later stages of infection. Growth phase-dependent regulation of 

Cu,Zn SOD expression, as it has been described for E. coli (IMLAY and IMLAY 

1996), could not be demonstrated in A. pleuropneumoniae. Furthermore, expression 

levels were independent of oxygen levels and iron restriction (LANGFORD et al. 

1996).  

Five protein spots were not only upregulated by BALF, but also in preparations of 

surface-associated proteins of A. pleuropneumoniae ∆fur, suggesting that BALF 

induces increased expression of members of the Fur regulon. One explanation for 

the upregulation of proteins putatively belonging to the Fur regulon by addition of 

BALF to medium would be the induction of iron deficiency by BALF due to the 

presence of iron chelators like transferrin and lactoferrin, which bind free extracellular 

iron inside mammalian cells (MARTINEZ et al. 1990). In this case, BALF mediated 

upregulation of these proteins should be averted by supplementation of BALF with 

iron. However, iron-supplemented BALF still induced expression of Fur-regulated 

spots, with the exception of spot DW.3. Ferric citrate was added to a final 

concentration of 25 µM; this is 50 to 500 times more than the 0.05-0.5 µM required 

for bacterial growth (MARTINEZ et al. 1990; GRIFFITHS 1991). Given that host 

proteins in the BALF are at least 10 to 40 fold diluted compared to their 

concentrations in the epithelial lining fluid (HENNIG-PAUKA et al. 2001), 25 µM ferric 

citrate are likely sufficient to saturate host iron-chelating proteins in the culture and 

provide sufficient iron for bacterial growth. However, the concentration of freely 

available iron in cultures induced with iron-supplemented BALF was not determined 

in this study; therefore it can not be excluded, that iron availability is still limited in 

supplemented cultures. Nonetheless, it seems more likely that presently unknown 

host factors in the BALF might induce Fur-regulated genes independently of iron by 

directly or indirectly influencing Fur expression or stability. Host factor induced 
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expression of virulence factors has been shown in the plant pathogen Agrobacterium 

tumefaciens (ANKENBAUER and NESTER 1990), E. coli and Shigella flexneri 

(PORAT et al. 1991; LUO et al. 1993), but there have been no reports demonstrating 

host-induced upregulation of the Fur-regulon to date. Whether host-specific inducers 

influence A. pleuropneumoniae gene expression and which molecules could act as 

inducers, is not known to date. Of the 5 proteins upregulated both by BALF and in 

A. pleuropneumoniae ∆fur, only expression of spot DW.3 was affected by iron 

supplementation. However, interpretation of this finding is difficult as no homologue 

of DW.3 could be identified by Q-TOF MS and therefore, its function and regulation 

remain unclear. The other four proteins consituitively expressed by A. pleuro-

pneumoniae ∆fur were identified as the heat shock protein GroES, a putative 

dipeptide transporter, a putative metal ion transporter and a conserved protein of 

unknown function. 

Spot DW.2 was identified as GroES, the small subunit of a classic chaperone, GroE. 

Besides the parvulin-like PPIase (discussed above), this is the second chaperone 

identified to be upregulated by BALF in this study, suggesting that BALF induces a 

stress response. GroES facilitates correct protein folding and is involved in response 

to a variety of stress factors such as heat, decreased pH, SDS, hydrogen peroxide 

and anaerobic environment (ERICSSON et al. 1994; FREES et al. 2003; GUISBERT 

et al. 2004; LAPORT et al. 2004; STARCK et al. 2004). Additionally, GroES was 

suggested to act as transcriptional regulator in Mycobacterium tuberculosis 

(LEGNAME et al. 1996). Although heat shock proteins are traditionally found in the 

cytoplasm, DnaK was recently found to be present in a surface subproteome of 

Listeria (L.) monocytogenes. (SCHAUMBURG et al. 2004). The large subunit of 

GroE, GroEL, in A. actinomycetemcomitans was found both in soluble and 

membrane fractions, as well as in extracellular material (KIRBY et al. 1995; 

GOULHEN et al. 1998; PAJU et al. 2000). Furthermore, A. actinomycetemcomitans 

GroEL is strongly cytotoxic for epithelial cells and might therefore contribute to 

disease. Further studies would be necessary to determine the localization of 

A. pleuropneumoniae GroES and to elucidate if its role in A. pleuropneumoniae 

exceeds its function as a chaperone. The promoter structure of A. pleuropneumoniae 

GroES resembles the one in E. coli, suggesting stress-dependent regulation by σ32. 

Therefore, the upregulation of GroES observed in the A. pleuropneumoniae Fur 
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knock-out mutant most likely is a stress response, possibly induced by oxidative 

stress due to increased intracellular iron concentrations or accumulation of Fur-

regulated proteins. However, the possibility of an indirect regulation by Fur cannot be 

excluded. 

A binding protein for a dipeptide transports system was found to be homologous to 

spot DW.7, upregulated by both BALF and by A. pleuropneumoniae ∆fur. Dipeptide 

transporters facilitate uptake of dipeptides which serve as nutrients but can also 

function as signals for chemotaxis (DUNTEN and MOWBRAY 1995). For the E. coli 

dipeptide transporter periplasmic binding protein, DppA, expression regulation by 

external stimuli such as phosphate has been suggested (OLSON et al. 1991; SMITH 

and PAYNE 1992). Upon contact to host-specific stimuli A. pleuropneumoniae might 

express a dipeptide transport system for the uptake of readily available nutrients in 

the host environment. However, since the DNA sequence of the ORF encoding 

DW.7, the dipeptide binding protein identified in this study, reveals only limited 

identity to the sequence of the analogous E. coli and H. influenzae genes and 

because no regulatory motifs were identified in the limited sequenced region 

upstream of this ORF, its regulation remains unclear. Further studies would be 

necessary to clarify the role of this transporter and whether Fur is indeed involved in 

its regulation. 

Spot DW.11 has been identified as a protein annotated as periplasmic component of 

an ABC-type metal ion transport system. Which kind of metal ions serve as ligands 

for this protein is unknown. Presence of a putative Fur box upstream of the ORF 

encoding DW.11 suggests regulation by Fur, which would explain the observed 

upregulation in A. pleuropneumoniae ∆fur. PsaA, a Streptococcus pneumoniae 

protein showing the same conserved domains as DW.11, has been originally 

described as adhesin but was more recently demonstrated to be the lipoprotein 

component of a Mn2+ transporter (JOHNSTON et al. 2004). Beside Mn2+, other 

possible ligands for DW.11 could include Fe2+ and Zn2+. The role of iron uptake 

systems in virulence has been demonstrated in a number of organisms including 

A. pleuropneumoniae (MARTINEZ et al. 1990; GRIFFITHS 1991; BRAUN 2001; 

BALTES 2002). More recently, some aspects of a role of Mn2+ in virulence have been 

elucidated. Thus, Mn2+ has a protective role against oxidative damage in a variety of 

bacteria (HORSBURGH et al. 2002) and Mn2+ transport by ABC transporter has been 
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shown to play a role in Streptococcus ssp. virulence (JANULCZYK et al. 2003; 

KEHRES and MAGUIRE 2003; PAIK et al. 2003). The third possible role for DW.11, 

Zn2+ transport, is important for S. Typhimurium virulence, as mutants of a Zn2+-ABC 

transporter were attenuated (CAMPOY et al. 2002). Given this information, we 

hypothesized, that the putative role of DW.11 in metal ion transport might be of 

importance for A. pleuropneumoniae survival inside the host. Therefore, an isogenic 

mutant of DW.11 was constructed by Jochen Meens1 and analyzed in an aerosol 

infection model (Jacobsen et al., “Differential expression of non-cytoplasmic 

Actinobacillus pleuropneumoniae proteins induced by addition of bronchoalveolar 

lavage fluid.”, submitted). However, this mutant, designated as A. pleuro-

pneumoniae ∆fui caused disease undistinguishable from the parental strain. 

Possibly, metal ion transporters are present in redundancy in A. pleuropneumoniae 

as it has been described for Mycobacterium tuberculosis (AGRANOFF and 

KRISHNA 2004). This seems likely for A. pleuropneumoniae in the case of iron 

uptake, as deletion mutants of the siderophore receptor FhuA proved to be fully 

virulent in an aerosol infection model (BALTES et al. 2003b). In contrast, strains with 

deletion of either of the genes coding for the transferrin binding proteins TbpB and 

TbpA were unable to cause clinical disease and lung lesions, could not be reisolated 

and did not elicit a detectable immune response (BALTES et al. 2002). This 

suggests, that iron uptake via transferrin binding proteins is the main and essential 

source of iron for A. pleuropneumoniae in the host, at least in the acute phase of the 

disease. Preference of certain iron uptake mechanisms over others has also been 

described by SKAAR et al. (2004) for St. aureus. Additionally, several ABC 

transporters mediate uptake of different cations and might therefore compensate for 

the loss of specialized transporters (PAIK et al. 2003). 

The fourth protein found to be upregulated in both BALF-induced cultures and 

A. pleuropneumoniae ∆fur, DW.12, was identified as “protein conserved in bacteria”, 

but the function is unknown. The presence of a putative Fur box in the encoding ORF 

explains the observed upregulation in A. pleuropneumoniae ∆fur. Based on the 

deduced amino acid sequence of the respective ORF, the protein was predicted to 

be transported into the periplasm by a Sec-dependent pathway. Since no putative 
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function has been attributed to DW.12, it is impossible to speculate about the role of 

this protein in A. pleuropneumoniae pathogenesis. 

Surprisingly, the majority of proteins present in increased amounts in the preparation 

of surface-associated proteins are considered to be located in the cytoplasm or 

periplasm. Some of these proteins might leave the periplasm physiologically through 

an as of yet unidentified pathway. Recently, there have been reports of 

L. monocytogenes proteins with cytosolic functions localized in the surface-

associated fraction (SCHAUMBURG et al. 2004). Likewise, elongation factor Tu of 

several species has been shown to be present on the cell surface (DALLO et al. 

2002; GRANATO et al. 2004; SCHAUMBURG et al. 2004). The presence of 

periplasmic proteins in the preparation, however, seems more likely due to leakage 

through the outer membrane. The preparation method used in this study is based on 

the extraction of surface-associated proteins by a detergent. Although the 

concentration of the detergent used is supposed to be insufficient to disrupt the outer 

membrane, modifications applied to the method due to the requirements of certain 

culture conditions used in this study, might render the outer membrane more 

susceptible to detergents: (i) The ex vivo model used in this study is based on the 

incubation of bacteria with BALF. BALF contains surface-active substances, so-

called surfactants that by themselves might destabilize the outer membrane; other 

unknown factors in the BALF might have a similar effect. (ii) The host proteins in the 

BALF had to be removed by centrifugation before bacterial surface-associated 

proteins could be prepared. In order to prevent changes in the proteome during 

subsequent incubation in Tris/NaCl/NaDOC buffer, bacterial energy metabolism was 

inhibited using sodium azide. This and the general inhibition of protein synthesis 

could have impaired the necessary turn-over of proteins and other integral 

components of the outer membrane to a certain degree, rendering it more 

susceptible to the effects of the detergent. However, as five proteins, three of them 

putatively located in the periplasm, were upregulated in both preparations of BALF-

induced cultures and A. pleuropneumoniae ∆fur, BALF-specific factors alone seem 

unlikely to be responsible for the leakage of periplasmic proteins through the outer 

membrane. Instead, we hypothesize that the proteins have left the periplasm in 

membrane vesicles as it has been described for proteases and Apx toxins of 

A. pleuropneumoniae (NEGRETE-ABASCAL et al. 2000) and for virulence factors in 
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various other gram-negative bacteria (DI RIENZO and SPIELER 1983; 

KADURUGAMUWA and BEVERIDGE 1995; LI et al. 1998). All three putatively 

periplasmic proteins upregulated in preparations of BALF-induced cultures were 

likewise upregulated in A. pleuropneumoniae ∆fur; thus, it is unlikely, that they are 

constitutively expressed and that BALF-specific factors or proteins induced in the 

Fur-mutant only induce a formation of blebs, thereby facilitating membrane transport 

of these proteins. Further, since putative Fur boxes were located in the upstream 

regions of two of the encoding genes, it appears reasonable that indeed upregulation 

of expression due to the addition of BALF, rather than increased release, is 

responsible for the increased amounts of these proteins in the preparations.  

In summary, this study showed that differential proteome analysis can be a valuable 

tool to complement and extend transcriptome studies aimed at unravelling molecular 

mechanisms of bacterial adaptation to different environments. In combination with an 

ex vivo model, this approach was successfully used to identify proteins important for 

A. pleuropneumoniae virulence. Undoubtedly, the potentials of proteome analysis 

have not been exploited fully in this study. The resolution of 2D-PAGE could be 

increased by separating samples on several IPG strips comprising narrower pH 

ranges and by using different acrylamide concentrations for SDS-PAGE. This could 

lead to detection of additional proteins within the pH range used in this study. 

Furthermore, by expanding the pH range for IEF below pH 4 and above pH 7, 

proteins with extremely acidic or basic pH could be investigated. Low abundance 

proteins that might not be visible on the 2D gels prepared in this study, might be 

approached by further fractionation of protein samples prior to 2D-PAGE. 

Part of this project showed that anaerobic metabolism and especially anaerobic 

respiration is of importance for A. pleuropneumoniae persistence. Likewise, proteins 

of the Fur regulon were shown to be upregulated in the ex vivo model in this study. 

Future work aimed at a comprehensive analysis of both the Fur and the HlyX 

regulon, possibly by employing proteomic methods to the A. pleuropneumoniae ∆fur 

and A. pleuropneumoniae ∆hlyX mutants constructed in our lab, could significantly 

expand our understanding of the pathways that allow A. pleuropneumoniae to survive 

and persist in the host. 
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Finally, the factors in BALF that induce these regulators are as of yet unknown. 

Identification of these factors could further elucidate facets of host-pathogen 

interactions and thereby improve understanding of the complex interrelations 

between pathogen and host organisms.  
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SUMMARY 

F. Summary 

 
Molecular mechanisms of the adaptation of Actinobacillus pleuropneumoniae  

to the porcine respiratory tract 

Ilse D. Jacobsen 

 

Actinobacillus (A.) pleuropneumoniae is the etiological agent of porcine 

pleuropneumonia, a disease of economic importance occurring worldwide. The 

disease is characterized by hemorrhagic and necrotizing lung lesions in combination 

with a fibrinous to fibrous pleuritis. The pathogen’s ability to survive on respiratory 

epithelia, in tonsils, and in the anaerobic environment of encapsulated sequesters is 

of epidemiological importance, as it leads to clinically healthy carrier animals.  

In the present study two-dimensional polyacrylamide gel electrophoresis was used in 

combination with quadrupole time-of-flight mass spectrometry to identify 

A. pleuropneumoniae proteins upregulated in an ex vivo model upon induction with 

bronchoalveolar lavage fluid (BALF). Among these proteins, the aspartate ammonia-

lyase (aspartase) was further characterized. This enzyme is involved in the 

production of fumarate, an alternative electron acceptor under anaerobic conditions. 

It has been previously demonstrated that deletion of the anaerobic DMSO reductase 

gene (dmsA), likewise involved in anaerobic respiration, results in attenuation in 

acute disease. The gene coding for aspartase, aspA was cloned and shown to be 

present in all A. pleuropneumoniae serotype reference strains. The transcriptional 

start point was identified downstream of a putative FNR (HlyX) binding motif, and 

HlyX-dependency of aspartase upregulation under anaerobic conditions was 

confirmed using an HlyX-mutant. BALF-dependent activation of aspA was confirmed 

by construction of an isogenic A. pleuropneumoniae mutant carrying a chromosomal 

aspA::luxAB transcriptional fusion. Two aspA deletion mutants, A. pleuropneumoniae 

∆aspA and A. pleuropneumoniae ∆aspA∆dmsA were constructed, both showing 

reduced growth under anaerobic conditions in vitro. Pigs challenged with either of the 

two mutants in an aerosol infection model showed a lower lung lesion score 

compared to the A. pleuropneumoniae wild type (wt) controls. Pigs challenged with 
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A. pleuropneumoniae ∆aspA∆dmsA had a significantly lower clinical score, and this 

mutant was rarely reisolated from unaltered lung tissue; in contrast, 

A. pleuropneumoniae ∆aspA and A. pleuropneumoniae wt were consistently 

reisolated in high numbers. These results suggest, that enzymes involved in 

anaerobic respiration are necessary for the pathogen's ability to persist on respiratory 

tract epithelium and play an important role in A. pleuropneumoniae pathogenesis. 

In previous studies BALF was shown to induce expression of putatively Fur-regulated 

proteins (HENNIG et al. 1999), such as TbpB, which is essential for establishment of 

A. pleuropneumoniae infection. The alteration of gene expression in response to iron 

restriction in various bacteria is known to be largely mediated by the ferric uptake 

regulator Fur. To further investigate the role of Fur in BALF-induced expression of 

A. pleuropneumoniae proteins, the isogenic in-frame deletion mutant 

A. pleuropneumoniae ∆fur was constructed. This mutant showed growth deficiencies 

on PPLO agar plates and in liquid medium under aerobic and anaerobic conditions. 

Further, the mutant did not grow on selective agar containing bacitracin; this effect 

was abolished by addition of an iron chelator to the selective agar, thereby implying 

that sensitivity to this antibiotic depends on iron availability. Expression of transferrin-

binding proteins in A. pleuropneumoniae ∆fur was investigated, and it could be 

demonstrated, that iron-mediated repression of these proteins depends on Fur. To 

investigate virulence of A. pleuropneumoniae ∆fur, an aerosol infection experiment 

was performed. The mutant was found to be significantly attenuated but still able to 

consistently colonize and cause both clinical disease and lung lesions. This clearly 

demonstrates the importance of Fur-mediated gene regulation for 

A. pleuropneumoniae virulence. 

In order to identify additional BALF-induced proteins that might belong to the Fur 

regulon, a differential proteome analysis of surface-associated protein preparations 

of A. pleuropneumoniae wt grown under standard conditions and after induction with 

BALF were compared to A. pleuropneumoniae ∆fur. Five of the twelve proteins 

upregulated by BALF were also found to be upregulated in A. pleuro-

pneumoniae ∆fur. Of these five proteins four could be identified by mass 

spectrometry as the heat shock chaperonine GroES, a binding protein for a putative 

dipeptide transport system, part of a putative metal ion transport system and an 

uncharacterized protein conserved in bacteria, respectively. Upstream of the genes 
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coding for the later two, putative Fur boxes were identified. Iron supplementation did 

not influence expression of these proteins, suggesting that yet unknown factors in the 

BALF rather than iron deficiency are responsible for the observed upregulation of 

Fur-regulated proteins in BALF-induced cultures. Of the remaining proteins induced 

by BALF, four could be identified; one of these is involved in mRNA stabilization and 

has been previously reported to be important for A. pleuropneumoniae survival in the 

host. 

In summary, this study showed that differential proteome analysis can be a valuable 

tool to complement and extend transcriptome studies aimed at unravelling molecular 

mechanisms of bacterial adaptation to different environments. In combination with an 

ex vivo model, this approach was successfully used to identify proteins important for 

A. pleuropneumoniae virulence. Members of both the Fur and the HlyX regulon were 

found to be upregulated in the ex vivo model in this study. Future work aimed at a 

comprehensive analysis of both the Fur and the HlyX regulon, possibly by employing 

proteomic methods to A. pleuropneumoniae ∆fur and A. pleuropneumoniae ∆hlyX 

mutants, could significantly expand our understanding of the pathways that allow 

A. pleuropneumoniae to survive and persist in the host. 
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G. Zusammenfassung 

 
Molekulare Mechanismen der Adaptation von  

Actinobacillus pleuropneumoniae 
an den Respirationstrakt des Schweines 

Ilse D. Jacobsen 

 

Actinobacillus (A.) pleuropneumoniae ist der Erreger der porcinen Pleuropneumonie, 

einer weltweit verbreiteten Erkrankung von großer ökonomischer Bedeutung. Die 

Krankheit ist durch hämorrhagische Lungenveränderungen, Nekrosen und fibrinös-

fibrosierende Pleuritis gekennzeichnet. Von besonderer epidemiologischer 

Bedeutung ist die Fähigkeit des Erregers, auf der Oberfläche der Lungenepithelien, 

in den Tonsillen und in dem anaeroben Milieu der Lungensequester zu überleben 

und somit in chronisch infizierten, klinisch unauffälligen Tieren zu persistieren.  

In dieser Arbeit wurde eine Kombination von zweidimensionaler Gelelektrophorese 

und Quadrupole-Massenspektrometrie eingesetzt, um Proteine von 

A. pleuropneumoniae zu identifizieren, die in einem ex vivo Modell durch die Zugabe 

bronchoalveolärer Lavageflüssigkeit (BALF) induziert wurden.  

Ein durch BALF-Zusatz vermehrt exprimierter, potentieller virulenzassoziierter Faktor, 

eine Aspartat Ammonia-Lyase (Aspartase), wurde charakterisiert. Das Enzym 

katalysiert die Produktion von Fumarat, das unter anaeroben Bedingungen als 

alternativer Elektronenakzeptor fungieren kann. In einer früheren Arbeit konnte 

gezeigt werden, dass Mutanten mit einer Deletion in der DMSO Reduktase (DmsA), 

die ebenfalls zur anaeroben Respiration beiträgt, in der akuten Phase der 

Erkrankung attenuiert sind. Das die Aspartase kodierende Gen aspA ist in allen 

A. pleuropneumoniae Serotypen vorhanden. Stromaufwärts des identifizierten 

Transkriptionsstartpunktes liegt eine mögliche Bindungsstelle für den anaeroben 

Regulator FNR (HlyX) und mittels einer HlyX-Mutante konnte nachgewiesen werden, 

dass die Erhöhung der Aspartaseaktivität unter anaeroben Bedingungen tatsächlich 

HlyX-abhängig ist. Die BALF-abhängige Aktivierung der aspA Transkription konnte 
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mittels einer isogenen Mutante, die eine chromosomal lokalisierte transkriptionelle 

aspA::luxAB Fusion trägt, bestätigt werden. Zwei Aspartase-defiziente 

Deletionsmutanten, A. pleuropneumoniae ∆aspA und A. pleuropneumoniae 

∆aspA∆dmsA, wurden konstruiert; beide zeigten in vitro vermindertes Wachstum 

unter anaeroben Bedingungen. Schweine, die in einem Aerosolmodell mit einer der 

beiden Mutanten belastet wurden, wiesen ein geringeres Maß an 

Lungenveränderungen auf als Tiere der Kontrollgruppe, die mit dem Wildtyp infiziert 

wurden. Zudem zeigten Tiere, die mit A. pleuropneumoniae ∆aspA∆dmsA infiziert 

wurden, signifikant weniger klinische Symptome als die Kontrollgruppe. Die 

Reisolierung von A. pleuropneumoniae ∆aspA∆dmsA aus unveränderter Lunge 

gelang nur sporadisch und in geringer Anzahl, wohingegen der Wildtyp und 

A. pleuropneumoniae ∆aspA regelmäßig und in hoher Zahl nachgewiesen werden 

konnten. Diese Ergebnisse deuten darauf hin, dass Enzyme, die an der anaeroben 

Atmung beteiligt sind, notwendig für die Persistenz des Erregers auf dem 

respiratorischen Epithelium sind und eine wichtige Rolle in der Pathogenese spielen 

könnten. 

In einer früheren Studie (HENNIG et al. 1999) konnte gezeigt werden, dass die 

Expression Eisenmangel-regulierter Proteine, wie die des für die Infektion 

essentiellen TbpB-Proteins, durch Zusatz von BALF induziert wird. Von anderen 

bakteriellen Spezies ist bekannt, dass die Regulation eisenabhängig transkribierter 

Gene durch den globalen Regulators Fur („ferric uptake regulator“) vermittelt wird. 

Um die potentielle Bedeutung von Fur für die BALF-induzierte Proteinexpression von 

A. pleuropneumoniae zu untersuchen, wurde eine isogene Deletionsmutante 

A. pleuropneumoniae ∆fur konstruiert. Unter Verwendung dieser Mutante konnte 

gezeigt werden, dass die zuvor beschriebene BALF-induzierte Expression der 

Transferrin-bindenden Proteine tatsächlich durch Fur vermittelt wird. Ferner zeigte 

die Mutante deutliche Wachstumsdefizite unter aeroben und anaeroben 

Bedingungen auf PPLO-Agarplatten und in Flüssigmedium und war nicht in der Lage, 

auf Bacitracin-haltigem Selektivagar zu wachsen. Da dieses Phänomen durch die 

Zugabe eines Eisenchelators aufgehoben werden konnte, scheint die bei der 

Mutante festgestellte Bacitracinempfindlichkeit eisenabhängig zu sein. Die Prüfung 

von A. pleuropneumoniae ∆fur im Aerosolinfektionsmodel ergab, dass die Mutante 

zwar regelmäßig klinische Erkrankungen und Lungenveränderungen verursachte, 

 162 



ZUSAMMENFASSUNG 

aber signifikant attenuiert war. Dies unterstreicht die Bedeutung der Fur abhängigen 

Genregulation für A. pleuropneumoniae. 

Um weitere BALF-induzierte und potentiell durch Fur regulierte Proteine zu 

identifizieren, wurde eine vergleichende Proteomanalyse oberflächenassoziierter 

Proteine von A. pleuropneumoniae nach Anzucht unter Standardbedingungen und 

Induktion mit BALF sowie A. pleuropneumoniae ∆fur durchgeführt. Fünf der zwölf 

durch BALF induzierbaren Proteine waren auch in A. pleuropneumoniae ∆fur 

hochreguliert. Vier der fünf Proteine konnten mittels Massenspektrometrie identifiziert 

werden: Es handelte sich um das Hitzeschockprotein GroES, um Bindeproteine für 

einen Dipeptidtransporter und einen Metallionentransporter sowie um ein 

konserviertes Protein unbekannter Funktion. Die Gene der beiden letztgenannten 

Proteine weisen mögliche Fur-Bindungstellen auf. Da die Supplementierung der 

BALF mit Eisen keinen Einfluß auf die Expression dieser Proteine hatte, ist es 

wahrscheinlich, dass wirtsspezifische Faktoren und nicht Eisenmangel zu der 

verstärkten Expression Fur-regulierter Proteine in BALF-induzierten Kulturen führen. 

Von den weiteren, nur durch BALF induzierten Proteinen konnten vier identifiziert 

werden, es handelt sich dabei unter anderem um ein mRNA-stabilisierendes Protein, 

für das in einer anderen Studie gezeigt wurde, dass es bedeutsam für das Überleben 

des Erregers im Wirt ist. 

Diese Studie zeigt somit, dass die differentielle Proteomanalyse, ergänzend zu 

Studien des Transkriptoms, eine wertvolle Methode darstellt, um molekulare 

Mechanismen zu identifizieren, die der Adaptation des Bakteriums an wechselnde 

Umweltbedingungen dienen. Unter Verwendung eines ex vivo Models wurde diese 

Methode erfolgreich eingesetzt, um virulenzassoziierte Proteine von 

A. pleuropneumoniae zu identifizieren. Da sowohl HlyX- als auch Fur- regulierte 

Proteine identifiziert wurden, erscheint es sinnvoll, die Fur- und HlyX-Regulons in der 

Zukunft genauer zu charakterisieren. Die Proteomanalyse von entsprechenden 

Mutanten, A. pleuropneumoniae ∆fur und A. pleuropneumoniae ∆hlyX, könnte sich 

dabei als nützlich erweisen und unser Verständnis der Mechanismen, die 

A. pleuropneumoniae das Überleben im Wirt ermöglichen, grundlegend erweitern.
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 APPENDIX-ASPA 
   

I. Appendix 

I.1. Sequence of A. pleuropneumoniae ∆aspA  

         TCCGAAACCCCAATTTATATCCTATATCGCAGTCTATAAAATGTGATCTAAATCACATTT 
       1 ---------+---------+---------+---------+---------+---------+ 60 
         AGGCTTTGGGGTTAAATATAGGATATAGCGTCAGATATTTTACACTAGATTTAGTGTAAA 
  
 
         CTTTTTATACAAAATCATTATGATCTCCACCAAATTTAGTACCTGTTATTTTAATTTATT 
      61 ---------+---------+---------+---------+---------+---------+ 120 
         GAAAAATATGTTTTAGTAATACTAGAGGTGGTTTAAATCATGGACAATAAAATTAAATAA 
  
  
         GAGGTGAATTTATGAGTAATGTACGTGTTGAAGTGGATTTATTAGGCGAAAGAGAAGTAC 
     121 ---------+---------+---------+---------+---------+---------+ 180 
         CTCCACTTAAATACTCATTACATGCACAACTTCACCTAAATAATCCGCTTTCTCTTCATG 
  
                    M  S  N  V  R  V  E  V  D  L  L  G  E  R  E  V  P - 
  
         CTGCAGAAGCTTATTGGGGTATCCACACACTAAGAGCGGTTGAGAATTTTAATATTTCAA 
     181 ---------+---------+---------+---------+---------+---------+ 240 
         GACGTCTTCGAATAACCCCATAGGTGTGTGATTCTCGCCAACTCTTAAAATTATAAAGTT 
  
           A  E  A  Y  W  G  I  H  T  L  R  A  V  E  N  F  N  I  S  K - 
  
         AAAATACTATTTCGGATGTACCGGAATTTGTTCGCGGTATGGTAATGGTAAAAAAAGCGA 
     241 ---------+---------+---------+---------+---------+---------+ 300 
         TTTTATGATAAAGCCTACATGGCCTTAAACAAGCGCCATACCATTACCATTTTTTTCGCT 
  
           N  T  I  S  D  V  P  E  F  V  R  G  M  V  M  V  K  K  A  T - 
  
         CCGCATTAGCGAACGGTGAATTAGGTGCGATTCCGAAAAAAATTGCGAAAGCGATTGTCG 
     301 ---------+---------+---------+---------+---------+---------+ 360 
         GGCGTAATCGCTTGCCACTTAATCCACGCTAAGGCTTTTTTTAACGCTTTCGCTAACAGC 
  
           A  L  A  N  G  E  L  G  A  I  P  K  K  I  A  K  A  I  V  E - 
  
         AGGCTTGTGACGAAATTTTAGTGAAAGGCCGCTGTATGGATCAGTTCCCATCAGATGTAT 
     361 ---------+---------+---------+---------+---------+---------+ 420 
         TCCGAACACTGCTTTAAAATCACTTTCCGGCGACATACCTAGTCAAGGGTAGTCTACATA 
  
           A  C  D  E  I  L  V  K  G  R  C  M  D  Q  F  P  S  D  V  Y - 
  
         ATCAAGGTGGTGCCGGTACATCGGTTAATATGAATACTAATGAAGTAGTAGCAAATTTAG 
     421 ---------+---------+---------+---------+---------+---------+ 480 
         TAGTTCCACCACGGCCATGTAGCCAATTATACTTATGATTACTTCATCATCGTTTAAATC 
  
           Q  G  G  A  G  T  S  V  N  M  N  T  N  E  V  V  A  N  L  A - 
  
         CTTTAGAGTTATTAGGTCATAAAAAAGGCGAATATAGCGTGATTAACCCGATGGATCATG 
     481 ---------+---------+---------+---------+---------+---------+ 540 
         GAAATCTCAATAATCCAGTATTTTTTCCGCTTATATCGCACTAATTGGGCTACCTAGTAC 
  
           L  E  L  L  G  H  K  K  G  E  Y  S  V  I  N  P  M  D  H  V - 
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         TGAATGCAAGCCAATCAACCAATGATGCTTATCCGACCGGTTTCCGTATTGCGGTCTATA 
     541 ---------+---------+---------+---------+---------+---------+ 600 
         ACTTACGTTCGGTTAGTTGGTTACTACGAATAGGCTGGCCAAAGGCATAACGCCAGATAT 
  
           N  A  S  Q  S  T  N  D  A  Y  P  T  G  F  R  I  A  V  Y  N - 
  
         ACAGTATCTTGCATTTAATTAAAAAAGTCCGTTATTTACAAAAAGGCTTCGAAGCAAAAG 
     601 ---------+---------+---------+---------+---------+---------+ 660 
         TGTCATAGAACGTAAATTAATTTTTTCAGGCAATAAATGTTTTTCCGAAGCTTCGTTTTC 
  
           S  I  L  H  L  I  K  K  V  R  Y  L  Q  K  G  F  E  A  K  A - 
  
                                                              KpnI 
                                                        Acc65I   | 
                                                             |   | 
         CGGAAGAATTTAAAGACGTGTTAAAAATGGGCCGTACTCAGTTACAAGATGCGGTACCAA 
     661 ---------+---------+---------+---------+---------+---------+ 720 
         GCCTTCTTAAATTTCTGCACAATTTTTACCCGGCATGAGTCAATGTTCTACGCCATGGTT 
  
           E  E  F  K  D  V  L  K  M  G  R  T  Q  L  Q  D  A  V  P  M - 
  
         TGACAGTCGGTCAGGAATTTAAAGCTTTCGCTGTGTTATTGGAAGAAGAAGTACGTAATT 
     721 ---------+---------+---------+---------+---------+---------+ 780 
         ACTGTCAGCCAGTCCTTAAATTTCGAAAGCGACACAATAACCTTCTTCTTCATGCATTAA 
  
           T  V  G  Q  E  F  K  A  F  A  V  L  L  E  E  E  V  R  N  L - 
  
         TAAAACGTACCGCTAAATTATTGTTAGAAGTGAATTTAGGCGCAACCGCAATCGGTACAG 
     781 ---------+---------+---------+---------+---------+---------+ 840 
         ATTTTGCATGGCGATTTAATAACAATCTTCACTTAAATCCGCGTTGGCGTTAGCCATGTC 
  
           K  R  T  A  K  L  L  L  E  V  N  L  G  A  T  A  I  G  T  G - 
  
         GTTTAAATACACCGGAAGGTTATTCGGAATTAGTGGTTAAACATTTATCGGAAGTAACCT 
     841 ---------+---------+---------+---------+---------+---------+ 900 
         CAAATTTATGTGGCCTTCCAATAAGCCTTAATCACCAATTTGTAAATAGCCTTCATTGGA 
  
           L  N  T  P  E  G  Y  S  E  L  V  V  K  H  L  S  E  V  T  C - 
  
         GTTTACCTTGTGTTTTATCAGAGAACTTAATTGAAGCGACTTCAGACTGTGGTGCTTATG 
     901 ---------+---------+---------+---------+---------+---------+ 960 
         CAAATGGAACACAAAATAGTCTCTTGAATTAACTTCGCTGAAGTCTGACACCACGAATAC 
  
           L  P  C  V  L  S  E  N  L  I  E  A  T  S  D  C  G  A  Y  V - 
  
         TAATGGTTCACGGTGCGTTAAAACGTACGGCGGTTAAACTTTCAAAAGTATGTAACGACT 
     961 ---------+---------+---------+---------+---------+---------+ 1020 
         ATTACCAAGTGCCACGCAATTTTGCATGCCGCCAATTTGAAAGTTTTCATACATTGCTGA 
  
           M  V  H  G  A  L  K  R  T  A  V  K  L  S  K  V  C  N  D  L - 
  
         TACGTTTACTTTCATCAGGCCCACGTGCCGGTTTAAATGAAATCAATTTACCGGAATTAC 
    1021 ---------+---------+---------+---------+---------+---------+ 1080 
         ATGCAAATGAAAGTAGTCCGGGTGCACGGCCAAATTTACTTTAGTTAAATGGCCTTAATG 
  
           R  L  L  S  S  G  P  R  A  G  L  N  E  I  N  L  P  E  L  Q - 
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         AAGCAGGTTCTTCAATTATGCCGGCAAAAGTAAACCCGGTTGTGCCGGAAGTTGTGAACC 
    1081 ---------+---------+---------+---------+---------+---------+ 1140 
         TTCGTCCAAGAAGTTAATACGGCCGTTTTCATTTGGGCCAACACGGCCTTCAACACTTGG 
  
           A  G  S  S  I  M  P  A  K  V  N  P  V  V  P  E  V  V  N  Q - 
  
         AAGTTTGTTTTAAAGTAATTGGTAATGACACGACCGTAACCTTTGCAGCGGAAGCAGGTC 
    1141 ---------+---------+---------+---------+---------+---------+ 1200 
         TTCAAACAAAATTTCATTAACCATTACTGTGCTGGCATTGGAAACGTCGCCTTCGTCCAG 
  
           V  C  F  K  V  I  G  N  D  T  T  V  T  F  A  A  E  A  G  Q - 
  
         AGTTACAATTAAACGTAATGGAACCGGTAATCGGTCAAGCGATGTTTGAATCTATCGACA 
    1201 ---------+---------+---------+---------+---------+---------+ 1260 
         TCAATGTTAATTTGCATTACCTTGGCCATTAGCCAGTTCGCTACAAACTTAGATAGCTGT 
  
           L  Q  L  N  V  M  E  P  V  I  G  Q  A  M  F  E  S  I  D  I - 
  
         TTCTTGCCAACGCTTGTGTGAATTTACGTGATAAATGTATCGACGGCATCACGGTCAATA 
    1261 ---------+---------+---------+---------+---------+---------+ 1320 
         AAGAACGGTTGCGAACACACTTAAATGCACTATTTACATAGCTGCCGTAGTGCCAGTTAT 
  
           L  A  N  A  C  V  N  L  R  D  K  C  I  D  G  I  T  V  N  K - 
  
         AAGAAATCTGTGAAAACTTCGTATTTAATTCAATCGGTATCGTCACTTACCTCAATCCGT 
    1321 ---------+---------+---------+---------+---------+---------+ 1380 
         TTCTTTAGACACTTTTGAAGCATAAATTAAGTTAGCCATAGCAGTGAATGGAGTTAGGCA 
  
           E  I  C  E  N  F  V  F  N  S  I  G  I  V  T  Y  L  N  P  F - 
  
         TTATCGGTCACCATAACGGTGATATTGTTGGTAAAATCTGTGCAACAACCGGCAGAGGCG 
    1381 ---------+---------+---------+---------+---------+---------+ 1440 
         AATAGCCAGTGGTATTGCCACTATAACAACCATTTTAGACACGTTGTTGGCCGTCTCCGC 
  
           I  G  H  H  N  G  D  I  V  G  K  I  C  A  T  T  G  R  G  V - 
  
         TACGTGAAGTGGTATTAGAACGCGGCTTACTCACAGAAGCGCAATTAGACGATATTCTTT 
    1441 ---------+---------+---------+---------+---------+---------+ 1500 
         ATGCACTTCACCATAATCTTGCGCCGAATGAGTGTCTTCGCGTTAATCTGCTATAAGAAA 
  
           R  E  V  V  L  E  R  G  L  L  T  E  A  Q  L  D  D  I  L  S - 
  
         CAGTTGAAAACTTAATGAACCCGACTTATAAAGCGGCGAAATTTACTGAAGAAGAGTAGT 
    1501 ---------+---------+---------+---------+---------+---------+ 1560 
         GTCAACTTTTGAATTACTTGGGCTGAATATTTCGCCGCTTTAAATGACTTCTTCTCATCA 
  
           V  E  N  L  M  N  P  T  Y  K  A  A  K  F  T  E  E  E  *    - 
  
         TTCAGCTTAGTTTTATAAACTGACAAGCGGTCGTATTTTGTTATTTTTTGCAAAGACGAC 
    1561 ---------+---------+---------+---------+---------+---------+ 1620 
         AAGTCGAATCAAAATATTTGACTGTTCGCCAGCATAAAACAATAAAAAACGTTTCTGCTG 
  
                                                                      - 
  
         CGCTATTTTTTTATTGAATATTTCAATGGTTATTGAAATATTCAATAAGCTTGTTATAAT 
    1621 ---------+---------+---------+---------+---------+---------+ 1680 
         GCGATAAAAAAATAACTTATAAAGTTACCAATAACTTTATAAGTTATTCGAACAATAT 
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I.2. Sequence of A. pleuropneumoniae ∆fur 

         AGTCATCGGTATCTTCGGTTGCGGTGACCAAGAAGATTATGCGGAATATTTCTGTGATGC 
       1 ---------+---------+---------+---------+---------+---------+ 60 
         TCAGTAGCCATAGAAGCCAACGCCACTGGTTCTTCTAATACGCCTTATAAAGACACTACG 
  
  
         GATGGGAACCATTCGCGATGTCGTTGAGCAAAACGGCGGTGTGATTGTCGGACATTGGCC 
      61 ---------+---------+---------+---------+---------+---------+ 120 
         CTACCCTTGGTAAGCGCTACAGCAACTCGTTTTGCCGCCACACTAACAGCCTGTAACCGG 
  
  
         GACGGAAGGTTATAGCTTTGAAGTATCGCAAGCGTTAGTGGACGAAAATACATTTGTCGG 
     121 ---------+---------+---------+---------+---------+---------+ 180 
         CTGCCTTCCAATATCGAAACTTCATAGCGTTCGCAATCACCTGCTTTTATGTAAACAGCC 
  
  
         TTTATGTATTGATGAAGATCGCCAACCGGAATTAACCGGTGAACGTGTAAACCGTTGGTG 
     181 ---------+---------+---------+---------+---------+---------+ 240 
         AAATACATAACTACTTCTAGCGGTTGGCCTTAATTGGCCACTTGCACATTTGGCAACCAC 
  
 
         TAAACAGATCTTTGATGAGATGTGCTTAGATCAGTTAGCATAATGAATATAAGAGAGAGA 
     241 ---------+---------+---------+---------+---------+---------+ 300 
         ATTTGTCTAGAAACTACTCTACACGAATCTAGTCAATCGTATTACTTATATTCTCTCTCT 
  
  
         AGGGTACCAAGTTATGTCTGAAGAAAATGCAAAACTTCTTAAAAGTGTAGGTTTGAAAGT 
     301 ---------+---------+---------+---------+---------+---------+ 360 
         TCCCATGGTTCAATACAGACTTCTTTTACGTTTTGAAGAATTTTCACATCCAAACTTTCA 
  
                      M  S  E  E  N  A  K  L  L  K  S  V  G  L  K  V  - 
  
         TACTGAGCCTCGTTTGACCATCCTTGCGTTAATGCAGCAACATCGCGAACAAATGCTACA 
     361 ---------+---------+---------+---------+---------+---------+ 420 
         ATGACTCGGAGCAAACTGGTAGGAACGCAATTACGTCGTTGTAGCGCTTGTTTACGATGT 
  
          T  E  P  R  L  T  I  L  A  L  M  Q  Q  H  R  E  Q  M  L  H  - 
  
                                                     EcoRV 
                                                         | 
         TTTTTCTGCCGAGGATATTTATAAAATTTTATTAGAGCAGGGTTCCGATATCGGTTTGGC 
     421 ---------+---------+---------+---------+---------+---------+ 480 
         AAAAAGACGGCTCCTATAAATATTTTAAAATAATCTCGTCCCAAGGCTATAGCCAAACCG 
  
          F  S  A  E  D  I  Y  K  I  L  L  E  Q  G  S  D  I  G  L  A  - 
  
         AACGGTTTNCCGCGTATTAAACCAATTTGAAGAGGTCGGTATTTTACTTCGCCATAACTT 
     481 ---------+---------+---------+---------+---------+---------+ 540 
         TTGCCAAANGGCGCATAATTTGGTTAAACTTCTCCAGCCATAAAATGAAGCGGTATTGAA 
  
          T  V  ?  R  V  L  N  Q  F  E  E  V  G  I  L  L  R  H  N  F  - 
  
         TGATGCGAATAAAGCGGTATTCGAGCTTAACGTAGAGCAAGAACACGATCATATTATCTG 
     541 ---------+---------+---------+---------+---------+---------+ 600 
         ACTACGCTTATTTCGCCATAAGCTCGAATTGCATCTCGTTCTTGTGCTAGTATAATAGAC 
  
          D  A  N  K  A  V  F  E  L  N  V  E  Q  E  H  D  H  I  I  C  - 
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                                            EcoRV 
                                                | 
         TATGGATTGCGGTAAGGTATTCGAGTTTAAAGATCCGGATATCGAACGCCGTCAGCGTGA 
     601 ---------+---------+---------+---------+---------+---------+ 660 
         ATACCTAACGCCATTCCATAAGCTCAAATTTCTAGGCCTATAGCTTGCGGCAGTCGCACT 
  
          M  D  C  G  K  V  F  E  F  K  D  P  D  I  E  R  R  Q  R  E  - 
  
         AATCAGCGAACAGCACGGTATGAAATTAGCGACGCACAGTTTATATCTCTATGCGAAATG 
     661 ---------+---------+---------+---------+---------+---------+ 720 
         TTAGTCGCTTGTCGTGCCATACTTTAATCGCTGCGTGTCAAATATAGAGATACGCTTTAC 
  
          I  S  E  Q  H  G  M  K  L  A  T  H  S  L  Y  L  Y  A  K  C  - 
  
         TAGCGATATTTCACATTGTGATTCTTCAAAAGATAAAAAATAATTTATCTTATCGTTCAG 
     721 ---------+---------+---------+---------+---------+---------+ 780 
         ATCGCTATAAAGTGTAACACTAAGAAGTTTTCTATTTTTTATTAAATAGAATAGCAAGTC 
  
          S  D  I  S  H  C  D  S  S  K  D  K  K  *                    - 
  
         TATAAAGCAGACATATACCGAAGGTTTTGCAGGCCTTCGGTTTTGTGTTATCTAAAGGAT 
     781 ---------+---------+---------+---------+---------+---------+ 840 
         ATATTTCGTCTGTATATGGCTTCCAAAACGTCCGGAAGCCAAAACACAATAGATTTCCTA 
  
  
         ATGAAATTAAGCGGTTGTTTTGTAAAATTTTTAGTAAAAACGACCGCTATCTGAAAGAGA 
     841 ---------+---------+---------+---------+---------+---------+ 900 
         TACTTTAATTCGCCAACAAAACATTTTAAAAATCATTTTTGCTGGCGATAGACTTTCTCT 
  
 
         CCTCGATTTAATGACGGATAATATTTCACAGCCTGTAGAGGCCAAGGTTCGACAGCCTCG 
     901 ---------+---------+---------+---------+---------+---------+ 960 
         GGAGCTAAATTACTGCCTATTATAAAGTGTCGGACATCTCCGGTTCCAAGCTGTCGGAGC 
  
  
         TAAAATCTCACCTTTTTGGTTACTACCAATCGTTGCTTTCGTGATTGGCGGATTGTTATT 
     961 ---------+---------+---------+---------+---------+---------+ 1020 
         ATTTTAGAGTGGAAAAACCAATGATGGTTAGCAACGAAAGCACTAACCGCCTAACAATAA 
  
  
         TTTCCAGATCCTTAAAGAGCAGGGCGAAATGATCACGATTCGTTTCAACGAAGGCGACGG 
    1021 ---------+---------+---------+---------+---------+---------+ 1080 
         AAAGGTCTAGGAATTTCTCGTCCCGCTTTACTAGTGCTAAGCAAAGTTGCTTCCGCTGCC 
  
  
         GATCACCGCAGGAAAAACCGTCATTCGCTACCAAGGTTTGCAGATAGGGCAAGTGAAAAA 
    1081 ---------+---------+---------+---------+---------+---------+ 1140 
         CTAGTGGCGTCCTTTTTGGCAGTAAGCGATGGTTCCAAACGTCTATCCCGTTCACTTTTT 
  
  
         AGTCTATTTTGTAGAAGATCTTAAAAAAGTCGAAGTGCAAGCGGAAGTGAATCCCGAAGC 
    1141 ---------+---------+---------+---------+---------+---------+ 1200 
         TCAGATAAAACATCTTCTAGAATTTTTTCAGCTTCACGTTCGCCTTCACTTAGGGCTTCG 
  
 
         CAAATCCGTGTTACGAGAACAAACCAAATTCTGGTGGTAAAACCGAGTCCT 
    1201 ---------+---------+---------+---------+---------+- 1251 
         GTTTAGGCACAATGCTCTTGTTTGGTTTAAGACCACCATTTTGGCTCAGGA 
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 APPENDIX-DW.2: GROES 
   

I.3. Sequence of A. pleuropneumoniae groES  

         CGGAATAAGCGGTCGATTTTCCGTATTACTTTACAAATCCTCTGGGCTGAAAAGCTCGGA 
       1 ---------+---------+---------+---------+---------+---------+ 60 
         GCCTTATTCGCCAGCTAAAAGGCATAATGAAATGTTTAGGAGACCCGACTTTTCGAGCCT 
  
  
         GGATTTTTTTGTCTAAAAATCAGACGAAAGCGATTGCTTTTGCACAAAATTTTGTAAAAC 
      61 ---------+---------+---------+---------+---------+---------+ 120 
         CCTAAAAAAACAGATTTTTAGTCTGCTTTCGCTAACGAAAACGTGTTTTAAAACATTTTG 
  
 
         TCACTTGAAAGCTGATAATCTGCCCCAATGTTGGTTATCGTTGCACGCAATTCGGCGTGC 
     121 ---------+---------+---------+---------+---------+---------+ 180 
         AGTGAACTTTCGACTATTAGACGGGGTTACAACCAATAGCAACGTGCGTTAAGCCGCACG 
  
                                    M  L  V  I  V  A  R  N  S  A  C   - 
  
         GAAATTTTTTTACAAATAAATAATAGAAGGAAACAGACAATGACTCTTCGTCCATTACAC 
     181 ---------+---------+---------+---------+---------+---------+ 240 
         CTTTAAAAAAATGTTTATTTATTATCTTCCTTTGTCTGTTACTGAGAAGCAGGTAATGTG 
  
         E  I  F  L  Q  I  N  N  R  R  K  Q  T  M  T  L  R  P  L  H   - 
  
         GATAAAGTAATTTTAAAACGTGAAGAAGTGGAAACACGTTCTGCAGGCGGTATTGTTTTA 
     241 ---------+---------+---------+---------+---------+---------+ 300 
         CTATTTCATTAAAATTTTGCACTTCTTCACCTTTGTGCAAGACGTCCGCCATAACAAAAT 
  
         D  K  V  I  L  K  R  E  E  V  E  T  R  S  A  G  G  I  V  L   - 
  
         ACCGGTTCGGCAGCGACGAAATCTACGCGCGGTAAAGTAATTGCGGTTGGTACAGGTCGT 
     301 ---------+---------+---------+---------+---------+---------+ 360 
         TGGCCAAGCCGTCGCTGCTTTAGATGCGCGCCATTTCATTAACGCCAACCATGTCCAGCA 
  
a        T  G  S  A  A  T  K  S  T  R  G  K  V  I  A  V  G  T  G  R   - 
  
         TTATTAGAAAACGGTTCCGTACAAGCATTAGCGGTAAAAGTTGGTGATGTCGTTATCTTC 
     361 ---------+---------+---------+---------+---------+---------+ 420 
         AATAATCTTTTGCCAAGGCATGTTCGTAATCGCCATTTTCAACCACTACAGCAATAGAAG 
  
         L  L  E  N  G  S  V  Q  A  L  A  V  K  V  G  D  V  V  I  F   - 
  
         AACGAAGGTTATGGGGTTAAATCAGAAAAAATTGACGGCGAAGAAGTGTTAATTCTTTCT 
     421 ---------+---------+---------+---------+---------+---------+ 480 
         TTGCTTCCAATACCCCAATTTAGTCTTTTTTAACTGCCGCTTCTTCACAATTAAGAAAGA 
  
         N  E  G  Y  G  V  K  S  E  K  I  D  G  E  E  V  L  I  L  S   - 
  
         GAAAACGATATTTTAGCTATCGTAGAGTAGTGATAAGCGGTCATCACTAATTTTTTGCAA 
     481 ---------+---------+---------+---------+---------+---------+ 540 
         CTTTTGCTATAAAATCGATAGCATCTCATCACTATTCGCCAGTAGTGATTAAAAAACGTT 
  
         E  N  D  I  L  A  I  V  E  *                                 - 
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I.4. Structure prediction of A. pleuropneumoniae GroES 
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 APPENDIX-DW.7 
   

I.5. Sequence of the A. pleuropneumoniae ORF encoding DW.7  

         AGAGGCTTTACCCTCTTTATAACTTGTTATGATAGATTCAATCCATTTTTAGAATTAATT 
       1 ---------+---------+---------+---------+---------+---------+ 60 
         TCTCCGAAATGGGAGAAATATTGAACAATACTATCTAAGTTAGGTAAAAATCTTAATTAA 
  
  
         TTGATTTTATCACTTCATTTTTAAATCTAAAAAAGAACACTATCATTGTTCAGATTAAGG 
      61 ---------+---------+---------+---------+---------+---------+ 120 
         AACTAAAATAGTGAAGTAAAAATTTAGATTTTTTCTTGTGATAGTAACAAGTCTAATTCC 
  
  
         TTGTGCTGAATATATCTAATCTAATTAAACATAAAGAGGTGTGCTATGACTTCTCATTTT 
     121 ---------+---------+---------+---------+---------+---------+ 180 
         AACACGACTTATATAGATTAGATTAATTTGTATTTCTCCACACGATACTGAAGAGTAAAA 
  
                                                      M  T  S  H  F   - 
  
         TCTCATAACGACTCACGTCGCCACTTCATGAAGCTTCTTGCCGGTGTCGGAGCAGGCTTT 
     181 ---------+---------+---------+---------+---------+---------+ 240 
         AGAGTATTGCTGAGTGCAGCGGTGAAGTACTTCGAAGAACGGCCACAGCCTCGTCCGAAA 
  
         S  H  N  D  S  R  R  H  F  M  K  L  L  A  G  V  G  A  G  F   - 
  
         GCATTCTCCGGTACCTTAGGTACTTTCTCTAATAATGCATTTGCCGCAGCAGGTAAAAGT 
     241 ---------+---------+---------+---------+---------+---------+ 300 
         CGTAAGAGGCCATGGAATCCATGAAAGAGATTATTACGTAAACGGCGTCGTCCATTTTCA 
  
         A  F  S  G  T  L  G  T  F  S  N  N  A  F  A  A  A  G  K  S   - 
  
         ATTGAAGCAGGGATTGCTTATCCGATCTCAACCGGTTTTGACCCGCTTACTTCAAGCGGT 
     301 ---------+---------+---------+---------+---------+---------+ 360 
         TAACTTCGTCCCTAACGAATAGGCTAGAGTTGGCCAAAACTGGGCGAATGAAGTTCGCCA 
  
         I  E  A  G  I  A  Y  P  I  S  T  G  F  D  P  L  T  S  S  G   - 
  
         GCATCTTCTATGGCGGCGAACTTACATATTTTTGAAGGTTTAGTGGATTTACACCCGGCA 
     361 ---------+---------+---------+---------+---------+---------+ 420 
         CGTAGAAGATACCGCCGCTTGAATGTATAAAAACTTCCAAATCACCTAAATGTGGGCCGT 
  
         A  S  S  M  A  A  N  L  H  I  F  E  G  L  V  D  L  H  P  A   - 
  
         ACTCGCCAACCTTATTTAGCTTTAGCGGCAAAAGAGCCGGAACAAAAAGATGAGGTGACA 
     421 ---------+---------+---------+---------+---------+---------+ 480 
         TGAGCGGTTGGAATAAATCGAAATCGCCGTTTTCTCGGCCTTGTTTTTCTACTCCACTGT 
  
         T  R  Q  P  Y  L  A  L  A  A  K  E  P  E  Q  K  D  E  V  T   - 
  
         TACCATATTACCTTACGTGAAGGGGCAACCTTCCACGATGGTAAACCGGTCACTACCGAA 
     481 ---------+---------+---------+---------+---------+---------+ 540 
         ATGGTATAATGGAATGCACTTCCCCGTTGGAAGGTGCTACCATTTGGCCAGTGATGGCTT 
  
         Y  H  I  T  L  R  E  G  A  T  F  H  D  G  K  P  V  T  T  E   - 
  
         GATGTGGTTTACTCGTTTGAACGTGTGTTAGATCCGGCTAAAGCTTCACTGTTCGCGCAA 
     541 ---------+---------+---------+---------+---------+---------+ 600 
         CTACACCAAATGAGCAAACTTGCACACAATCTAGGCCGATTTCGAAGTGACAAGCGCGTT 
  
         D  V  V  Y  S  F  E  R  V  L  D  P  A  K  A  S  L  F  A  Q   - 
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         TTTATTCCGTTTATCGCTTCGGTAAAAGCACTTGACAATAAAGTGGTCGAATTCAAATTA 
     601 ---------+---------+---------+---------+---------+---------+ 660 
         AAATAAGGCAAATAGCGAAGCCATTTTCGTGAACTGTTATTTCACCAGCTTAAGTTTAAT 
  
         F  I  P  F  I  A  S  V  K  A  L  D  N  K  V  V  E  F  K  L   - 
  
         AAATATCCGTTCGCTTTATTTAAAGAACGTTTAACCATCGTCAAAATCGTGCCGAAACAT 
     661 ---------+---------+---------+---------+---------+---------+ 720 
         TTTATAGGCAAGCGAAATAAATTTCTTGCAAATTGGTAGCAGTTTTAGCACGGCTTTGTA 
  
         K  Y  P  F  A  L  F  K  E  R  L  T  I  V  K  I  V  P  K  H   - 
  
         ATCGTAGAAGCCGGTCAATCCGCCTTTGATGCCAAACCTGTCGGTTCAGGTCCTTATAAA 
     721 ---------+---------+---------+---------+---------+---------+ 780 
         TAGCATCTTCGGCCAGTTAGGCGGAAACTACGGTTTGGACAGCCAAGTCCAGGAATATTT 
  
         I  V  E  A  G  Q  S  A  F  D  A  K  P  V  G  S  G  P  Y  K   - 
  
         TTTGTTTCCGCAACCAAAGATGACCGTATTGTCTTTGAAGCCAATACCTCTTATAACGGT 
     781 ---------+---------+---------+---------+---------+---------+ 840 
         AAACAAAGGCGTTGGTTTCTACTGGCATAACAGAAACTTCGGTTATGGAGAATATTGCCA 
  
         F  V  S  A  T  K  D  D  R  I  V  F  E  A  N  T  S  Y  N  G   - 
  
         ATGTATCCGGCTAAAGTAGATAAAATGACGTGGTTCTTATTATCAGATGATGCCGCTCGT 
     841 ---------+---------+---------+---------+---------+---------+ 900 
         TACATAGGCCGATTTCATCTATTTTACTGCACCAAGAATAATAGTCTACTACGGCGAGCA 
  
         M  Y  P  A  K  V  D  K  M  T  W  F  L  L  S  D  D  A  A  R   - 
  
         GTAACCGCACAAGAATCCGGACGTGTACAAGCGATTGAATCCGTACCGTACCTTGATGCG 
     901 ---------+---------+---------+---------+---------+---------+ 960 
         CATTGGCGTGTTCTTAGGCCTGCACATGTTCGCTAACTTAGGCATGGCATGGAACTACGC 
  
         V  T  A  Q  E  S  G  R  V  Q  A  I  E  S  V  P  Y  L  D  A   - 
  
         GAACGCTTAAAACGTAAAGGAAAAGTGGAATCAGTACAATCTTTCGGCTTACTATTCTTA 
     961 ---------+---------+---------+---------+---------+---------+ 1020 
         CTTGCGAATTTTGCATTTCCTTTTCACCTTAGTCATGTTAGAAAGCCGAATGATAAGAAT 
  
         E  R  L  K  R  K  G  K  V  E  S  V  Q  S  F  G  L  L  F  L   - 
  
         ATGTTTAACTGTGAAAAAGCACCGTTTGATAACCCGAAAGTACGCCAGGCGTTACATTAC 
    1021 ---------+---------+---------+---------+---------+---------+ 1080 
         TACAAATTGACACTTTTTCGTGGCAAACTATTGGGCTTTCATGCGGTCCGCAATGTAATG 
  
         M  F  N  C  E  K  A  P  F  D  N  P  K  V  R  Q  A  L  H  Y   - 
  
         GGTTTAGATACGCAAAAATTAATCGACATTGTATTCTTAGGCAATGCGAAAGCGGCAAGC 
    1081 ---------+---------+---------+---------+---------+---------+ 1140 
         CCAAATCTATGCGTTTTTAATTAGCTGTAACATAAGAATCCGTTACGCTTTCGCCGTTCG 
  
         G  L  D  T  Q  K  L  I  D  I  V  F  L  G  N  A  K  A  A  S   - 
  
         TCTTACGTACAAGATACCCATCCTGATTATGTAAAAGCCGCCAGCCAATATGATTTTGAT 
    1141 ---------+---------+---------+---------+---------+---------+ 1200 
         AGAATGCATGTTCTATGGGTAGGACTAATACATTTTCGGCGGTCGGTTATACTAAAACTA 
  
         S  Y  V  Q  D  T  H  P  D  Y  V  K  A  A  S  Q  Y  D  F  D   - 
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         AAAGCGAAAGCGGAAAGCCTATTAGCGGAAGCGGGTATCAAAGAATTAAAATTTGAATTA 
    1201 ---------+---------+---------+---------+---------+---------+ 1260 
         TTTCGCTTTCGCCTTTCGGATAATCGCCTTCGCCCATAGTTTCTTAATTTTAAACTTAAT 
  
         K  A  K  A  E  S  L  L  A  E  A  G  I  K  E  L  K  F  E  L   - 
  
         CTTGCAACCGATCACGCTTGGGTAAAAGAATGTGCGCCGCTTATTCTTGAATCTTGGAAT 
    1261 ---------+---------+---------+---------+---------+---------+ 1320 
         GAACGTTGGCTAGTGCGAACCCATTTTCTTACACGCGGCGAATAAGAACTTAGAACCTTA 
  
         L  A  T  D  H  A  W  V  K  E  C  A  P  L  I  L  E  S  W  N   - 
  
         GCGTTAAAAGGTGTGAAAGTAACGCTTCAACATTTACAATCCGGTGCGTTATACGGCACG 
    1321 ---------+---------+---------+---------+---------+---------+ 1380 
         CGCAATTTTCCACACTTTCATTGCGAAGTTGTAAATGTTAGGCCACGCAATATGCCGTGC 
  
         A  L  K  G  V  K  V  T  L  Q  H  L  Q  S  G  A  L  Y  G  T   - 
  
         CACGTTGATAAAGGTGCGTTTGAAGTGGTTATCGCACCGGGCGATCCGTCCGTATTCGGT 
    1381 ---------+---------+---------+---------+---------+---------+ 1440 
         GTGCAACTATTTCCACGCAAACTTCACCAATAGCGTGGCCCGCTAGGCAGGCATAAGCCA 
  
         H  V  D  K  G  A  F  E  V  V  I  A  P  G  D  P  S  V  F  G   - 
  
         AACGACTTAGACTTATTATTAAGCTGGTGGTACCGCGGTGACGTATGGCCGAAACGTCGT 
    1441 ---------+---------+---------+---------+---------+---------+ 1500 
         TTGCTGAATCTGAATAATAATTCGACCACCATGGCGCCACTGCATACCGGCTTTGCAGCA 
  
         N  D  L  D  L  L  L  S  W  W  Y  R  G  D  V  W  P  K  R  R   - 
  
         TTCCGTTGGGCAAATACGCCTGAATATGCCGAAGTACAAAAATTACTGGATGAAGCGGCG 
    1501 ---------+---------+---------+---------+---------+---------+ 1560 
         AAGGCAACCCGTTTATGCGGACTTATACGGCTTCATGTTTTTAATGACCTACTTCGCCGC 
  
         F  R  W  A  N  T  P  E  Y  A  E  V  Q  K  L  L  D  E  A  A   - 
  
         AAAAATCCGGCGGGTGCAAAAGAAGCATGGACCAAAGCAATCAATATTATTGCCGAACAA 
    1561 ---------+---------+---------+---------+---------+---------+ 1620 
         TTTTTAGGCCGCCCACGTTTTCTTCGTACCTGGTTTCGTTAGTTATAATAACGGCTTGTT 
  
         K  N  P  A  G  A  K  E  A  W  T  K  A  I  N  I  I  A  E  Q   - 
  
         GTGCCGCTTTACCCGATCGTACATCGTAAATTACCGACCGCATGGAGCGATAAATCACTT 
    1621 ---------+---------+---------+---------+---------+---------+ 1680 
         CACGGCGAAATGGGCTAGCATGTAGCATTTAATGGCTGGCGTACCTCGCTATTTAGTGAA 
  
         V  P  L  Y  P  I  V  H  R  K  L  P  T  A  W  S  D  K  S  L   - 
  
         ACCGATTTCCAACCGTTACCGACAACAGGCTTGTCATTCTTAGGCGTCGGTCGTAAATAA 
    1681 ---------+---------+---------+---------+---------+---------+ 1740 
         TGGCTAAAGGTTGGCAATGGCTGTTGTCCGAACAGTAAGAATCCGCAGCCAGCATTTATT 
  
         T  D  F  Q  P  L  P  T  T  G  L  S  F  L  G  V  G  R  K  *   - 
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I.6. Structure prediction of protein DW.7 
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I.7. Sequence of the A. pleuropneumoniae ORF encoding DW.11 

         TAAAATTGCCGGTTTACCTAAACCCATAAAATGTTTATAATTATTATTAATTGAGATTTA 
       1 ---------+---------+---------+---------+---------+---------+ 60 
         ATTTTAACGGCCAAATGGATTTGGGTATTTTACAAATATTAATAATAATTAACTCTAAAT 
  
  
         TTCTCAATTTCATTCAGAATGAAATTCATGATTAAAAGGAGAAACTATGAAACTTTCATT 
      61 ---------+---------+---------+---------+---------+---------+ 120 
         AAGAGTTAAAGTAAGTCTTACTTTAAGTACTAATTTTCCTCTTTGATACTTTGAAAGTAA 
  
                                                       M  K  L  S  F  - 
  
         TTTAAAACAAGTATTTGTGGTTGCATTAGGTTTAAGCGCAACACTCGCTATGGCTGCGCC 
     121 ---------+---------+---------+---------+---------+---------+ 180 
         AAATTTTGTTCATAAACACCAACGTAATCCAAATTCGCGTTGTGAGCGATACCGACGCGG 
  
          L  K  Q  V  F  V  V  A  L  G  L  S  A  T  L  A  M  A  A  P  - 
  
         ATTCAAAGTCGTCACTACCTTTACCGTGATCCAAGATATTGCGCAAAATGTTGCCGGTGA 
     181 ---------+---------+---------+---------+---------+---------+ 240 
         TAAGTTTCAGCAGTGATGGAAATGGCACTAGGTTCTATAACGCGTTTTACAACGGCCACT 
  
          F  K  V  V  T  T  F  T  V  I  Q  D  I  A  Q  N  V  A  G  D  - 
  
         TAAAGCGGTTGTCGAATCCATAACTAAGCCAGGTGCGGAAATTCATGATTACCAACCGAC 
     241 ---------+---------+---------+---------+---------+---------+ 300 
         ATTTCGCCAACAGCTTAGGTATTGATTCGGTCCACGCCTTTAAGTACTAATGGTTGGCTG 
  
          K  A  V  V  E  S  I  T  K  P  G  A  E  I  H  D  Y  Q  P  T  - 
  
         ACCGAAAGATATTGCTAAAGCACAAAAAGCGGATCTTATCTTATGGAACGGTATGAATTT 
     301 ---------+---------+---------+---------+---------+---------+ 360 
         TGGCTTTCTATAACGATTTCGTGTTTTTCGCCTAGAATAGAATACCTTGCCATACTTAAA 
  
          P  K  D  I  A  K  A  Q  K  A  D  L  I  L  W  N  G  M  N  L  - 
  
         AGAACGTTGGTTCGAGCGTTTCTTTGAAAACGTAAAAGGTAAACCGGCAGTTGTGGTGAC 
     361 ---------+---------+---------+---------+---------+---------+ 420 
         TCTTGCAACCAAGCTCGCAAAGAAACTTTTGCATTTTCCATTTGGCCGTCAACACCACTG 
  
          E  R  W  F  E  R  F  F  E  N  V  K  G  K  P  A  V  V  V  T  - 
  
         CGAAGGCATCACACCAATTGCAATTACCGAAGGCGAATATAAAAACTTACCGAATCCGCA 
     421 ---------+---------+---------+---------+---------+---------+ 480 
         GCTTCCGTAGTGTGGTTAACGTTAATGGCTTCCGCTTATATTTTTGAATGGCTTAGGCGT 
  
          E  G  I  T  P  I  A  I  T  E  G  E  Y  K  N  L  P  N  P  H  - 
  
         TGCTTGGATGTCATCGGCTAACGCTTTGCAATATATTGAAAATATTCGCGCCGCATTAGT 
     481 ---------+---------+---------+---------+---------+---------+ 540 
         ACGAACCTACAGTAGCCGATTGCGAAACGTTATATAACTTTTATAAGCGCGGCGTAATCA 
  
          A  W  M  S  S  A  N  A  L  Q  Y  I  E  N  I  R  A  A  L  V  - 
  
         GAAATACGATCCGAAAAATGCCGAAAGTTATAACCAAAATGCTAAAATTTATGCAGAAAA 
     541 ---------+---------+---------+---------+---------+---------+ 600 
         CTTTATGCTAGGCTTTTTACGGCTTTCAATATTGGTTTTACGATTTTAAATACGTCTTTT 
  
          K  Y  D  P  K  N  A  E  S  Y  N  Q  N  A  K  I  Y  A  E  K  - 
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         AGTAAAAGCCATTGCGGAGCCATTACGCCAACGTCTATCCGTTATTCCAGAAGCACAACG 
     601 ---------+---------+---------+---------+---------+---------+ 660 
         TCATTTTCGGTAACGCCTCGGTAATGCGGTTGCAGATAGGCAATAAGGTCTTCGTGTTGC 
  
          V  K  A  I  A  E  P  L  R  Q  R  L  S  V  I  P  E  A  Q  R  - 
  
         TTGGTTAGTAACCAGTGAAGGGGCATTTAGTTATTTAGCACAAGATTATCAGTTAAAAGA 
     661 ---------+---------+---------+---------+---------+---------+ 720 
         AACCAATCATTGGTCACTTCCCCGTAAATCAATAAATCGTGTTCTAATAGTCAATTTTCT 
  
          W  L  V  T  S  E  G  A  F  S  Y  L  A  Q  D  Y  Q  L  K  E  - 
  
         GCTTTATTTATGGGCGATTAATGCCGAAGAGCAAGGCTCGCCGCAACAAGTGAAAAAAGT 
     721 ---------+---------+---------+---------+---------+---------+ 780 
         CGAAATAAATACCCGCTAATTACGGCTTCTCGTTCCGAGCGGCGTTGTTCACTTTTTTCA 
  
          L  Y  L  W  A  I  N  A  E  E  Q  G  S  P  Q  Q  V  K  K  V  - 
  
         GATCGATGGCGTAAAAGCCAATAATATTCCCGTTGTTTTCAGCGAAAGTACCGTATCGGA 
     781 ---------+---------+---------+---------+---------+---------+ 840 
         CTAGCTACCGCATTTTCGGTTATTATAAGGGCAACAAAAGTCGCTTTCATGGCATAGCCT 
  
          I  D  G  V  K  A  N  N  I  P  V  V  F  S  E  S  T  V  S  D  - 
  
         TAAACCGGCGAAACAAGTGGCAAAAGAAACCGGTGCATTATACGGCGGTGTGTTATATGT 
     841 ---------+---------+---------+---------+---------+---------+ 900 
         ATTTGGCCGCTTTGTTCACCGTTTTCTTTGGCCACGTAATATGCCGCCACACAATATACA 
  
          K  P  A  K  Q  V  A  K  E  T  G  A  L  Y  G  G  V  L  Y  V  - 
  
         CGATTCACTTTCAACCAAAGACGGTGCCGTACCAACTTATTTAGATCTATTAAAAGTAAC 
     901 ---------+---------+---------+---------+---------+---------+ 960 
         GCTAAGTGAAAGTTGGTTTCTGCCACGGCATGGTTGAATAAATCTAGATAATTTTCATTG 
  
          D  S  L  S  T  K  D  G  A  V  P  T  Y  L  D  L  L  K  V  T  - 
  
         GATCAGTACGATTGTTGACGGTTTTGAAAAAAGTAAAAAATAACATGGTATCCATTCCTA 
     961 ---------+---------+---------+---------+---------+---------+ 1020 
         CTAGTCATGCTAACAACTGCCAAAACTTTTTTCATTTTTTATTGTACCATAGGTAAGGAT 
  
          I  S  T  I  V  D  G  F  E  K  S  K  K  *                    - 
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I.8. Structure prediction of DW.11 

 

 196 



 APPENDIX-DW.12 
   

I.9. Sequence of the A. pleuropneumoniae ORF encoding DW.12 

         TAATATTTACCCGATTTTTATCTGTTGATTGGATATAAGAGAAAATTATCACAAATTCAT 
       1 ---------+---------+---------+---------+---------+---------+ 60 
         ATTATAAATGGGCTAAAAATAGACAACTAACCTATATTCTCTTTTAATAGTGTTTAAGTA 
  
          N  I  Y  P  I  F  I  C  *                                   - 
  
         CGCTTTGATAATAAATTTATTTCTATTTTTGAGAAATTAGCATAGCATAAGCTATAGATA 
      61 ---------+---------+---------+---------+---------+---------+ 120 
         GCGAAACTATTATTTAAATAAAGATAAAAACTCTTTAATCGTATCGTATTCGATATCTAT 
  
                                                                      - 
  
         TTCATATTGATTTAAGTTAAGGAGCTTCTTTATGAAATTAACCAAAATGGCGGTTACGGT 
     121 ---------+---------+---------+---------+---------+---------+ 180 
         AAGTATAACTAAATTCAATTCCTCGAAGAAATACTTTAATTGGTTTTACCGCCAATGCCA 
  
                                        M  K  L  T  K  M  A  V  T  V  - 
  
         TGCAACATTAGCGGTCAGTGCGTTTTCGGTTGCAGGCACTTTAACCGCATCGGATAGCGT 
     181 ---------+---------+---------+---------+---------+---------+ 240 
         ACGTTGTAATCGCCAGTCACGCAAAAGCCAACGTCCGTGAAATTGGCGTAGCCTATCGCA 
  
          A  T  L  A  V  S  A  F  S  V  A  G  T  L  T  A  S  D  S  V  - 
  
         AGAATTATTGGCTTTTGACGGACAGAAAGTGGCGAGAGGTACGGCGGGATTATCGATTGA 
     241 ---------+---------+---------+---------+---------+---------+ 300 
         TCTTAATAACCGAAAACTGCCTGTCTTTCACCGCTCTCCATGCCGCCCTAATAGCTAACT 
  
          E  L  L  A  F  D  G  Q  K  V  A  R  G  T  A  G  L  S  I  D  - 
  
         CGGCAACGTGCACCAAGTCGTAGTCAGTGTAAGCGATATTGTGGACGGAAGCTATTTCTC 
     301 ---------+---------+---------+---------+---------+---------+ 360 
         GCCGTTGCACGTGGTTCAGCATCAGTCACATTCGCTATAACACCTGCCTTCGATAAAGAG 
  
          G  N  V  H  Q  V  V  V  S  V  S  D  I  V  D  G  S  Y  F  S  - 
  
         CATTGATCCGATTATTCTTACTTTTAACGGTACCGATGAAGACGCCAAAATTGTGACTCC 
     361 ---------+---------+---------+---------+---------+---------+ 420 
         GTAACTAGGCTAATAAGAATGAAAATTGCCATGGCTACTTCTGCGGTTTTAACACTGAGG 
  
          I  D  P  I  I  L  T  F  N  G  T  D  E  D  A  K  I  V  T  P  - 
  
         GAAATTTACGTCTAATTTTACGGTAGATAAGTTTAAGAAAGAATTAAACTTTAAAATTGA 
     421 ---------+---------+---------+---------+---------+---------+ 480 
         CTTTAAATGCAGATTAAAATGCCATCTATTCAAATTCTTTCTTAATTTGAAATTTTAACT 
  
          K  F  T  S  N  F  T  V  D  K  F  K  K  E  L  N  F  K  I  E  - 
  
         AACCGCATCGGGCAAAGAAATCTCATATAAGCGCGATTTCTTAAAAGGAGAAGGTTTCGC 
     481 ---------+---------+---------+---------+---------+---------+ 540 
         TTGGCGTAGCCCGTTTCTTTAGAGTATATTCGCGCTAAAGAATTTTCCTCTTCCAAAGCG 
  
          T  A  S  G  K  E  I  S  Y  K  R  D  F  L  K  G  E  G  F  A  - 
 
         ACCGAATTCTCGAGTTGAAGATAATCTCTCCAAATATAACGCAAGTAAAGCGGTCGCTTC 
     541 ---------+---------+---------+---------+---------+---------+ 600 
         TGGCTTAAGAGCTCAACTTCTATTAGAGAGGTTTATATTGCGTTCATTTCGCCAGCGAAG 
  
          P  N  S  R  V  E  D  N  L  S  K  Y  N  A  S  K  A  V  A  S  - 
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         CGTTCCGGCTTTTGCAAATGCGGCGTTGGAAGCTAAAGGACAAATGGTGATTGAAACCAA 
     601 ---------+---------+---------+---------+---------+---------+ 660 
         GCAAGGCCGAAAACGTTTACGCCGCAACCTTCGATTTCCTGTTTACCACTAACTTTGGTT 
  
          V  P  A  F  A  N  A  A  L  E  A  K  G  Q  M  V  I  E  T  N  - 
  
         TAATGTTAAAGAAGAGCAGTTGCAAGTTTTATTTAAAAAAGCGGATAAAGAAACGCAAAA 
     661 ---------+---------+---------+---------+---------+---------+ 720 
         ATTACAATTTCTTCTCGTCAACGTTCAAAATAAATTTTTTCGCCTATTTCTTTGCGTTTT 
  
          N  V  K  E  E  Q  L  Q  V  L  F  K  K  A  D  K  E  T  Q  K  - 
  
         ACGTTTCTTGGAATGGGCTAAAAAACAACAGTAACGTTTCCCCTTTTTACGGATTAAACC 
     721 ---------+---------+---------+---------+---------+---------+ 780 
         TGCAAAGAACCTTACCCGATTTTTTGTTGTCATTGCAAAGGGGAAAAATGCCTAATTTGG 
  
          R  F  L  E  W  A  K  K  Q  Q  *                             - 
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