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Summary 
 

 

The soil amoebae Dictyostelium discoideum take up particles from their environment in order 

to obtain nutrition. The particle transits through the cell within a phagosome that fuses with 

organelles of different molecular compositions, undergoing a gradual degradation by different 

sets of hydrolytic enzymes. 

Griffiths’ concept of “phagosome individuality” predicts signaling from phagosomes into the 

cytoplasm, which might regulate many aspects of cell physiology. The finding that 

Dictyostelium cells depleted of the lysozyme AlyA or over-expressing the esterase Gp70 

exhibit increased uptake of food particles, led to the postulation of a signaling cascade 

between endocytic compartments and the cytoskeletal uptake machinery at the plasma 

membrane. Assuming that Gp70 acts downstream of AlyA, gene-expression profiling of both 

mutants revealed different and overlapping sets of misregulated genes that might participate 

in this signaling cascade. Based on these results, we analyzed the effects of the artificial 

misregulation of six candidate genes by over-expression or negative genetic interference, in 

order to reconstruct at least part of the signaling pathway.  

SSB420 and SSL793 were chosen as candidates for the first signaling step, as they were up-

regulated in AlyA-null cells and remained unaltered in the Gp70 over-expressing cells. The 

over-expression of SSB420 enhanced phagocytosis and raised the expression levels of 

Gp70, supporting its involvement in the signaling pathway between AlyA and Gp70 as a 

positive regulator of phagocytosis. However, this was not the case of cells over-expressing 

SSL793, as this mutation had no effects on phagocytosis.  

For the signaling downstream of Gp70, we studied four commonly misregulated genes in 

AlyA-depleted and Gp70 over-expressing cells. The expression levels of SLB350, SSB389 

and TipD were lower in both mutants and therefore these were assumed as possible 

candidates for the negative regulation of phagocytosis. Cells depleted of SLB350 exhibited 

an increased phagocytic activity and no effect on Gp70 expression, proving its participation 

in the signaling pathway downstream of Gp70. Unlike SLB350, the disruption of the genes 

coding for SSB389 and TipD had no effects on particle uptake, excluding them from the 

pathway. The fourth candidate was Yipf1, the only gene that was commonly up-regulated in 

both mutants. Yet, the artificial over-expression of this protein had no effects on 

phagocytosis, so this candidate is also not included in the signaling pathway. 

Furthermore, localizing the products of the candidate genes within the cell helped unveiling 

several cellular organelles that receive signals from the phagosome and transduce them 

towards the uptake machinery. 

 



 

 

Zusammenfassung 
 

 

Zur Nahrungsaufnahme endozytiert die Bodenamöbe Dictyostelium discoideum Partikel aus 

ihrer Umgebung. Die Partikel passieren die Zelle in einem Phagosom, welches mit anderen 

Organellen verschiedener molekularer Ausstattung fusioniert. Dies führt zur allmählichem 

Degradierung der Partikel durch verschiedene Sets hydrolytischer Enzyme. 

Das Konzept von Griffiths sagt voraus, dass individuelle Phagosomen regulatorische Signale 

an das Zytoplasma aussenden. Da sowohl das Fehlen des Lysozyms AlyA als auch die 

Überexpression der Esterase Gp70 zu eine Steigerung der Partikelaufnahme führten, wurde 

eine Signalkaskade zwischen den Phagosomen und dem Ort der Partikelaufnahme an der 

Plasmamembran postuliert. Ausgehend von der Tatsache, dass Gp70 unterhalb von AlyA 

wirkt, wurden Genexpressions-Analysen mit beiden Mutanten durchgeführt. Daraus gingen 

mehrere Gene hervor, die ebenfalls im Signalweg involviert sein könnten. Sechs der Gene 

wurden für weitere Experimente ausgewählt. Um ihren Einfluss auf die Phagozytose zu 

untersuchen, wurde die Expression der Gene gezielt erhöht oder verringert. Dabei sollte der 

bisher unbekannte Weg des Signals, welches ausgehend vom Phagosom die Steuerung der 

Partikelaufnahme reguliert, schrittweise rekonstruiert werden.  

Zur Untersuchung des ersten Segments des Signalwegs, zwischen AlyA und Gp70, wurden 

SSB420 und SSL793 ausgesucht. Beide Proteine werden in den AlyA-Knockout-Zellen 

verstärkt exprimiert, jedoch nicht in Gp70-Überexprimierern. Die Überexpression von 

SSB420 hatte sowohl einen positiven Effekt auf die Phagocytose als auch auf die Expression 

von Gp70. Dies bestätigte die Rolle von SSB420 in der Signalkaskade als ein positiver 

Regulator der Partikelaufnahme. Die Überexpression von SSL793 rief jedoch keinen 

Phänotyp hervor. 

Neben den bereits genannten, wurden vier weitere Proteine ausgewählt: Drei wurden in den 

AlyA- und Gp70-Mutanten schwächer exprimiert und ein Protein wies eine erhöhte 

Expression auf. Der Knockout von SLB350 hatte eine positive Wirkung auf die Phagozytose 

und beeinflusste die Expression von Gp70 nicht. Dieses Ergebnis lässt auf eine negative 

regulatorische Rolle von SLB350 im zweiten Segment der Signalkaskade, also unterhalb von 

Gp70, schließen. Anders als bei SLB350, riefen weder die Knockouts von SSB389 und TipD, 

noch die Überexpression von Yipf1 eine Veränderung der Patikelaufnahme hervor. 

Anhand der subzellulären Lokalisation der hier untersuchten Proteine konnten sowohl die 

zelluläre Organellen die von AlyA Phagosom Signale epmfingen, als auch solche, die 

Signale an den Ort der Partikelaufnahme weiterleiten, identifiziert werden. 
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1 Introduction 

 

 

1.1 Dictyostelium discoideum  

 

The model microorganism Dictyostelium discoideum is the best studied member of social 

amoebae, belonging to an ancient family of wood soil and leaf litter inhabiting protozoans. 

Phylogenetic studies revealed that these microorganisms diverged from the animal-fungal 

lineage shortly after the plant-animal split (Baldauf and Doolittle, 1997; Bapteste et al, 2002; 

Eichinger et al, 2005 – Fig. 1.1). Although Dictyostelium retained a more ancestral genome 

than animals, plants or fungi, they display great fundamental cell biological similarities to 

higher eukaryotes. 

 

 

 

 

 

 

 

 

 

 

Another interesting and attractive feature of these amoebae is their social behaviour. The 

vegetative free-living state of Dictyostelium is characterized by mitotic divisions of solitary 

bacteria-feeding amoebae, but when the food source is removed or becomes scarce, the 

single cells embark on their developmental program (Fig. 1.2). During development, free-

living cells aggregate into a macroscopic multicellular fruiting body composed of a cellular 

cellulosic stalk supporting a bolus of spores (Bonner, 1970). This social behaviour is the 

survival strategy of these microorganisms. When the conditions become favourable, new 

vegetative cells germinate out of the spores, restarting the life cycle of the amoebae. It was 

later found out that the aggregation of solitary amoebae is triggered by chemical cAMP 

pulses, which start to be emitted by cells sensing the lack of nutrition and are perceived by 

surrounding cells. The cAMP pulses trigger chemotactic cell locomotion and subsequent 

aggregation in mounds containing approx. 100.000 cells (Gerisch et al, 1975). This is 

accompanied by changes in gene expression specifying the developmental program. 

 

 

Fig. 1.1 – Proteome based eukaryotic phylogeny. The 

phylogenetic tree is based on the analysis of over 5000 

orthologous protein clusters drawn from the proteomes of 

the shown eukaryotes. The tree is rooted on 159 protein 

clusters represented by six different archaebacterial 

proteomes (Eichinger et al, 2005). 
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In nature Dictyostelium cells obtain nutrition mainly by phagocytosis of surrounding bacteria, 

however, long term laboratory work with these cells led to the isolation of mutants capable of 

surviving solely on liquid nutrients – axenic medium (Watts and Ashworth, 1970) – making 

them much easier to cultivate and handle. These axenic mutations conferred a “gain of 

function” to the initially isolated strain, since phagocytosis remained unaffected whilst 

pinocytosis was increased by ca 60-fold (Clarke and Kayman, 1987; Aguado-Velasco and 

Bretscher, 1999). The isolated axenic strains are now used as wild-type laboratory models 

for D. discoideum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The totally sequenced haploid genome of D. discoideum is ca 34 megabasepairs, with 

approx. 12.500 predicted genes. This puts Dictyostelium somewhere between unicellular 

yeasts (ca 6600 genes - www.yeastgenome.org) and humans (ca 25000 genes – IHGSC, 

Nature, 2004). The 6 chromosomes of D. discoideum (Cox et al, 1990; Eichinger et al, 2005) 

carry 50% of the entire cellular DNA, while the other half is distributed across the several 

hundred mitochondria (30%) (Ogawa et al, 2000) and an extrachromossomal aggregate of 

ca 100 88Kb palindromes (20%) encoding for ribosomal RNA (Sucgang et al, 2003). 

The complete sequencing of D. discoideum’s genome and the identification of over 5.300 

different mRNA sequences (Morio et al, 1998; Urushihara et al, 2004) from the analysis of ca 

27.000 expressed sequence tags (D. discoideum cDNA project) made the genome of this 

microorganism highly accessible. These findings opened the way for new research tools like 

cDNA microarray analysis - a powerful method that allows the monitoring of thousands of 

differentially expressed genes in parallel. 

Fig. 1.2 – Developmental morphogenesis of Dictyostelium discoideum. A: Schematic view of a 24 hours developmental 

cycle from single vegetative amoebae to the formation of a mature fruiting body. Aggregation results in the formation of a mound, 

which extends to form a finger. The finger may form a phototactic migrating slug. During culmination, cells differentiate into 

vacuolated stalk cells that support a spore head containing spore cells (Fey et al, 2007). B: Dictyostelium development during 

plaque formation on a bacterial lawn (D. Dormann). Magnification: 100x. 
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Since the complexity of Dictyostelium is greater than yeast but less than animals and plants, 

yet with fundamental similarities to higher eukaryotes and very accessible to genetic 

manipulation, this myxamoeba becomes highly attractive for a variety of studies. These 

include cellular motility, cytokinesis, signal transduction and cell-cell interactions. 

Furthermore, Dictyostelium is a professional phagocyte, exceeding phagocytic capacities of 

neutrophils. Together with the broad acceptance of food particles, D. discoideum becomes a 

great model for the study of uptake mechanisms and the endocytic pathway. 

The sensitivity to pathogenic bacteria such as Legionella pneumophila (Häegle et al, 2000), 

Pseudomonas aeroginosa (Pukatzki et al, 2002), Salmonella typhimurium (Skriwan et al, 

2002) or Neisseria meningitidis (Colucci et al, 2008), rises the interest in using this system as 

a model host for bacterial pathogens.  

Finally, we have to consider the advantages of the endocytic pathway of these myxamoebae, 

which differs from that of mammalian cells. While in mammalian cells the lysosome is a 

dead-end compartment of endocytosed material, Dictyostelium cells can simply exocytose 

the undigested material (Padh et al, 1993), making it unlikely to develop lysosomal storage 

diseases as a consequence of lysosomal dysfunctions. Thus, Dictyostelium can be used for 

studies of lysosomal functions in vivo, by interfering with single endo-lysosomal components. 

 

 

1.2 Mechanisms of Endocytosis 

 

In order to survive, all cells require interaction with the surrounding medium from where they 

obtain their energy. In this context, the plasma membrane plays a crucial role, as it is the 

dynamic barrier between the intracellular and the extracellular environments. Small 

molecules are able to pass the plasma membrane, sometimes with the help of integral 

membrane proteins, such as pumps, channels or carriers, but they are far away from 

satisfying the cellular needs completely. To obtain basic nutrition, cells recur to endocytosis. 

This is a process of uptake of macromolecules, particulate substances or entire cells, by 

capturing and enclosing them within membrane-bounded carriers that invaginate and pinch 

off into the cytoplasm. The membrane dynamics during endocytosis requires coordinated 

interactions between a variety of proteins and lipid molecules that dynamically link the 

plasma membrane to the cortical actin cytoskeleton.  

Internalization mechanisms have been intensively studied in mammalian cells, revealing 

various ways of endocytosis. These differ in the size of the formed vesicles, the nature of the 

cargo and the machinery responsible for the uptake (Fig. 1.3). In general endocytosis can be 

divided into two main categories, depending on what is ingested: phagocytosis – the uptake 

of particles, also known as cellular eating; pinocytosis – the uptake of fluids, or cellular 
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drinking. Pinocytosis can be further divided into two sub-categories, depending on the 

amounts of internalized fluid and the uptake machinery, namely micropinocytosis and 

macropinocytosis.   

Micropinocytic events take place in all cells and refer to small (< 200 nm) vesicles. The 

mechanisms responsible for this kind of uptake vary between cells and can be separated in 

different groups according to the protein and lipid composition of the budding membranes.  

One of the best studied pinocytic event is known as clathrin-mediated endocytosis. Clathrin-

mediated endocytosis occurs at specialized regions of the plasma membrane, called coated 

pits. These regions are characterized by formation of a lattice of clathrin and adapter 

molecules on the cytoplasmatic side of the plasma membrane. This results in invagination of 

a coated vesicle, which subsequently pinches-off into the cytoplasm, assisted by the GTPase 

dynamin. Cells use clathrin-mediated endocytosis to obtain essential nutrients such as iron 

(transferrin endocytosis) and cholesterol (low-density lipoprotein endocytosis), or to remove 

activated receptors from the cell surface (Doherty and McMahon, 2009). 

Another mechanism of endocytosis involving specific proteins responsible for membrane 

shaping during invagination is mediated by caveolin. Caveolin-dependent endocytosis is 

extremely abundant in endothelial cells, where it is proposed to mediate the extensive trans-

cellular shuttling of serum proteins from the bloodstream into the surrounding tissues. This 

mechanism requires special membrane microdomains rich in sphingolipids and cholesterol, 

as well as the cholesterol binding dimeric protein caveolin, which inserts into the inner leaflet 

of the plasma membrane and self-associates to form a striated coat (Conner and Schmid, 

2003).  

Finally, there are endocytic events independent of clathrin and caveolin, where small vesicles 

are formed in a cholesterol-rich microdomain-dependent manner. This type of endocytosis 

was first seen in cells depleted of both clathrin and caveolin and has been related to the 

Interleukin-2 receptor uptake in lymphocytes (Lamaze et al, 2001) or some 

glycosylphosphatidylinositol (GPI)-anchored proteins (Sabharanjak et al, 2002; Bhagatji; et 

al, 2009). 

Many cell types, including the axenic D. discoideum strains, generate large endocytic 

vesicles powered by the actin cytoskeleton that sample large volumes of extracellular milieu 

in a process called macropinocytosis. In this case, the actin polymerization drives plasma 

membrane protrusions around an aliquot of medium which collapse onto and fuse with the 

plasma membrane, forming a large macropinosome. 

In contrast, Phagocytosis is a restricted process found only in specialized cells and refers to 

the internalization of large particles such as bacteria, foreign bodies and large debris such as 

remnants of dead cells, in an actin-dependent manner. The best known model for phagocytic 

uptake is the “zipper hypothesis” proposed by Swanson and Baer in 1995. In this model, the 
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surface ligands of a particle bind to a patch of receptors at the plasma membrane, which is 

followed by a zippering enclosure of the particle by the plasma membrane through constant 

ligand/receptor interactions. Phagocytosis is primarily performed by professional phagocytes 

like neutrophils, macrophages, monocytes or our model organism Dictyostelium. All these 

cells are capable of engulfing and killing relatively large microorganisms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following chapters are going to focus mainly on phagocytosis, which is the main 

endocytic event taking place in free-living amoebae, and expose some parallels between 

phagocytosis and macropinocytosis since these events share many components of the actin-

dependent uptake machinery. 

 

 

1.3 Actin-mediated endocytosis in Dictyostelium discoideum 

 

1.3.1 The internalization process: receptors and signal transduction  

 

Both macropinocytosis and phagocytosis are quite similar mechanisms of actin-mediated 

internalization, but unlike fluid-phase uptake the particle uptake requires stimulation of 

membrane receptors. The stimulation of a surface receptor signals the binding of a ligand 

into the cell interior. The transmitted signal activates the cytoskeletal machinery underlying 

the plasma membrane, leading to actin-driven membrane protrusions towards the particle 

and subsequent engulfment.  

Fig. 1.3 – Multiple ways of endocytosis in mammalian cells. The different types of endocytosis differ with regard to the size 

of the vesicle, nature of the cargo and the mechanism of vesicle formation. The largest vesicles are formed in an actin-

dependent manner where actin polymerizytion pushes the plasma membrane towards the engulfment of a particle (receptor-

dependent) or an aliquot of media (receptor-independent). Smaller vesicles can be characterized by clatrin or caveolin, which 

are coat proteins that promote membrane invagination. The release of vesicles from the plasma membrane into the cytoplasm is 

catalyzed by the GTPase dynamin. Small endosomes can also be formed at specialized membrane microdomains in a clatrin- 

and caveolin-independent manner, either with or without the requirement for dynamin (Conner and Schmidt, 2003). 
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In 1980, Vogel et al suggested two different types of receptors for Dictyostelium, based on 

isolation of random chemical mutants with altered substrate specificities. The first kind was 

thought to be a lectin type receptor with specificity for particles containing terminal glucose 

residues such as the bacteria used in the experiment - E. coli B/r. The second kind was 

proposed to be a nonspecific receptor, binding various particles by hydrophobic interactions. 

However, as there was no molecular information about the proposed receptors, the topic 

remained open. 20 years later, Cornillon et al (2000) used Restriction Enzyme Mediated 

Integration (REMI) to isolate phagocytosis defective mutants. They were able to isolate a 

mutant with a selective defect in phagocytosis, namely latex beads and E. coli but not K. 

aerogenes, and identify the mutation responsible for this phenotype. This defect was caused 

by a mutation in Phg1, a nine transmembrane domain containing protein, which localizes to 

the plasma membrane. They further demonstrated that the decreased particle internalization 

is caused by defective cell adhesion to the food particles. From here, they proposed Phg1 to 

be a selective receptor only for certain substances such as E. coli or latex beads.  

Other reports suggested further receptor molecules with influence on particle internalization, 

but these were always found to be related to adhesion. For instance, REMI approaches to 

isolate adhesion deficient mutants led to characterization of SadA. SadA is a plasma 

membrane protein with nine transmembrane domains and extracellular epidermal growth 

factor (EGF)-like repeats. SadA was suggested to be the first substrate adhesion receptor to 

be identified in Dictyostelium, since sadA-null cells completely lacked substrate adhesion. 

This mutation had also negative effects on phagocytosis, cytokinesis and F-actin 

organization (Fey et al, 2002). A few years later, Cornillon et al (2006) identified another 

receptor candidate by random mutagenesis, called sibA. This plasma membrane protein 

contains features which are found in integrin beta chains and its cytosolic domain is able to 

interact with talin. Depletion of SibA leads to defective phagocytosis, but also here, the defect 

was related to decreased substrate adhesion.  

 

When a membrane receptor signals the presence of a particle into the cell interior, the first 

molecules to be activated are the signal transducers responsible for the regulation of the 

uptake machinery. This includes monomeric and heteromeric GTPases, membrane lipids 

and calcium. 

 

The members of the rho family of small GTPases are known as molecular switches 

responsible for the organization of the actin cytoskeleton. Mammalian rho family GTPases 

such as Cdc42 and Rho or Rac are known to be essential for the immunoglobulin and 

complement receptor stimulated uptake in macrophages (Caron and Hall, 1998). Although 

Dictyostelium cells are devoid of homologues to the first two of these mammalian proteins, 
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14 rac-like genes have been identified in this organism (Wilkins and Insall, 2001; Riviero et 

al, 2001) and some of them have been shown to participate in phagocytosis. For instance 

RacC, a protein with 61% identity to human Rac1, is implicated in the regulation of particle 

and fluid-phase internalization. Over-expression of this GTPase leads to a threefold increase 

of phagocytosis but has a negative effect on macropinocytosis (Seastone et al, 1998).  

Another GTPase thought to be involved in the regulation of uptake events is RacF1. This 

assumption is based only on the fact that GFP-RacF1 transiently accumulates at 

macropinocytic crowns and phagocytic cups, but the inactivation of the racF1 gene did not 

have any influence on endocytosis - probably due to compensation by the closely related 

RacF2 (Riviero et al, 1999). In 2000, Dumontier and co-workers performed studies on 3 

members of the Dictyostelium Rac1 group – Rac1A, Rac1B and Rac1C – with over 80% 

identity to the human Rac1 (Bush et al, 1993). They could show that constitutive active 

versions of each one of these GTPases strongly impaired particle and fluid-phase 

internalization. Another example is RacG, a recently identified, unusual member of the rho 

family of GTPases. RacG is found enriched at the rims of the progressing phagocytic cup 

and the over-expression of this GTPase enhances the rate of phagocytosis. The activity of 

RacG was shown to be PI3K-dependent, suggesting that the membrane lipid 

phosphatidylinositol 3,4,5-triphosphate (PIP3) is required for its activation. Furthermore, in a 

cell-free system, RacG is able to induce actin polymerization through the activation of the 

Arp2/3 complex, shown to be inhibited by blocking the Arp3 subunit with a specific antibody. 

Interestingly, depletion of RacG has no negative effect on particle or fluid-phase 

internalization, suggesting possible overlapping functions with other small GTPases (Somesh 

et al, 2006). 

Several other monomeric GTPases belonging to the ras and ras-like families have been also 

associated with the regulation of phagocytic events in Dictyostelium. For example, cells 

depleted of RasS are defective in phagocytosis and fluid-phase uptake. Instead, they exhibit 

a drastic increase in cell locomotion, indicating that this GTPase is somehow required for the 

balance between these actin-dependent processes (Chubb et al, 2000). Members of the ras 

family seem to be involved not only in the regulation of actin dynamics, but also in cellular 

adhesion. The over-expression of a constitutively active form of RasG led to increased 

substrate adhesion which consequently enhanced particle internalization (Chen and Katz, 

2000). Over-expression of a member of the ras-like family Rap1, significantly increased the 

rates of internalization of bacteria and latex beads, whilst the opposite effect was seen in the 

dominant negative mutants. Like RacC (previously discussed), Rap1 shows opposite effects 

on particle and fluid-phase internalization. The positive effect of Rap1 on phagocytosis can 

be abolished by an intracellular calcium chelator, but not by the inhibition of protein kinase C 

which is known to lower particle uptake in wild-type cells (Peracino et al, 1998; Seastone et 
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al, 1999). These results suggest that Rap1 might act downstream of the protein kinase C and 

coordinate important early events of phagocytosis together with Ca2+.  

 

Besides monomeric GTPases, receptor-mediated signal transduction goes through 

heteromeric G-proteins. Dictyostelium possesses 14 different α-subunits but only one β- and 

γ-subunit (Eichinger et al, 2005). The disruption of the single β -subunit is enough to create 

cells lacking functional G proteins. This disruption impairs phagocytosis but has no severe 

effects on macropinocytosis, leading to the conclusion that the signalling through G proteins 

is required for proper regulation of the actin cytoskeleton during (receptor-mediated) 

phagocytic uptake (Peracino et al, 1998). This was also confirmed by Gotthardt et al (2006), 

who demonstrated the importance of the Gα4 subunit of the G-protein for the early steps of 

particle uptake.  

 

The extensive actin rearrangements during uptake require specialized membrane lipid 

components that act as second messengers, responsible for the recruitment of specialized 

proteins to the plasma membrane. Such lipids are known as phosphatidylinositols (PI), which 

are found in different phosphorylated variants. Actin-mediated uptake processes mostly 

require phosphatidylinositol-3,4-bisphosphate (PIP2) and phosphatidylinositol-3,4,5-

triphosphate (PIP3), carrying 2 and 3 phosphate residues on their sugar headgroups, 

respectively. Phosphoinositides are recognized by proteins comprising different lipid binding 

domains such as the pleckstrin homology (PH), phox homology (PX) or FYVE (reviewed in 

Lemmon, 2003). Such domains enable the recruitment of the respective proteins to the 

membrane sites where these phosphoinositides are generated, in order to promote the 

regulation of downstream events. Taking advantage of known PH domains specific for PIP2, 

PIP3 or both types of lipids, Dormann et al (2004) could visualize the dynamics of these 

molecules during internalization in living cells. They observed that PIP3 levels are transiently 

increased at sites of engulfment during the formation of a phagosome, closely followed by 

production of PIP2 which peaks shortly after phagosome enclosure and decays during 

internalization. Very similar lipid dynamics were also reported for macropinocytosis. Detailed 

analysis of actin and PIP3 behaviour during phagocytosis revealed that the inner leaflet of the 

cup membrane is enriched in PIP3 and a ring of filamentous actin at the rim of the cup 

separates the membrane of the nascent phagosome from the adjacent cell surface 

membrane (Gerisch et al, 2009). Although both the localization and the dynamics of PIP3 

suggest that it plays important regulation roles during uptake, the involvement of this lipid in 

phagocytosis has been discussed. It is known that the disruption of two of three genes 

encoding for phosphoinositol 3-kinases (PI3K) in Dictyostelium – DdPIK1 and DdPIK2 – 

results in reduced levels of PIP2 and PIP3 (Zhou et al, 1998), leading to inappropriate 
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regulation of the actin cytoskeleton with consequences on endocytosis, cell shape and 

motility (Buczinski et al, 1997). The negative effects of this mutation on macropinocytosis 

seem quite clear, but the negative consequences for phagocytosis were not clear, since 

these were reported by one group (Zhou et al, 1998) but not by another (Buczinski et al, 

1997).  

PIP2 was attributed the main role during endocytic processes, contributing to phagocytosis in 

a phospholipase C (PLC) dependent manner and to macropinocytosis in a PI3K dependent 

manner (Duhon and Cardelli, 2002). This means that particle uptake requires diacylglycerol 

(DAG) for stimulation of the protein kinase C and inositol trisphosphate (IP3) to increase the 

levels of cytoplasmic Ca2+. The importance of the divalent cation Ca2+ for phagocytosis 

became obvious as several studies showed that depletion of intracellular Ca2+ with specific 

chelating agents has a negative effect on phagocytosis (Peracino et al, 1998; Seastone et al, 

1999). Yuan and Chia (2001) demonstrated that phagocytosis is inhibited by extracellular 

addition of the Ca2+ specific chelator EGTA in a dose-dependent manner. Interestingly this 

did not affect macropinocytosis. 

Although PIP3 signaling was only implicated in macropinocytosis (Duhron and Cardelli, 

2002), recent studies show that the synthesis of PIP3 and its degradation to PIP2 are fairly 

important events during phagocytosis. For instance, the inhibition of PI3K causes a dose-

dependent reduction of the uptake of yeast cells, bacteria and beads (Dormann et al, 2004). 

Furthermore, the disruption of a 5-phosphatase - Dd5P4 - known to be responsible for PIP3 

dephosphorylation, results in defective cell growth both in axenic medium and on bacterial 

lawns (Loovers et al, 2003). Later it was found out that the phagocytic cup of cells lacking 

Dd5P4 is able to form upon the contact with a yeast cell but unable to close (Loovers et al, 

2007). The importance of PIP3 for phagocytosis is also supported by the finding that this lipid 

is required for the activation of the monomeric GTPase RacG (previously discussed) which 

positively regulates particle uptake. Consequently, the inactivation of PI3K with a specific 

inhibitor (LY294002) abolishes the positive effects of RacG (Somesh et al, 2006). All these 

observations indicate that a proper function of the uptake machinery requires a tight 

regulation between the levels of PIP3 and PIP2, and therefore a perfect interplay between 

phosphoinositol kinases and phosphatases at the sites of uptake. 

 

Besides phosphoinositol kinases, other kinases are required for the regulation of the uptake 

machinery. The activity of class I myosins (discussed further) is regulated by kinases of the 

PAK (p21-activated kinase) family that are in turn regulated by small GTPases of the rho 

family. PakB (p21-activated kinase B), previously known as “myosin I heavy chain kinase”, is 

a member of the PAK family that participates in the regulation of particle and fluid-phase 

uptake (de la Roche et al, 2005). PakB phosphorylates the Ser/Thr residues at the TEDS site 
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in the motor domains of all seven class I myosins in Dictyostelium (Kollmar, 2006). This 

kinase accumulates at macropinocytic crowns and phagocytic cups where it is thought to 

associate with small GTPases. Yeast two-hybrid experiments revealed that PakB can 

interact with all three Rac1 members - RacB, RacC and RacF1. Loss of PakB has no effect 

on endocytosis but the over-expression of an active form of this kinase increases the rates of 

particle and fluid-phase uptake (de la Roche et al, 2005). Recently, PakB was implicated in a 

phagocytosis regulating circuit together with the myosin motor MyoK and Abp1 (actin binding 

protein 1) (Dieckmann et al, 2010). MyoK is phosphorylated by PakB resulting in a positive 

regulation of phagocytosis, whereas the binding of Abp1 negatively regulates PakB and 

MyoK and consequently abolishes the positive effects on particle uptake. Therefore, it was 

proposed that MyoK and Abp1 are restricted to antagoniostic regulatory roles during 

phagocytosis and together with PakB they act as a circuit switch, regulating the efficiency of 

the uptake of large particles. 

 

1.3.2 The internalization process: cytoskeletal response  

 

When an extracellular signal elicited by the attachment of a particle to a membrane receptor 

reaches the cell interior, the cytoskeletal machinery is activated resulting in a burst of actin 

polymerization that pushes the plasma membrane towards the engulfment of the particle. 

Such events are regulated by a sophisticated machinery consisting of actin and many actin-

interacting proteins including nucleation complexes, monomer binding proteins, crosslinking 

proteins, severing proteins, capping proteins, membrane anchors and molecular motors 

(Eichinger et al, 1999; Riviero, 2008).  

The main component of the actin nucleation machinery is the seven subunit Arp2/3 complex. 

In vivo studies using GFP fusions revealed a lot about the dynamics of the Arp2/3 complex 

during endocytosis. This complex is recruited within seconds from the cytoplasm to the sites 

of phagocytosis and macropinocytosis, and later to the border of the extending phagocytic 

cup where it remains until the complete membrane sealing around the particle or an aliquot 

of medium is achieved. The complex disassociates from the newly formed endosome, 

coinciding with the rapid endosomal acidification, and re-associates at later post-lysosomal 

stages (Insall et al, 2001). The main role of Arp2/3 is to nucleate actin branches on existing 

filaments. It remains attached to the pointed end of the filaments, allowing the progression of 

a branched network of actin underneath the plasma membrane (Riviero, 2008). 

The activation and assembly of Arp2/3 requires nucleation-promoting factors of the 

WASP/Scar family and the “capping protein Arp2/3 and myoI linker” (CARMIL). Both WASP 

(Wiskott-Aldrich syndrome protein) and Scar, the Dictyostelium homologue to the 

mammalian WAVE, are positive regulators of phagocytosis (Seastone et al, 2001; Myers et 
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al, 2005). They share a central proline rich region which can bind to Src homology 3 (SH3) 

domains of a variety of proteins, followed by a C-terminal region composed of one WASP 

homology 2 (WH2) domain that binds to actin monomers, and finally an acidic region that 

interacts with Arp2/3. In mammalian cells the roles of WASP are well investigated and they 

include the regulation of endocytic events. It was shown that WASP is recruited to nascent 

FcγR-mediated phagocytic cups where it induces actin polymerization by linking upstream 

signals to the activation of the Arp2/3 complex (Takanawa and Suetsugu, 2007). 

Dictyostelium WASP was attributed important regulatory roles during motility and chemotaxis 

but little is known about its involvement in phagocytosis. Dictyostelium WASP is able to bind 

PIP2 and PIP3 in vitro and it has been demonstrated that the interaction with PIP3 is important 

for proper localization of WASP to the leading edge during chemotaxis (Meyers et al, 2005). 

Considering that PIP3 marks nascent phagosomes (Dormann et al, 2004; Gerisch et al, 

2009), it is possible that WASP is also recruited to these sites during uptake. Yeast two-

hybrid and FRET experiments revealed that WASP can bind to RacC, which has been shown 

to stimulate actin polymerization in a WASP-dependent manner in cell-free systems (Han et 

al, 2006) and play a positive regulation role in phagocytosis (Seastone et al, 1998). This data 

suggest that WASP may participate in the regulation of endocytic events in similar ways as it 

does for chemotaxis. 

Unlike WASP, the roles of Scar in endocytosis have been extensively investigated. Cells 

depleted of Scar exhibit severe reduction of phagocytosis by 80% and fluid-phase uptake by 

40%. These mutants are comparable to cells treated with cytochalasin A (an actin 

polymerization blocker). In both cases the levels of F-actin are reduced by 50% and 

macropinocytic crowns are absent from the cell surface. It was suggested that Scar regulates 

actin polymerization and plays important roles in several steps of the endocytic membrane 

trafficking, including phagocytosis, macropinocytosis and the later stages of the endocytic 

pathway (Seastone et al, 2001).  

A further nucleating factor is the 116 kDa protein CARMIL which has been identified in a 

search for proteins interacting with class I myosins MyoB and MyoC, which are known to be 

involved in phagocytosis. Besides binding to the SH3 domain of the motors and to actin 

monomers, immuno-precipitation experiments revealed that CARMIL can also bind the 

Arp2/3 complex and both subunits of the capping protein (CP). In the cell CARMIL is found at 

dynamic actin-rich extensions like macropinocytic crowns and its depletion decreases the 

macropinocytic activity by almost 2-fold (Jung et al, 2001).  

Beyond nucleating factors, Arp2/3-mediated nucleation is tightly regulated by coronin. This is 

a protein of the WD repeat family and a conserved regulator of the actin cytoskeleton. In 

yeast and mammalian cells coronin has been involved in inhibition of the nucleation activity 

of the Arp2/3 complex (Uetrecht and Bear, 2006) and it seems to function in the same way in 
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Dictyostelium (Clarke et al, 2006). Coronin-GFP is enriched in phagocytic cups upon particle 

attachment, playing important roles during the uptake process. Cells lacking coronin exhibit 

marked defects in particle and fluid phase internalization (Maniak et al, 1995).  

 

Other proteins are responsible for the maintenance and regeneration of unpolymerized actin 

monomers, making them available for filament growth.  

Profilin is one the best characterized actin binding proteins of this class. It binds actin 

monomers and catalyzes the exchange of ADP bound to G-actin for ATP. In Dictyostelium 

profilin co-localizes with actin at nascent phagosomes (Lee et al, 2000). The disruption of 2 

of 3 known profilin genes of Dictyostelium – I and II – causes defects in uptake and transit of 

fluid-phase, but surprisingly increases particle uptake (Temesvari et al, 2000). The reason for 

these opposite effects on particle and fluid-phase uptake mechanisms is still unclear.  

The regeneration of actin monomers for de novo polymerization also requires severing 

proteins, which facilitate the disassembly of old filaments with subsequent release of actin 

monomers. Cofilin plays here an important role as it is known to bind and sever actin 

filaments at their pointed ends (Aizawa et al, 1996). The consequences of a cofilin mutation 

in Dictyostelium have never been analyzed, since the isolation of a mutant lacking this 

protein was so far unsuccessful. However, the importance of cofilin for endocytosis is 

suggested by the localization of GFP-cofilin at nascent phagocytic cups and newly formed 

macropinosomes (Aizawa et al, 1997) as well as by the experiments with DAip1 (Konzok et 

al, 1999). DAip1 is known to enhance the severing activity of cofilin in vitro (Aizawa et al, 

1999). Like GFP-cofilin, GFP-DAip1 localizes to nascent phagocytic cups where it remains 

up to 1 min after the particle engulfment. DAip1 mutants exhibit multiple cytoskeleton 

associated defects including impaired phagocytosis and macropinocytosis. On the other 

hand, the over-expression of DAip1 increases phagocytosis of yeast particles but has no 

effect on fluid-phase uptake (Konzok et al, 1999). 

 

Proper actin dynamics also requires capping proteins. They regulate how far an actin 

filament grows by capping the barbed end and thus preventing further addition or loss of 

monomers. Dictyostelium capping protein (CP; Cap 32/34) consists of 2 subunits encoded by 

different genes (Schleicher et al, 1984). It was shown that CP is the major regulator of the 

number of free barbed ends and contributes to the termination of actin polymerization during 

chemotaxis (Hug et al, 1995). The requirement of capping proteins for phagocytosis was 

demonstrated in macrophages, where the lack of CP decreases the efficiency of particle 

uptake (Witke et al, 2001). Although there is no information about the importance of the 

capping protein for endocytosis in Dictyostelium, it has been reported that cells under-
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expressing this protein exhibit defective growth both in nutrient medium and bacterial 

suspension (Haus et al, 1991).  

 

The stabilization of the three-dimensional actin networks or dense packed bundles is carried 

out by actin cross-linking proteins such as ABP34, fimbrin and filamin. Although the lack of 

these proteins does not always affect phagocytosis, they are all recruited to dynamic F-actin 

regions (Rivero, 2008). 

 

Another important class of actin binding proteins are the ones establishing the connection 

between the cytoskeleton and the plasma membrane. Talin is a component of focal 

adhesions in metazoan cells that links integrins with the actin cytoskeleton (Critchley, 2005). 

Talin accumulates at phagocytic cups during (Fc and complement) receptor-mediated 

endocytosis in macrophages (Lim et al, 2007). Although such observations were not reported 

in Dictyostelium, a GFP tagged actin-interacting fragment of Talin was shown to be enriched 

at the base of phagocytic cups and macropinocytic crowns (Weber et al, 2002). Furthermore, 

Dictyostelium cells lacking TalA are defective in adhesion to particles and substrate and 

consequently the particle internalization is negatively affected. Consistently macropinocytosis 

is unaffected by this mutation since it is an adhesion-independent process (Niewohner et al, 

1997). Interestingly, TalA co-immuno-precipitates with the molecular motor MyoI. The 

depletion of MyoI leads to the same phenotype as the talA mutant, suggesting that these 

proteins need each other for formation and stabilization of adhesion complexes (Tuxworth et 

al, 2005). A possible membrane anchor for this adhesion complex might be provided by 

SibA, because cells lacking SibA behave in a similar way as the talA mutant and immuno-

precipitation experiments revealed direct interaction between SibA and talin (Cornillon et al, 

2006). 

 

Finally, we come to the molecular motors. They convert the energy of ATP into movement, 

which is essential for many cellular processes, including endocytosis. Dictyostelium has one 

conventional and 12 unconventional myosin heavy chains along with up to eight light chains 

(Kollmar, 2006). There are several evidences linking Dictyostelium unconventional (class I) 

myosins to endocytosis and membrane traffic. For instance, disruption of MyoB (refers only 

to the heavy chain) as well as MyoC causes up to 40% reduction in particle uptake, without 

affecting the internalization of fluid-phase (Rivero, 2008). Interestingly, over-expression of 

these myosins leads to a severe defect in fluid-phase uptake (Novak and Titus, 1997; Dai et 

al, 1999). MyoB was also implicated in the recycling of membrane components from early 

endosomes to the plasma membrane (Neuhaus and Soldati, 2000). Another class I myosin - 

MyoK - was involved in the regulation of cortical tension. Instead of a typical cargo binding 
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tail domain, this motor has virtually no tail and ends in a prenylation motif, responsible for the 

targeting of the protein to the plasma membrane. Furthermore, MyoK has an additional F-

actin-binding site inserted in its motor domain and contains poly-L-proline motifs that allow 

interaction with SH3 domains of diverse proteins. Therefore, MyoK is regarded as an actin 

crosslinker at the dynamic regions of the cortical actin network. The lack of MyoK results in a 

drop of cortical tension, originating excessive lamellipodia-like membrane ruffling. On the 

other hand, an over-expression of this myosin increases the cortical tension. Interestingly, 

particle uptake is reduced both in the over-expressing cells as well as in the knock-out cells 

(Schwarz et al, 2000), suggesting that the proper recruitment of this myosin is very important 

for the uptake processes. Intriguingly, a recent study showed that MyoK over-expression in 

myoK-null background actually increased phagocytosis above wild-type levels (Dieckmann et 

al, 2010).  

Besides movement and crosslinking, myosins are also important for cellular adhesion. This is 

the case of MyoI which was previously regarded as a model for class VII myosins but 

recently classified as an “ancestor myosin” (Kollmar, 2006). MyoI is involved in Ca2+-

dependent cell-cell adhesion, substrate adhesion and phagocytosis (Titus et al, 1999; 

Tuxworth et al, 2001). The depletion of MyoI leads to similar phenotypes to the ones reported 

for the talin-null mutants. Therefore, MyoI was suggested to participate in the formation of 

links between plasma membrane receptors with the cytoskeleton (Tuxworth et al, 2001). 

 

1.3.3 The endocytic pathway: early events 

 

When the membrane protrusions fuse around the particle, it becomes membrane sealed and 

enters the cytoplasm as a newly formed actin-coated phagosome. The actin-coated 

phagosome is then pushed away from the cell cortex into the cytoplasm by means of an actin 

propelling mechanism, where Arp2/3-dependent actin polymerization distances the 

phagosome from the cell cortex (Clarke et al, 2006; Clarke and Maddera, 2006). 

After internalization, the phagosome must undergo several maturation stages to become a 

low-pH, hydrolase-rich killing device, capable of degrading the ingested particle. The 

maturation occurs by means of delivery and recycling of different sets of proteins to and from 

the phagosome, concomitant with a gradual degradation of the endocytosed material. 

Delivery and recycling of phagosomal components require fusion and fission events with 

carrier vesicles. In order to enable this exchange, the newly formed endosome must first get 

rid of its cytoskeletal coat. Indeed, following the dynamics of coronin-GFP during 

internalization, it could be shown that the coat is lost at approx. 1 min after internalization 

(Maniak et al, 1995; Hacker et al, 1997). Similar dynamics are exhibited by other coat 

components like GFP-actin (Peracino et al, 1998), GFP-ABD (actin binding domain from 
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ABP120) (Rupper et al, 2001; Lee and Knecht, 2002), GFP-DAip1 (Konzok et al, 1999) and 

GFP-Arp3 (Insall et al, 2001). Directly after the dissociation of the actin-coat, the early 

endosome associates with microtubules (Lu and Clarke, 2005), which are involved both in 

the endosomal movements as well as in the enhancement of fusion events (Clarke et al, 

2002a). 

The rapid acidification is accomplished by Vacuolar H+ATPases (Padh et al, 1991), which 

progressively and continuously accumulate at the endosomal membrane after actin 

dissociation (Clarke et al, 2002b). Internalization of a pH-sensitive fluid-phase marker 

revealed that endosomal acidification occurs within 50-60 seconds after uptake, as result of 

fusion events (Maniak, 2001, 2003).  One possible way for proton pump recruitment seems 

to occur by recycling from older, vacuolar H+ATPase containing endocytic compartments to 

the early endosomes. It was observed that vacuolar H+ATPase containing endosomes 

cluster around a fresh phagosome approx. 90 seconds after internalization and fuse to it in 

the subsequent minutes (Clarke and Maddera, 2006). The acidification peak is reached 

around 15 minutes after internalization. Although it was postulated that the minimum pH 

values range between 4,5 and 5 (Padh et al, 1993), a recent study based on flow cytometry 

analysis, revealed that lysosomal pH may drop down to extreme values below 3,5 (Marchetti 

et al, 2009). The importance of the proton pumps and proper acidification of endosomal 

compartments for a successful digestion, were clarified upon altering the expression of one 

of its subunits. Interfering with the expression of the 100 kDa VatM subunit resulted in a 

substantial reduction of phagocytic rates and prolonged endosomal transit time (Liu et al, 

2002). In a similar way, the inhibition of the vacuolar H+ATPase with concanamycin A (CMA), 

increased the pH of endo-lysosomal compartments and negatively affected both the fluid-

phase and the particle uptake. CMA treatment also affected the endocytic transit and 

delayed the exocytic events (Tamesvari et al, 1996). 

The endosomal uncoating is also followed by recycling events, where membrane proteins 

are sorted into small vesicles and transported back to the plasma membrane. Such sorting is 

the fate of the membrane protein p25 (Ravanel et al, 2001), which is rapidly recycled to the 

plasma membrane. It was later shown that p25 is recycled in a clathrin-dependent manner, 

as the disruption of a subunit of AP-3 (adaptor protein 3) led to mislocalization of p25 to late 

endocytic compartments instead of a rapid recycling back to the plasma membrane (Charette 

et al, 2006). Recycling events are also regulated by actin-based molecular motors, such as 

MyoB (Neuhaus and Soldati, 2000). 

When the early endosome becomes acidified, it turns into an endo-lysosome where the 

digestion of the endocyted material starts. The digestion occurs in a stepwise manner, by 

time-resolved delivery and recycling of different sets of lysosomal enzymes. Souza et al 

(1997) could show that two sets of lysosomal enzymes carrying different carbohydrate 
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modifications have different delivery kinetics. 3 minutes after internalization, vesicles 

containing enzymes characterized by an N-acetylglucosamine-1-phosphate (GlcNAc-1-P) 

modification linked to their serine residues, such as cysteine proteases, are delivered to the 

maturing phagosome. This could be the case of proteinase-1, which is expressed exclusively 

in cells growing on bacteria and therefore important for bacterial degradation (Souza et al, 

1995). A second set of enzymes characterized by a mannose-6-phosphate modification 

(Man-6-P), such as α -mannosidase and β -glucosidase, are delivered to the phagosome 15 

minutes after internalization. These different sets of enzymes are rarely found together in the 

same compartment, suggesting that there are recycling events responsible for removing the 

first set of enzymes before the second set arrives. Interestingly, this was only true for 

bacteria containing endosomes but not for latex beads or fluid-phase. In the last two cases 

both sets of enzymes co-localized within 3 minutes after internalization (Souza et al, 1997), 

suggesting a specific regulation of enzymatic segregation according to the nature of the 

ingested material. Gotthardt et al (2002) observed different recruitment/recycling kinetics for 

CP34 and cathepsin D. CP34 is a member of the cysteine protease family and cathepsin D is 

a protease bearing a mannose-6-sulfate (Man-6-SO4) modification, also known as common 

antigen 1 (Journet et al, 1999). CP34 is recruited to the phagosome at early stages while 

cathepsin D is delivered at later time points concomitantly with the retrieval of CP34 

(Gotthardt et al, 2002). Other enzymes, such as the lysozyme AlyA or the esterase Gp70, 

seem to define specific stages of phagosomal maturation. AlyA characterizes a compartment 

absent of enzymes carrying Man-6-SO4 or GlcNAc-1-P modifications (Müller et al, 2005) and 

the esterase Gp70 is thought to be delivered to the phagosome by Gp70-rich esterosomes at 

later stages. Most likely, this delivery occurs prior to re-neutralization, since an optimal 

esterase activity for Gp70 lies around pH 6-7 (Yuan and Chia, 2000). 

Gotthardt et al, (2006) used 2D electrophoresis and mass spectrometry to dissect the 

constituents of phagosomes isolated at different maturation stages. The fingerprinting of 

phagosome maturation revealed an astonishing interplay between recruitment and retrieval 

of proteins to and from the phagosome along its progression in the endocytic pathway. 259 

proteins were identified as specific constituents of newly formed endosomes (pulse/chase 

time: 5’/0’), because they were lost in further stages. This value reflects the fact that newly 

formed phagosomes contain many proteins derived from the plasma membrane along with 

newly recruited phagosomal proteins. Almost half of the entire protein pool was lost within 10 

minutes, reflecting the amounts of proteins subjected to early recycling events and loss of the 

actin coat. With each time point (5’/0’, 15’/0’, 15’/15’, 15’/45’ and 15’/105’), the phagosomes 

gained an average of 185 new proteins and lost 291, indicating to a general protein decrease 

along the maturation. In the last stages (15’/165’) the values were again slightly increased, 

correlating with the recruitment of the cytoskeletal machinery. Only 12% of all proteins 
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remained detectable trough all time points. Mass spectrometry analysis revealed that most of 

the detected proteins (37%) were related to energy, transport and metabolism. These were 

followed by proteins involved in membrane traffic (12%), signal transduction (9%) and 

cytoskeleton organization (7%). As expected, a large collection of small GTPases as well as 

several subunits of the heteromeric G-protein were found associated to the phagosomes. 

The coordination of membrane trafficking between intracellular organelles is known to be 

regulated by small GTPases of the rab-family that act as molecular timers (Pfeffer, 2001). 

They are small weight (20-25 kDa) molecular switches, cycling between active and inactive 

states and serving as scaffolds to integrate both membrane traffic and intracellular signalling 

in a temporally and spatially sensitive manner (Schwartz et al, 2007). Among other 

processes, these molecular switches are responsible for the diversified molecular 

composition of endosomes through the coordination of fusion (delivery) events. The best 

characterized GTPase associated to endosomes in Dictyostelium is Rab7. It localizes to 

early and late yeast-containing phagosomes (Rupper et al, 2001) and has been 

demonstrated to play an important role in the regulation of uptake events and membrane 

trafficking in the endocytic pathway (Buczynski et al, 1997b). Rab7 associates with the 

membrane of early endosomes, concomitantly with the delivery of the vacuolar H+ATPases 

(Rupper et al, 2001). Cells over-expressing a dominant negative version of Rab7 are less 

effective in the uptake of particles and fluid-phase, probably due to the altered composition of 

endo-lysosomal compartments. These cells exhibit a delayed delivery of α-mannosidase and 

LmpA (lysosomal integral membrane protein) to the endo-lysosomal compartments, but 

normal delivery of cysteine proteases (carrying GlcNAc-1-P modifications) and proton pumps 

(although pH is aberrant). These observations suggest that Rab7 regulates fusion of vesicles 

that primarily contain hydrolases (carrying Man-6-P modifications) and LmpA (Rupper et al, 

2001).  

RabD and Rab21 were also involved in the regulation of phagosome maturation. RabD is a 

Rab4-like GTPase found associated with phagosomes and to the contractile vacuole network 

(Bush et al, 1994). The over-expression of an active form of this GTPase increases 

phagocytosis by 2-fold and enhances phagosome fusion (Harris and Cardelli, 2002). 

Similarly, the expression of a constitutively active form of Rab21 promotes higher rates of 

phagocytosis, but an association to phagosomal membranes could not be demonstrated 

(Khurana et al, 2005). 

Another important class of proteins that mediate the fusion of carriers with their appropriate 

receptor compartment are known as SNAREs (soluble N-ethimaleimide-sensitive fusion 

protein attachment protein receptors). Compatible SNAREs form a tight trans-SNARE 

complex consisting of three t-SNAREs (on target membranes) and one v-SNARE (on the 

donor vesicle), bringing opposing lipid bilayers into proximity as an onset of the fusion. 
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Bogdanovic et al (2000) identified a t-SNARE (syntaxin7) present on endosomal 

compartments in Dictyostelium and demonstrated that the blocking of this SNARE with 

specific antibodies inhibits endosome fusion in vitro. Co-immuno-precipitation experiments 

based on the previous finding revealed that the t-SNARE syntaxin7 forms a complex together 

with two co-t-SNAREs Vti1 (Vps10p tail interactor 1) and syntaxin8, and the v-SNARE 

VAMP7 (vesicle-associated membrane protein 7). These findings led to the suggestion that 

VAMP7 is present on vesicles containing lysosomal enzymes and the Syntaxin7-Vti1-

Syntaxin8 complex resides on the target endosomes. Interestingly, the amounts of all these 

SNAREs were reported to be much lower in lysosomal compartments than in early 

endosomes, indicating active recycling mechanisms (Bogdanovic et al, 2002). 

 

1.3.4 The endocytic pathway: re-neutralization and exocytosis 

 

When the digestion reaches an advanced stage, the endosomal compartments are re-

neutralized prior to re-coating and exocytosis. The re-neutralization is characterized by the 

recycling of vacuolar H+ATPases from the endo-lysosomal compartments by budding (Clarke 

et al, 2010). The recycling sites are marked by the patchy distribution of the GTPase 

dynamin, known to be responsible for pitching-off membranes during fission events (Wienke 

et al, 1999). Whilst the maximal acidity (pH 3,5-5) is archived around 15-20 min after 

internalization, the re-neutralization (pH 6-6,5) starts taking place after 30 min (Aubry et al, 

1993; Padh et al, 1993). This is followed by homotypic endosome fusion events, resulting in 

large post-lysosomal vacuoles. It was demonstrated that these fusion events depend on 

PI3K and its downstream PH domain-containing effector PKB. Both PI3K and PKB depleted 

cells are defective in re-neutralizing endosomal compartments and building large post-

lysosomal vacuoles. Interestingly, homotypic endosomal fusion could be rescued with an 

artificial increase of endosomal pH. Therefore, PI3K seems to be involved in the regulation of 

endosomal pH and homotypic endosomal fusion, through a PKB dependent pathway 

(Rupper et al, 2001). 

The large neutral post-lysosome becomes surrounded by an actin coat that includes the 

Arp2/3 complex (Insall et al, 2001) and coronin (Rauchenberger et al, 1997). Scar seems to 

be very important at this stage, since the late endosomes of Scar-null cells lack the actin coat 

(Seastone et al, 2001). Rauchenberger et al (1997) showed that coronin, which is recruited 

together with F-actin to post-lysosomal compartments, is gradually replaced by vacuolin as 

the endosome matures but the actin coat remains. After replacing coronin, vacuolin remains 

associated to the endosomes until these are completely exocyted, originating patches of 

vacuolin at the cytoplasmic side of the plasma membrane, marking the sites of exocytosis 

(Jenne et al, 1998). One possible function of the endosomal actin coat is to prevent vesicle 
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fusions at these late stages. Using a hybrid protein comprising vacuolin B (for targeting to 

late endosomes) and cofilin (for severing of actin filaments), it was demonstrated that the 

loss of the actin coat at the late stages leads to vesicle aggregation. However, there were no 

marked effects on the endocytic traffic (Drengk et al, 2003). Vacuolin B is a protein that 

marks late post-lysosomal compartments and seems to be involved in the prevention of late 

endosome fusion. Cells lacking vacuolin B exhibit giant post-lysosomal vacuoles and the 

release of fluid-phase marker is severely delayed - by over 60 minutes (Jenne et al, 1997).  

In wild type cells, the exocytosis of endosomal contents, including indigestible material and 

lysosomal enzymes such as α -mannosidade and β -glucosidade (Dimond et al, 1981), is 

observed around 60-90 minutes past internalization (Aubry et al, 1993; Rauchenberger et al, 

1997; Jenne et al, 1998). Recent reports, based on single phagosome observations, suggest 

even shorter periods between re-neutralization and exocytosis. The shortest time reported 

between removal of proton pumps, re-neutralization and exocytosis was only about 10 

minutes, half of which was required only for the retrieval of proton pumps (Clarke et al, 

2010).  

Visualization of actin dynamics during exocytosis revealed that once a post-lysosome 

becomes weakly surrounded by actin, it can dock to the plasma membrane as an onset of 

exocytosis. The docking is accompanied by actin polymerization, which seems to be tightly 

followed by membrane fusion and release of endosomal contents into the surrounding 

medium. The release of endosomal content is escorted by further actin polymerization, 

followed by rapid contraction of the actin cytoskeleton around the vesicle (Lee and Knecht, 

2002). The importance of the actin cytoskeleton for exocytosis has been elucidated by 

treating cells with the barbed-end blocking drug cytochalasin or the monomer sequestering 

drug latrunculin. In both cases, exocytosis was inhibited in a dose dependent manner 

(Rauchenberger et al, 1997; Drengk et al, 2003). Also small Rac GTPases are thought to 

play important roles during exocytosis through the regulation of the actin cytoskeleton. 

Although no such candidates have been so far identified, Strehle et al (2006) characterized 

Trix, a Rac-GEF (guanidine-nucleotide exchanging factor) with the ability to bind and bundle 

actin filaments. Trix accumulates at the dynamic cortical regions and exhibits strong 

enrichment at post-lysosomal compartments. The depletion of Trix severely affected 

exocytosis of fluid-phase marker, indicating that the activation of Rac GTPases is required 

for exocytosis. 
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1.4 Delivery of lysosomal proteins to lysosomes 

 

In mammalian cells, a typical soluble hydrolase is translated into the ER, due to the presence 

of a typical N-terminal signal peptide consisting of 15-35 mostly hydrophobic amino acids. 

The signal peptide is recognized by a signal recognition particle (SRP), which targets the 

entire translation complex to the ER membrane where it binds to a SRP receptor. In this way 

the protein undergoes a co-translational translocation into the ER with subsequent cleavage 

of the signal peptide. This is, for instance, the case of cysteine proteinases which are 

synthesized in a pre-pro-form, where the pre-peptide serves as a target for translocation into 

the ER and is cleaved during this process (Turk et al, 2000). In the ER, the translated protein 

is folded and acquires mannose-rich oligosaccharide side chains. This is followed by 

transport to the Golgi, where the N-linked oligosaccharides are phosphorylated to Man-6-P. 

The Man-6-P modification is then recognized by mannose-6-phosphate receptors (MPRs) 

which transfer the enzyme from the trans-Golgi to the endosome in a clathrin-dependent 

manner. The exit from the trans-Golgi requires the heterotetrameric adaptor protein-1 (AP1) 

Fig. 1.4  – Overview of the endocytic pathway in D. discoideum  (Maniak, 1999a). The uptake process starts at the plasma 

membrane by recruitment of actin and actin interacting proteins such as coronin (green). 1 minute past internalization the 

endosome loses the actin coat, allowing fusion and fission events that are regulated by small monomeric GTPases. The 

consequence  is a rapid acidification of the endosomal lumen, caused by recruitment of proton pumps (PP) (pH values indicated 

by the bar: red=acidic; yellow=neutral). The acidified endo-lysosome is now ready to recieve lysosomal enzymes, which 

catalyze the degradation of endocytosed material. The lysosomal enzymes stemming from the Golgi are delivered with different 

kinetics to the maturing endo-lysosome. The first set of delivered enzymes is characterized by a GlcNAc-1-P modification (LE1). 

These enzymes are recycled prior to delivery of the second set of enzymes, characterized by a Man-6-SO4 modification (LE2). 

After 30-40 minutes, the endosome is re-neutralized by recycling of the proton pumps and regains a coronin-positive actin coat. 

The post-lysosomal compartment continues its maturation as coronin is gradually replaced by vacuolin (brown), which remains 

associated to the endosome until exocytosis. Approx. 60 minutes after uptake, the neutral content of the endosome, including 

some lysosomal enzymes and undigested particles, is released into the surrounding medium. 
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and monomeric adaptors known as GGAs (Golgi-localized γ-ear-containing, ADP ribosylation 

factor-binding proteins) (Doray et al, 2002). After fusion of the carrier vesicles with the 

endosome, the MPRs release the hydrolases as a result of the decrease of luminal pH. This 

allows the receptors to be recycled back to the trans-Golgi network (TGN) and the 

hydrolases continue onwards to lysosomes (Luzio, 2007).  

The biosynthesis of lysosomal enzymes in Dictyostelium is similar to that in mammalian cells. 

In Dictyostelium, the acidic hydrolases are known to have different N-linked oligosaccharide 

modifications like Man-6-P, Man-6-SO4 of GlcNAc-1-P. However, no homologues for MPRs 

have been yet identified in this organism (Cardelli, 1993) and the oligosaccharide 

modifications are not necessarily required for the correct sorting of the enzyme. For instance, 

the Man-6-SO4 modification does not seem to participate in sorting of the enzymes, because 

α-mannosidase and β -glucosidase are sorted normally in a mutant unable to add the 

respective sulphate residues (Cardelli et al, 1990). Nevertheless, clathrin heavy chain and 

AP1 have been shown to play important roles in the transport of lysosomal enzymes from the 

TGN to the lysosomes (Ruscetti et al, 1994; Lefkir et al, 2003). The existence of parallel, 

clathrin-independent secretion mechanisms is suggested by the normal secretion of acid 

phosphatase in clathrin-null cells (Ruscetti et al, 1994). Finally, considering that most soluble 

hydrolases are delivered to the lysosomes as precursor polypeptides, the low pH seems to 

be important for the proteolytic processing of these precursors, in order to end up with a 

mature (active) enzyme (Cardelli et al, 1998). 

 

 

1.5 Two endosomal enzymes involved in communication with the uptake machinery 

 

In free-living amoebae phagocytosis is the main route of nutrient uptake. To produce small 

metabolites from the endocytosed macromolecules, cells require a complex digestion 

machinery composed of different sets of lysosomal enzymes, which are recruited at different 

phagosomal maturation stages. This results in enormous heterogeneity between 

phagosomes within a single cell. Griffiths (2004) proposed that each phagosome is an 

individual compartment with an individual molecular composition that signals into the 

cytoplasm. Interestingly, previous studies on Dictyostelium could show that mutants lacking 

one component of the degradation machinery or over-expressing another, compensate by 

increasing the rates of food uptake. These enzymes are the lysozyme AlyA and the esterase 

Gp70. 
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1.5.1 Amoeba lysozyme A – AlyA 

 

A common but not universal feature of bacterial cell walls is the presence of peptidoglycan 

(PG). These polymeric molecules, built of sugar and amino acids, are responsible for cellular 

protection and shape-maintenance of the wall. They are three-dimensional net-like polymers 

linked together by three different chemical bonds – glycosidic, amide and peptide (Shockman 

et al, 1996). 

Lysozymes are the enzymes that hydrolyze the beta-glycosidic linkage between N-

acetylmuramic acid and N-acetylglucosamine in the PGs of bacterial cell walls. The 

disruption of the PG network leads to a loss of cell wall stability and consequent cell lysis due 

to high pressure caused by osmotic differences. Lysozymes are found in all kinds of 

organisms and they are mainly involved in the defence against pathogens. For instance, the 

lysozyme M isoform in mice is the major lysozyme isoform and responsible for bacteriolytic 

activity in the lung. Homozigous mutants lacking the M isoform become much more 

susceptible for Klebsiella pneumoniae infection comparing to wild-type mice, while mutants 

over-expressing this isoform showed a 9-fold increase in bacterial killing activity, enhancing 

the survival of these transgenic mice (Markart et al, 2004). 

Unlike most organisms, Dictyostelium is very well equipped with lysozymes. Free-living 

amoebae need a large armament of digestive enzymes for bacteria as main source of 

nutrition and for protection against intracellular pathogens. Genetic analysis revealed 11 

genes coding for possible lysozymes, divided into four classes: two of the bacteriophage T4-

type, three C-type chicken egg-white homologues, two genes related to unconventional 

lysozymes characterized in Entamoeba histolytica and a novel class of four lysozymes 

termed Aly (A-D) (Müller et al, 2005). The last class has been recently characterized as a 

novel family of lysozymes, according to phylogenetic divergence from other known 

lysozymes. The isolation of the main isoform of this new class – AlyA – revealed that this 

enzyme possesses a typical lysozyme activity. The purified enzyme successfully degraded 

bacterial walls of M. luteus with an optimum pH between 4,5 and 6. AlyA could only inhibit 

the growth of Gram-positive bacteria like B. subtilis and B. megaterium, but not Gram-

negatives like E. coli or S. aureus. This is consistent with the fact that AlyA breaks 

peptidoglycan which is the major cell wall constituent of Gram-positives, suggesting that the 

degradation of the outer cell wall of Gram-negative bacteria is carried out by other lysozymes 

in Dictyostelium. AlyA has been shown to localize to numerous small cytosolic vesicles 

dispersed in the cytosol. These vesicles seem to define new lysosomal compartments, 

because they did not co-localize with Gp70-rich esterosomes and were devoid of enzymes 

carrying Man-6-SO4 and GlcNAc-1-P modifications. Furthermore, AlyA-GFP transiently 

accumulated in latex beads-containing phagosomes (Fig. 1.5), indicating that it is involved in 
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the degradation of endocytosed material. To get further insight into the functions of AlyA, 

Müller et al (2005) isolated mutants where the gene coding for AlyA was disrupted by a 

resistance cassette. The lysozyme activity in these mutants was reduced by almost 60% in 

comparison to the wild-type cells. Surprisingly, cells lacking AlyA exhibited compensatory 

effects when plated on bacterial lawns. The initial plaques were only half the size of wild-type 

ones, but after 40 days of cultivation the differences disappeared and the plaques kept 

getting larger, stabilizing their diameter at 180% of the wild-type after 3 months. The increase 

in plaque size was reflected in the phagocytic activity of AlyA-null cells, which was increased 

by almost 2-fold. Interestingly, the uptake fluid-phase was not affected at all in these cells 

(Müller et al, 2005).  

 

 

 

 

 

 

 

 

 

AlyA-depleted cells revealed that they are able to compensate for the defect in their digestive 

tract by increasing the phagocytic activity. This compensation implies a signalling mechanism 

that interconnects AlyA-containing endosomal compartments with the uptake machinery 

underneath the plasma membrane. To unveil this mechanism, I. Müller started looking for 

possible changes in the expression of actin interacting proteins known to be involved in the 

regulation of particle uptake as well as other lysosomal enzymes by Western blot analysis. 

Only one was found to be increased in the compensating cells, namely an esterase called 

Gp70.  

 

1.5.2 Esterase Gp70  

 

Gp70 has been first characterized by Bomblies and co-workers in 1990 as an esterase 

localizing to membrane enclosed crystalline structures termed as esterosomes. Yuan and 

Chia (2000) showed that Gp70 is recruited to phagosomes and confirmed its esterase 

activity, as purified Gp70 effectively hydrolyzed naphtyl substrates with acyl chains typical for 

lipids and lipopolysaccarides with a pH optimum between 5 and 7,5. From here, they 

proposed that Gp70 performs lysosomal functions, participating in the metabolism of 

Fig. 1.5 – AlyA is found in phagosomes. 
AlyA-GFP is found in numerous vesicles 

dispersed through the cytoplasm and in latex-

bead-containing phagosomes (Müller et al, 

2005). 
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endocytosed molecules. The pH values suggest a possible esterase function both in endo-

lysosomal and in re-neutralized post-lysosomal compartments.  

Interestingly, the over-expression of Gp70 has a positive effect on particle internalization. 

Yuan and Chia (2000) reported an increase of 22% and I. Müller (Dissertation, 2006) could 

show an increase of 40% comparing to wild-type cells. These differences are probably 

related to the different over-expression levels. However, this positive effect on particle 

internalization was not reflected on the plaque size, since the plaques of cells over-

expressing Gp70 growing on K. aerogenes lawns were only modestly increased by approx. 

10-15% in comparison to the wild-type (I. Müller, Dissertation, 2006). 

 

 

1.6 Unveiling a signalling pathway: hypothesis, strategy and a starting point 

 

It was shown that AlyA and Gp70 are constituents of endosomal compartments and both the 

depletion of AlyA as well as the over-expression of Gp70 stimulates particle internalization. 

These observations indicate that there are signalling events occurring between the 

endosomal compartments and the uptake machinery. Furthermore, Gp70 expression was 

found to be enhanced by loss of AlyA, but the lysozyme activity was not affected upon Gp70 

over-expression (I. Müller, Dissertation, 2006). It is therefore very likely that Gp70 acts 

downstream of AlyA towards increased phagocytosis. 

This provoked a hypothesis for a signalling cascade that starts with AlyA depletion, followed 

by Gp70 up-regulation and finally an enhancement of phagocytosis (Fig 1.6). Taking into 

account the distinct localization of AlyA and Gp70 as well as the spacial distance between 

endo-lysosomal compartments and the places of uptake at the plasma membrane, there 

must be intermediate proteins establishing the signaling connection from AlyA to Gp70 and 

from Gp70 to the uptake machinery.  

 

 

 

 

 

 

 

 

To identify possible candidates for the signalling mentioned above, cells lacking AlyA and 

cells over-expressing Gp70 were submitted to cDNA microarray analysis. With this gene 

expression analysis tool it was possible to identify different sets of genes which were either 

Fig. 1.6 – Possible hypothesis of the signaling between endosomal compartments and the uptake machinery. The lack 

of AlyA leads to an up-regulation of Gp70 and a subsequent increase of phagocytic activity. The questionmarks stand for 

unknown proteins involved in the signalling steps from AlyA to Gp70 and from Gp70 to the uptake machinery, which still have to 

be identified. 
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up- or down-regulated upon AlyA depletion or Gp70 over-expression (Tab. 1.1). This 

differential gene expression reveals possible candidates for the signalling pathway, affecting 

particle internalization by their misregulation. 

 

 

 

 

 

 

 

 

 

 

 

 

According to the results obtained from the cDNA microarray analysis, a set of 20 genes was 

up-regulated in cells depleted of AlyA. Since none of these 20 genes was affected in cells 

over-expressing Gp70, it is reasonable to assume that this set of genes contains 

components of the signalling between AlyA and Gp70. The gene coding for Gp70 is absent 

from this list because it was below the detection levels in the wild-type strain. Two further 

genes were detected as up-regulated in the AlyA knock-out cells, namely the genes coding 

for V4 and discoidin. Since these genes were found to behave in the opposite way in the 

Gp70 over-expressing cells, they were automatically excluded from the list. 

A very interesting result was obtained for the down-regulated genes in AlyA knock-out and 

Gp70 over-expressing cells. Both mutants exhibited an overlapping set of 8 genes. These 

are regarded as prime candidates for the signalling pathway between Gp70 and the particle 

internalization machinery. 

 

 

1.7 Aim of this work 

 

The main interest resides in the identification of the components of the signalling pathway 

that links the endocytic compartments with the uptake machinery, responsible for the 

compensatory effects seen as a result of the depletion of lysozyme. 

The analysis of the gene expression profiles of AlyA-depleted and Gp70 over-expressing 

mutants gave us a list of candidates that might be involved in the signalling steps between 

AlyA, Gp70 and particle uptake. We now expect to identify the genes that participate in the 

Tab. 1.1 - Overview of the results obtained from the cDNA micoarray analysis on AlyA-depleted and Gp70 over-
expressing cells.  The table lists exclusively significant (over 1,5-fold) up- and down-regulated genes. Known genes are 

indicated by the name of the  respective protein and unknown ones are listed by the name of the corresponding EST. The 8 

down-regulated genes found in both mutants are highlighted in bold. 
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regulation of phagocytosis by means of artificial misregulation and thus to demonstrate their 

involvement in the signalling cascade. 

We assume that the set of up-regulated genes represents the candidates for the positive 

regulation of phagocytosis and therefore, we would expect to see a positive effect on particle 

internalization if the expression of these genes would be artificially increased. On the other 

hand, the down-regulated genes are assumed to be negative regulators of phagocytosis and 

therefore, we would expect to see a positive effect on particle internalization upon their 

depletion. If we succeed to identify the genes that participate in the regulation of 

phagocytosis, we might be able to include them into the signalling pathway either from AlyA 

to Gp70 or from Gp70 to the cytoskeletal machinery that mediates internalization at the 

plasma membrane. After demonstrating the involvement of a gene in the regulation of 

phagocytosis, we want to gather further information by localizing it in the cell and finding out 

whether it influences the expression of other genes identified in the same screen.  

With this approach we expect to reconstruct at least a part of the yet totally unknown 

signalling cascade from endosomes to the uptake machinery.  
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2 Results 
 

 

2.1 Candidate genes for positive regulation of phagocytosis 

 

The cDNA microarray analysis on AlyA-depleted cells revealed a list of 20 significantly up-

regulated genes which were unaltered in cells over-expressing Gp70 (1.6). These genes 

were regarded as possible candidates for the signaling between AlyA and Gp70 and 

considered as positive effectors of phagocytosis. Because not all genes are directly involved 

in the regulation of particle uptake, we expect to identify the main players among these 20 

candidates. Furthermore, we analyzed one gene that was found up-regulated in both 

mutants, assuming that it might also be involved in positive regulation of particle uptake. 

In order to test which of these up-regulated genes participate in the signaling cascade, we 

investigated their functions by means of over-expression and localization experiments. To 

over-express a gene of interest, we cloned it into an intergrating vector containing a 

geneticine (G418) resistance, required for cell survival in the selection media. With proper 

concentrations of the antibiotic G418, it is possible to end up with transformants containing 

up to 150 copies of the resistance comprising vector (Nellen and Firtel, 1985). This makes 

the employment of geneticine resistance very useful for over-expression experiments, since 

the target gene is integrated in high-copy number together with the resistance. The genes of 

interest were over-expressed under constitutive promoters (usually actin 15 promoter – 

A15P), in order to take advantage of the abundance of the respective transcription factors in 

the cell. The same strategy was applied to over-express tagged proteins. 

In the following chapters we present the information gathered from the analysis of several 

genes, assumed to be possible candidates for positive regulation of phagocytosis. 

 

2.1.1 SSB420 

 

Ssb420 (DDB0217183 – www.dictybase.org) is a gene of 1668 bps located on the 2nd 

chromosome of D. discoideum. The gene contains 4 introns which constitute almost half of 

the sequence, reducing the cDNA to 888 bps. The translated product of this sequence is a 

32 kDa protein starting with an N-terminal signal peptide (SMART) with a predicted cleavage 

site between amino acid 20 and 21 (ProP 1.0 Server) and a transmembrane domain of 18 

amino acids next to the C-terminus (SMART - Fig. 2.1). 
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According to the cDNA microarray analysis, SSB420 is found 1,8-fold up-regulated in the 

alyA mutant. The microarray results were also validated by RT-PCR, where we could 

demonstrate higher transcript levels in the alyA mutant in comparison to the wild-type (Fig. 

2.2). The fact that SSB420 expression remained normal in Gp70 over-expressing cells (not 

shown) makes it a candidate for the signalling between AlyA and Gp70.  
 

 

 

 

 

 

 

 

 

 

2.1.1.1 Over-expression of SSB420 

 

To find out if the up-regulation of SSB420 has a positive influence on particle internalization 

and to get more insight into its relationship with AlyA and Gp70, we over-expressed 

untagged SSB420 (plasmid #544) in wild-type cells.  

After selection, positive over-expressing clones were identified via RT-PCR, in order to 

detect elevated ssb420 cDNA levels. In this way we isolated two independent SSB420 over-

expressing strains 1.1 and 2.12, with approximate over-expression levels of 2- and 3-fold, 

respectively (Fig. 2.3). 

 

 

 

 

 

 

 

 

 

Fig. 2.1 – SMART domain prediction for SSB420. The protein has a 

predicted signal peptide (red), two low complexity regions (pink) and a 

transmembrane domain (blue). 

Fig. 2.3 – RT-PCR showing increased 

ssb420 transcripts in the isolated mutants. 
The gel shows the result of a multiplex PCR 

containing mixed primers for ssb420 and for 

trxA (thioredoxin - control for cDNA amounts). 

Marker sizes are indicated on the left in bps. 

Fig. 2.2 – RT-PCR confirming SSB420 over-
expression in the AlyA knock-out.  Total RNA 

extracts from wild-type and mutant strains were 

transcribed to cDNA, which was used as a 

template for multiplex PCR. Thioredoxin is the 

control for the amounts of template cDNA used 

in the reaction. Marker sizes are indicated on the 

left in bps. 
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The isolated mutants exhibited normal axenic growth rates and wild-type-like development. 

Cell size and shape were not markedly affected by the mutation (not shown). 

 

2.1.1.2 Over-expression of SSB420 leads to increased particle internalization and 

enlarged plaques 

 

To find out if an increase of SSB420 would have a positive effect on phagocytosis, we 

started by looking at particle internalization properties of the over-expressing strains by 

incubating wild-type and mutant cells together with fluorescent yeast particles and measuring 

the intracellular fluorescence emitted by ingested yeast particles over time. 

The mutants showed increased phagocytic activity, which nicely correlated with their SSB420 

over-expression levels. Average values revealed that phagocytosis was enhanced by 

approx. 25% in mutant 1.1 and 35% in mutant 2.12 in comparison to the wild-type (Fig. 2.4). 

The quicker decline of mutant curves (after 70 minutes of incubation), may point to an 

accelerated endocytic transit where exocytosis occurs faster than the ingestion of new 

particles.  

 

 

 

 

 

 

 

 

 

 

According to these results we have shown that SSB420 acts as a positive regulator of 

phagocytosis, as its over-expression in wild-type background was enough to lead to a direct 

increase of particle internalization. 

Since particle internalization is one of the main pre-requisites for growth on bacteria, and 

both correlated in the alyA mutant, we analyzed the plaque sizes of the ssb420 mutants as 

well. For this we plated out single amoebae together with K. aerogenes and measured the 

diameters of plaques on the 3rd and 4th day of incubation. 

 

The dramatic plaque increase in mutant 1.1 was already obvious on the 3rd day. On the 4th 

day the mutant 2.12 also exhibited a clear increase of plaque size by almost 2-fold in 

comparison to AX2 (Fig. 2.5). 

Fig. 2.4 – SSB420 over-expression has a 
positive effect on particle internalization. 

Phagocytic activity is increased in the 

ssb420 mutants (red symbols) in 

comparison to the wild-type (blue symbols). 

Cells were incubated together with 

fluorescent yeast particles and the 

intracellular fluorescence emitted by 

ingested yeast was measured in 15 minute 

intervals for 2 hours (n=7). Standard 

deviations are indicated by the error bars. 
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A common feature observed in both mutants was the existence of 2 different areas within a 

single plaque. The middle area, characterized by the absence of bacteria and formation of 

fruiting bodies (like in wild type plaques), was surrounded by an outer region where the 

plaque was still partially covered with bacteria (Fig. 2.6). A similar phenotype was seen in 

Dictyostelium mutants lacking the RasS protein, a member of the ras family of small 

GTPases. These mutants gave rise to abnormally large plaques with extended feeding 

fronts, behind which the bacteria have only been partially cleared (Chubb et al, 2000). 

 

 

 

 

 

 

 

 

 
 

 

 

 

2.1.1.3 Enhanced locomotion of ssb420 mutants 

 

Following the example of the rasS mutant, where a 3-fold increase in locomotion was shown 

to contribute for the aberrant plaque size (Chubb et al, 2000), we compared the free 

locomotion of cells over-expressing SSB420 with the wild-type cells by time lapse live 

imaging. 

 

Fig. 2.5 – Abnormal plaque size of SSB420 

over-expressing cells on bacterial lawns. 
Mutant plaques (red and orange bars) were 

significantly larger that wild-type plaques (blue 

bars). Diameters of plaques originated from 

single Dictyostelium cells on K. aerogenes 

lawns were measured on the 3rd and 4th day of 

incubation. Wild-type values were set to 

100%. Each bar represents the mean values 

of 14-19 measurements in 2 independent 

experiments. Error bars show the standard 

deviations of all values (%). 

Fig. 2.6 – Abnormal plaque morphology of ssb420 mutants on K. aerogenes lawns. The SSB420 over-expressors exhibit a 

rasS-mutant-like phenotype, clearly identifiable after 4 days of incubation. The mutant plaques have a middle region where 

bacteria are totally phagocyted like in wild-type plaques surrounded by a region where bacteria are only partially eaten. 

Amplification: approx. 2-fold. 
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The SSB420 over-expressors showed increased motile activity, as most cells covered longer 

tracks in 30 minutes than the wild-type cells. It was impossible to determine migration speeds 

due to the irregular movements of mutant cells during the chasing time. Average values 

indicate that wild-type cells migrated approx. 32 micrometers, while the mutants 1.1 and 2.12 

migrated approx. 46 and 49 micrometers, respectively. Considering that the standard 

deviations for these average values were very high, we calculated the distances travelled by 

each single cell and grouped them into categories according to migration distances in order 

to get a clearer view of the differences (Fig. 2.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Like in the case of cells lacking RasS, these results could be one possible explanation for the 

abnormal plaque morphology exhibited by cells over-expressing SSB420. It is, however, still 

not clear why mutant 1.1 has a more aggravating defect than 2.12, since the locomotion 

patterns were quite similar in both strains. 

 

2.1.1.4 Ssb420 mutants have enhanced substrate adhesion 

 

In the past years, a linkage between adhesion and particle internalization has been 

uncovered in Dictyostelium. Talin-null cells, lacking the protein which links the actin 

cytoskeleton to the sites of cell-substrate adhesion, were found to be defective in substrate 

adhesion. This led to a conditional phagocytic deficiency due to a decrease of cell-particle 

adhesion in shaking cultures (Niewöhner, et al, 1997). 

Fig. 2.7 – Increased locomotion of ssb420 
mutants. Upper panels: Traces of random single cell 

movement during a 30 minutes chase give a clear 

idea of the predominance of longer routes for the 

mutant cells in comparison to wild-type cells. Cells 

were placed on coverslips together with axenic 

medium and the random motility of adhering cells was 

documented every minute.  Right panel: Quantitative 

analysis of the movement schemes. Travelled 

distances were calculated for each cell and grouped 

into different categories (for instance, 10 correspond 

to distances between 0 and 10 µm). 
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We wanted to find out if adhesive properties of cells are altered by the over-expression of 

SSB420, providing a possible explanation for the increased particle internalization. 

To study cell-substrate adhesion, we exposed adhering cells to 1 hour shaking and 

compared the amounts of detached and adhering cells for each strain. While only 40% of 

wild-type cells resisted the shaking conditions, over 70% of mutant cells remained attached, 

pointing out to clear adhesive advantages of the mutant strains (Fig. 2.8). The positive effect 

of SSB420 over-expression on cell-substrate adhesion is a reasonable explanation for the 

increased particle internalization, since the contacts with the heat-killed yeast particles in a 

shaking culture and subsequent ingestion are strongly favored by better adhesion. 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.1.5 Increased SSB420 expression has no consequence on lysozyme activity but 

a positive effect on Gp70 expression 

 

We have found out so far that SSB420 has a positive effect on phagocytosis and plaque size 

(2.1.1.2), proving its involvement in the signaling cascade. The next step was to identify the 

position of SSB420 in the signaling pathway. 

SSB420 was initially assumed to act downstream of AlyA, due to its up-regulation in the alyA 

mutant, and upstream of Gp70, as the over-expression of the crystal protein had no effect on 

SSB420 expression (cDNA microarray data). To validate this assumption we analyzed the 

effects of SSB420 over-expression on lysozyme activity and Gp70 expression. 

To compare lysozyme activities, we incubated whole cell extracts containing active lysozyme 

from the different cell lines together with M. luteus (previously lyophilized) and measured the 

degradation of bacterial cell walls over time. The obtained rates were equal for all strains 

(Fig. 2.9 – upper panel), indicating that SSB420 over-expression has no effect on lysozyme 

activity. This result confirmed the position of SSB420 downstream of AlyA in the signaling 

cascade. 

Fig. 2.8 – Increase of adhesion as a 

consequence of SSB420 over-expression. Equal 

amounts of wild-type and mutant cells, grown 

overnight in Petri dishes, were shaken for 60 

minutes and the amounts of detached cells were 

calculated. The average relative values were 

obtained from three independent experiments. 

Total cell amounts were normalized to 100% for 

each strain. The standard deviations are indicated 

by the error bars (%). 
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To find out if SSB420 acts upstream of Gp70, we compared total Gp70 amounts of wild-type 

and ssb420 mutant strains via Western blot. The expression of the crystal protein was clearly 

increased in the mutant cells and correlated with the over-expression of SSB420, as mutant 

2.12 exhibited slightly higher Gp70 levels than mutant 1.1 (Fig. 2.9 – lower panel). This 

confirms the predicted position for SSB420 in the signaling cascade, acting between AlyA 

and Gp70 towards a positive regulation of phagocytosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.1.6 SSB420 acts independently of Gp70 

 

The previous results demonstrate the involvement of SSB420 in the signaling pathway 

between endosomes and the phagocytic machinery. We have also shown that unlike 

lysozyme activity, Gp70 is positively affected by SSB420 over-expression, indicating that 

SSB420 plays a signaling role between AlyA and Gp70. We were now interested in finding 

out if the over-expression of SSB420 requires an up-regulation of Gp70 in order to have a 

positive effect on particle internalization. For this mean we decided to over-express SSB420 

in an existing blasticidine-resistant Gp70 knock-out strain created by I. Müller – Gp70KO5. 

After confirming the total absence of Gp70 via Western blot (Fig. 2.10), we transformed these 

cells with an integrating SSB420 over-expression vector – the same we used for creating the 

SSB420 over-expressor strains 1.1 and 2.12 (plasmid #544). 

 

Fig. 2.9 – Normal lysozyme activity and 

increased Gp70 expression in cells over-
expressing SSB420. A: Ssb420 mutants (red 

symbols) exhibit wild-type-like (blue circles) 

bacterial degradation rates (n=1). B: 2 x 106 

cells of each strain were denatured in 2 x 

Laemmli buffer and loaded on the SDS gel 

with a pre-stained molecular weight marker 

(molecular weights are indicated on the right 

side of the blot in kDa). Western blot analysis 

showing total Gp70 amounts, clarifies higher 

amounts of the crystal protein in ssb420 

mutants, comparing to AX2. Gp70 levels also 

increase from mutant 1.1 to 2.12, correlating 

with the SSB420 over-expression levels. 

Coronin is used as the loading control, 

developed separately due to higher protein 

amounts. 
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Transformed cells were selected in blasticidine and geneticine containing medium and 

screened for increased ssb420 transcript levels by RT-PCR. We analyzed one strain where 

SSB420 is over-expressed in a Gp70-null background (Fig. 2.11). 

 

 

 

 

 

 

 

 

 

We started by looking at the phagocytic behavior of the double mutants, since we were 

interested in finding out if the increased phagocytic activity, caused by SSB420 over-

expression alone, would be suppressed by the lack of Gp70.  

To our surprise, the internalization rates of heat-killed fluorescent yeast particles were 

increased by over 60% upon SSB420 over-expression in Gp70-depleted cells (Fig. 2.12). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.10 - Western blot analysis proving the absence of Gp70 in the knock-out 
strain. 2 x 106 cells of each strain were denatured in 2 x Laemmli buffer and loaded on 

the SDS gel with a pre-stained molecular weight marker (molecular weights are shown on 

the left side of the blot in kDa). The 70 kDa band present in the wild-type AX2 cells is 

lacking in the Gp70KO5 strain. Actin was used as a loading control and developed 

separately due to higher protein amounts.  

 

Fig. 2.11 – RT-PCR evidencing SSB420 over-

expression in the isolated strain lacking Gp70. The 

isolated strain SSB420/Gp70KO5 exhibits a clear 

increase of ssb420 transcripts comparing to the 

background strain Gp70KO5. The gel is a result of a 

multiplex PCR containing mixed primers for ssb420 and 

trxA (thioredoxin), which was used as a control for cDNA 

amounts used in the reaction. Marker sizes are indicated 

on the left in bps. 

Fig. 2.12 – The hagocytic activity 

increases upon SSB420 over-
expression in Gp70 knock-out cells. 

Gp70 knock-out cells (red squares) 

exhibit wild-type-like (blue circles) 

phagocytosis and a significant increase 

upon SSB420 over-expression (green 

triangles). Cells were incubated together 

with fluorescent yeast particles and the 

intracellular fluorescence emitted by 

ingested yeast was measured in 15 

minute intervals for 2 hours (n=2). 

Standard deviations are indicated by the 

error bars. 
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To verify this result, we also compared the effects of SSB420 over-expression on plaque size 

of cells lacking Gp70. The over-expressing mutant showed a slight increase in plaque size 

comparing to its background Gp70-null strain (Fig. 2.13). However, this increase in plaque 

size was not as significant as the increase exhibited by the ssb420 mutants (2.1.1.2) and the 

RasS-null phenotype was gone. 

 

 

 

 

 

 

 

 

 

 

 

Taken together, these results indicate that SSB420 mediates effects both through Gp70 and 

independent of it. 

 

2.1.1.7 Localization of SSB420 in the cell 

 

To get more insight into the cellular functions of SSB420, we decided to obtain information 

on the sub-cellular localization of this protein by tagging it with the myc epitope. Due to the 

presence of a signal peptide at the N-terminus of SSB420, which is predicted to be cleaved 

shortly after the protein is translocated into the ER, we tagged its C-terminus with 6 repeated 

myc epitopes for efficient antibody recognition (Fig. 2.14). 

Immunofluorecnce analysis of cells expressing SSB420-6myc (Fig. 2.14) counterstained with 

antibodies against the ER marker protein disulfide isomerase (PDI), revealed that the fusion 

protein was completely absent from this compartment. Instead, SSB420-6myc was found 

enriched around numerous vesicles, which could be endocytic compartments (Fig. 2.15A). 

 

 

 

 

 

 

 

Fig. 2.13 – Plaques of Gp70 depleted 

cells increase upon SSB420 over-
expression. Diameters of plaques 

originated from single Dictyostelium cells on 

K. aerogenes lawns were measured on the 

3rd and 4th day of incubation. Wild-type 

values were set to 100%. Each bar 

represents the mean values of 16-20 

plaques (n=1). The error bars respresent 

the standard deviations of all values (%). 
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To identify the nature of the vesicles decorated by SSB420-6myc, we counterstained fixed 

cells expressing the chimera with the endosomal marker p80. The myc containing protein 

nicely co-localized with p80-poor endosomes, and was absent from p80-rich endosomes (not 

shown) which are characteristic for late endocytic compartments (Ravanel et al, 2001). 

These results indicate that, indeed, SSB420-6myc is recruited to fluid-phase containing 

endosomes and removed prior to the late endosomal stages. 

The restriction of SSB420-6myc to p80-poor compartments was very similar to the results 

obtained by Ravanel et al (2001) when they tried to co-localize p80 with the vacuolar 

H+ATPase. This is one of the major membrane components and responsible for the 

acidification of endo-lysosomal compartments in Dictyostelium (Padh et al, 1991; Adessi et 

al, 1995).  

Taking this into account, we counterstained SSB420-6myc cells for vacuolar H+ATPase. All 

SSB420-6myc vacuoles were nicely labeled by antibodies against the proton pump (Fig. 

2.15B). When we focused the bottom of the cells, where the contractile vacuole system is 

labeled by the same antibodies, most of the co-localization was lost, indicating that the 

contractile vacuole network was free of chimera (Fig. 2.15C). These results were confirmed 

by co-staining SSB420-6myc expressing cells with specific antibodies against LC-FACS1 

(not shown) - a peripheral endosomal membrane protein with its localization restricted to 

endo-lysosomal compartments (von Löhneysen et al, 2003).  

 

 

 

 

 

 

 

Fig. 2.14 – Schematic view of SSB420-6myc construct and Western blot analysis of cells 
expressing the chimera. Left: Six consequent myc epitopes were fused to the C-terminus of 

ssb420 (plasmid #670). SP: signal peptide; TMD: transmembrane domain. Right: The 42 kDa 

SSB420-6myc chimera was detected with anti-myc antibodies. Approx. 1 million cells were 

used for the analysis. Molecular marker weights are indicated in kDa. Blot shows only the 

strongest SSB420-6myc over-expressor. 
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To find out if the fusion protein is also present in phagosomes, we fed the cells with 

unlabelled heat-killed yeast particles for 30-40 minutes. The result was quite clear, as the 

surface of most phagosomes was strongly labeled by anti-myc antibodies (not shown). 

Taking together these localization results and considering the predicted transmembrane 

domain (2.1.1), SSB420 is likely to be secreted from the ER membrane, passing through the 

Golgi towards the membrane of endo-lysosomal compartments.  

 

Fig. 2.15 – SSB420-6myc is found on acidic endosomal compartments. A: SSB420-6myc shows no co-localization with PDI 

and accumulates at vacuolar compartments. Fixed SSB420-6myc expressing cells were fixed and labeled with polyclonal anti-

myc (red) and monoclonal anti-PDI (green) antibodies. B: SSB420-6myc (red) accumulated on acidified endocytic 

compartments positively labeled for vacuolar H+ATPase (green). C: Bottom section of the same cell as in (B) showing the 

contractile vacuole network positively labeled by vacuolar H+ATPase, but free of SSB420-6myc. Cells expressing SSB420-6myc 

were fixed and incubated with polyclonal anti-myc and monoclonal anti-vacuolar H+ATPase (A subunit) antibodies, labeled by 

secondary antibodies conjugated with Cy3 and Oregon Green, respectively. 
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To exclude the possibilities that the localization of SSB420 to endo-lysosomal compartments 

is an artifact caused by the myc epitope or a result of missorting due to the blocking of the C-

terminus, we analyzed the sub-cellular localization of other tagged versions of SSB420. The 

first fusion protein was SSB420-GFP, where the C-terminus of SSB420 was fused to GFP. 

The second chimera was SSB420mycRI, where a single myc sequence was inserted into the 

EcoRI cleavage site within the ssb420 cDNA sequence, between amino acids 98 and 99 

(Fig. 2.16). Two independent cell lines expressing each one of the tags were selected via 

Western blot (Fig. 2.17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Surprisingly, both chimeras did not decorate any kind of vesicular compartments. Instead 

they were mainly found in the ER. SSB420mycRI perfectly co-localized with PDI (Fig. 2.18A), 

while SSB420-GFP partially co-localized with PDI and was found enriched in perinuclear 

compartments devoid of the ER marker (Fig. 2.18B). Although direct evidence is missing, we 

assume that the perinuclear compartment is the Golgi apparatus, due to its constant 

perinuclear position and absence of PDI, in all analyzed SSB420-GFP expressing cells. 

 

 

 

 

 

Fig. 2.16 – Schematic views of the 

SSB420-GFP and SSB420mycRI 
constructs. Upper panel: SSB420-GFP, 

the result of GFP fusion to the C-

terminus of ssb420 cDNA sequence 

(plasmid #545). Lower panel: 
SSB420mycRI contains a single myc 

sequence, inserted in the EcoRI site of 

ssb420 cDNA (plasmid #687). SP: signal 

peptide; TMD: transmembrane domain. 

 

Fig. 2.17 – Western blot analysis of cells expressing SSB420-GFP 

and SSB420mycRI, shows the correct sizes of both chimeras. The 60 

kDa SSB420-GFP was detected with anti-GFP antibodies, while the 33 

kDa SSB420mycRI was detected with anti-myc antibodies. Approx. 1 

million cells of each strain were used for the analysis. Molecular weights of 

the respective marker bands are indicated in kDa. The blots show only the 

strongest over-expressor for each different tag. 
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Although the sub-cellular localizations of the different fusion proteins were inconsistent, 

several sub-cellular protein localization prediction softwares support the endosomal 

localization of SSB420. BaCelLo, Multiloc and HSLPred programs predicted SSB420 to be a 

secretory protein with high probability of localization to the plasma membrane. Therefore it is 

tempting to speculate that SSB420-6myc is the fusion protein that undergoes the correct 

sorting. 

 

2.1.1.8 Assaying tagged SSB420 over-expressing cells 

 

However, how can we be sure about the right localization when all three chimeras exhibit 

different results? 

 

To answer this question we decided to assay the different cell lines in order to identify a 

functional chimera. Since we have a clear idea about several phenotypes of cells over-

expressing untagged SSB420 (2.1.1.2 and 2.1.1.5), we assayed the tagged cell lines for 

particle internalization, growth on bacteria and Gp70 expression. 

Fig. 2.18 – Different SSB420 localizations are exhibited by SSB420mycRI and SSB420-GFP. A: SSB420mycRI localizes to 

the ER. SSB420mycRI expressing cells were fixed and labeled with polyclonal anti-myc (red) and monoclonal anti-PDI (green) 

antibodies. B: The majority of SSB420-GFP is found in the ER and some protein is found outside of the ER in perinuclear 

compartments (arrow) which assimilate the Golgi apparatus. Cells expressing SSB420-GFP (green) were fixed and labeled with 

anti-PDI antibodies (red). 
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To assay phagocytosis, we selected the mutants with the highest expression levels among 

the different SSB420 tags, incubated them together with fluorescent yeast particles and 

measured the intracellular fluorescence over time. The highest internalization rates were 

exhibited by SSB420-GFP cells (with over 40% increase), whilst SSB420mycRI exhibited 

wild-type-like behavior and SSB420-6myc exhibited 15% less activity than wild-type cells 

(Fig. 2.19). The quicker decline of the ssb420-gfp mutant’s curves (after 70 minutes of 

incubation) was even more obvious than the decline exhibited by the untagged ssb420 

mutants (2.1.1.2), indicating once more to an accelerated endosomal transit, leading to 

earlier exocytosis of ingested particles than in the wild-type and thus faster decrease of the 

intracellular fluorescence. 

 

 

 

 

 

 

 

 

 

 

 

 

To assay growth on bacteria (plaque size), the same mutants used in the previous 

experiment were plated out together with K. aerogenes and the plaque diameters originated 

by single cells were measured on the 3rd and 4th day of incubation. 

The following result was quite surprising, since SSB420mycRI exhibited aberrant plaque 

sizes with a typical RasS-null mutant behavior (Chubb et al, 2000), while all other strains had 

normal plaques (Fig. 2.20). 

 

 

 

 

 

 

 

 

 

Fig. 2.19 – The highest phagocytic activity is 
shown by SSB420-GFP expressing cells. The 

initial internalization rates are significantly 

increased in cells expressing SSB420-GFP 

(green squares) in comparison to wild-type cells 

(blue circles). SSB420mycRI cells (red squares) 

have a normal phagocytic behavior while 

SSB420-6myc cells (orange squares) are slightly 

below the wild-type values. Cells were incubated 

together with fluorescent yeast particles and the 

intracellular fluorescence emitted by ingested 

yeast was measured in 15 minute intervals for 2 

hours (n=2). Standard deviations are indicated 

by the error bars. 
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Finally, we compared the GP70 expression levels in the different strains, since the amounts 

of Gp70 positively correlated with SSB420 over-expression in ssb420 mutants (2.1.1.5). The 

Western blot analysis revealed that the ssb420-gfp mutant is the only one with increased 

Gp70 levels. SSB420-6myc cells exhibit wild-type-like Gp70 amounts while in cells 

expressing SSB420mycRI, the expression of Gp70 seems to be slightly repressed, as the 

protein was almost undetectable on the blot (Fig. 2.21). 

 

 

 

 

 

 

 

 

 

Summing up, SSB420-GFP over-expression had a positive effect on phagocytosis and Gp70 

expression, but unlike ssb420 mutants, the plaque sizes were not increased. Since SSB420-

6myc over-expression did not lead to any of the phenotypes observed in the ssb420 mutants 

and the over-expression of SSB420mycRI neither changed the phagocytic behaviour nor the 

expression of Gp70, it seems that SSB420-GFP is the only functional fusion protein. This 

makes the ER and Golgi localizations of SSB420 the most credible at this time. 

 

 

 

 

 

Fig. 2.21 – Increased Gp70 amounts in cells 
expressing SSB420-GFP.  Western blot analysis 

comparing total Gp70 amounts of ca 2 million cells of 

each strain. Gp70 is clearly up-regulated in SSB420-

GFP expressing cells. SSB420-6myc over-expression 

has no outcome on Gp70 expression and SSB420mycRI 

expressing cells exhibit the lowest Gp70 amounts. 

Coronin was used as a loading control, developed 

separately from Gp70. Molecular weights of the marker 

are indicated on the left side of the blot in kDa. 

Fig. 2.20 – Aberrant plaques upon 

SSB420mycRI over-expression. The plaques 

of cells over-expressing SSB420-GFP (green 

bars) and SSB420-6myc (orange bars) were 

similar to the plaques of wild-type cells. The 

plaques of cells expressing SSB420mycRI were 

increased in 2- to 3-fold in comparison to the 

wild-type.  Diameters of plaques originated from 

single Dictyostelium cells on K. aerogenes lawns 

were measured on the 3rd and 4th day of 

incubation. Wild-type values were set to 100%. 

Each bar represents the mean values of 16-20 

plaques (n=1). Error bars indicate the standard 

deviations of all values (%). 
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2.1.2 SSL793 

 

SSL793 is a 36,8 kDa soluble protein encoded in a 1120 bps long sequence, located on 

chromosome 2 of Dictyostelium discoideum. The coding sequence for SSL793 is reduced to 

1023 bps due to a 98 bps long intron between position 154 and 252. The gene ID can be 

found under DDB0238196 (www.dictybase.org). The 340 amino acid sequence shows high 

similarities to a zink-containing alcohol dehydrogenase (Fig. 2.22) with a typical GroEs-like 

folding domain near the N-terminus (SMART prediction), indicating the presence of a highly 

hydrophobic core in the folded state of the protein (Taneja and Mande, 1999). 

 

 

 

 

 

 

The cDNA microarray results indicated the over-expression of this protein in the AlyA knock-

out mutants by a factor of 1,6. Since it was not found altered in the Gp70 mutant arrays, we 

wanted to find out if this protein is involved in the positive regulation of phagocytosis, 

participating in the signaling cascade between AlyA and Gp70.  

 

We started by confirming SSL793 over-expression in the AlyA knock-out mutant (AlyA138) 

by RT-PCR (Fig. 2.23). Noticeably, both strains exhibited very low amounts of ssl793 

transcripts, as throughout several PCR reactions performed on different cDNA samples the 

products of amplification were only visible after 34 amplification cycles. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.22 – SMART domain prediction for SSL793. 

The protein sequence contains two regions with high 

similarities to typical zinc containing alcohol 

dehydrogenase. The small black boxes indicate low 

complexity regions. 

 

Fig. 2.23 – SSL793 is over-expressed in AlyA138. Left: RT-PCR showing increased amounts of ssl793 in the alyA mutant. 

The PCR reactions shown at the different panels were performed separately but the cDNA amounts were kept constant for each 

cell line. Thioredoxin is the control for the amounts of template cDNA. Right: Quantification of ssl793 cDNA in AX2 and 

AlyA138. Values were obtained by measuring band intensities with ImageJ software. Intensities were adjusted according to the 

respective thioredoxin levels and wild-type values were set to 100%. 
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2.1.2.1 GFP-SSL793 and SSL793-GFP are enriched in cell surface extrusions and 

newly formed endosomes 

 

To gather information about SSL793, we started by analysing its sub-cellular localization. For 

this, we over-expressed N- and C-terminal GFP-tagged constructs of this protein in AX2 cells 

(plasmids #692 and #691, respectively). This led to the isolation of two strains, each one 

expressing a different chimera (Fig. 2.24). 

 

 

 

 

 

In immuno-fluorescence experiments both fusion proteins were dispersed throughout the 

cytosol and found enriched at the cell cortex, where they co-localized with F-actin. As we 

looked closer, we found GFP enrichment in macropinocytic crowns and newly formed 

endosomes, characterized by a thick F-actin layer (Fig. 2.25), indicating that this protein 

might be involved in the initial steps of fluid uptake. Late endocytic, actin positive 

compartments were devoid of GFP fluorescence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.25 - GFP tagged SSL793 is enriched in macropinocytic crowns and newly formed endosomes. Cells expressing 

SSL793-GFP and GFP-SSL793 were fixed and immunostained for actin (red). Confocal images show a clear co-localization of 

each chimera with actin at the cell cortex, macropinocytic crowns and newly formed macropinosomes, characterized by a thick 

actin layer around them (yellow arrows - bottom images). SSL793-GFP was absent from late endosomes (white arrows - upper 

images), surrounded by a thin layer of F-actin. 
 

Fig. 2.24 – Western blot, confirming the correct sizes of both GFP chimeras. Ca 1 

million cells of each strain were used for the immuno-detection of both 65 kDa fusion 

proteins with anti-GFP antibodies. Marker sizes indicated in the middle of the blot in kDa.  
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Although macropinocytosis and phagocytosis are biochemically distinct processes, they 

share many proteins for similar goals. For this reason we examined GFP-SSL793 

fluorescence distribution during the uptake of yeast particles. As expected, the GFP signal 

accumulated at phagocytic cups and newly formed phagosomes, where it nicely co-localized 

with coronin (Fig. 2.26). Also here, GFP dissociated from the endosomes at later stages, 

characterized by loss of coronin (Fig. 2.26B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.2.2 Over-expression of SSL793 

 

The sub-cellular localization of SSL793 as well as its increased expression in the alyA 

mutant (2.1.2 and 2.1.2.1) were good indicators for a possible SSL793 involvement in 

phagocytic regulation. So we became interested in the effects of an over-expression of this 

protein on phagocytosis. To find this out, we transformed wild-type cells with an integrating 

vector containing an untagged version of ssl793 gDNA (plasmid #690). 

We isolated 4 strains from 2 independent transformations with different SSL793 over-

expression levels (Fig. 2.27). The RT-PCR results confirmed once more the very low SSL793 

expression levels in the wild-type cells. 

Fig. 2.26 – GFP-SSL793 accumulates at phagocytic cups and newly formed endosomes. Cells expressing GFP-SSL793 

were fed with yeast particles (asterisks) for 10 minutes prior to fixation. Coronin is indirectly immuno-stained by Cy3-conjugated 

antibodies. A: Enrichment of GFP-SSL793 in phagocytic cups (white arrows), positive for coronin. B: GFP-SSL793 remains on 

newly formed endosomes (yellow arrow), positive for coronin. Later endosomal stages, marked by loss of coronin (blue arrow) 

are free of GFP-SSL793. 
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The isolated strains grew normally under axenic conditions and exhibited no changes in 

shape, size or development. 

 

2.1.2.3 Higher amounts of SSL793 have no outcome on phagocytosis or plaque size 

 

To analyze the effects of the SSL793 over-expression on particle uptake, we incubated wild-

type and mutant cells together with fluorescently labelled yeast particles and measured the 

increase of intracellular fluorescence over time. Average values of several measurements 

revealed that the over-expression has no effect on particle internalization (Fig. 2.28). 

 

 

 

 

 

 

 

 

 

 

 

Although increased SSL793 expression did not alter the efficiency of particle internalization, 

we analyzed the growth on bacteria, since there could be detectable changes due to the 

different nature of the phagocytosed material or due to longer incubation times. 

On the 3rd and 4th day of incubation, the mutant plaques were quite heterogeneous, not only 

between the different strains but also between the cells within a single strain. The average 

diameters correlated with the wild-type values, indicating that the plaque size remains 

unaffected by the over-expression (Fig. 2.29). 

Fig. 2.28 – Normal phagocytic behavior upon 

SSL793 over-expression.  Wild-type (blue circles) 

and mutant (red and orange symbols) cells 

exhibited similar phagocytic behaviors upon 

incubation with fluorescent yeast particles. The 

intracellular fluorescence emitted by ingested yeast 

was measured every 15 minutes for a total period 

of 2 hours. All values were obtained by averaging 6 

independent measurements. The standard 

deviations are indicated by the error bars. 

 

Fig. 2.27 – RT-PCR comparing SSL793 expression levels of the isolated strains. Left: RT-PCR analysis on RNA isolated 

from wild-type and mutant cells, showing increased ssl793 cDNA amounts in the over-expressing strains (1023 bps band). 

Thioredoxin compares the amounts of template used for each strain in the multiplex PCR reaction. Right: Relative 

quantification of the RT-PCR using ImageJ software. Since the amounts of ssl793 in AX2 are below detection levels, this strain 

is not included in the graphic. Therefore, it only compares the levels of ssl793 among the mutant strains. Values were adjusted 

according to the respective thioredoxin levels. 
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2.1.2.4 Lysozyme activity and Gp70 levels were not significantly affected by 

increased amounts of SSL793 

 

Although the phagocytic activity and the growth on bacteria were not affected by the over-

expression of SSL793, we wanted to know if this mutation could still influence the main 

components of the signalling cascade. For this, we studied the rates of bacterial degradation 

in order to detect any possible changes in the lysozyme activity and looked at the amounts of 

Gp70 via Western blot. 

Although the rates of bacterial degradation and the expression of Gp70 were slightly altered, 

there was no correlation with the SSL793 over-expression levels of the different strains (Fig. 

2.30). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.29 – SSL793 over-expression shows no 
clear influence on plaque size.  Ssl793 

mutants exhibited quite heterogeneous plaques, 

but the mean diameters were similar to the wild-

type. Diameters of plaques originated from 

single amoebae on K. aerogenes lawns were 

measured on the 3rd and 4th days of incubation. 

Wild-type values were set to 100%. Each bar 

represents the mean values of 12-14 

measurements in 2 independent experiments. 

Error bars indicate the standard deviations of all 

values (%). 

 

 

Fig. 2.30 – Slightly altered lysozyme activity 

and Gp70 levels upon SSL793 over-
expression. A: Photometric measurement of the 

degradation of M. luteus upon incubation with 

active lysozyme extracts of wild-type (blue 

circles) and SSL793 over-expressing cells (red 

and orange symbols), revealed similar 

degradation rates for all strains (n=3). B: 2 x 106 

cells of each strain were denatured in 2 x 

Laemmli buffer and loaded on the SDS gel with a 

pre-stained molecular weight marker (molecular 

weights are shown on the right, in kDa). Western 

blot analysis comparing total Gp70 amounts of 

ssl793 mutants versus wild-type cells. Loading 

control is indicated by coronin, developed 

separately from Gp70.  
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2.1.3 Joining forces: SSL793 and SSD485 

 

So far we have been analyzing single candidate genes, trying to fit them in the signalling 

pathway between endosomal compartments and the phagocytic machinery according to the 

phenotypes produced by altering their expression. However, the compensating phagocytic 

activity based on the loss of an endo-lysosomal enzyme – AlyA – is regulated by a network 

of possibly interacting proteins where the altered expression of a single protein might be 

worthless without proper regulation of its partners. If we over-express a single protein 

involved in phagocytosis regulation, we might never see a phenotype alteration because its 

function is limited by the amounts of other team players. Although, over-expression of 

proteins like SSB420 is already sufficient to accelerate particle internalization, increased 

expression of SSL793 alone had no influence on phagocytosis. It might be conceivable, that 

SSL793 illustrates one of the cases where the up-regulated protein requires other players for 

efficient team work. 

 

In the meantime, F. Hänel - a member of our lab - has been working on SSD485. This is 

another candidate gene for signalling between AlyA and Gp70, due to its 1,4-fold over-

expression in the alyA mutant, according to the cDNA microarray data and RT-PCR analysis. 

SSD485 is an uncharacterized (membrane) protein, containing four transmembrane domains 

and a predicted glycophosphatidylinositol (GPI) anchor. F. Hänel could show that an over-

expression of SSD485 has no direct effect on phagocytosis, but after 30-40 days of 

cultivation, mutant cells exhibit compensation effects leading to increased phagocytic 

activities when compared to wild-type cells of the same age. Total Gp70 amounts of SSD485 

over-expressing cells were also increased under these conditions, while the size of their 

plaques always remained unaffected. It has also been shown that the internally myc tagged 

SSD485 chimera localizes to the ER and the plasma membrane. 

 

The expression of both SSL793 and SSD485 is enhanced not only in the alyA (1.6 and 2.1.2) 

but also in the ssb420 mutants, where the increased expression of both genes positively 

correlates with the over-expression levels of SSB420 (Fig. 2.31). Interestingly, RT-PCR 

analysis revealed that the amounts of ssb420 were neither altered in SSL793 over-

expressing strains (not shown) nor in SSD485 over-expressing strains (F. Hänel – personal 

information), meaning that both genes act downstream of SSB420. The cellular distribution of 

these proteins is also an interesting point. One of them localizes to the plasma membrane 

(SSD485) and the other is found enriched underneath the plasma membrane, at sites of 

phagocytosis (SSL793). Taking into account that particle internalization occurs by 

transmission of signals through the plasma membrane into the cytoplasm, leading to the 
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recruitment of proteins to the cell cortex, these two candidates might participate in similar or 

subsequent events. 

Considering these observations and the lack of a direct phenotypical change upon over-

expression of single genes, the question was: could increased amounts of SSL793 together 

with SSD485 result in a direct positive regulation of phagocytosis?  

To address this question we decided to over-express both genes in wild-type cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.3.1 Combined over-expression of SSL793 and SSD485 

 

To over-express both proteins in AX2, we co-electroporated cells with the existing untagged 

over-expression plasmids for SSL793 (#690) and SSD485 (#638). Since both vectors contain 

a geneticine (G418) resistance cassette, we selected transformants with high integration 

rates using G20 medium (20 µg/ml G418). G20 resistant cells were sub-cloned and screened 

via RT-PCR. From over 20 clones, we selected 2 strains - 1.14 and 1.20 - with high transcript 

levels of both genes (Fig. 2.32). ImageJ analysis of the RT-PCR results indicated an 

increased over-expression of both candidates in mutant 1.14, comparing to 1.20. 

The isolated mutants, did not possess morphological differences to the wild-type, however, 

mutant 1.14 exhibited a slightly sub-normal growth in axenic medium.  

 

Fig. 2.31 – Increased SSD485 and SSL793 
expression in ssb420 mutants. Upper panel: 

RT-PCR showing increased ssd485 transcript 

levels in ssb420 mutants. Notice the positive 

correlation between ssd485 transcripts and 

SSB420 over-expression levels. Coronin is the 

control of the cDNA amounts used in the 

multiplex PCR. Marker sizes are indicated on 

the left in bps. Middle panel: Different RT-PCR 

reactions showing higher ssl793 amounts in 

both ssb420 mutants. PCR reactions were made 

separately for each mutant strain. Thioredoxin is 

the control for the amounts of template cDNA. 

Lower panel: RT-PCR comparing ssl793 

amounts between ssb420 mutants 1.1 and 2.12, 

where the latter strain exhibits higher transcript 

levels, correlating with higher SSB420 over-

expression. Quantitative analysis of the RT-PCR 

reaction using ImageJ software is shown on the 

right side. For quantification, total ssl793 

amounts were adjusted according to the 

respective thioredoxin levels. Bars correspond 

to relative values. 
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2.1.3.2 Enhanced particle internalization and altered plaque size were exhibited only 

by mutant 1.20  

 

Our main interest was to find out if the increased expression of both proteins would have a 

positive effect on phagocytosis and plaque size, like it takes place in alyA and ssb420 

mutants. 

To compare the phagocytic behaviours, we incubated wild-type and mutant cells with heat-

killed TRITC-labelled yeast particles and measured the fluorescence emitted by internalized 

yeast over time. SSL/SSD 1.20 strain exhibited a clear increase of phagocytic activity, 

approx. 40% higher than the wild-type, while mutant 1.14 showed wild-type-like 

internalization rates during the first hour, followed by a slight decrease (Fig. 2.33). 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.32 – RT-PCR analysis evidencing ssd485 and ssl793 over-expression in the isolated mutant strains 1.14 and 1.20. 
Left: Different RT-PCR reactions, performed on RNA extracted from wild-type and mutant cells, show increased transcripts of 

both genes in the mutants. Thioredoxin is the control for the amounts of template cDNA used for each strain throughout the 

different PCR reactions. Marker sizes are indicated on the left side in bps. Right: Mutant 1.14 exhibits higher over-expression 

levels of both genes in comparison to mutant 1.20. Quantitative analysis of the RT-PCR reaction was made with ImageJ. 

Transcript amounts were adjusted according to the thioredoxin levels and the weakest over-expressor (1.20) was used as a 

reference.  

 

Fig 2.33 – The phagocytic activity is 
enhanced in only one mutant. Phagocytic 

activity was clearly enhanced in mutant 1.20 

(red squares). Mutant 1.14 (red triangles) 

remained at wild-type (blue dots) levels. Cells 

were incubated together with fluorescent 

yeast particles and the intracellular 

fluorescence emitted by ingested yeast was 

measured in 15 minutes intervals for 2 hours 

(n=2). Standard deviations are indicated by 

the error bars. 
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Next we compared plaque sizes originated by single cells on K. aerogenes. Plaque sizes of 

cells growing on bacterial lawns nicely correlated with the phagocytic activities seen in the 

previous experiment. SSL/SSD 1.20 cells exhibited an average plaque size increase of 50% 

in relation to the wild-type, whilst mutant 1.14 showed normal plaques (Fig. 2.34).  

 

 

 

 

 

 

 

 

 

 

 

2.1.3.3 Cell-substrate adhesion is favoured by over-expression of both genes. 

 

So far and as expected, the double mutant 1.20 has re-created the phagocytic behaviour and 

plaque size increase seen for alyA (1.5.1) and ssb420 mutants (2.1.1.2). In earlier 

experiments we have established a relationship between cell adhesion and particle 

internalization (2.1.1.4). Considering that SSD485 localizes to the plasma membrane and 

SSL793 beneath it, these could be two proteins involved in the adhesion process, since 

double mutant 1.20 has also shown enhancement of phagocytosis in shaking cultures. To 

find out if the co-over-expression of these proteins affects the cellular adhesion, we assayed 

cell-substrate adhesion by shaking cells grown on Petri dishes, and compared the amounts 

of detached cells. 

As supposed, SSL/SSD over-expressing strain 1.20 exhibited the best cell-substrate 

adhesion with approx. 15% more attaching cells than the wild-type. Mutant 1.14 tended to 

better adhesion, but the difference to AX2 was not very significant (Fig. 2.35). 

 

 

 

 

 

 

 

 

Fig 2.34 – Only one mutant exhibits increased 
plaque size. Plaques originated by cells from 

strain 1.20 (dark red bars) were approx. 1,5-fold 

larger than wild-type (blue bars) ones. Plaques of 

mutant 1.14 (red bars) remained at wild-type 

sizes. Diameters of plaques originated from 

single Dictyostelium cells on K. aerogenes lawns 

were measured on the 3rd and 4th day of 

incubation. Wild-type values were set to 100%. 

Each bar represents the mean values of 14-19 

measurements in 2 independent experiments. 

Error bars show the standard deviations of all 

values (%). 
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2.1.3.4 Enhanced Gp70 expression in ssl793/ssd485 mutant 1.20 

 

According to the initial cDNA microarray data as well as the RT-PCR analysis on AlyA-

depleted cells, SSL793 and SSD485 were both assumed to be possible candidates for the 

signalling pathway between AlyA and Gp70.  

To find out if over-expression of SSL793 together with SSD485 could lead to an increased 

Gp70 expression (fitting these two proteins in the pathway between SSB420 and Gp70) we 

submitted the double mutants to Western blot analysis using specific anti-Gp70 antibodies. 

The result correlated with the previous assays, showing increased Gp70 amounts in mutant 

1.20, but no increase in mutant 1.14 which had actually less Gp70 than wild-type cells (Fig. 

2.36). 

 

 

 

 

 

 

 

 

 

2.1.4 Yipf1 (SSH819) 

 

SSH819 corresponds to Dictyostelium discoideum’s Yipf1 (Yip1 domain family member 1), 

listed as DDB0238114 (www.dictybase.org). Ssh819 is a 1344 bps long gene, located on the 

third chromosome of Dictyostelium discoideum. The cDNA of ssh819 is 1044 bps long, after 

Fig 2.36 - Increased Gp70 levels were only detected in 
mutant 1.20. 2 x 106 cells of each strain were denatured in 2 

x Laemmli buffer and loaded on the SDS gel with a pre-

stained molecular weight marker (molecular weights shown 

on the right side of the blot in kDa). Western blot analysis 

showing increased Gp70 amounts in mutant 1.20 but not in 

1.14, comparing to AX2. Coronin was used as a loading 

control and was developed separately from Gp70 due to 

higher protein amounts. 

 

Fig 2.35 – Increased cell-substrate adhesion upon 

SSL793/SSD485 over-expression. After 1 hour shaking, 

mutant 1.20 had ca 15 % more cells attaching to the plates 

than AX2. Mutant 1.14 also exhibited better adhesion, but 

only by 10% comparing to the wild-type. Equal amount of 

wild-type and mutant cells, grown overnight in Petri dishes, 

were shaken for 60 minutes and the amounts of detached 

cells were determined. The average relative values were 

obtained from four independent experiments. For each 

strain total cell amounts were normalized to 100%. The 

standard deviations are indicated by the error bars (%). 
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the splicing of 2 introns. The translated protein has a molecular weight of 39,7 kDa, contains 

5 transmembrane domains and shows no predictable targeting information (Fig. 2.37). 

 

 

 

 

 

We became interested in Yipf1, mainly because it was found as over-expressed in the Gp70 

over-expressing strain by a factor of 1,5 and remained normal in the arrays of the alyA 

mutant.  

To validate the microarray results, we compared the amounts of yipf1 transcripts in the alyA 

mutant with the wild-type.  

 

 

 

 

 

 

 

 

 

 

 

Surprisingly, the RT-PCR analysis revealed that Yipf1 is clearly over-expressed in the AlyA 

knock-out strain 138 (Fig. 2.38), meaning that either it was somehow undetected by the 

cDNA microarray analysis, or the average over-expression values were low. This 

automatically excludes this gene from the list which only contains significantly up- and down-

regulated genes with factors of at least 1,5. Furthermore, we performed the same RT-PCR 

on RNA extracted from the SSB420 over-expressing mutants, and also in this case Yipf1 

was found clearly up-regulated. Interestingly, the up-regulation was stronger in strain 1.1 

than in 2.12 (Fig. 2.38). 

 

2.1.4.1 Over-expression of Yipf1 

 

Since Yipf1 was found to be over-expressed in the alyA, ssb420 (according to the RT-PCR 

results) and gp70 (according to the cDNA microarray data) mutants, we wanted to know if an 

over-expression of Yipf1 alone would lead to positive regulation of phagocytic activity or 

Fig. 2.38 – Yipf1 is over-expressed in alyA and ssb420 mutants.  Left: RT-PCR analysis on RNA extracted from AX2 and 

AlyA138, clearly shows increased amounts of yipf1 transcripts in the alyA mutant. Thioredoxin indicates the amounts of cDNA 

used in the multiplex PCR for each strain. Right: RT-PCR comparing yipf1 cDNA levels of ssb420 mutants with the wild-type.  

Both ssb420 mutants exhibit increased transcription of yipf1. Thioredoxin was used to compare the amounts of cDNA in each 

multiplex PCR reaction. 

Fig. 2.37 – Domain prediction for Yipf1. 
The protein contains 5 transmembrane 

domains and the Pfam region indicates 

homology to Yip domain (D. discoideum 

GeneDB). 
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plaque size. To analyze this we over-expressed Yipf1 in wild-type cells by transforming them 

with an integrating plasmid containing an untagged version of yipf1 cDNA (#688). 

From all geneticine resistant clones we isolated 4 mutants from 2 independent 

transformations, and validated the over-expression by RT-PCR (Fig. 2.39). 

 

 

 

 

 

 

 

 

 

 

 

The isolated cell lines grew normally under axenic conditions and exhibited normal 

development. Cell size and shape were not influenced by the over-expression. 

 

2.1.4.2 Yipf1 over-expression has no influence on particle internalization or growth 

on bacteria 

 

To study the effects of Yipf1 over-expression on phagocytosis, we incubated the different cell 

lines with fluorescently labelled yeast particles and measured the intracellular fluorescence 

emitted by ingested yeast over time. 

Single assays were quite inconsistent, but the average values of several assays indicated a 

wild-type-like behaviour of mutant 1.7 and 1.10, and a slightly decreased phagocytic activity 

for 2.2 and 2.6 (Fig. 2.40). According to these results, we conclude that the over-expression 

of Yipf1 does not lead to increased particle internalization. 

 

 

 

 

 

 

 

 

 

Fig. 2.39 - RT-PCR comparing the amounts of yipf1 transcripts  in the isolated strains. Left: RT-PCR performed on RNA 

extracted from wild-type and mutant cells. Total cDNA amounts are compared by thioredoxin (PCR reactions were made 

separately, keeping the amounts of template cDNA constant for each strain). Right: Quantitative analysis of the RT-PCR 

reaction with ImageJ software, comparing relative amounts of yipf1 in the isolated cell lines. All Yipf1 values were adjusted 

according to the amounts of thioredoxin and related to the wild-type levels. 

 

Fig. 2.40 – Phagocytosis is not enhanced 
by the over-expression of Yipf1. Mutant 1.7 

and 1.10 (red symbols) exhibited wild-type 

(blue circles) phagocytic behaviour, while 

mutant 2.2 and 2.6 (orange symbols) were 

slightly less effective. Cells were incubated 

together with fluorescent yeast particles and 

the intracellular fluorescence emitted by 

ingested yeast was measured in 15 minute 

intervals for 2 hours. All values were obtained 

by averaging 11 independent measurements. 

Standard deviations are indicated by the error 

bars. 
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In order to find out if this over-expression affects the growth on bacteria, we plated out wild-

type and mutant cells together with K. aerogenes and measured plaque diameters originated 

from single cells on the 4th and 5th day of incubation. The average plaque diameters exhibited 

by the over-expressing strains were slightly increased comparing to AX2, but this increase 

was not significant and had no correlation with the over-expression levels of Yipf1 (Fig. 2.41). 

From here we conclude that plaque size and phagocytic activity are not affected by higher 

Yipf1 amounts in the cell. 

 

 

 

 

 

 

 

 

 

 

 

2.1.4.3 Yipf1 over-expressing mutants exhibit normal lysozyme activity and Gp70 

expression  

 

We were further interested in finding out if the over-expression of Yipf1 affects the lysozyme 

activity or alters the expression of Gp70. 

To test the lysozyme activity of the isolated over-expressing strains, we incubated cell 

extracts containing active lysozyme together with M. luteus and compared the bacterial 

degradation rates of mutant cell extracts with the wild-type. Average values of three 

independent measurements revealed that the enzymatic activity was not affected by the 

over-expression (Fig. 2.42). 

The Gp70 expression levels were compared via Western blot. Throughout different 

experiments, the over-expressing strain 1.10 always exhibited the highest amounts of Gp70, 

while the other strains had less Gp70 than the wild-type (Fig. 2.42). Since the mutant 2.6 has 

similar Yipf1 over-expression levels as 1.10 (RT-PCR - Fig. 2.39) but lacks the increase of 

Gp70, we could not establish a correlation between Yipf1 over-expression and increased 

amounts of esterase. Thus, we assume that the increased expression of Gp70 in mutant 

1.10 is, most probably, not linked to the over-expression of Yipf1. 

 

 

Fig. 2.41 – Unaltered plaque size upon Yipf1 

over-expression. Although average values of 

Yipf1 over-expressing strains (red, yellow and 

orange bars) were slightly higher than the wild-

type ones (blue bars), the error bars (standard 

deviations in %) show that the differences are 

not significant. Diameters of plaques originated 

from single Dictyostelium cells on K. aerogenes 

lawns were measured on the 4rd and 5th day of 

incubation. Wild-type values were set to 100%. 

Each bar represents the mean values of 14-15 

measurements in 4 independent experiments. 
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2.1.4.4 Yipf1 undergoes secretion from the ER and through the Golgi apparatus 

ending up in the membrane of the contractile vacuole system 

 

Since the previous results do not give us any useful information about the possible roles of 

Yipf1 in the regulation of particle internalization (2.1.4.2) or a clear relation to AlyA of Gp70 

(2.1.4.3), we decided to look at the sub-cellular localization of Yipf1, which could help us to 

get some insights into its cellular functions. 

To localize Yipf1 in the cell, we engineered two different fusion proteins, one with a GFP tag 

on the N-terminus (plasmid #689) and the other with 6myc tagging the C-terminus (plasmid 

#672) of yipf1 cDNA sequence (Fig. 2.43). 

 

 

 

 

 

 

 

 

 

 

Fig. 2.42 – Normal bacterial degradation 

rates and controversial Gp70 regulation 
upon Yipf1 over-expression. A: Average 

values of 3 independent assays point out 

equal M. luteus degradation rates by 

lysozyme-containing extracts from wild-type 

(blue symbols) and mutant cells (red and 

orange symbols).  B: 2 x 106 cells of each 

strain were denatured in 2 x Laemmli buffer 

and loaded on the SDS gel with a pre-stained 

molecular weight marker (molecular weights 

are shown on the right side of the blot in kDa). 

Western blot analysis comparing total Gp70 

amounts between AX2 and Yipf1 over-

expressing strains. Loading control is 

indicated by coronin, developed separately 

from Gp70. 

 

Fig. 2.43 – Western blot analysis of cells expressing Yipf1-6myc and 
GFP-Yipf1. The 50 kDa Yipf1-6myc chimera was detected with anti-myc 

antibodies and the 68 kDa GFP-Yipf1 was detected with anti-GFP antibodies. 

Approx. 2 x 106 cells of each strain were denatured in 2 x Laemmli buffer and 

loaded on the SDS gel with a pre-stained molecular weight marker 

(molecular weights are indicated in kDa).  
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Immuno-fluorescence experiments revealed that the localization of Yipf1-6myc is restricted to 

the ER (Fig. 2.44A), while GFP-Yipf1 is dispersed much wider in the cell. These observations 

suggest that blocking the C-terminus of Yipf1 (by 6myc) inhibits its secretion from the ER. 

The co-localization of GFP-Yipf1 with PDI was only partial - mostly at the perinuclear regions. 

Beyond the ER, GFP-Yipf1 localized densely to a perinuclear compartment devoid of PDI, 

which is presumably the Golgi apparatus, and to vesicle-like structures that range from small 

Gp70-like (Fig. 2.44B) to big macropinosome-like vesicles. 

 

As next, we focused on characterizing the nature of the cytoplasmic vesicles labelled by 

GFP-Yipf1. The first idea was that these vesicles could be endocytic compartments, but we 

neither obtained a co-localization with known endocytic markers, nor with Gp70 (not shown). 

Finally, we obtained a positive co-localization with antibodies against the vacuolar H+ATPase 

in the contractile vacuole system (Fig. 2.45). 

 

 

 

Fig. 2.44 – Localization of Yipf1-6myc is limited to the ER, while GFP-Yipf1 is found in the ER, Golgi-like compartment 

and small vesicles dispersed in the cytoplasm. A: Cells expressing Yipf1-6myc were fixed and incubated with polyclonal 

antibodies against the myc epitope (red) and monoclonal antibodies against PDI (green). The overlay image shows a complete 

co-localization of the myc-tagged protein with the ER network. B: GFP-Yipf1 expressing cells wefe fixed and immuno-labelled 

against PDI (red). Only a small contingent of GFP-Yipf1 co-localized with the ER (perinuclear ring), while most GFP was found 

in a perinuclear Golgi-like compartment (arrow) and in single cytoplasmic vesicles. 
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From here we could conclude that Yipf1 is translated into the ER membrane and secreted via 

Golgi apparatus to the membranes of contractile vacuole network. The small GFP-labelled 

vesicles are likely to be the intermediates between the Golgi and the contractile vacuole 

system. 

 

 

Fig. 2.45 – GFP-Yipf1 is found in the contractile vacuole network. Cells expressing GFP-Yipf1 were fixed and incubated 

with antibodies against the A subunit of the proton pump (red). A: Middle section of a cell, showing the absence of GFP from 

acidified endo-lysosomal compartments. B: Bottom section of the same cell as in (A), showing the accumulation of GFP-Yipf1 in 

the membranes of the contractile vacuole system, which are also labelled by antibodies against the vacuolar proton pump. 
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2.2 Candidate genes for negative regulation of phagocytosis 

 

According to the cDNA microarray data, 8 genes were found down-regulated in both AlyA 

knock-out and Gp70 over-expressing cells. Since both mutations have a positive effect on 

particle internalization, these 8 genes (1.6) are our prime candidates for the negative 

regulation of phagocytosis, mediating signaling events between Gp70 and the uptake 

machinery.  

Some of these genes have already been studied in the past years, unveiling that their 

discovery was not an artifact. For instance, SSE346 is involved in negative phagocytosis 

regulation, as its disruption leads to a slight increase (ca 10%) of phagocytic activity and to a 

similar increase in plaque size (I. Müller, Dissertation, 2006). However, disruption of another 

member of the same list - SSJ758 - brings no changes to phagocytosis, but causes an 

intriguing increase in plaque size, by ca 40% (I. Müller, Dissertation, 2006). These results 

indicate diverse roles of these commonly down-regulated genes. 

To investigate the involvement of some of the remaining candidates in the negative 

regulation of phagocytosis, we recurred to knock-out experiments. A targeted disruption of 

genes in Dictyostelium is archived by homologous recombination where the endogene is 

replaced by a disrupted construct comprising a resistance cassette. Blasticidine resistance 

suits these experiments best because transformed cells demand only low levels of resistance 

expression in order to survive in selection media, as compared to geneticine. Considering 

that a perfect situation would be a single integration at the recombination site, the usage of 

blasticidine as selection lowers the probability of isolating clones with multiple integrations 

which could result in disruption of other genes and consequently false phenotypes.  

 

Here we present the results obtained in the attempt of identifying new negative regulators of 

phagocytosis among the overlapping set of down-regulated genes in alyA and gp70 mutants.  

 

2.2.1 SLB350 

 

Slb350 is a 1779 nucleotides long, intron-free gene, located on chromosome 4 of 

Dictyostelium discoideum and listed on dictybase as DDB0237822 (www.dictybase.org). The 

uncharacterized product of slb350 is a 68,8 kDa soluble protein with a predicted HSP20-

family-like domain (SMART prediction). The lack of transmembrane domains and any 

predictable targeting information lets us expect this protein in the cytoplasm (also supported 

by the localization prediction software PSORT). 

According to our cDNA microarray data, slb350 was down-regulated in AlyA knock-out cells 

by a factor of 2.0 and in Gp70 over-expressing cells by a factor of 1.6. By this, we could 
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assume that SLB350 is possibly a component of the signalling cascade downstream of both, 

AlyA and Gp70, with a negative effect on phagocytosis. If this would be true, a down-

regulation or complete deletion of SLB350 should increase phagocytic activity, having neither 

an effect on AlyA nor on Gp70.  

 

2.2.1.1 Depletion of SLB350 

 

To gain insight into the in vivo function of SLB350, we recurred to homologous recombination 

to disrupt the endogenous copy. For this, wild type Dictyostelium cells were electroporated 

with a linear DNA construct containing a blasticidine resistance cassette flanked by 

fragments of the split slb350 gene - ca 1000 bps (left) and 750 bps (right) (Fig. 2.46). 

 

 

 

 

 

 

 

 
Positive transformants were selected in blasticidine containing medium, and the identification 

of knock-out strains was conducted via PCR. We finally ended up with two independent 

knock-out strains: SLB350 KO4 and SLB350 KO24 (Fig. 2.47). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.46 – Schematic view of the disrupted slb350 gene. The disrupted slb350 sequence (blue) containing the bsr 

resistance cassette (green), was cut out of SLB350 KO Fwd (#490) plasmid and electroporated into D. discoideum. Slb350 

disruption is caused by the integration of the linear construct into the genome by recombination with the homologous slb350 

regions. The arrows indicate primers which were combined to evidence the knock-out strains. 
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The isolated knock-out strains grew normally under axenic conditions and there were no 

detectable morphological changes in their size or shape. Development was also unaffected 

by the mutation.  

 

2.2.1.2 Loss of SLB350 leads to increased phagocytic activity but has no effect on 

plaque size 

 

If we assume SLB350 as a negative phagocytosis regulator, shutting it down should 

positively affect particle internalization. To test this hypothesis, we compared the phagocytic 

activities of SLB350 KO4 and SLB350 KO24 with wild-type cells.  

The result of three independent assays indicated a clear increase in particle internalization 

caused by the loss of SLB350 by 30 to 40% (Fig. 2.48).  

 

 

 

 

 

 

 

 

 

Fig. 2.47 – Evidence of slb350 disruption in strains 4 and 24. Agarose gel showing the result of different PCR reactions 

performed on DNA extracted from AX2, SLB350 KO4 and SLB350 KO24. Upper panel: 400 bps band obtained with primers 

192/193 which corresponds to the inner part of slb350. This band is lacking in the knock-out strains due to disruption with bsr – 

which results in a larger fragment, not amplifiable with the used PCR program. Middle panel: 1,2 kb band obtained by 

combining primers 57/135. These primers bind to the genomic region flanking the endogenous copy of slb350 and to the coding 

region of the inserted bsr cassette. Here a successful homologous recombination in the isolated strains is shown by the 

presence of bands in the knock-out strains and missing in AX2. Lower panel: Thioredoxin (primers 216/217) was amplified as a 

control for total DNA amounts used in the reactions. The amounts of template were kept constant for each strain throughout the 

different PCR reactions. 1kb DNA marker sizes indicated on the left in bps. 
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Since phagocytosis is one of the main requirements for growth on bacteria, we wanted to 

know if the increased phagocytosis of slb350 mutants is somehow reflected on the size of 

their plaques. For this, we plated out wild-type and mutant cells together with K. aerogenes 

and measured the plaque diameters on the 3rd and 4th day of incubation. 

The plaque size was not increased in these mutants (Fig. 2.49), indicating once more that 

plaque size does not only depend on phagocytic behaviour but also on many other factors. 

These results are comparable to the Gp70 over-expressing strains, as these also show 

increased phagocytic activity but no effect on plaque size (I. Müller, Dissertation, 2006). 

 

 

 

 

 

 

 

 

 

 

 

2.2.1.3 Depletion of SLB350 has no effect on lysozyme activity or Gp70 expression 

 

To clarify the positioning of SLB350 in the signalling cascade linking AlyA and Gp70 to 

particle internalization, we examined the lysozyme activity and Gp70 expression in the 

knock-out mutants.  

The bacterial degradation rates measured from the incubation of total cell extracts containing 

active lysozyme together with M. luteus were not affected by the loss of SLB350. Also Gp70 

amounts, compared by Western blot, remained normal in the knock-out strains (Fig. 2.50). 

Fig. 2.49 – Loss of SLB350 has no effect on 
the plaque size. The plaque diameters of 

slb350 mutants (red bars) were not different 

from the wild-type (blue bars). Diameters of 

plaques originated from single Dictyostelium 

cells on K. aerogenes lawns were measured 

on the 3rd and 4th day of incubation. Wild-type 

values were set to 100%. Each bar represents 

the mean values of 10-12 measurements in 3 

independent experiments. Error bars show the 

standard deviations of all values (%). 

Fig. 2.48 – Enhanced phagocytosis in 

SLB350 depleted cells. Particle 

internalization was increased in both 

mutants (red symbols) comparing to wild-

type cells (blue circles). Cells were 

incubated together with fluorescent yeast 

particles and the intracellular fluorescence 

emitted by ingested yeast was measured in 

15 minute intervals for 2 hours. All values 

were obtained by averaging 3 independent 

measurements. Standard deviations are 

indicated by the bars. 
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These results confirm the predicted position of SLB350 in the signalling cascade. It acts 

between Gp70 and the uptake machinery, and participates in the negative regulation of 

phagocytosis. 

 

 

 

 

 

 

 

 
 

 
 

 

 

 

 

2.2.1.4 SLB350 localizes to peroxisomes  

 

To gain further insight into the cellular functions of SLB350, we studied its sub-cellular 

localization by fusing SLB350 to reporters like GFP or the myc epitope. 

We started by over-expressing GFP-SLB350 and SLB350-GFP fusion proteins in 

Dictyostelium, using the existing constructs of C. Stolle (#452 and #451, respectively). Over-

expression of the first chimera resulted in a very weak cytoplasmic background (not shown), 

while SLB350-GFP was found in cytoplasmic structures assimilating aggregates and 

sometimes crescents or rings (Fig. 2.52A). Despite of SLB350 involvement in phagocytosis, 

we never obtained a positive co-localization with known endosomal markers. Another 

problem was the weak and heterogeneous GFP expression in the isolated strains, making it 

quite difficult to obtain a valid localization. For this reason we transformed wild-type cells with 

a SLB350-6myc construct (#668), where 6 consequent myc sequences are fused to the C-

terminal of SLB350, thus enabling better immuno-recognition of the tag. Transformants with 

high myc expression levels were selected via Western blot (Fig. 2.51). Fixed SLB350-6myc 

expressing cells exhibited similar results to SLB350-GFP cells, however, the fluorescent 

structures were much clearer and could be found in almost every cell. SLB350-6myc was 

found in three different structural conformations: rings, doublets and crescents (Fig. 2.52B). 

 

 

Fig. 2.50 – Normal lysozyme activity and Gp70 levels in SLB350 KO cells. Left: Photometric measurement of M. luteus 

degradation based on incubation with active lysozyme from slb350 mutants (red squares and triangles), reveals equal rates to 

the wild type strain (blue dots) (n=2). Right: 2 x 106 cells of each strain were denatured in 2 x Laemmli buffer and loaded on the 

SDS gel with a pre-stained molecular weight marker (weights are indicated on the left side of the blot in kDa). Western blot 

analysis comparing total Gp70 amounts of AX2 with SLB350 KO strains. Loading control is indicated by coronin, developed 

separately from Gp70.  
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Due to the size, quantities and sub-cellular distribution of SLB350 enriched structures as well 

as the unsuccessful co-localization with different organelle markers, we decided to co-

transform these cells with an engineered version of RFP, containing an SKL (Serine, Lysine, 

Leucine) sequence at the C-terminal (plasmid #498). This targeting signal, also known as 

PTS1, is responsible for the sorting of RFP into peroxisomes, allowing the visualization of 

peroxisomes both in vivo and in vitro.  

The result was quite amazing because all SLB350-6myc structures localized on the RFP 

marked peroxisomes (Fig. 2.53). SLB350-6myc aggregated into well defined rings, attached 

to the cytoplasmic side of the peroxisomal membrane. Interestingly, not all peroxisomes were 

labelled by the epitope antibodies, whilst all SLB350 aggregates co-localized with RFP, 

pointing out that eventually, SLB350 is somehow recruited to peroxisomes from the cytossol 

to a certain time point. 

 

 

Fig. 2.52 – Absent from endosomal compartments, SLB350-GFP aggregated 
into similar structures as SLB350-6myc. A: Cells expressing SLB350-GFP 

immuno-stained against the endosomal marker p80 (red). Overlay of confocal 

images indicates the absence of SLB350-GFP from endosomal compartments. B: 

Cells expressing SLB350-6myc, indirectly stained by Oregon Green conjugated 

antibodies. SLB350-6myc is found enriched in three well defined structures: rings, 

doublets and crescents. The increased cytoplasmic fluorescence is due to 

unspecific antibody labeling, as revealed by control staining of wild-type cells (not 

shown). 

Fig. 2.51 – Western blot analysis showing the correct size of the SLB350-6myc 

chimera.  The 80 kDa fusion protein was detected with anti-myc antibodies. Approx. 1 

million cells were denatured in 2 x Laemmli buffer and loaded on the SDS gel with a pre-

stained molecular weight marker (molecular weights are indicated on the left side of the blot 

in kDa). 
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2.2.1.5 Altered peroxisomal morphology in SLB350-depleted cells 

 

To conceive the relationship between peroxisomes and SLB350, we decided to examine 

peroxisomes in SLB350-null cells. For this mean, we transformed wild-type cells and the 

existing knock-out strains with GFP-PTS (plasmid #191), to enable visualization of 

peroxisomal morphology. 

We isolated two independent strains expressing GFP-PTS in the wild-type background and 

one strain for each one of the four independent SLB350 knock-out backgrounds (KO4, 

KO24, KO28 and KO42 – the last two were not described in 2.2.1.1). All mutants were 

selected via Western blot (not shown) for similar GFP expression levels, in order to prevent 

changes of peroxisomal morphology. The first impression was that most wild-type 

peroxisomes tended to be roundish, while most mutant peroxisomes tended to have an 

elongated morphology (Fig. 2.54). Since this phenotype was not clear (due to high 

heterogeneity of the peroxisomal pool in all cells), we decided to make a statistical analysis, 

using images generated by piled confocal sections, allowing the visualization of the entire 

peroxisome content of a cell. 

 

 

 
 

 

 

 

 

 

Fig. 2.54 – Overview of changes in the 

peroxisomal morphology caused by 
SLB350 depletion. Overlay of confocal 

sections (6 sections split up by 0,5 µm) of 

wild-type and SLB350 knock-out cells 

expressing GFP-PTS.  

Fig. 2.53 – Confocal imaging showing SLB350-6myc enrichment on peroxisomes. Cells co-expressing SLB350-6myc and 

RFP-PTS were fixed and incubated with monoclonal anti-myc antibodies, stained by secondary antibodies conjugated with 

Oregon Green. Overlay clearly indicates that all SBL350-6myc structures are bound to peroxisomes, as well as the absence of 

chimeric protein from the peroxisomal lumen. 
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Using piled confocal sections, we were able to distinguish between round and elongated 

morphologies, so we counted round and long peroxisomes of 10 random cells for each GFP 

expressing strain. The statistical analysis of peroxisomal morphology revealed a clear 

difference between wild-type and slb350 mutant peroxisomes. Wild type cells have a higher 

number of round peroxisomes - in a 3 to 2 ratio - while mutant cells presented equal amounts 

of both shapes (Fig. 2.55). 

 

 

 

 

 

 

 

 

 

 

 

The peroxisomal morphology seems to shift from round to elongated in cells lacking SLB350. 

Considering that most peroxisomes are round shaped and the elongated shape is a 

transition stage, the obtained results indicate to an arrest of mutant peroxisomes in the 

elongated state.  

 

2.2.2 SSB389 

 

Ssb389 is a small gene encoded by 375 nucleotides on chromosome 4 of Dictyostelium 

discoideum, listed as DDB0238293 (www.dictybase.org). The genomic ssb389 sequence is 

729 nucleotides long and contains 3 introns. The final translation product is a 14,7 kDa 

uncharacterized soluble 125 amino acid protein. 

According to our cDNA microarray data, ssb389 was down-regulated in AlyA knock-out cells 

by quite a significant factor of 3.3, and in Gp70 over-expressing cells by a factor of 1.6, which 

puts this gene on the list of the 8 down-regulated genes. Taking this into account, we wanted 

to find out if SSB389 has any function in phagocytosis regulation and thus be included in the 

signalling pathway downstream of AlyA and Gp70. 

 

 

 

 

Fig. 2.55 – Lack of SLB350 leads to an 
increase of elongated peroxisomes. 

Peroxisomes were studied using confocal data 

(6 overlayed sections with 0,5 µm intervals) of 

cells expressing GFP-PTS in wild-type and 

SLB350 KO backgrounds. At least 10 

randomly chosen cells were analyzed in each 

strain. A total of 2954 peroxisomes were 

sorted into different groups according to their 

morphology (round or long). Total number of 

counted peroxisomes in each strain is given 

as 100%. 
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2.2.2.1 Depletion of SSB389 

 

To study the effects of SSB389 depletion on phagocytosis, we electroporated wild-type 

Dictyostelium cells with a linear construct where a blasticidine resistance cassette is flanked 

by a ssb389 gDNA sequence lacking the first 90 nucleotides (replaced by the bsr cassette) 

and genomic non-coding regions 695 nucleotides upstream and 292 nucleotides downstream 

of ssb389 (Fig. 2.56). Due to the small size of the gene, these additional genomic regions 

would increase the efficiency of homologous recombination. 

 

 

 

 

 
 

 

 

 

Successfully transformed cells were selected in blasticidine containing medium and the 

positive knock-out mutants were identified by PCR. We ended up with two independent 

SSB389-null strains, 2.1 and 4.2 (Fig. 2.57). 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

 

Fig. 2.56 – Schematic view of the disrupted ssb389 gene. The knock-out construct carries a part of ssb389 (green), a bsr 

cassette (red) replacing the first 90 nucleotides of the ssb389 coding sequence and contains genomic non-coding regions (gen) 

flanking ssb389 (white) in order to facilitate recombination. The construct was cut out of the SSB389 KO gen (#671) plasmid 

with EcoRI and electroporated into wild-type Dictyostelium cells. The knock-out of ssb389 is caused by recombination of the 

homologous regions (white and green), resulting in replacement of the initial coding region of ssb389 by the resistance cassette. 

A possible primer combination to identify positive knock-out strains is indicated by the arrows. 

 

Fig. 2.57 – Evidence of SSB389 knock-out in strains 2.1 and 4.2. Agarose gel showing different PCR reactions performed on 

DNA extracted from AX2, SSB389 KO 2.1 and SSB389 KO 4.2. Upper panel: SSB389 KO strains lack the 730 bps band, 

corresponding to the ssb389 endogene, due to the absence of the 5’ primer binding site. Middle panel: 930 bps band indicating 

a successful homologous recombination. One of the primers binds to the terminator region of the bsr cassette, while the other 

binds to the genomic region outside of the recombination area. Lower panel: Thioredoxin (primers 216/217) was amplified as a 

control for total DNA amounts used in the reactions. The amounts of template were kept constant for each strain throughout the 

different PCR reactions. 1kb marker sizes are indicated on the left in bps.  
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Both knock-out strains exhibited normal axenic growth rates, both in suspension and on 

substrate. Cell size and shape were quite normal, and there were no noticeable changes in 

development.  

 

2.2.2.2 Depletion of SSB389 has no outcome on phagocytosis but leads to a severe 

reduction of the plaque size 

 

Considering that SSB389 was found down-regulated in mutants with increased phagocytic 

activities, we wanted to find out if a complete removal of this protein would have a positive 

effect on phagocytosis or show any changes upon growth on bacterial lawns. 

To compare phagocytic activities we fed wild-type and SSB389-depleted cells with 

fluorescent yeast particles. Average values of several assays clearly indicated that particle 

internalization was unaffected by the mutation (Fig. 2.58).  

 

 

 

 

 

 

 

 

  

 

Surprisingly, mutant cells exhibited a severe defect when cultivated on bacteria, as t was 

reduced by an average of 40% (Fig. 2.59). Interestingly, 1-2 week old cells (after 

germination) had a dramatic plaque size decrease of more than 60% and after 3 weeks of 

axenic cultivation the plaque size increased by 20–30%, however, it always remained under 

the wild-type level. 

 

 

 

 

 

 

 

 

 

Fig. 2.58 – SSB389-depleted cells exhibit 
wild-type-like phagocytic behavior. Particle 

uptake was unaltered between ssb389 

mutants (red symbols) and wild-type cells (blue 

circles). Cells were incubated together with 

fluorescent yeast particles and the intracellular 

fluorescence emitted by ingested yeast was 

measured in 15 minutes intervals for 2 hours. 

All values were obtained by averaging 5 

independent measurements. Standard 

deviations are indicated by the error bars. 

Fig. 2.59 – Severe plaque size defect upon 

SSB389 mutation. Plaque diameter of ssb389 

mutants (red bars) was significantly decreased 

in comparison to the wild-type (blue bars). 

Diameters of plaques originated from single 

amoebae on K. aerogenes lawns were 

measured on the 4rd and 5th day of incubation. 

Wild-type values were set to 100%. Each bar 

represents the mean values of 12-14 

measurements in 2 independent experiments. 

Error bars indicate the standard deviations of 

all values (%). 
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2.2.2.3 Lysozyme activity and Gp70 expression are affected by the loss of SSB389 

 

We were now interested in finding out if the depletion of SSB389 has any influence on 

lysozyme activity or Gp70 expression, which could possibly relate this protein to the pathway 

or to the dramatic plaque phenotype. To test the lysozyme activity we assayed bacterial 

degradation by active lysozyme containing cell extracts from wild-type and mutant cells, and 

for the comparison of total Gp70 amounts, we performed Western blot analysis. 

The degradation of M. luteus turned out to occur at slightly slower rates in cells lacking 

SSB389 than in the wild-type. Average values indicated a decrease of lysozyme activity by 

20-25% in comparison to the wild-type. On the other hand Gp70 expression levels were 

slightly increased in the ssb389 mutants (Fig. 2.60). 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Although lysozyme activity of ssb389 mutants was slightly lower, it was still unclear if this 

could justify the striking changes observed by growth on Klebsiella aerogenes. Since ssb389 

mutants gave no evidence of growth or developmental defects and their phagocytic 

behaviour was unaltered compared to the wild type, we decided to monitor cell movement. 

Based on the case of SSB420, where increased cell motility nicely correlated with increased 

plaque size, we chased adhering cells for 30 minutes in order to register possible differences 

of free cell movement between mutant and wild-type strains. The chase experiment showed 

quite normal movement patterns of the ssb389 mutants without clear differences to the wild-

type (not shown). 

 

 

 

Fig. 2.60 – Lysozyme activity and Gp70 levels are slightly affected by the loss of SSB389. Left: Photometric measurement 

of M. luteus degradation upon incubation with total cells extracts containing active lysozyme of wild-type (blue circles) and 

SSB389 KO (red squares and triangles) cells revealed the decreased lysozyme activity of the mutants (n=2). Right: 2 x 106 cells 

of each strain were denatured in 2 x Laemmli buffer and loaded on the SDS gel with a pre-stained molecular weight marker 

(molecular weights are shown on the right, in kDa). Western blot analysis comparing total Gp70 amounts of AX2 and SSB389 

KO strains 4.2 and 2.1. Loading control is indicated by coronin, developed separately from Gp70.  
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2.2.2.4 SSB389 localizes to the cytoplasm and accumulates at the Microtubule 

Organizing Centre (MTOC)  

 

Taking together the quite confusing phenotypes of SSB389 knock-out mutants, we decided 

to localize this protein in the cell in order to get better understanding of its functions.  

For this reason, and since we do not have any information on the importance of a free N- or 

C- terminus of SSB389 for correct localization, we made two different constructs by fusing 

GFP to both termini (#506 and #507). We isolated cell lines for each construct with different 

GFP expression levels (Fig. 2.61). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Both chimeras exhibited the same sub-cellular localization, which was also unaffected by the 

different GFP expression levels. GFP tagged SSB389 was found amongst others in the 

cytoplasm, confirming the soluble nature of the protein. Most of the chimera was found 

Fig. 2.61 – Western blot analysis of cells expressing GFP-SSB389 and SSB389-GFP. 

Ca 1 million cells of each strain were used for the immuno-detection of both 42 kDa 

chimeras with anti-GFP antibodies. Molecular marker weights are indicated on the right in 

kDa. 

Fig. 2.62 – Sub-cellular localization of GFP-SSB389. A: Confocal images showing the co-localization of GFP tagged SSB389 

with anti-centrosome antibodies, indirectly labelled by Cy3 (red). B: Enrichment of GFP-SSB389 in the DAPI-free regions 

(nucleoli) of the nucleus, pointed out by the arrows. Cells expressing GFP-SSB389 were counterstained with the DNA-binding 

dye DAPI (blue). 
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aggregated at the MTOC (Fig. 2.62A). Moreover, it was also found in the nucleus with 

increasing signal in DAPI-poor regions, most likely the nucleoli (Fig. 2.62B). 

Taking into account that SSB389 is translated in the cytoplasm and that its sequence lacks 

any nuclear import information, it is likely that our small size chimera (42 kDa) diffuses 

passively into the nucleus through the nuclear pore complex. It is also known that when it 

comes to small soluble proteins, the nucleus generally demonstrates higher fluorescent 

staining than the cytoplasm in fixed cells. In 2007, Wang and Brattain showed that over-

expressed GFP passively diffuses into the nucleus of HeLa cells, originating very similar 

results to the ones obtained with the GFP tagged SSB389. They also showed that even a 

3xGFP fusion protein with a molecular weight of over 80 kDa, would passively diffuse into the 

nucleus giving exactly the same results as single GFP, as consequence of cell fixation. 

It is also known that for true nuclear proteins the fluorescence intensity is at least 2-fold 

higher in the nucleus, when compared to the cytosolic background. 

To get an idea of the differences between the fluorescence emitted by the nucleus and by 

the cytosol, we analyzed slices of GFP-SSB389 expressing cells with ImageJ software (Fig. 

2.63). 

 

 

 

 

 

 

 

 

 

 

 

It came out that the difference in the fluorescence between the nucleus and the cytoplasm 

was quite insignificant compared to the MTOC. This supports the presumption that the 

nuclear localization of GFP-SSB389 is a mere artefact. 

 

2.2.3 TipD (SLA566) 

 

TipD is a 1839 bps long gene on chromosome 2 of Dictyostelium discoideum, listed as 

DDB0202565 (www.dictybase.org). The genomic sequence of tipD is slightly longer – 1916 

bps – due to a small 77 bps intron. The product of this gene is a 68,7 kDa soluble protein, 

with a predicted “Autophagy 16 protein superfamily” domain, as well as a WD-40 repeats 

Fig. 2.63 – Analysis of emitted GFP 
fluorescence through a slice of a GFP-

SSB389 expressing cell. The image at the 

bottom shows the slice of the cell used for 

analysis. Measured GFP intensities (grey 

value) are plotted against the distance (pixels) 

covered from the left to the right along the blue 

line. The measurements were performed with 

ImageJ. 
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domain (Fig. 2.64). WD-40 repeats, also known as WD or beta-transducin repeats, are short 

amino acid motifs (ca 40 a.a.) that often terminate in a WD (Tryptophan/Aspartic acid) 

dipeptide. The underlying common function of all WD-repeat proteins is to coordinate multi-

protein complex assemblies, where the repeating units serve as a rigid scaffold for protein 

interactions.  

TipD is the fourth member of a small family of 4 proteins termed as “tipless” due to the 

developmental defects of cells lacking these proteins. Instead of forming a single tip from 

each mound as in wild-type cells, these mutants extend multiple tips. Past TipD knock-out 

experiments in Dictyostelium showed several other developmental defects like larger 

mounds, reduced or aberrant cell-sorting behavior, absence of migrating slugs, reduced 

fruiting bodies and severely reduced sporulation (Stege et al, 1999).  

Surprisingly, tipD was found to be included in the list of the 8 commonly down-regulated 

genes of AlyA-depleted and Gp70 over-expressing cells, according to the cDNA microarray 

data by 2- and 1,5-fold, respectively. There was so far no known implication of tip genes in 

phagocytosis, so we became interested in finding out if TipD played two roles in 

Dictyostelium by participating not only in development but also in the signaling cascade 

between endosomal compartments and phagocytic machinery, as a negative regulator of 

particle internalization. 

 

 

 

 

 

 

 

2.2.3.1 Depletion of TipD 

 

To find out if TipD is involved in the negative regulation of phagocytosis we cloned a knock-

out construct where tipD is disrupted by a blasticidine resistance cassette (Fig. 2.65). This 

construct allows the disruption of the endogene, by recombination of the homologous tipD 

regions, which flank the selection marker. 

 

 

 

 

 

 

Fig. 2.64 – TipD domain 
prediction by SMART. The low 

complexity N-terminal region is 

followed by the autophagy 16 

protein domain and finally 7 WD-

40 repeat regions. 
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Cell lines with resistance to blasticidine were submitted to PCR analysis, in order to identify 

positive knock-out strains. We isolated three independent TipD KO strains: 1.24, 2.48 and 2F 

(Fig. 2.66). To obtain strains 1.28 and 2.48, wild-type Dictyostelium cells were transformed 

with double-digested TipD KO (#511) vector, where the linear disrupted gene sequence was 

not purified from the rest of the vector. This way the loss of DNA fragments (during 

purification) was minimized, leading to a higher number of positive transformants. To exclude 

possible false phenotypes due to integration of the remaining vector DNA, we isolated a third 

mutant - TipD KO 2F - obtained by transformation with a purified tipD/bsr fragment. As there 

were no detectable differences between these 3 strains, we used them all for further 

experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.65 – Schematic representation of the TipD knock-out construct. TipD coding sequence (blue and white) is 

interrupted by a bsr cassette (green). Prior to transformation in wild-type D. discoideum cells, the construct was cut out of the 

TipD KO (#511) vector with HindIII/PvuI. Note that only the blue parts of tipD were used for recombination. Arrows indicate the 

binding sites of different primer sets used for identification of the knock-out strains. 

 

Fig. 2.66 – Evidence of tipD disruption in the isolated strains. Different PCR reactions were performed on DNA extracted 

from AX2, TipD KO 1.24, 2.48 and 2F, in order to identify positive knock-out strains. Upper panel: 420 bps band corresponding 

to the inner tipD sequence (234/236). AX2 strain shows normal amplification of this inner part of the endogene, but the knock-

out strains lack this band due to disruption with bsr – which originates a larger fragment, not amplifiable with the used PCR 

program. Middle panel: 1080 bps band indicating a correct recombination. One of the primers binds to the coding region of bsr 

(57) and the other binds to a sequence within the tipD coding region, but outside of the recombination limits (226). This PCR 

product also points out that the resistance cassette is inserted against the tipD readout direction. Lower panel: Thioredoxin 

(primers 216/217) was amplified as a control for total DNA amounts used in the reactions. The amounts of template were kept 

constant for each strain throughout the different PCR reactions. 100 bp marker sizes are indicated on the left in bps.  
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The isolated cell lines exhibited normal axenic growth rates and no noticeable changes in 

shape or size of single cells. Comparing with the data published by Stege et al (1999), the 

process of development was severely affected by the mutation. The most marked changes 

were the multi-tipped aggregates, reduced fruiting body and spore formation (Fig. 2.67). We 

were able to conserve the mutant strains as spores but the germination of new vegetative 

cells was severely delayed due to reduced amounts of viable spores. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.3.2 The lack of TipD has no effect on phagocytosis but delays the plaque 

formation 

 

To find out if TipD is involved in the negative regulation of phagocytosis, we fed wild-type and 

mutant cells with fluorescently labelled heat-killed yeast particles and measured the increase 

of intracellular fluorescence over time. 

Although single experiments were quite inconsistent, the average values of 10 independant 

measurements gave us wild-type-like curves for all three mutants (Fig. 2.68). 

 

 

 

  

 

 

 

 

 

 

Fig. 2.67 – Developmental 
phenotype of tipD mutants. 
TipD-null cells form larger than 

average mounds which split up 

and form many tips on their 

surfaces. Equal amounts of cells 

were placed on nitrocellulose 

membrane filters under starvation 

conditions. Images were taken 

after 24 hours of development. 

Fig. 2.68 – TipD-depleted cells exhibit a 
wild-type-like phagocytic behavior. Knock-

out strains (red symbols) exhibited wild-type-

like (blue circles) phagocytic activities. Cells 

were incubated together with fluorescent 

yeast particles and the intracellular 

fluorescence emitted by ingested yeast was 

measured in 15 minute intervals for 2 hours. 

All values were obtained by averaging 10 

independent measurements. Standard 

deviations are indicated by the error bars. 
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After analyzing particle internalization properties, we examined the growth on bacterial lawns 

since it could be influenced by the lack of TipD, even with unchanged phagocytic behaviour. 

Somewhat surprising, the diameters of mutant plaques were reduced by ca 20%, comparing 

to the wild-type plaques (Fig. 2.69). 

 

 

 

 

 

 

 

 

 

 

 

2.2.3.3 The loss of TipD positively affects the lysozyme activity but shows 

repressing effects on Gp70 expression 

 

The next step was to analyze the lysozyme activity and Gp70 expression in tipD mutants. 

This could contribute to a better understanding of the observed plaque defect or could give 

new information about the involvement of TipD in the signalling cascade. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.69 – Plaque size is reduced in TipD-
depleted cells. Plaques of tipD mutants (red and 

orange bars) were slightly smaller than wild-type 

plaques (blue bars). Diameters of plaques 

originated from single Dictyostelium cells on K. 

aerogenes lawns were measured on the 3rd and 

4th day of incubation. Wild-type values were set 

to 100%. Each bar represents the mean values 

of 10 measurements in 3 independent 

experiments. Error bars correspond to standard 

deviations of all values (%). 

Fig. 2.70 – TipD-null cells have a slightly 

increased lysozyme activity and very low 
Gp70 amounts. A: M. luteus was degraded at 

slightly faster rates by active lysozyme-

containing extracts from TipD-depleted cells (red 

symbols) than from wild-type cells (blue circles) 

Values were obtained from 3 independent 

experiments. B: 2 x 106 cells of each strain were 

denatured in 2 x Laemmli buffer and loaded on 

the SDS gel with a pre-stained molecular weight 

marker (marker weights shown on the left side of 

the blot in kDa). Western blot analysis 

comparing total Gp70 amounts of tipD mutants 

1.24, 1.48 and 2F with AX2. Loading control is 

indicated by coronin, developed separately from 

Gp70.  
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By assaying lysozyme activity, we found out that in vitro degradation of M. luteus occurs 

slightly faster by the enzymes extracted from TipD-null cells. The degradation rates were 

increased by an average of 20%. On the other hand Gp70 expression was severely 

repressed in these mutants (Fig. 2.70). 

 

2.2.3.4 Normal aggregation and movement exhibited by TipD knock-out cells 

 

TipD expression rises after 2 hours of development, reaching its maximum at 10 hours 

(dictyExpress – gene expression profile). Taking into consideration the smaller plaques 

produced by TipD knock-out cells, we wondered if the developmental program could be 

triggered earlier in these mutants. This would result in less vegetative cells for bacterial 

digestion and thus a delay in plaque progression. To test this hypothesis we monitored early 

development of TipD knock-out and wild-type cells under starvation conditions. The first 

visible signs of aggregation appeared after 4 hours, concurrent in all examined strains (Fig. 

2.71 - 5 hours). After 7 hours of development wild-type mounds were large and well defined 

while mutant mounds were quite disseminated and heterogeneous (Fig. 2.71 - 7 hours). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These observations indicate normal signalling between starved vegetative TipD-null cells, as 

early development is trigged similar to wild-type cells. The first signs of developmental defect 

seem to appear during mound formation. 

In parallel, we analyzed the free cellular movement since it could also influence plaque size. 

30 minutes chased TipD KO cells revealed to be at least as active as wild-type cells and in 

some cases they even moved slightly faster (not shown), making no correlation with the 

smaller plaques.  

Fig. 2.71 – TipD-depleted cells 

start developing at the same time 
as wild-type cells, but exhibit 

defects in the subsequent stages. 
Equal amounts of cells were taken 

from axenic cultures, washed and 

placed on membrane filters, soaked 

with phosphate buffer. Development 

was documented every hour, for 8 

hours (only 3 time points are 

shown). TipD 2F (not shown) 

exhibited exactly the same 

developmental patterns as the other 

mutants. 
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2.2.3.5 Decreased cell adhesion as a consequence of TipD mutation 

 

We finally tested tipD mutant cells for substrate adhesion, since adhesion molecules have 

been associated with developmental defects. Brock and colleagues reported similar 

developmental defects exhibited by the adhesion-defective smlA mutant. Like tipD, this 

mutant forms very small aggregates and produces small fruiting bodies (Brock et al, 1996), 

indicating that adhesive strength between neighboring cells is an important feature for 

multicellularity. 

To analyze the adhesive properties of TipD-depleted cells, we compared substrate adhesion 

of mutant and wild-type cells by shaking attached cells, grown over night in Petri dishes, and 

measuring the percentage of detached cells. 1 hour shaking consequently detached 75% of 

mutant cells and 60% of wild-type cells (Fig. 2.72). Although the differences are modest, the 

depletion of TipD clearly decreased cell-substrate adhesion.  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Fig. 2.72 – Decreased cell-substrate 
adhesion of tipD mutants.  Equal amount of 

wild-type and mutant cells, grown overnight in 

Petri dishes, were shaken for 60 minutes and 

the amounts of detached cells were 

calculated.  Total cell amounts normalized to 

100%, for each strain. The standard deviations 

are indicated by the error bars (%). Values 

were obtained from four independent 

experiments. 
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3 Discussion 
 

 

Past studies have shown that Dictyostelium cells lacking one of the major components of 

their digestive armament - the lysozyme - compensate by increasing the activity of the 

uptake machinery (Müller et al, 2005). Plaque experiments revealed that this compensation 

was not direct, but rather slow and gradual. This suggests that the compensation is archived 

by gradual misregulation of several genes, directly or indirectly involved in the regulation of 

phagocytosis. These genes can be regarded as a signaling cascade which establishes the 

connection between endosomal compartments and the uptake machinery. 

I. Müller could show that the esterase Gp70 was up-regulated as consequence of the 

depletion of the major lysozyme isoform in Dictyostelium - AlyA.  At the same time, the over-

expression of Gp70 alone in wild-type cells is sufficient to enhance the uptake of particles (I. 

Müller, Dissertation, 2006; Müller et al, 2005; Yuan and Chia, 2000).  This implies signalling 

between AlyA- and Gp70-containing endocytic compartments and from them to the 

cytoskeletal uptake machinery. Taking this into account, we can split the signaling pathway in 

two steps: the first one between AlyA and Gp70; the second one between Gp70 and the 

uptake machinery at the plasma membrane. To characterize this signaling cascade, I Müller 

started identifying the possible candidates by comparing misregulated genes of cells 

depleted of AlyA or over-expressing Gp70 via cDNA microarray analysis (I. Müller, 

Dissertation, 2006). With this approach she obtained sets of possible candidate genes for 

each step of the signaling cascade (Tab. 1.1). From here we can study each candidate and 

analyze its involvement in the regulation of particle uptake by means of artificial 

misregulation. 

Among the obtained candidates, we expected to find known proteins, involved in the 

regulation of the actin-driven uptake machinery (1.3). Curiously, the products of most 

candidate genes revealed to be uncharacterized proteins and their involvement in the 

regulation of phagocytosis completely unknown, forcing a random selection of candidates for 

the analysis. For the first signaling step we have chosen to study SSB420 and SSL793, both 

up-regulated in the alyA mutant (Tab. 3.1). Since this mutant exhibits increased phagocytic 

activity, we assumed that single ones or a combination of these candidates positively 

contributes to the enhanced particle uptake. Therefore, we analyzed the consequences of 

their artificial over-expression in wild-type cells on particle internalization. Since the 

compensation effects exhibited by the alyA mutant are expected to be a result of a team-

work between different misregulated proteins, we also analyzed the phagocytic behaviour of 

cells simultaneously co-over-expressing two candidates that did not exhibit any direct effects 

when over-expressed alone. 
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For the signaling between Gp70 and the uptake machinery at the plasma membrane, we 

studied four candidate genes (Tab. 3.1). One of them - Yipf1 - was assumed to be involved in 

the positive regulation of phagocytosis because it was found up-regulated both in AlyA-null 

and in Gp70 over-expressing cells, so we analyzed the effects of its over-expression on 

phagocytosis. The other three candidates - SLB350, SSB389 and TipD - were assumed to 

be involved in this second signaling step and play as negative regulators of phagocytosis, 

due to their common down-regulation in AlyA-null and Gp70 over-expressing cells. 

Therefore, we analyzed the consequences of their depletion on particle internalization, by 

disrupting the respective genes. 

Throughout these experiments we have to keep in mind that the effects of a knock-out may 

not be the same as the effects of a knock-down. In a knock-down experiment the protein is 

still being expressed in smaller amounts and therefore its activity is reduced but not 

completely absent. Considering that it is very difficult to reproduce the exact up- and down-

regulation levels like they were detected in the cDNA microarray analysis of AlyA-depleted 

and Gp70 over-expressing cells, we use a more direct approach: if increased amounts of a 

protein have positive effects on phagocytosis, we expect to see a positive correlation 

between the over-expression levels and the phagocytic increase; if a protein is a negative 

regulator of phagocytosis, we assume that its depletion will have positive effects on particle 

uptake. Considering the past results obtained by I. Müller and the ones presented in this 

work, we can conclude that this is perhaps not the most accurate, but still a valid approach to 

identify the genes involved in the signaling between endosomal compartments and the 

uptake machinery. 

 

 

 

 

 

 

 

 

 

 

 

Our results demonstrate that two of the 6 studied proteins - SSB420 and SLB350 - are 

directly involved in the regulation of phagocytosis. SSB420 can be included in the signaling 

step between AlyA and Gp70, as a positive regulator of phagocytosis, and SLB350 can be 

included in the second signaling step as a negative regulator of phagocytosis (Tab. 3.2).  

Tab. 3.1 – Misregulation of the chosen candidate genes in cells depleted of AlyA or over-expressing Gp70. The genes 

are grouped according to their assumed position in the signaling cascade: upper genes for the signaling between AlyA and 

Gp70 and bottom genes for the signaling between Gp70 and the uptake machinery. The numbers indicate the fold of the 

misregulation according to the cDNA microarray data. Up-regulation of Yipf1 in AlyA-null cells was only seen by RT-PCR.    
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Furthermore, we show that SSL793 and SSD485 might work together for a positive 

regulation of phagocytosis, downstream of SSB420 and upstream of Gp70 (Tab. 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1 The signalling pathway from AlyA to Gp70 

 

The signalling between AlyA and Gp70 comprises 20 candidates that were found up-

regulated in the alyA mutant and remained normal in the Gp70 over-expressing cells. 

Several genes of this large set have already been analyzed in the past years. As expected, 

most of them could not be associated to the regulation of phagocytosis. Rather they seem to 

participate in other parallel events, engaged directly or indirectly by the malfunction of the 

digestive machinery. This is the case for H5 and CABP-1 (cAMP-binding protein 1 – SLI144). 

The over-expression of each one of these genes brought no changes to phagocytosis, 

plaque size or Gp70 expression (G. Konotop, Diploma Thesis, 2006; I. Müller, Dissertation, 

2006). Currently, F. Hänel is working on SSD485 and SSD673 - two further candidates 

belonging to this set. Her experiments revealed that the over-expression of each one of 

these genes alone has no direct effect on phagocytosis. However, 30 days old cells over-

expressing SSD485 exhibited a higher phagocytic activity that wild-type cells of the same 

age. This could indicate that some of our candidates might regulate phagocytosis indirectly 

through the misregulation of other genes.  

Tab. 3.2 – Overview of the phenotypes obtained from the analysis of single mutants. The artificial misregulation of some 

genes led to the expected phenotypes (green) while the others did not (red). Some mutants exhibited phenotypes that correlate 

only with the gp70 mutant but not with the alyA mutant (yellow). Values indicate the % relative to the wild-type.  
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In this work we focused on two further candidates for the signaling between AlyA and Gp70 - 

SSB420 and SSL793. Over-expression experiments revealed that SSB420 is directly 

involved in positive regulation of phagocytosis, while SSL793 alone has no direct effect on 

this process. Nevertheless, the recruitment of SSL793 to the sites of uptake, suggest that 

this protein might play some important roles during particle uptake, but in order to regulate 

the uptake it requires misregulation of other team players. Taking this into account, we 

analyzed the phagocytic behaviour of cells co-over-expressing SSL793 together with 

SSD485. 

 

3.1.1 SSB420 is a positive regulator of particle internalization acting between AlyA 

and Gp70 

 

We were able to demonstrate that SSB420 acts directly as a positive regulator of particle 

internalization, as the over-expression of an un-tagged version of SSB420 originated mutants 

that take up yeast particles faster than wild-type cells (Fig. 2.4). The plaques produced by 

these mutants were significantly larger that the wild-type ones (Fig. 2.5), correlating with the 

increased uptake of particles. We could also show that the abnormally large plaques were 

caused, at least in part, by an increased cellular motility (Fig. 2.7) like it happens in the case 

of cells depleted of the small GTPase RasS (Chubb et al, 2000).  

Interestingly, while the increase of the phagocytic activity positively correlated with the over-

expression levels of SSB420, the plaque size was smaller for the strongest over-expressor. 

Considering that the increased motility of ssb420 mutants contributes to the aberrantly large 

plaques, the differences between phagocytosis and plaque size might be explained by the 

competition of the endocytic and the locomotion machineries for the actin cytoskeleton. 

Chubb et al (2000) suggested that cells lacking RasS are deficient in balancing these actin 

dependant processes, as the motility is significantly increased and the actin dependent 

uptake is defective. Although we could not show that random motility is stronger in mutant 

1.1 than in mutant 2.12, the plaques of mutant 1.1 are larger and have a more accentuated 

RasS-null phenotype (Fig. 2.6), suggesting that locomotion might actually be higher in this 

mutant. On the other hand, the phagocytic activity was higher in mutant 2.12, which is the 

strongest over-expressor of SSB420 (Tab. 3.3). These results suggest that the over-

expression of SSB420 increases both the motility and the uptake of particles. Yet, although 

both cellular processes are favoured, it seems that phagocytosis gains more weight when the 

levels of SSB420 increase. Therefore, we assume that apart from a general stimulation of 

the cytoskeleton, phagocytosis is the main target of SSB420. 

Considering that the plaques of AlyA depleted cells, did not exhibit the RasS-null phenotype 

(I.Müller, personal information), we assume that this typical effect of SSB420 over-
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expression is somehow suppressed by the misregulation of other genes in the case of the 

alyA mutant.  

 

 

 

 

 

 

 

 

Interestingly, the over-expression of SSB420 positively affects the cell-substrate adhesion 

(Fig. 2.8). It is known that cell-substrate adhesion may influence the uptake of particles. This 

is the case of the adhesion-defective talin-null cells, where the lack of cell-substrate adhesion 

is reflected by a poor particle uptake in shaking cultures. These mutants are impaired in the 

initial adhesion to a particle and in subsequent spreading on its surface (Niewöhner et al, 

1997). The same correlation between loss of adhesion and defective particle uptake is 

exhibited by cells lacking any of the putative adhesion/phagocytosis receptors Phg1, SadA or 

SibA (1.3.1). From this, it is logical to assume that the increased adhesion of cells over-

expressing SSB420 must be one of the factors contributing to their increased phagocytic 

activity, as the attachment of yeast particles is facilitated. Although the adhesion of AlyA-

depleted cells was not investigated, it is likely that their cell-substrate adhesion is enhanced, 

at least in part, by the over-expression of SSB420. 

 

Another interesting feature of SSB420 over-expressing cells are the fast-decaying phagocytic 

curves. This was pretty obvious in cells over-expressing SSB420 (Fig. 2.4) and SSB420-GFP 

(Fig. 2.19). These cells seem to have shorter endocytic transit periods because the 

intracellular fluorescence tends to decrease much faster than in wild-type cells as a 

consequence of premature exocytosis. Taken together, the increased particle uptake rates 

and the accelerated endocytic transit might both contribute for the increased plaque size 

exhibited by these mutants.  

 

After characterizing SSB420 as a positive regulator of phagocytosis, we were able to show 

that, as expected, SSB420 acts downstream of AlyA and upstream of Gp70. On one hand, 

the over-expression of this protein had no effects on the lysozyme activity and on the other 

hand, the expression of Gp70 positively correlated with the over-expression levels of 

SSB420 (Fig. 2.9). 

Tab. 3.3 – The highest over-expression of SSB420 tends to favor phagocytosis with a consequent decrease of motility 
(plaque with RasS-null phenotype). The values indicate the % of increase relative to the wild-type. The relative amounts of 

SSB420 in the mutants are indicated by the plus signs. 
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We could also show that SSB420 can mediate its effects not only through Gp70, but also in 

its absence. This observation might help explain the phagocytic differences between AlyA-

null and Gp70 over-expressing cells - ca. 2- and 1,4-fold of the wild-type, respectively (I. 

Müller, Dissertation, 2006). 

 

3.1.2 SSB420 is a protein of unknown functions, cycling between Golgi and endo-

lysosomes 

 

The amino acid sequence of SSB420 has no homology to any known proteins or functional 

domains. However, the presence of a 20 amino acids signal peptide at the N-terminus of 

SSB420, indicates that the protein is co-translationally inserted into the ER. Due to the 

presence of an 18 amino acids hydrophobic region near the C-terminus we can assume that 

SSB420 is a transmembrane protein (Fig. 2.1). According to this information, the fully 

translated protein has its functional part facing the lumen and a short, 16 amino acids long 

tail facing the cytoplasm.  

To get insight into the cellular functions of SSB420, we recurred to immuno-fluorescence 

experiments. We did not tag the N-terminus of the protein because the tag would most 

probably get cleaved in the ER, so we opted for tagging the C-terminus of SSB420 with two 

different tags. Since we did not know if the blocking of the cytoplasmatic tail would interfere 

with the sorting of SSB420, we also tagged the protein internally. 

Surprisingly, we obtained different sub-cellular localizations for all three chimeras (Fig. 2.15 

and 2.18), and none of them was completely functional (Fig. 2.19 - 2.21). SSB420mycRI was 

found only in the ER, SSB420-GFP was found in the ER and Golgi and SSB420-6myc 

localized mainly on endo-lysosomal compartments. 

According to the sub-cellular localization of SSB420mycRI, we assume that the myc epitope 

expressed in the middle of SSB420 might interfere with its folding, leading to retention and 

consequent accumulation of the chimera in the ER. Consistently, several sub-cellular 

localization prediction programs support the secretion hypothesis. 

From the analysis of cells over-expressing the different C-terminal tagged chimeras, only the 

over-expression of SSB420-GFP reproduced most of the phenotypes exhibited by cells over-

expressing the untagged version of SSB420. It increased the phagocytic activity and 

enhanced the expression of Gp70 without changing the plaque size. This was quite 

surprising because it means that the non-functional chimera SSB420-6myc traffics longer 

distances than the functional SSB420-GFP. We have so far no explanation why SSB420-

6myc accumulates at endo-lysosomal compartments, but we must also keep in mind that we 

analyzed only one over-expression mutant for each chimera, and therefore we cannot be 

completely sure about the reliability of these results. Nevertheless, we propose that SSB420 
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is neither an ER protein, nor a constant resident of endo-lysosomal compartments. We 

believe that the sub-cellular localizations of SSB420-GFP and SSB420-6myc document two 

different steady states of a cycle between Golgi and endo-lysosomal compartments. In the 

case of SSB420-6myc this cycling is interrupted because the protein fails to recycle back to 

the Golgi and therefore the over-expressed protein loses its functionality. We were not able 

to get solid evidence about the presence of SSB420-GFP on endo-lysosomal compartments, 

probably due to the small amounts of the cycling chimera comparing to the large amounts 

found in the ER and Golgi. The most accurate way to prove this hypothesis would require 

specific anti-SSB420 antibodies that would allow visualization of the endogenous SSB420 by 

indirect immuno-labelling. 

 

As far as it concerns the effects caused by the over-expression of SSB420 on phagocytosis, 

motility (RasS-null phenotype) and cell-substrate adhesion, we propose that these 

phenotypes must be the result of downstream signaling, since SSB420 does not localize in 

the proximity of the plasma membrane where such events are regulated.  

Interestingly, the same approach used for the identification of Phg1 (1.3.1), allowed the 

identification of Phg2. Cells lacking Phg2 are not only defective in phagocytosis and cell-

substrate adhesion like phg1 mutants, but they are also much less motile than wild-type cells 

(Gebbie et al, 2004). Phg2 is a novel serine/tyrosine kinase with a Ras-binding domain and it 

was shown to participate not only in the regulation of phagocytosis, but also in the 

organization of the actin cytoskeleton, cellular motility and cell-substrate adhesion (Gebbie et 

al, 2004). During phagocytosis, the dynamics of Phg2 is regulated by the metabolism of PIP2 

(1.3.1) through direct interaction with a novel PIP2-binding domain in Phg2 (Blank et al, 

2005). Furthermore, yeast two-hybrid experiments revealed that Phg2 can interact directly 

with Rap1 and RasS. As already discussed, over-expression of Rap1 significantly increases 

uptake of bacteria and latex beads (Seastone et al, 1999) and the depletion of RasS is 

known to have negative effects on phagocytosis (Chubb et al, 2000).  

Although not investigated, it is likely that the up-regulation of Phg2 would have positive 

effects on phagocytosis, movement and adhesion, assimilating the combination of 

phenotypes exhibited by cells over-expressing SSB420. Thus, it is possible that the over-

expression of SSB420 leads to the observed phenotypes, through the up-regulation of Phg2.  

However, according to the cDNA microarray analysis performed on cells lacking AlyA, there 

was no indication of such up-regulation and we did not look at the mRNA levels of phg2 in 

the ssb420 mutants. Nevertheless, considering that the over-expression levels of Phg2 in the 

alyA mutant could be below the detection levels of a cDNA microarray analysis, it would be 

interesting to look deeper into the mRNA levels of phg2 in these cells. 
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3.1.3 SSL793 is not sufficient to regulate phagocytosis but it might participate in the 

initial steps of uptake 

 

Our results demonstrate that the over-expression of SSL793 has no effect on particle 

internalization, plaque size or Gp70 expression (Fig. 2.28 - 2.30). This means that SSL793 is 

not involved in the regulation of particle internalization. However, the fact that this cytosolic 

protein is recruited to phagocytic cups and macropinocytic crowns, and remains associated 

with early endosomes until uncoating (Fig. 2.26), suggests that SSL793 might somehow 

interact with the cortical actin network during uptake. Taking into account that SSL793 is 

expressed in very low amounts, it is tempting to speculate that we do not see an effect on 

particle internalization because a putative interacting partner of SSL793 becomes quickly 

saturated.  

 

3.1.4 Co-over-expression of SSL793 with SSD485 

 

Like SSL793, SSD485 is a candidate for the signaling between AlyA and Gp70 since it is up-

regulated in the alyA mutant and unaltered in cells over-expressing Gp70. SSD485 is a 

signal peptide-containing transmembrane protein which is segregated into the plasma 

membrane, where it might function as a surface receptor. The over-expression of SSD485 

has no direct effects on particle uptake, but after 30 days of axenic cultivation the mutant 

cells exhibit a slight increase in phagocytic activity and Gp70 expression when compared to 

wild-type cells of the same age (F. Hänel, personal information). Such observations indicate 

that the over-expression of this protein leads to the misregulation of other proteins, which 

seems to stabilize after 1 month of cultivation. 

 

We found out that both SSL793 and SSD485 are up-regulated in cells over-expressing 

SSB420 (Fig. 2.31). However, the individual over-expression of SSL793 and SSD485 had no 

direct effect on particle internalization as upon over-expression of SSB420. Finally, the 

localization of SSD485 to the plasma membrane and SSL793 to the cortical actin network, 

give rise to the idea that both candidates might be implicated in the initial steps of uptake. 

Taking this into account, we wanted to find out if a co-over-expression of these two 

candidates would reproduce any of the phenotypes exhibited by cells over-expressing 

SSB420. 

One of the isolated co-over-expressing mutants perfectly reproduced most of the phenotypes 

exhibited by AlyA-null and SSB420 over-expressing cells. As expected, the mutant 1.20 

exhibited increased phagocytic activity, enlarged plaques, enhanced the expression of Gp70 

and increased the cell-substrate adhesion (Fig. 2.33 - 2.36). Interestingly, the increased 
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plaques of mutant 1.20 did not exhibit the RasS-null phenotype, which was typical for 

SSB420 over-expressing cells. Somewhat confusing, this was not the case for mutant 1.14, 

which is strongest over-expressor of both genes comparing to mutant 1.20 (Fig. 2.32). This 

mutant failed to reproduce all expected phenotypes. Considering the lack of phenotypes and 

the sub-normal growth rates in axenic medium, we assumed that some kind of misintegration 

of the transformed DNA could be in the origin of this unexpected behaviour. In fact, the 

elevated transcript levels in mutant 1.14 indicate integration of more plasmid copies in 

comparison to mutant 1.20. To find out which one of these mutants exhibited the right 

phenotypes, F. Hänel continued working with these genes and recently she isolated four 

independent co-over-expressing mutants. Unfortunately, none of them exhibited 

enhancement of particle internalization or increase of plaque size. These results speak 

against the mutant 1.20, so we come to the conclusion that the co-over-expression of 

SSL793 and SSD485 is not enough to cause a positive effect on particle internalization. On 

the other hand, it is also possible that the co-over-expression of SSL793 and SSD485 has to 

remain within certain levels. Finally, we have to consider that if SSL793 and SSD485 are not 

direct interaction partners, their co-over-expression might require increased amounts of other 

team players in order to influence uptake. 

 

 

3.2 The signalling pathway from Gp70 to the cytoskeletal uptake machinery 

 

The main candidates for the second signaling step between Gp70 and the uptake machinery, 

are the 8 genes found down-regulated in cells lacking AlyA and over-expressing Gp70. Some 

of these commonly down-regulated genes were studied in the past years by I. Müller and C. 

Stolle.  

Müller studied SSE346 and SSJ758 and analyzed their involvement in the regulation of 

phagocytosis. Depletion of SSE346 slightly increased phagocytosis and plaque size, proving 

that this protein is a negative regulator of phagocytosis. According to immuno-precipitation 

experiments, Müller proposed that this integral transmembrane protein is delivered to 

phagocytic compartments by small carrier vesicles which could be visualized in cells over-

expressing SSE346-myc. The picture got a bit more confusing after the analysis of SSJ758-

depleted cells. The lack of SSJ758 did not have any effect on phagocytosis but increased the 

plaque size in 1,4-fold of the wild-type. Interestingly, the expression of Gp70 in these mutants 

was negatively affected. The SSJ758-GFP chimera partially co-localized with actin at 

dynamic cortical regions, but also accumulated at the MTOC (I. Müller, Dissertation, 2006). 
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Further confusing results came with the analysis of cells lacking the alkaline phosphatase, 

another member of the commonly down-regulated set. The disruption of the alp gene led to a 

phagocytic defect instead of the expected increase (C. Stolle, Diploma Thesis, 2005).   

Considering these results, it becomes clear that the commonly down-regulated genes are not 

necessarily involved in the regulation of phagocytosis or might actually exhibit opposite 

phenotypes to the expected ones. In order to progress in the study of the manageable set of 

commonly misregulates genes, we focused on three candidate genes – SLB350, SSB389 

and TipD - belonging to the set the down-regulated genes and one candidate - Yipf1 - that 

was found up-regulated in AlyA-null and Gp70 over-expressing cells.  

 

3.2.1 SLB350 is a negative regulator of phagocytosis acting downstream of Gp70 

 

We were able to demonstrate that SLB350 acts as a negative regulator of phagocytosis, 

because its depletion increased the uptake of yeast particles (Fig. 2.48). Considering that 

both the lysozyme activity and the expression of Gp70 were not altered in cells lacking 

SLB350 (Fig. 2.50), we conclude that this protein acts downstream of AlyA and Gp70. 

Interestingly, the increased phagocytic efficiency of these mutants was not reflected on their 

plaque size (Fig. 2.49). A similar discrepancy was observed in cells over-expressing Gp70, 

where plaque size was not significantly increased, although cells were phagocytically more 

active (I. Müller, Dissertation, 2006).  

 

3.2.2 SLB350 might function as scaffolding component of a general fission 

machinery or establish a communication link between phagosomes and 

peroxisomes 

 

Immuno-fluorescence experiments revealed that SLB350-6myc is associated to 

peroxisomes, mostly in a ring-like conformation around them (Fig. 2.53). Very similar ring-like 

structures are exhibited by fluorescently-labelled dynamin B around mitochondria. Rather 

unexpected, the depletion of dynamin B affected the biogenesis and the morphology of 

peroxisomes (Rai et al, in press). Interestingly, the depletion of the Dictyostelium orthologue 

of the prokaryotic division protein FtsZ, which is the principal component of the constriction 

ring during the prokaryotic cell division, leads to changes of mitochondrial morphology. 

Somewhat similar to the peroxisomes of SLB350-depleted cells, the mitochondria of 

Dictyostelium cells lacking the orthologue of FtsZ are arrested in an elongated, tubular shape 

(Gilson et al, 2003). A possible hypothesis for peroxisomal biogenesis is the “growth and 

division model” (Lazarow and Fujiki, 1985). Considering that SLB350 appears associated to 

peroxisomes in a constriction ring-like structure and its depletion affects peroxisomal 



Discussion 

87 

morphology (Fig. 2.55) by increasing the amounts of enlarged peroxisomes, we propose that 

SLB350 might act as a scaffolding component of the peroxisomal fission machinery. 

 

To our surprise, mass spectrometry analysis of isolated phagosomes revealed that SLB350 

is associated to these compartments (Gotthardt et al, 2006). This means that either the 

transitive association of SLB350 with phagosomes occurs with much faster 

association/disassociation kinetics than with peroxisomes, or the amounts of SLB350 

associated to phagosomes are very small in comparison to peroxisomes. Nevertheless, the 

fact that SLB350 is found associated to both compartments, raises two possibilities: 

The first possibility is that SLB350 participates in fission events of both types of organelles. 

Similar scenarios were reported for dynamin A and B. Fluorescently-labelled dynamin A co-

localized with vacuolin on late endosomal compartments. Yet, its depletion affected not only 

the morphology of endosomes but also mitochondria and nuclei, indicating that dynamin A 

might be directly or indirectly involved in the morphological maintenance of all these 

compartments (Wienke et al, 1999). Also dynamin B seems to interact with more than one 

organelle, as it is found associated to mitochondria, but its depletion affects the morphology 

of peroxisomes (Rai et al, in press).  

The second possibility is that SLB350 cycles between peroxisomes and phagosomes, 

promoting communication between them. Interestingly, the analysis of the transcriptional 

changes occurring upon incubation of axenically grown wild-type cells together with bacteria 

revealed the up-regulation of SLB350 (Sillo et al, 2008). This implicates that the amounts of 

SLB350 are regulated either by the increase of phagocytic events or more likely, by the 

presence of bacteria within the cells’ phagosomes. From this, we suggest that in the 

presence of bacteria (bacterial fatty acids) within a phagosome, SLB350 translocates to 

peroxisomes where it promotes fission events, probably by recruiting proteins such as 

dynamin B in order to assemble into the observed ring-like structures. This idea is supported 

by the findings of Matsouka et al (2003). They identified a multifunctional enzyme (MFE1) in 

Dictyostelium that participates in the β-oxidation of long chain fatty acids and branched-chain 

fatty acids in peroxisomes. Their results suggested that MFE1 protects the cells from the 

increase of the harmful fatty acids incorporated from bacterial diets. Dictyostelium cells 

lacking this multifunctional enzyme accumulate excess of cyclopropane fatty acids (CFAs) 

when grown on bacteria. CFAs are constitutive lipid components of bacteria such as E. coli 

or K. aerogenes and their accumulation leads to developmental defects (Matsouka et al, 

2003). Therefore, bacterial diets are likely to require increased peroxisomal activity and thus 

higher amounts of peroxisomes in the cell in comparison to axenically cultivated cells. There 

is, however, no evidence that bacterially cultivated cells have more peroxisomes than 

axenically cultivated ones.  
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In this context, we propose that SLB350 is down-regulated when cells stop extracting fatty 

acids from bacterial degradation, leading to a decrease of peroxisomal fission events in the 

cell. This hypothesis could also explain the down-regulation of SLB350 in AlyA-depleted 

cells, as these are less efficient in degrading endocytosed bacteria. 

 

3.2.3 Signaling between peroxisomes and the phagocytic uptake machinery 

 

We have shown that the depletion of SLB350 leads to an enhancement of the phagocytic 

uptake. This negative regulation of particle uptake by SLB350 can be directly related to its 

phagosomal association (Gotthardt et al, 2006), or be an outcome of a direct signaling 

mechanism from peroxisomes to the uptake machinery. The hypothesis of a direct signaling 

is also supported by studies with LC-FACS2 (Long Chain Fatty Acid Acyl-Coa Synthetase 2) 

and ACoAT (Acetyl-CoA-C-Acyltransferase). Experiments with LC-FACS2 have shown that 

this peroxisomal protein has a positive effect on phagocytosis. The disruption of fcsB led to a 

decrease of phagocytic activity in comparison to wild-type cells. Consistently, the over-

expression of LC-FACS2 increased the uptake of yeast particles (N. Pawollek, Dissertation, 

2006). The depletion of the peroxisomal enzyme ACoAT also seems to influence particle 

uptake, as one of the isolated ACoAT knock-out strains exhibited a similar phagocytic 

behaviour to the LC-FACS2 depleted cells (O. Kuhnert, Diploma Thesis, 2008).  

 

3.2.4 Some candidate genes appear to have antagonistic roles in the pathway 

 

Considering the down-regulation of SSB389 both in cells depleted of AlyA and cells over-

expressing Gp70, this protein was assumed to be a negative regulator of phagocytosis and 

thus, we expected that its depletion would enhance the internalization of particles. The 

depletion of SSB389 did not affect phagocytosis (Fig. 2.58) and revealed some unexpected 

phenotypes including up-regulation of Gp70, a slightly decreased lysozyme activity, and a 

severe decrease of plaque size (Fig. 2.59 and 2.60). Taking into account that SSB389-

depleted cells grew normally in axenic medium, exhibited normal phagocytic activity and no 

marked defects in random motility, we assume that the plaque defect could be related to the 

decreased activity of lysozyme and perhaps other digestive enzymes. Therefore, it would be 

interesting to monitor the growth of these mutants in bacterial suspensions. 

The GFP-tagged version of SSB389 was found dispersed all over the cytosol with a clear 

enrichment at the MTOC. Interestingly, this was not the first candidate of the down-regulated 

gene set decorating the MTOC. The other signaling candidate found at the MTOC was the 

SH3 domain-containing SSJ758. Immuno-fluorescence experiments revealed that SSJ758-

GFP co-localizes with actin at the dynamic cortical regions and accumulates at the MTOC. 
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Similarly to SSB389, the disruption of the gene encoding SSJ758 did not affect the uptake of 

particles. Instead, it led to several unexpected phenotypes such as increased plaque size or 

decreased expression of Gp70 (I. Müller, Dissertation, 2006). Surprisingly, these phenotypes 

were pretty much the opposite of the phenotypes exhibited by SSB389-depleted cells. On 

one hand, the plaques of ssb389 mutants are 40% smaller and the expression of Gp70 is 

enhanced comparing to wild-type cells. On the other hand, the plaques of cells lacking 

SSJ758 are 40% larger and they express less Gp70 than wild-type cells. Therefore, we 

propose that these proteins play antagonistic roles in the signaling between Gp70 and the 

uptake machinery. The sub-cellular localization experiments revealed that although SSJ758 

decorated the MTOC, it was also recruited to dynamic cortical regions where it might interact 

with other proteins through its SH3 domains. Unlike SSJ758, the amino acid sequence of 

SSB389 comprises no known homology domains and the GFP-tagged protein was only 

enriched at the MTOC, making it quite unclear how this protein could be implicated in the 

signaling pathway. Interestingly, another group could show that proteins localizing at the 

MTOC might actually participate in the regulation of phagocytosis. Such seems to be the 

case of the Dictyostelium Ndr kinase 1 homologue. This protein accumulates at the MTOC 

and the disruption of its gene ndrA leads to a 60% reduction of the phagocytic activity 

(Müller-Taubenberger et al, 2010 – abstract EJCB). This suggests that there might be a 

direct or indirect signaling from the MTOC to the cytoskeletal uptake machinery at the 

plasma membrane. 

 

3.2.5 TipD and Yipf1 are not involved in the regulation of particle uptake 

 

According to the cDNA microarray results, we assumed that TipD could act as a negative 

regulator of phagocytosis, while Yipf1 could perform the opposite functions. 

To test this, we knocked out TipD and over-expressed Yipf1, expecting that both mutations 

would have a positive effect on particle internalization. However, our results indicate that 

none of these candidates is involved in the regulation of phagocytosis, but rather in other 

cellular events triggered by the disruption of the phagosomal homeostasis (lysozyme 

depletion or Gp70 over-expression). 

 

3.2.5.1 TipD plays important roles during development  

 

TipD is a developmentally regulated protein belonging to the small, four-membered tip family. 

The depletion of each one of the tip genes including tipD leads to severe developmental 

defects (Stege et al, 1999). There was, however, no indication that the misregulation of tipD 

could affect phagocytosis. Since TipD is one of the 8 common down-regulated candidates, 
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we analyzed the phagocytic behaviour of cells lacking TipD, in order to know if this protein 

can be included in the signaling pathway between Gp70 and the uptake machinery as a 

negative regulator of phagocytosis. Our tipD mutants exhibited exactly the same 

developmental defects as already described by Stege et al (Fig. 2.67), but their phagocytic 

behaviour remained unaltered (Fig. 2.68). Surprisingly, the depletion of TipD led to a slight 

enhancement of the lysozyme activity and repressed the expression of Gp70 (Fig. 2.70). 

These appear to be some kind of feedback effects we are not able to explain at the moment. 

Furthermore, the plaques of tipD mutants are slightly smaller than the wild-type ones (Fig. 

2.69). We were not able to find a suitable justification for this phenotype because these 

mutants showed no growth defects in axenic cultures (not shown), exhibited normal random 

motility (not shown), increased lysozyme activity and had a normal onset of the 

developmental program (Fig. 2.70 and 2.71). We could show that these mutants were slightly 

defective in substrate adhesion, as they detached from the substrate faster than wild-type 

cells under shaking conditions (Fig. 2.72). The lack of substrate adhesion could consequently 

lead to a defective cell division of substrate-cultivated cells. Yet, this possibility is also 

excluded, considering the wild-type-like plaques of the adhesion-defective talin-null cells 

(Niewöhner et al, 1997). 

Interestingly, the lack of adhesion can be linked to the developmental defects observed for 

cells lacking TipD. Cellular adhesion is an integral part of Dictyostelium development as the 

cell-cell junctions are crucial to maintain the structural integrity of the fruiting body (Coates 

and Harwood, 2001). For instance, it was demonstrated that the reduced expression of two 

molecules that mediate cell-cell adhesion between amoebae - DdCAD-1 and csA - is the 

cause of the very small aggregates and small fruiting bodies of smlA mutants (Brock et al, 

1996; Roisin-Buoffay et al, 2000). Although the decreased cell-substrate adhesion does not 

implicate reduced cell-cell adhesion, these facts might be linked in cells lacking TipD. Such is 

the case in cells lacking the Dictyostelium paxillin homologue PaxB. The depletion of this 

regulatory component of focal adhesion sites leads to the loss of adhesiveness towards the 

substrate. The mutant cells are able to aggregate, but their development is severely impeded 

from the mound stage onwards (Bukharova et al, 2005), indicating that similar adhesion 

components are required both for cell-substrate and cell-cell adhesion. Interestingly, both 

TipD and PaxB reach their expression peaks after 10 hours of development which 

corresponds to the mound stage (dictyExpress). 

The amino acid sequence of TipD comprises an Autophagy 16 (ATG16) domain followed by 

7 WD-40 repeats. It is the only member of the tip family containing WD-40 repeats and the 

only one found misregulated in alyA and gp70 mutants. TipD is the Dictyostelium orthologue 

of the human ATG16L1 (Autopghagy related 16 like-1), which also contains an ATG16 

domain and 7 WD-40 repeats in the same arrangement as TipD. ATG16L1 is a protein 
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involved in the formation of autophagosomes during autophagy. The T300A mutation in 

ATG16L1 seems to be common in patients suffering from chronic disorders of the 

gastrointestinal tract, known as inflammatory bowel disease (Cheng et al, 2010). In 

Dictyostelium, autophagy seems to be important for normal development, because the 

disruption of several autophagy-related genes always led do defective developmental 

phenotypes (Otto et al, 2003; 2004). Interestingly, several autophagy genes including tipD 

were misregulated upon infection with Legionella pneumophila. According to cDNA 

microarray analysis, TipD (ATG16) is down-regulated upon infection with this intracellular 

pathogen (Farbrother et al, 2006). Such misregulation can be caused by the pathogen or by 

the cell as a response to the infection and it implies signaling from the pathogen-containing 

phagocytic compartments into the cytosol. Tung et al (2010) could recently demonstrate that 

the depletion of ATG9, one of the autophagy proteins found up-regulated upon L. 

pneumophila infection, leads to a decrease of particle uptake. These results indicate that 

there might be a yet unknown direct or indirect link between autophagy and phagocytosis.  

In sum, the down-regulation of TipD seems to be a response caused by several factors 

affecting the composition of phagosomal compartments. These include the depletion of 

lysozyme, the over-expression of Gp70 or infection with L. pneumophila. However, this 

autophagy protein does not seem to participate in the regulation of the phagocytic uptake 

machinery and therefore it is excluded from the signaling pathway between endosomes and 

the cytoskeletal uptake machinery. 

 

3.2.5.2 Yipf1 might be involved in the regulation of vesicular traffic  

 

Yipf1 is a multi-pass membrane protein, comprising 5 transmembrane domains but lacking a 

signal peptide. The fully translated protein has an approx. 130 amino acids long 

cytoplasmatic head which is followed by the transmembrane domain-containing Yip1 

homology region and finally a 26 amino acids long luminal tail. The best studied member of 

the conserved Yip family and very similar to the Dictyostelium Yipf1, is the yeast Yip1p. The 

S. cerviciae Yip1p is a Golgi protein able to interact with GTPases and involved in vesicular 

transport. Yeast two-hybrid experiments revealed that Yip1 can interact with two transport 

Ypt GTPases (Yang et al, 1998). One of these GTPases - Ypt1p - was shown to be essential 

for vesicular transport between ER and cis-Golgi, as well as between cis- and medial-Golgi 

compartments (Jedd et al, 1995). The other - Ypt31p - seems to play either an important role 

in the budding of vesicles from the trans-Golgi cisterns, or regulate fusion events between 

the trans-Golgi compartments and recycling vesicles (Jedd et al, 1997). Somewhat 

consistent with these studies, our observations indicate that the GFP-tagged Yipf1 

undergoes a typical secretory pathway. It is found in the ER, throughout the Golgi, in small 
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cytoplasmatic vesicles and finally it decorates the contractile vacuole network. We have no 

evidence for the involvement of Dictyostelium Yipf1 in the regulation of protein secretion and 

we could not determine the nature of the small vesicles decorated by GFP-Yipf1. For now, 

we assume these are most likely carriers cycling between the trans-Golgi and the contractile 

vacuole system.  

Interestingly, we found Yipf1 up-regulated not only in cells over-expressing Gp70 but also in 

cells lacking AlyA and in cells over-expressing SSB420 (Fig. 2.38). Considering that these 

are three components of the signaling pathway between endosomes and the uptake 

machinery, we assumed that Yipf1 could also be included in the signaling, downstream of 

Gp70, acting as a positive regulator of phagocytosis. However, the artificial over-expression 

of Yipf1 neither increased phagocytosis, nor did alter the plaque size (Fig. 2.40 and 2.41). 

There were also no clear changes in Gp70 expression or lysozyme activity (Fig. 2.42). 

Although Yipf1 is not implicated in the regulation of phagocytosis and is therefore not 

included in the signaling pathway, there might be another reason for its over-expression in 

three different mutants with increased phagocytic activity. Considering that it might interact 

with GTPases required for vesicular traffic from the ER to the Golgi and throughout the Golgi 

stacks (like the yeast Yip1p), Yipf1 could participate in the segregation of several proteins, 

including endosomal enzymes. It would be therefore interesting to analyze the phagocytic 

behaviour and look for changes in the endocytic traffic of Yipf1-depleted cells. It would be 

also interesting to confer mutations to the cytoplasmatic, hydrophilic head of this protein. 

Unlike the conserved Yip domain, this half of Yipf1 is variable and its amino acid sequence 

comprises two glutamine repeat regions. It is speculated that such repeat regions can form 

polar zippers, which make the protein oligomerize or interact with other glutamine repeat-

containing proteins (Stott et al, 1995). 

 

 

3.3 Pathway overview and concluding remarks 

 

Taking together the results obtained here and by others, we come to the conclusion that the 

lysozyme-containing phagosome signals in different ways to different cellular compartments, 

originating a huge and still obscure signaling network throughout the cell. This network is, in 

part, reflected by the cDNA microarray analysis of cells depleted of AlyA (Fig. 3.1). The sub-

cellular localizations of the candidate genes implicated in this signaling, reveal some of the 

cellular compartments involved in signal transduction towards the uptake of particles (Fig. 3.1 

– green boxes). 
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Focusing the signaling cascade between endosomes and the uptake machinery, we end up 

with a modest list of candidates (Fig. 3.2). SSB420 acts as a positive regulator of 

phagocytosis between AlyA and Gp70, while SLB350 is a negative regulator of phagocytosis, 

acting downstream of Gp70. Also SSE346 revealed to be a negative regulator of 

phagocytosis, although its depletion only caused moderate effects. Considering the 

compensating effects exhibited by SSD485, this gene should also be included in the 

signaling pathway, between SSB420 and Gp70.  

We could also show that the plaque size does not always reflect the phagocytic behaviour, or 

vice versa. Taking this into consideration we exclude SSJ758 from the signaling pathway, 

since its depletion had no effect on phagocytosis. TipD, Yipf1 and SSB389 are also not 

included in the signaling pathway because their misregulation does not affect particle uptake. 

 

 

 

 

 

 

 

Figure 3.2 resumes the current knowledge of the signaling pathway between endosomes and 

the uptake machinery. Taking into account the numerous features conserved in D. 

discoideum (1.1), it is likely that a similar signaling mechanism is also present in higher 

eukaryotes. However, the lack of homologies suggests that the signaling components are 

different. Nevertheless, although the components are different, the organelles participating in 

the signaling might be the same in other eukaryotes. 

 

 

Fig. 3.2 – Schematic overview of the signaling pathway from the depletion of AlyA to the enhancement of 

phagocytosis. The scheme shows the succession of events occurring upon the depletion of AlyA. The pathway includes data 

obtained by I. Müller, F. Hänel and G. Konotop.  

Fig. 3.1 – Phagosomal signaling network 
throughout the cell. The scheme is based on 

the sub-cellular localization or possible functions 

of the misregulated genes in AlyA-depleted cells, 

analyzed so far. Some cellular components are 

implicated in signal transduction between 

endocytic compartments and the uptake 

machinery (green) and other are not (red). 
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4 Materials 

 

 

4.1 Devices 

 
Autoclave        Zirbus, Germany 

Bain-marie        B. Braun, Germany 

Balance 

     Sartorius BP221 S       Sartorius, Germany 

     Mettler PE360       Mettler, Germany 

Binocular        Zeiss, Germany 

Blot chambers         Biometra Germany 

Centrifuges 

Eppendorf Centrifuge 5424      Eppendorf, Germany 

Biofuge 15        Heraeus, Germany 

     Biofuge stratos       Heraeus, Germany 

     Centrifuge 5415 C       Eppendorf, Germany 

     MiniSpin        Eppendorf, Germany 

     Rotanta/R        Hettich, Germany 

     Rotina 48R        Hettich, Germany 

Coulter Counter        Beckman Coulter, Germany 

Z2™ Coulter Counter®       Beckman Coulter, Germany 

Cuvettes (Quartz)       Hellma, Germany 

Electrophoresis chambers      Biometra, Germany 

Fireboy eco        Integra Bioscience, Germany  

Fluorimeter 

     Kontron SFM25       Kontron-Instr., Germany 

     Hitachi F-2700       Hitachi, Germany 

Freezer: -20ºC        Liebherr, Germany 

Freezer: -70ºC        Heraeus, Germany 

GelDoc II        Biometra, Germany 

Gel chambers (SDS)       Workshop Uni. Kassel 

Gene Pulser®        Bio-Rad, Canada 

Glassware        Schott, Germany 

Glass pipettes        Hirschmann, Germany 

Heating block        MPI, Germany 

Heating block w/ magnetic stirrer     IKA, Germany 

Lab Shaker         Adolf Kühner AG, Switzerland 

IKA, Germany 

Lamp KL 1500 electronic      Leica, Germany 
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Microscopes:  

     Fluorescence Miroscope  

Microscope: Leica DM IRB     Leica, Germany 

 Light source: Prior Lumen 200     Prior, England 

     Confocal Laser Scanning Microscope  

 Microscope: Leica DM IRBE     Leica, Germany 

 Leica TCS SD       Leica, Germany 

Microwave        Daewoo, Korea 

Oven (hybridization) Shake’n’Stack     Hybaid Germany 

PCR-Thermocycler PCR-Express     Hybaid, Germany 

PCR TGradient        Biometra, Germany 

pH-Meter 523        WTW, Germany 

Pipetting: 

     Pipetboy        Integra Bioscience, Germany 

     Pipetboy confort       Integra Bioscience, Germany 

     Accu Jet        Brand, Germany 

     Pipette (2 µl, 20 µl, 200 µl and 1000 µl)    Gilson, France 

     Multipette®        Eppendorf, Germany 

     Distriman®        Gilson, France 

Photometer Ultrospec 3000pro      Amersham Pharm., Germany 

Powersupplies        Amersham Pharm., Germany 

Biometra, Germany 

Shaking plate GFL® 3015      GFL, Germany 

SpeedVac Concentrator 5301      Eppendorf, Germany 

Sterile benches        Holten, Denmark 

Swinging-plate        Biometra, Germany 

Refrigerator: 4ºC       Liebherr, Germany 

Thermomixer (confort & compact)     Eppendorf, Germany 

Ultrasonic bath Sonorex TK52      Bandelin, Germany 

Vortex Genie 2        Bender&Hohbein, Switzerland 

 

 

4.2 Other materials 

 
Blotting membrane ROTI-Nylon® plus     Roth, Germany 

Costar-plates (24 wells)       Sarstedt, Germany 

Cryotubes        Sarstedt, Germany 

Plastic cuvettes        Ratiolab Gmbh, Germany 

EP cuvettes        Bio-Rad, Canada 

Falcon tubes (15 ml and 50 ml)      Sarstedt, Germany 

Whatman paper       Whatman, Germany 
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Parafilm M        American National Can, USA 

Petri dishes (10 ml and 5 ml)      Sarstedt, Germany 

Pipette tips        Gilson, France 

Reaction tubes (0,2 ml, 0,5 ml, 1,5 ml and 2 ml)    Sarstedt, Germany 

Syringes and needles       B. Braun AG, Germany 

 

 

4.3 Reagents 

 
Acetic acid        Roth, Germany 

Agarose        Invitrogen, USA 

APS (Ammonium peroxydisulfate)     Roth, Germany 

Bacto agar        Difco, USA 

Bacto tryptone        Difco, USA 

BCIP (5-bromo-4-chloro-3-indolyl phosphate)    Roth, Germany 

Bi-sodium hydrogen phosphate (Na2HPO4)    Roth, Germany 

Blasticidine S        ICN, Germany 

Boric acid        Roth, Germany 

Brilliant blue R 250       Roth, Germany 

Bromophenol blue       Merck, Germany 

DAPI (4,6-diamidino-2-phenylindole dihydrochloride)   Sigma-Aldrich, Germany 

DEPC (Diethylpyrocarbonate)      Roth, Germany 

DTT (Dithiothreitol)       Roth, Germany 

EDTA (Ethylenediaminetetraacetic acid)    Roth, Germany 

Ethanol         Roth, Germany 

Ethidiumbromide (EtBr)       Roth, Germany 

Fish gelatine        Sigma-Aldrich, Germany 

Geneticine (G418) [100 mg/ml]      ICN, Germany 

Gelvatol        Sigma-Aldrich, Germany 

Glucose        Roth, Germany 

Glycerol        Sigma-Aldrich, Germany 

Glycine         Roth, Germany 

Guanidinium isothiocyanate (GTC)     Roth, Germany 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)  Roth, Germany 

Hydrochloric acid (HCl)       Roth, Germany 

Isopropanol        Roth, Germany 

Lithium chloride (LiCl)       Roth, Germany 

Magnesium chloride (MgCl2)      Roth, Germany 

Magnesium sulfate (MgSO4)      Roth, Germany  

Mangan-chloride (MnCl)      Merck, Germany  

β-Mercaptoethanol       Roth, Germany 
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Methanol        Roth, Germany 

Milk powder (for blotting)      Roth, Germany 

MOPS (3-(N-norpholino) propanesulfonic acid)    Roth, Germany 

N-Lauroylsarcosine       USB, USA 

NBT (Nitro blue tetrazolium)      Roth, Germany 

Nitrogen        Messer Griesheim, Germany 

NP-40 (alternative)       Calbiochem,Merck, Germany 

Paraformaldehyde       Roth, Germany 

Peptone        Merck, Germany 

Penicillin/streptomycin (10.000 U/ml)     Gibco BRL, Germany 

Phenol/chloroform/isoamyl alcohol     Roth, Germany 

PIPES (Piperazine-N,N′-bis (2-ethanesulfonic acid))   Roth, Germany 

Picric acid        Merck, Germany 

PMSF (Phenylmethylsulfonyl fluoride)     Serva, Germany 

pNPP (Pera-nitrophenyl phosphate)     Roth, Germany 

Potassium acetate (KAc)      Roth, Germany 

Potassium chloride (KCl)      Roth, Karlsruhe 

Potassium hydrogen phosphate (KH2PO4)    Roth, Germany 

Proteose-peptone       Oxoid, England 

Rotiphorese® Gel 30 (Polyacrylamide)     Roth, Germany 

Rubidium-dichloride (RbCl2)      Roth, Germany 

Saccharose        Roth, Germany 

SDS (Sodium dodecylsulfate)      Roth, Germany 

Sodium acetate (NaAc)       Roth, Germany 

Sodium carbonate (NaCO3)      Roth, Germany 

Sodium chloride (NaCl)       Roth, Germany 

Sodium citrate (Na3C6H5O7)      Roth, Germany 

Sodium bihydrogen phosphate (NaH2PO4)    Roth, Germany 

Sodium hydroxide (NaOH)      Roth, Germany 

TEMED (N,N,N’,N’-tetramethylethylenediamine)    Roth, Germany 

Trisodium citrate bihydrate      Roth, Germany 

Tris (Trishydroxymethylaminomethane)     Roth, Germany 

TRITC (Tetramethylrhodamine isothiocyanate)    Sigma - Aldrich, Germany 

Tween® 20        Roth, Germany 

Trypan blue        Sigma - Aldrich, Germany 

Yeast extract        Oxoid, England 
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4.4 Buffers and solutions  
 

10 x Laemmli buffer (pH 6,8) 
 2,5 g  Tris 
 33,3 ml  Glycerine 
 6,7 g  SDS 
 16,7 ml  β-Mercaptoethanol 

8,3 mg  Bromophenol blue 
 ad 100 ml H2O 
 

10 x M9-salts (pH 7,4) 
 60 g    Na2HPO4 
 30 g   KH2PO4 
 5 g   NaCl 
 10 g   NH4Cl 
 ad 1 L    H2O 
 
10 x PBS - Phosphate-buffered saline (pH 7,4) 
 1370 mM NaCl 
 81 mM   Na2HPO4 (2H2O) 
 27 mM  KCl 
 15 mM   KH2PO4 
 ad 2 L  H2O 
 

10 x Protein-run buffer 
 0,25 M   Tris 
 1,9 M   Glycine 
 1% (w/v) SDS 
 
10 x TBE buffer – Tris-borate EDTA buffer 
 1 M  Tris-HCL (pH 8,3) 
 0,83 M  Boric acid 
 10 mM   EDTA 
 

Blocking solution 
 2-5% (w/v) Milk powder in 1 x PBS 
 

Buffer 6.6.2 
 6 mM  NaCl 
 6 mM  Tris-HCl (pH 7,4) 
 0,2 mM  EDTA (pH 7,2) 
 

CaCl2 Solution (pH 7.0) 
 60 mM  CaCl2 

 15%  Glycerol 
 10 mM  PIPES 
 
Carbonate buffer (pH 10,2) 
 100 mM Na2CO3 
 

Coomassie solution 
 2% (v/v) Phosphoric acid (85%) 
 6% (w/v) Ammonium sulphate 
 0,1% (w/v) Brilliant Blue R-250 
 
DNA loading dye 
 6 x DNA loading dye solution (MBI Fermentas, St. Leon-Rot) 
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EP buffer - Electroporation buffer (pH 6,1) 
 10 mM  Na2HPO4 
 50 mM  Saccharose 
 

Ethidium bromide solution 
 10 mg/10 ml 
 
LvB buffer 
 10 mM  Tris (pH 8,3) 
 50 mM  KCl 
 2.5 mM  MgCl2 
 0,45%  NP40 
 0,45%  Tween® 20 
 

Nuclear lysis buffer 
 50 mM  HEPES 
 40 mM  MgCl2 
 20 mM  KCl 
 5% (w/v) Saccharose 

14 mM  β-Mercaptoethanol 
 

PBS/Glycine 
 100 mM Glycine in 1 x PBS buffer 
 

PBG 
 0,5%  BSA (Sigma A9647) 
 0,045%  Fish gelatine (Sigma G7765 (45%)) 
 ad 1 L  1 x PBS 

 
PIPES buffer (pH 6,0) 
 20 mM  PIPES in double-distilled H2O 
 
SDS lysis buffer 
 0,7% (w/w) SDS in TE buffer 
 

SDS stacking gel buffer (pH 6,8) 
 0,5 M  Tris 
 14 mM  SDS 
 

SDS resolving gel buffer (pH 8,8) 
 1,5 mM  Tris 
 14 mM  SDS 
 

Semidry blot buffer (pH 8,2 – 8,4) 
 48 mM   Tris 
 39 mM  Glycine 
 0,04% (w/v) SDS 
 20% (v/v) Methanol 
 

Sodium acetate buffer (pH 4,5) 
 100 mM NaAc 
 

Solution I 
 25 mM  Tris-HCl (pH 7,4) 
 10 mM  EDTA 
 15%  Saccharose 
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Solution II 
 200 mM NaOH 
 1 mM  SDS 
 

Solution III (pH 4,6) 
 3 M  NaAc 
 

Solution D 
 4 M  GTC 
 25 mM  Sodium citrate (pH 7,0) 
 0,5% (w/v) N-Lauroylsacrosine 
 to complete: 

0,1 M  β-Mercaptoethanol 
 

Sörensen phosphate buffer (pH 6,0) (Malchow, 1972) 
 2 mM  Na2HPO4 
 15 mM  KH2PO4 
 

TE buffer – Tris EDTA buffer (pH 8,0) 
 10 mM  Tris-HCl (pH 8,0) 
 1 mM  EDTA 

 

Trypan blue solution (pH 4.4) 
 150 mM  NaCl 
 20 mM  Citrate (trisodium citrate dihydrate) 
 2 mg/ml Trypan blue 
 ad 10 ml H2O  
 

 

4.5 Media and agar 

 
4.5.1 E. Coli 

 
LB medium (pH 7,0) (Bertani, 1951) 
 10 g  Bacto tryptone 
 5 g   Yeast extract 
 5 g   NaCl 
 ad 1 L  H2O 
 

LBAmp medium 
 LB medium + 50 µg/ml Ampicillin 
 

LB agar 
 LB medium + 13 g Agar-agar 
 

LBAmp agar 
 LB agar + 50 µg/ml Ampicillin 
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4.5.2 D. discoideum 

 

AX medium (pH 6,7) (Watts and Ashworth, 1970) 
 2,5 g  Bacto tryptone 
 2,5 g  Peptone 
 5 g   Proteose-peptone 
 5 g  Yeast extract 
 10 g  Glucose 
 1,2 g   KH2PO4 
 0,35 g  Na2HPO4 (x 2H2O) 
 ad 1 L  H2O  

 

G0 medium 
 AX medium + Penicillin/Streptomycin (100 U/ml) 

 

G10 medium 
 G0 medium + Geneticine G418 (10 µg/ml) 

 

B10 medium 
 G0 medium + Blasticidine S (10 µg/ml) 

 

SM-agar plates (pH 6,5)  
 15 g  Bacto agar 
 10 g  Peptone 
 10 g  Glucose 
 1 g  Yeast extract 
 1 g   MgSO4 
 2,2 g  KH2PO4 
 1 g  K2HPO4 
 ad 1 L  H2O  

 

KA plates 
 SM-agar plate + Klebsiella aerogenes (incubation overnight at 30ºC) 

 

Phosphate-agar plates (pH 6,0) 
 15 g  Bacto agar 
 ad 1 L  Soerensen phosphate buffer 

 

 

4.6 Enzymes 

 
Phusion™ High-Fidelity DNA Polymerase     Finnzymes, Finland 

KOD Hot Start DNA Polymerase     Novagen, Merck, Germany 

Proteinase K        MBI Fermentas, Germany 

Restriction enzymes       MBI Fermentas, Germany 

Revert Aid™ M-MuLV Reverse Transcriptase    MBI Fermentas, Germany  

RiboLock™ Ribonuclease Inhibitor     MBI Fermentas, Germany 

DNase I         MBI Fermentas, Germany 
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Shrimp Alkaline Phosphatase (SAP)     MBI Fermentas, Germany 

FastAP™ Thermosensitive Alkaline Phosphatase   MBI Fermantas, Germany 

T4 DNA Polymerase       MBI Fermentas, Germany 

T4 DNA Ligase         MBI Fermentas, Germany 

Taq DNA Polymerase       MBI Fermentas, Germany 

Taq DNA Polymerase Homemade     Univ. of Kassel, Germany 

Taq Reaction Buffer (w/ MgCl)    MBI Fermentas, Germany 

dNTPs (single, 100 mM each)    MBI Fermentas, Germany 

 

 

4.7 Kits 

 
Pierce® BCA Protein Assay Kit      Pierce, Rockford USA 

PureLink™ HiPure Plasmid DNA Purification Kit    Invitrogen, USA 

QIAquick® PCR Purification Kit (50)     Quiagen, Germany 

pGEM® T-Easy Vector System      Promega, Germany 

 

 

4.8 Markers 

 
GeneRuler™ 1kb DNA Ladder      MBI Fermentas, Germany 

GeneRuler™ 100bp DNA Ladder Plus     MBI Fermentas, Germany 

Prestained Protein Molecular Weight Marker    MBI Fermentas, Germany 

PageRuler™ Plus Prestained Protein Ladder    MBI Fermentas, Germany 

 

 

4.9 Primers 
 
5’ SLB350A EcoRI (243) 
GAATTCAAAATGGCATCAAATTTATTAGTTCC 
 
3’ SLB350A EcoRI (244) 
CTTAAGTTACTCAATTAATTTAAATGTGAAAC 
 
3’ SLB350A w/o stop EcoRI (245) 
CTTAAGCCCTCAATTAATTTAAATGTGAAAC 
 
5’ SLB350KO (135) 
TCTTGACTTATATTTTTTAAGTTGAGGG 
 
3’ SLB350KO (191) 
TTAATTGTTGCTGAAATTTGTTTCC 
 
5’ SLB350new (192) 
CCAAGTGGAACTCAATCACAAACC 
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3’ SLB350new (193) 
GATGGTGAAAAGTTCCATTAAATGGGTG 
 
5’ SLB350 6myc C (300) 
CCGTCGACAATGGCATCAAATTTATTAGTTCC 
 
3’ SLB350 6myc C (301) 
CCCTCGAGTTACTCAATTAATTTAAATGTGAAAC 
 
5’ SSB420 BamHI (246) 
CCGGATCCAAAATGAATAAAGGAGCAATTATTTTCC 
 
3’ SSB420 BamHI (274) 
CCGGATCCTTAAAGTACTTTGCTCTTTGGTGCTTCG 
 
3’ SSB420 w/o stop BamHI (261) 
CCGGATCCAAGTACTTTGCTCTTTGGTGCTTCG 
 
5’ SSB420 EcoRI (262) 
CCGAATTCAAAATGAATAAAGGAGCAATTATTTTCC 
 
3’ SSSB420 EcoRI (263) 
CCGAATTCTTAAAGTACTTTGCTCTTTGGTGC 
 
5’ SSB420 6myc (427) 
CGCCTGCAGAAAATGAATAAAGGAGCAATTATTTTCC 
 
3’ SSB420 6myc (428) 
CCGGATCCAAGTACTTTGCTCTTTGGTGCTTCG 
 
5’ SSB389 EcoRI (218) 
GCGAATTCAAAATGGAGAATGAAAATAAAATAC 
 
3’ SSB389 EcoRI (219) 
GCGAATTCTTACCATTTATTTTCTGGGTTTTC 
 
3’ SSB389 EcoRI w/o stop (220) 
GCGAATTCCCCATTTATTTTCTGGGTTTTC 
 
5’ SSB389 KO (280) 
GATCAACACCGAAATTTGGG 
 
3’ SSB389 KO (281) 
CCAGGCTTTTTTGATATATATG 
 
5’ SSB389 gen (408) 
CCTTAAGCTGAAGAACATGAAAAAGAATATGCAGG 
 
3’ SSB389 gen (409) 
CCTTAAGGGTTTTCTTTATATTTTAAATAATCCTCC 
 
5’ SSB389 KO new (326) 
CTACACCAGGATTTACACC 
 
3’ SSB389 KO new (327) 
TTACCAACACCATTTTCAGC 
 
5’ Yipf EcoRI (467) 
GCTAGAATTCAAAATGAGCAATTATAATAACAAACATC 
 
3’ Yipf EcoRI (468) 
CGACGAATTCTTATAATAATTTAGTGGTATTAGTTGG 
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5’ Yipf 6myc (429) 
GGCCTGCAGAAAATGAGCAATTATAATAACAAACATCATGACG 
 
3’ Yipf 6myc (430) 
GGGGATCCTAATAATTTAGTGGTATTAGTTGGAGTTGG 
 
5’ SSL793 EcoRI (469) 
CCTAGAATTCAAAATGACAAAAACAACAATGAAAGCAGC 
 
3’ SSL793 EcoRI (470) 
CGAAGAATTCTTATAATAATTTAATAACATGTCTAAATTTTGC 
 
3’ SSL793 w/o stop EcoRI (471) 
CGAAGAATTCCTAATAATTTAATAACATGTCTAAATTTTGC 
 
5’ TipD KO (225) 
GGCAATTGAATGATAGGAACC 
 
3’ TipD KO (226) 
CCTGATGCAATATAACGACC 
 
5’ TipD KO new (234) 
GCCAATGATGTACCAATACC 
 
3’ TipD KO new (235) 
GGTACGTGTACAATAACCC 
 
5’ Thioredoxin (216) 
GAACGAGCTCCATGGCCAATAGAGTAATTCATG 
 
3’ Thioredoxin (217) 
CGCGGATCCTTATTTGTTTGCTTCTAGAGTACTTC 
 
bsrG1 (57) 
CGCTACTTCTACTAATTCTAGA 
 
bsrA15 (282) 
CCAACCCAAGTTTTTTTAAACC 
 
bsrT (352) 
CAGATACATTTTGAATGGTGAAG 
 
myc rev (52) – for orientation test 
CTAGAATTTAAATCTTCTTCTGAAATTAATTTTTGTTCA 
 
myc fwd (53) – for orientation test 
CTAGTGAACAAAAATTAATTTCAGAAGAAGATTTAAATT 
 
5’ actin 15P (307) – for orientation test 
CGGTTTCAGATTGCATAAAAAG 
 
3’ actin 8T (306) – for orientation test 
GGGCAATTAAAATAACTTAATAATTATTAA 
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4.10 Plasmids 

 
SLB350 KO Fwd (#490) – disrupted slb350 sequence for knock-out (w/ Blasticidine resistance) 

The bsr cassette was cut out from bsr Vector 1 (#325) with BamHI and cloned into the BclI site of the 

pre-existing T-easy/SLB350 (#441 – C. Stolle) plasmid, which contains the complete genomic 

fragment of slb350. Fwd indicates that the bsr cassette and slb350 have the same orientations. For 

electroporation, the disrupted slb350 sequence was cut out with EcoRI.  

 

SLB350-GFP (#451) – C-terminal GFP-tagged SLB350 expression vector (C. Stolle) 

 

GFP-SLB350 (#452) – N-terminal GFP-tagged SLB350 expression vector (C. Stolle) 

 

SLB350-6myc (#668) -  C-terminal 6myc-tagged SLB350 expression vector 

Slb350 fragment was PCR amplified from D. discoideum gDNA with primers 5’ SLB3506myc C (300) 

and 3’ SLB3506myc C (301). The product was double-digested with BamHI/PstI and cloned into the 

BamHI/PstI digested pDneo2a6myc (#543 – Dubin and Nellen, 2010). 

 

pDNeoGFP-PTS (#191) – GFP-PTS expression vector with Geneticine resistance cassette (M. 

Maniak)  

 

pmRFP-PTS (#498) – RFP-PTS expression vector with Blasticidine resistance cassette (C. 

Schmauch) 

 

SSB420 Oe (#544) – SSB420 over-expression vector 

Ssb420 cDNA fragment was obtained by RT-PCR from wild-type D. discoideum (AX2) RNA with 

primers 5’ SSB420 BamHI (246) and 3’ SSB420 BamHI (274). The PCR product was digested with 

BamHI and cloned into the BamHI site of PDneo2a (#542 – Dubin and Nellen, 2010). Insert orientation 

was proofed by enzymatic digestion. 

 

SSB420-GFP (#545) – C-terminal GFP-tagged SSB420 expression vector 

Ssb420 cDNA fragment was amplified from SSB420 Oe (#544) with primers 5’ SSB420 BamHI (246) 

and 3’ SSB420 w/o stop BamHI (261). The PCR product was digested with BamHI and cloned in the 

BamHI site of A15gfp w/o ATG (#48 – F. Hanakam). Insert orientation was proofed by enzymatic 

digestion. 

 

SSB420-6myc (#670) - C-terminal 6myc-tagged SSB420 expression vector 

Ssb420 cDNA fragment was PCR amplified from SSB420 Oe (#544) with primers 5’ SSB420 6myc 

(427) and 3’ SSB420 6myc (428). The PCR product was double-digested with BamHI/PstI and cloned 

into the BamHI/PstI digested pDneo2a6myc (#543 – Dubin and Nellen, 2010). 
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SSBmycRI (#687) – myc-tagged SSB420 expression vector 

Ssb420 cDNA fragment was cut out of SSB420 Oe (#544) with BamHI, digested with EcoRI, and 

blunted with T4 DNA Polymerase. The large part of digested ssb420 (second half of the gene ~700 

bps) was cloned into the HincII site of picmyc (#296 – A. Drengk), and the short part (first half of the 

gene ~300 bps) was cloned into the SmaI site of the resulting plasmid picmycSSB420RI2 (#676). To 

over-express the construct in Dictyostelium, SSB420mycRI was amplified from picmycSSB420RI 

(#677) with primers 5’ SSB420 EcoRI (262) and 3’ SSB420 EcoRI (263), and cloned into the blunted 

EcoRI site of pDEX RH (#1). In all cloning steps insert orientation was proofed by PCR. 

 

TipD KO (#511) – disrupted tipD fragment for knock-out (w/ Blasticidine resistance) 

TipD sequence was cut out of the pre-existing pA15/tipD (#444 - W. F. Loomis) with HindIII and cloned 

into the HindIII site of pGem3Z (#21). Bsr cassette was cut out of bsr Vector 1 (#325) with BamHI and 

cloned into the BglII site of pGem_tipD (#508) For electroporation the disrupted tipD sequence was cut 

out with HindIII/PvuI.  

 

SSB389 KO gen (#671) – disrupted ssb389 fragment with flanking genomic regions for knock-out (w/ 

Blasticidine resistance) 

Ssb389 genomic fragment (coding region and flanking non-coding regions) was amplified via PCR 

from D. discoideum gDNA with primers 5’ SSB389 gen (408) and 3’ SSB389 gen (409), digested with 

EcoRI and cloned into the EcoRI site of pic19H (#23). The floxed bsr sequence was cut out of pLPBLp 

(#393 – H. Faix) with SmaI and cloned into the SwaI site of picSSB389gen (#669). For electroporation 

the disrupted ssb389gen sequence was cut out with EcoRI. 

 

SSB389-GFP (#506) - C-terminal GFP-tagged SSB389 expression vector 

Ssb389 fragment was PCR amplified from D. discoideum gDNA with primers 5’ SSB389 EcoRI (218) 

and 3’ SSB389 w/o Stop EcoRI (220). The product was digested with EcoRI and cloned into the EcoRI 

site of A15gfp w/o ATG (#48 – F. Hanakan). Insert orientation was proofed by enzymatic digestion. 

 

GFP-SSB389 (#507) - N-terminal GFP-tagged SSB389 expression vector 

Ssb389 fragment was amplified from D. discoideum gDNA with primers 5’ SSB389 EcoRI (218) and 3’ 

SSB389 EcoRI (219). The PCR product was digested with EcoRI and cloned into the EcoRI site of 

pDneogfp (#68 – J. Niewöhner). Insert orientation was proofed by enzymatic digestion. 

 

SSL793 Oe (#690) – SSL793 over-expression vector 

Ssl793 fragment was amplified from D. discoideum gDNA via PCR with primers 5’ SSL793 EcoRI 

(469) and 3’ SSL793 EcoRI (470), digested with EcoRI and cloned into the EcoRI site of pDEX RH 

(#1). Insert orientation was proofed via PCR. 
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SSL793-GFP (#691) - C-terminal GFP-tagged SSL793 expression vector 

Ssl793 fragment was amplified from D. discoideum gDNA via PCR with primers 5’ SSL793 EcoRI 

(469) and 3’ SSL793 w/o stop EcoRI (471), digested with EcoRI and cloned into the EcoRI site of 

A15gfp w/o ATG (#48 – F. Hanakam). Insert orientation was proofed via PCR. 

 

GFP-SSL793 (#692) - N-terminal GFP-tagged SSL793 expression vector 
Ssl793 fragment was amplified from D. discoideum gDNA via PCR with primers 5’ SSL793 EcoRI 

(469) and 3’ SSL793 EcoRI (470), digested with EcoRI and cloned into the EcoRI site of pDneogfp 

(#68 – J. Niewöhner). Insert orientation was proofed via PCR. 

 

pDexRH SSD485 (#638) – SSD485 over-expression vector (F. Hänel) 

 

Yipf1 Oe (#688) – Yipf1 over-expression vector 

Yipf1 cDNA was obtained by RT-PCR from D. discoideum total RNA with primers 5’ Yipf EcoRI (467) 

and 3’ Yipf EcoRI (468), digested with EcoRI and cloned into the EcoRI site of pDEX RH (#1), using E. 

coli TOP10 strain (IBA, Göttingen). Insert orientation was proofed by enzymatic digestion. 

 

Yipf1-6myc (#672) - C-terminal 6myc-tagged Yipf1 expression vector 

Yipf1 cDNA was obtained by RT-PCR from D. discoideum total RNA with primers 5’ Yipf 6myc (429) 

and 3’ Yipf 6myc (430). The PCR product was double-digested with BamHI/PstI and cloned into the 

BamHI/PstI digested pDneo2a6myc (#543 – Dubin and Nellen, 2010). 

 

GFP-Yipf1 (#689) – N-terminal GFP-tagged Yipf1 expression vector 

Yipf1 cDNA was obtained by RT-PCR from D. discoideum total RNA with primers 5’ Yipf EcoRI (467) 

and 3’ Yipf EcoRI (468), digested with EcoRI and cloned into the EcoRI site of pDneogfp (#68 – J. 

Niewöhner), using E. coli TOP10 strain (IBA, Göttingen). Insert orientation was proofed by enzymatic 

digestion. 

 

 

4.11 Antibodies 

 
4.11.1 Monoclonal primary antibodies 

α-Actin (Simpson et al, 1984)     mAB Act-1-11 

α-Coronin (Maniak et al, 1995)     mAB 176-3D-6 

α-Gp70 (Bomblies et al, 1990)     mAB 130-80-2 

α-GFP (Chemicon, USA)     mAB 264-449-1 

Common Ag1 (Neuhaus et al, 1998)    mAB 221-450-6 

α-Centrosome (Gräf et al, 2000)    mAB 2/165 

α-LC-FACS1 (von Lohneysen et al, 2003)   mAb 221-457-5 

α-Vac H+ATPase (α-A subunit)     mAB 221-35-2 

α-PDI - anti N-terminus (Monnat et al, 1997)   mAB 221-402-9 & mAB 221-64-1 
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α-p80 (Ravanel et al, 2001)     mABH151  

α-myc         mAB 9E10 

α-Vacuolin (A/B) (Wienke et al, 2006)    mAB 263-37-1 

 

4.11.2 Polyclonal primary antibodies 
α-myc-tag (from Rabbit IgG)     Biozol, Germany 

myc-Tag Rabbit Ab      New England Biolabs, Germany  

 

4.11.3 Secondary Antibodies 

Alcaline phosphatase-conjugated AffiniPure rabbit 

anti-mouse IgG       Dianova, Germany 

Cy™3-conjugated AffiniPure rabbit Anti-mouse IgG (H+L) Dianova, Germany 

Goat anti-mouse IgG conjugated with Cy3   Novagen, USA 

Oregon Green® 488 Goat anti-mouse IgG    Invitrogen, USA 

 

 

4.12 Biological material 

 
Bacteria:  Escherichia coli JM105 

   Escherichia coli DH5α 

   Escherichia coli TOP10 (IBA, Germany) 

Klebsiella aerogenes 

   Micrococcus luteus (Sigma, Germany) 

Yeast:    cat. #Ysc-2, sigma (Sigma, Germany) 

D. discoideum:   Ax2-214 (Watts and Ashworth, 1970) 

 

 

4.13 Online 

 
Dictybase    http://www.dictybase.org 

DictyExpress    http://www.ailab.si/dictyexpress/ 

Blast server    http://www.ncbi.nlm.nih.gov/BLAST/ 

Dictyostelium cDNA clone info  http://dictycdb.biol.tsukuba.ac.jp/CSM/ 

Alignment tool    http://bioinfo.genotoul.fr/multalin/multalin.html 

Phosphorylation prediction  http://www.cbs.dtu.dk/services/NetPhos/ 

Smart server    http://smart.embl-heidelberg.de/ 

Transmembrane region prediction http://www.ch.embnet.org/software/TMPRED_form.html 

Membrane protein identification  http://minnou.cchmc.org/ 

Propeptide cleavage sites pred.  http://www.cbs.dtu.dk/services/ProP/ 

PSORT     http.//psort.hgc.jp 
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BaCelLo    http://gpcr.biocomp.unibo.it/bacello/pred.htm 

CELLO     http://cello.life.nctu.edu.tw/cgi/main.cgi 

HSLpred    http://www.imtech.res.in/raghava/hslpred/submit.html 

MultiLoc   http://www-bs.informatik.uni-tuebingen.de/Services/MultiLoc 

WoLF PSORT    http://wolfpsort.org/ 
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5 Methods 
 

 

5.1 Molecular Biology Methods 

 

DNA / RNA Extraction and Purification 

 

5.1.1 Mini-preparation of plasmid DNA from E. coli (Birnboim and Doly, 1979) 

The overnight E. coli culture, grown in 1,5 ml LBAmp medium at 37°C, is centrifuged (4000 

rpm, 3 min) and the medium is aspirated. The resulting pellet is resuspended in 200 µ l 

Solution I. This is followed by addition of 200 µl Solution II with gentle mixing by inverting the 

samples. Cells are lysed in alkaline conditions for 5 min at room temperature and finally re-

neutralized with 200 µl Solution III with mixing by inversion. The plasmids are separated from 

chromosomal DNA and cell debris through centrifugation at 14000 rpm (room temperature). 

The supernatant containing plasmid DNA is transferred into a clean 1,5 ml tube and 

submitted to Isopropanol precipitation (5.1.8). The resulting pellet is washed with 70% 

Ethanol, dried in a SpeedVac and dissolved in 20-30 µ l double-distilled H2O. The resulting 

DNA samples can be used for PCR or restriction analysis.  

 

5.1.2 Midi-preparation of plasmid DNA from E. coli 

All midi-preparations were performed with the PureLink™ HiPure Plasmid DNA Purification 

Kit, using the supplied reagents and protocol. This kit uses anion-exchange columns, 

allowing accurate isolation of plasmid DNA from lysed bacteria (similar to mini-preparation 

5.1.1). The approx. outcome from a 30 ml culture, grown overnight, is around 100 µg plasmid 

DNA. 

 

5.1.3 Genomic DNA isolation from D. discoideum (Maxiprep) 

1-2 x 108 cells (from a ca 4-6 x 106 cells/ml culture) are required for the preparation. Cells are 

harvested (3 min, 1200 rpm, 4°C), washed twice with phosphate buffer and resuspended in 

25 ml nuclear lysis buffer and 1,5 ml 20% NP40. After a 15 min centrifugation at 6000 rpm 

(4°C), the pellet (nuclei) is resuspended in 5 ml 0,7% SDS. This is followed by addition of 

100 µ l Proteinase K and incubation at 65°C for at least 3 hours. After the incubation, the 

sample is subjected to (at least) two Phenol/Chloroform extractions (5.1.9). Finally the DNA 

in the purified inorganic phase is precipitated with Ethanol (5.1.7) and resuspended in 200 µl 

double-distilled H2O. 
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5.1.4 Mini-preparation of genomic DNA from D. discoideum (adopted from Charette 

and Cosson, 2004) 

This is a faster way of preparing genomic DNA, useful for sub-clone screening (5.3.3) via 

PCR (5.1.14). The main difference to the typical genomic DNA preparation is the lack of the 

cleaning steps.  

Grown cells (~1 x 106 cells) are resuspended in 1 ml medium, transferred into a 1,5 ml tube 

and harvested by 2-3 min centrifugation at 4000 rpm. The cells are then resuspended with 

100 µl LvB-buffer and 2 µl Proteinase K. After a short mixing step (either before Proteinase K 

addition, or directly after) and 7 min incubation at room temperature, the Proteinase K must 

be deactivated by heating the probes at 95°C for 2-3 min. 1-5 µ l of the resulting sample is 

enough for a PCR analysis. 

 

5.1.5 Total RNA isolation from D. discoideum 

1 x 107 cells (fully grown 10 ml Petri dish) are harvested and washed with cold phosphate 

buffer (3 min, 1200 rpm, 4°C). The pellet is taken up in 500 µl Solution D (complete) and the 

homogenate is transferred into a clean 1,5 ml tube. 50 µl 3 M NaAc (pH 4,7) and 500 µl PCIA 

are added to the samples, which are then incubated at -20°C for 1 hour. The different phases 

are separated by 10 min centrifugation (maximal speed at room temperature). The inorganic 

phase (transparent) is transferred into a clean 1,5 ml tube, mixed with 1 Vol Isopropanol and 

incubated at -20°C for 1 hour. After the incubation, the RNA is precipitated by 30 min 

centrifugation at maximal speed (room temperature). The resulting pellet is resuspended in 

300 µl DEPC-H2O, 30 µl 8 M LiCl and 750 µl 100% Ethanol. Finally the RNA is harvested (10 

min at 13000 rpm), dried in a SpeedVac and taken up in 100 µl DEPC-H2O. 

The concentration of the resulting RNA samples can be determined via spectrophotometer 

(5.1.6). In order to prevent genomic DNA contamination, the RNA can be submitted to a 

DNase I digestion (according to the Fermentas protocol). 

 

5.1.6 Determination of DNA and RNA concentrations 

Nucleic acid concentration of a given solution can be easily detected via spectrophotometer 

by measuring the absorbance of the samples at 260 nm. An A260=1,0 corresponds to a 

concentration of 50 µg/ml for double stranded DNA and 40 µg/ml for single stranded DNA or 

RNA. An A226/A280 ratio indicates the purity of the solution (the solution can be contaminated, 

for example, with residual proteins or phenol). For pure DNA and RNA, the ratios should be 

around 1,8 and 2,0 respectively. The samples are diluted and measured in TE-buffer (pH 

7,4), which is also uased as reference. 
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5.1.7 Ethanol precipitation 

The nucleic acids are mixed with 0,1 Vol 8 M LiCl (or 3 M NaAc) and 2 Vol 100% Ethanol (ice 

cold), and incubated for 10 min at -70°C. The precipitation occurs by centrifugation for 30 min 

at 12000 rpm (4°C). The pellet is washed with 2 Vol 70% Ethanol, dried in a SpeedVac and 

resuspended in double-distilled H2O. 

This method is only effective for nucleic acid chains longer than 8-10 nucleotides. 

 

5.1.8 Isopropanol precipitation 

This precipitation is normally used for fragments longer than 70 nucleotides (fragments under 

30 nucleotides and single stranded nucleic acids are not precipitated by isopropanol). 

0,6 Vol Isopropanol as well as 0,1 Vol 8 M LiCl are added to the sample. Follows 20 min 

centrifugation at 14000 rpm (room temperature) and a wash step with 2 Vol 70% Ethanol. 

Finally samples are dried and taken up in double-distilled H2O. 

 

5.1.9 Phenol/Chloroform extraction (PCIA-Extraction) 

The PCIA-Extraction is used in for the separation of nucleic acids from proteins or other 

organic components. 2 Vol Phenol/Chloroform/Isoamyl Alcohol (PCIA, 25:24:1) are added to 

the sample, which is then vortexed and centrifuged for 5 min at 12000 rpm (room 

temperature). After phase separation, the DNA concentrates in the upper inorganic phase 

(transparent), the proteins are in the inter-phase and other organic contaminants are in the 

lower phase. The upper phase must be carefully collected. If necessary, the PCIA extraction 

can be repeated. Finally, the nucleic acids in the inorganic phase must be precipitated (5.1.7 

or 5.1.8). 

 

5.1.10 PCR purification and gel extraction 

The purification of PCR products or DNA extraction from agarose gels, were performed with 

the QIAquick PCR Purification Kit. The procedure is based on DNA binding to an anion-

exchange matrix, followed by several wash steps and a final elution step. 

 

Enzymatic reactions 

 

5.1.11 Restriction-endonuclease digestion  

The enzymatic digestions were carried out with the appropriate buffers (recommended by the 

manufacturers) and incubated for 1-3 hours at the respective optimum temperatures. The 

usual amount of restriction enzyme is about 2-5 Units for each µg DNA. 

The digestions can be analyzed by Agarose-Gel Electrophoresis (5.1.20). 
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5.1.12 Blunting DNA fragments 

The filling-in of cohesive ends of a DNA strand (with 5’ overhangs), making them blunt for 

ligation, was performed with T4 DNA Polymerase, according to the Fermentas protocol. 

 

5.1.13 A-tailing DNA fragments 

In order to ligate a DNA fragment into T-easy it needs 3’ A-overhangs. This A-tailing was 

made with the Taq DNA Polymerase (Fermentas), according to the Promega protocol 

supplied with the T-easy vector. 

 

5.1.14 Polymerase chain reaction (PCR) 

PCR (Saiki et al, 1985) is used for selective amplification of a DNA sequence. The 

amplification requires a DNA template, two primers (oligonucleotides) that flank the target 

sequence – one for each strand of the duplex, dNTPs and a thermostable form of a DNA 

polymerase, most commonly Taq DNA polymerase.  

The in vitro amplification takes places in a thermal cycler, which can be programmed 

according to the required amplification. The typical cycle consists of a denaturation step at 

90-95ºC, in which the DNA double strand is opened. This is followed by the primer annealing 

step. The annealing temperature depends on primer length and nucleotide content (usually 

between 55°C and 65°C). Finally comes the elongation step, carried out by the Taq DNA 

polymerase at 72°C with a 1 kb/min rate. The number of cycles varies according to the 

required DNA copies. The amplification occurs in an exponential way with each DNA 

template generating two daughter DNA fragments. The cycles are preceded by an initial 

denaturation which depends on the used template DNA (ex: for genomic DNA – around 5 

min; for plasmids – around 2 min), and ended by a final elongation step to fill unfinished 

fragments. The amplification can be analyzed by Agarose-Gel Electrophoresis (5.1.20), and 

purified (5.1.10) for further use. 

 
 
 
 
 
 
 
 
 
 

5.1.15 Amplification of error-free DNA for cloning  

Two different proof-reading enzymes were used to get non-mutated DNA. Either the 

Phusion™ DNA Polymerase (Finnzymes), or the KOD Hot Start DNA Polymerase 

Standard PCR reaction: 
DNA template  ca. 100 ng 
5’ primer (10 pM/µL) 2 µl  
3’ primer (10 pM/µL) 2 µl  
10 x PCR Buffer 2 µl 
MgCl2 (25 mM) 2 µl  
dNTP mix (2 mM each) 1 µl 
Taq polymerase 0,5 µl 
dd H2O   ad to 20 µl 

Standard PCR program: 
1 x 95°C  5 min  initial denaturation 

95°C  30 s   denaturation 
n x 55°C -65°C 30 s  annealing 

72°C  1 kb/min elongation 
1 x 72°C  10 min  final elongation 

4°C   hold  end of the reaction 
 
n = number of cycles 
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(Novagen). The reactions were performed according to the respective manufacturers’ 

protocols, with the supplied reagents. 

 

5.1.16 Amplification of long DNA fragments ( > 3 kb) 

The amplification of large fragments was made with a mixture of Taq DNA polymerase / Pfu 

DNA polymerase (Fermentas), in a 3 to 7 ratio, respectively. Elongation takes place at 60°C 

with a 2 min/kb rate. 

 

5.1.17 Reverse transcription – PCR (RT-PCR) 

This is a reverse transcription reaction of mRNA into cDNA, followed by a PCR (5.1.14) in 

order to to amplify the target cDNA.  

The reverse transcriptions waere performed with the Revert Aid™ M-MuLV Reverse 

Transcriptase according to the Fermentas protocol. The protocol consists of 3 steps. In the 

first step, the DNase I-treated RNA is mixed with the oligonucleotides, and incubated at 70°C 

for 5 min, in order to denature the RNA. The second step includes the addition of reaction 

buffer, 10 mM dNTP mix and Ribonuclease Inhibitor, followed by 5 min incubation at 37°C. 

Finally Reverse Transcriptase is added to the samples and the reaction takes place at 42°C 

for one hour. To stop the reaction, samples are incubated at 70°C during 10 min.  

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1.18 DNA dephosphorylation 

To catalyze the release of 5'- and 3'-phosphate groups from DNA and avoid re-ligation of 

digested plasmids (in case of blunt ligation or compatible ends ligation), increasing the 

ligation efficiency with the insert fragment, the digested plasmids were incubated either with 

Shrimp Alkaline Phosphatase, Calf Alkaline Phosphatase or FastAP Thermosensitive 

Alkaline Phosphatase according to the Fermentas protocols.  

Standard RT reaction: 

RNA (total RNA DNase-treated)  1 µg 
Oligo dT Primer    0,5 µg 
or 
Specific primers (each)   20 pmol  
DEPC-H2O    ad to 11 µl 
Incubation: 70°C, 5 min  
 
5 x Reaction Buffer   4 µl 
10 mM dNTP mix   2 µl 
Ribonuclease inhibitor   20 U 
DEPC- H2O    ad to 19 µl 
Incubation: 37°C, 5 min  
 
Reverse Transcriptase   200 U 
Incubation: 42°C, 60 min 
 
Stop reaction: 70°C, 10 min 
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5.1.19 DNA ligation 

The ligation reactions were performed with the T4 DNA Ligase. This enzyme catalyzes the 

formation of a phosphodiester bond between juxtaposed 5’-phosphate and 3’-hidroxyl termini 

in duplex DNA or RNA, using ATP as co-factor. The ligation components were mixed 

according to the Fermentas protocol and incubated for 1-2 hours at 37°C (cohesive termini), 

or overnight at 16°C (blunt termini). 

Alternatively, amplified fragments were A-tailed (5.1.13) and ligated into the T-easy Vector 

(Promega), according the manufacturers protocol. 

 

Electrophoresis 

 

5.1.20 Agarose-gel electrophoresis 

This is the main way of direct visualization of nucleic acids. The nucleic acids are separated 

according to their size by electric migration through the agarose matrix, due to their negative 

charges.  

The agarose concentration varies according to the length of the target DNA, however the 

most used was 1% (w/v) agarose gel, with a range of separation is between 500 bp and 10 

kb. In order to prepare an agarose gel, the agarose must be added to a corresponding 

volume of 1 x TBE buffer and boiled (to melt the agarose). After cooling down to 

approximately 60°C, 2 µl / 100 ml Ethidium Bromide (EtBr) solution must be added. The EtBr 

binds between the bases of the DNA and emits orange, when excited with UV-light (366 nm). 

The polymerization occurs in a gel electrophoresis unit with the corresponding comb. When 

completed, the unit is filled with 1 x TBE buffer and the comb is removed. After mixing the 

DNA samples with loading-dye, they can be loaded in the gel together with an appropriate 

marker. The gel is run at 10 V/cm. 

 

DNA sequencing and oligonucleotide synthesis 

 

5.1.21 DNA sequencing and alignment 

The cloned DNA was sequenced at Eurofins MWG Operon (Martinsried) and the received 

sequences were aligned with MultAlin (bioinfo.genotoul.fr/multalin/multalin. html). 

  

5.1.22 Oligonucleotide synthesis 

All oligonucleotides were ordered at Eurofins MWG Operon (www.eurofinsdna.com). 

 

 

 



Methods 

116 

5.2 Transformation Methods 

 

E. coli transformation 

 

5.2.1 Production of competent cells using CaCl2 

E. coli cells are inoculated in 5 ml LB medium and grown overnight at 37°C with agitation 

(250 rpm). On the next day, 1 ml grown cells are again inoculated in 2 x 50 ml LB medium 

and grown (37°C, 250 rpm) until OD550 equals 0.3-0.4. At this point cells are transferred into 

50 ml pre-chilled Falcon tubes and put on ice for 10 minutes. After a 7 min centrifugation at 

2500 rpm (4°C) the medium is discarded, replaced with 10 ml CaCl2 solution (cells have to 

be resuspended very carefully), and the cells are incubated on ice for 30 min. This is 

followed by a 5 min centrifugation and the pellet is carefully resuspended in 2 ml CaCl2 

solution. The aliquots of the final preparation are frozen in liquid nitrogen and stored at -

70°C. 

 

5.2.2 Transformation of competent cells 

100-200 µ l competent cells are carefully mixed with 10-100 ng plasmid DNA and incubated 

on ice for at least 10 min. The next step is a heat shock at 42°C, for 60 s. After the heat 

shock the cells are immediately placed on ice for 5 minutes. This can be followed by plating 

the cells directly on LBAmp agar, or by additional incubation in 1 ml LB medium, at 37°C, for 

one hour in a thermomixer. When the incubation is completed, the cells are centrifuged (1 

min, 3000 rpm), and 1 ml of the supernatant is discarded. The pellet is resuspended in the 

remaining medium (about 200 µl) and plated on LBAmp agar. The transformed cells should 

form colonies overnight at 37°C. 

 

D. discoideum transformation 

 

5.2.3 Electroporation (EP) (Howard et al, 1988) 

2 x 107 cells/EP from a 1-2 x 106 cells/ml culture are transferred into a pre-chilled Falcon tube 

and put on ice for 10 min in order to stop all cellular processes. The cells are then harvested 

(3 min at 1200 rpm), washed once with cold phosphate buffer and twice with cold EP buffer. 

After the last wash step, the cells are resuspended in 700 µl EP buffer, mixed with 20 µg 

DNA fragment (previously digested) or 40 µg plasmid DNA (undigested), transferred into a 4 

mm EP cuvette (1 ml) and incubated on ice for further 10 min. 

The EP occurs with a pulse of 1 kV at 25 µF. The time constant should range between 2 and 

3 ms. After the pulse, the cuvette must be immediately placed on ice for 10 min. As next 

follows a “recuperation” step, where the transformed cells are mixed with 8 µl 100 mM MgCl2 
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and 8 µl 100 mM CaCl2 in a 10 ml Petri dish and incubated for 15 min at room temperature. 

Finally, 10 ml G0 medium are added to the cells, to allow resistance expression and cell 

growth. On the next day the G0 medium is replaced with the selection medium, which can be 

changed every 2/3 days (to remove dead cells). When the first resistant colonies appear, 

they can be directly sub-cloned (5.3.3) and later screened. 

 

 

5.3 Cellular Biology Methods 

 

5.3.1 Cell cultivation in axenic medium 

In comparison to the free-living D. discoideum amoebae, the axenic strains used in the lab 

were inflicted several mutations (Clarke and Kayman, 1987), which allow them to grow on 

liquid nutrients (Watts and Ashworth, 1970). 

Cells from a previous culture, bacterial lawns (SM plates) or spores are inoculated in AX 

medium. The AX medium contains Penicillin/Streptomycin (100 U/ml) in order to remove 

Klebsiella aerogenes or other bacterial contaminants. The cells can be cultivated in a 24 

wells Costar plate (used for sub-clones), Petri dish (5 ml or 10 ml) or in suspension 

(Erlenmeyer flask, usually 30 ml) where the culture must shake constantly at 150 rpm. The 

cells/spores concentration should never be under 5 x 104/ml when inoculated and culture 

concentrations above 5 x 106 cells/ml should be avoided. The optimum temperature growth is 

22°C. 

 

5.3.2 Obtaining spores and conservation of the strains 

D. discoideum cells are grown to a density of 5 x 106 cells/ml, harvested (1200 rpm, 3 min at 

4°C) and washed twice with cold phosphate buffer. After the last wash step, the pellet is 

resuspended in 500 µl phosphate buffer and plated on a phosphate-agar plate. After two 

days, the cells are normally fully developed and fruiting bodies can be collected (in 3 ml 

phosphate buffer) from the plate into 1,5 ml cryotubes which should be instantly frozen in 

liquid nitrogen and stored at -70°C.  

To obtain vegetative cells from spores, 50-200 µ l of the defrosted spore solution must be 

inoculated in a 5 or 10 ml Petri dish containing G0 medium (after 1-2 days the G0 medium 

can be replaced with selection medium). 

 

5.3.3 Subcloning of transformed cells 

To obtain pure cell lines after EP (5.2.3), transformed cells must be sub-cloned. The different 

colonies are washed with phosphate buffer, diluted (depending on the number of colonies) 

and plated together with Klebsiella aerogenes on SM-agar plates. Plaques normally appear 
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after 3 days, as D. discoideum divides and eats the bacteria around it. Each plaque contains 

cells belonging to the same cell line, because all of them originated from a single cell. 

Vegetative cells are picked up from the edge of the plaques and transferred into Costar 

plates with selection medium, so that each cell line can grow separately and later be 

screened. 

 

Assays 

 

5.3.4 Growth on bacterial lawns (Plaque assay) 

10-30 cells (diluted in phosphate buffer) are plated together with 100-300 µ l Klebsiella 

aerogenes suspension on SM-agar plates and grown at 22°C. 

Plaque diameter can be measured after 2-3 days of incubation. Normally the measurements 

are taken on the 3rd, 4th and 5th days.  

 

5.3.5 Growth rates of axenic cultures 

This is used for the elaboration of a growth curve, in order to compare the cell division 

periods of different strains. An initial 30 ml suspension culture with ca 1 x 105 cells/ml is 

cultivated until it reaches the stationary phase (approx. 1 x 107 cells/ml). During the growth 

phase, several measurements are taken every day using a cell counter.  

 

5.3.6 Development 

To study the developmental behaviour of a D. discoideum strain, a maximum of 5 x 107 cells 

of a 2 x 106 cells/ml culture, are harvested (1200 rpm, 3 min) and washed with phosphate 

buffer. The pellet is resuspended in 800 µl phosphate buffer, and equally distributed over a 

nitrocellulose membrane filter (Millipore). The membrane filter has to be previously boiled in 

double-distilled H2O, and placed into a Petri dish (Ø 10 cm) on phosphate buffer-soaked 

Whatman paper, to prevent drying. Development takes place on the membrane filter at 22°C. 

 

5.3.7 Determination of cell concentration and size 

Cell concentration and size are determined directly by measuring samples of axenic cultures 

with the Z2™ Coulter Counter®. 

 

5.3.8 Motility assay 

To assay cellular movement, ca 5 x 105 axenically grown cells are placed on a coverslip. 

After 30-40 minutes rest, the behaviour of adhering cells is documented every minute for a 

total chasing time of 30 minutes. 
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5.3.9 Adhesion assay 

To assay cell-substrate adhesion 1 x 106 cells are grown overnight in a 10 ml Petri dish. On 

the next day (surface should be up to 70-80% covered with cells), the old medium is replaced 

by an exact volume of fresh media (usually 8 or 10 ml), without re-suspending the adhering 

cells.  

The Petri dishe with fresh medium is placed on a shaker and subjected to rotation for 1 hour, 

at approx. 200 rpm. Rotation speed varies according to the used equipment. Shaker must 

have short rotation radius, so that the entire surface is equally covered by the medium. After 

shaking, samples of medium containing detached cells must be immediately taken for the 

count, and the medium must be completely discarded. This is directly followed by complete 

re-suspension of the remaining cells with exact volumes (8 or 10 ml) of medium or phosphate 

buffer, by repeated pipetting. 

Finally, the number of detached cells as well as the total number of cells after re-suspension 

is determined and the percentage of detached cells is calculated. 

 

5.3.10 Phagocysosis assay (Maniak, 1995) 

This assay allows an in vivo measurement of particle internalization rates by D. discoideum. 

10 ml of a 2 x 106 cells/ml culture grown in G0 medium are transferred into silanized conical 

flasks and kept under shaking at 120 rpm (22°C). In the meanwhile the TRITC marked yeast 

cells are ultrasonically treated for 5-7 min, vortexed and kept on a shaker, in order to prevent 

aggregation. Nine 1,5 ml tubes, containing 100 µl Trypan blue must be prepared for each 

strain.  

120 µ l (1 x 109 cells/ml) treated yeast cells are added to each flask (t=0). For each 

measurement 1 ml cells are mixed with trypan blue, shaken for 3 min and centrifuged (3000 

rpm for 2 min). The supernatant is discarded, the pellet is resuspended in 1 ml phosphate 

buffer and the sample can be measured in a fluorimeter with an excitation wave of 544 nm 

and 574 nm emission (corresponding to TRITC). The measurements are made at 15 min 

intervals (t=0, 15, 30, 45, 60, 75, 90, 105 and 120 min).  

To adjust the phagocytosis curves, each strain needs 3 x 1 ml of the starting cell culture for 

protein probes (5.4.1 and 5.4.3). 

 

5.3.11 Preparation of TRITC marked yeast 

5 g yeast are boiled in 50 ml 1 x PBS for 30 min (bain-marie), washed 5 times with 1 x PBS 

and twice with phosphate buffer (3 min at 4000 rpm). The final yeast concentration (in 

phosphate buffer) is adjusted to 1 x 109 cells/ml. 

For the labelling, 2 x 1010 cells are harvested and resuspended in 20 ml 50 mM Na2HPO4 (pH 

9,2). This is followed by the addition of TRITC (2 mg in 200 µl DMSO) and incubation for 30 
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min at 37°C (with shaking). Subsequently, cells are washed twice with 50 mM Na2HPO4 (pH 

9,2) and 4 times with phosphate buffer (5 min at 4000 rpm). Finally the concentration is 

adjusted to 1 x 109 cells/ml with phosphate buffer (an OD600=0,1 corresponds to 1 x 106 

cells/ml). The labelled yeast is stored at -20°C. 

 

Microscopy 

 

5.3.12 Cell fixation and immuno-fluorescency  

300 µ l of a cell suspension (approx. 1-2 x 106 cells/ml) are placed on a 18 mm coverslip 

(previously cleaned with HCl) and rested for 30 min (22°C), to allow the cells to adhere to the 

cover slip. Meanwhile, the picric acid/paraformaldehyde fixative (5.3.13) must be prepared. 

The medium is replaced by 200 µl fixative and incubated for 30 min in a dark moist chamber 

at room temperature. After fixation the cover slip is washed by immersion in 10 mM PIPES 

buffer (pH 6,0) and PBS/Glycine, placed back in the moist chamber and covered with 300 µl 

PBS/Glycine. This is followed by another 5 min wash step with 300 µl PBS/Glycine and 10 

min incubation with 250 µl 70% Ethanol to permeabilize the cell membranes. Finally, the cells 

are washed twice with 300 µl PBS/Glycine (5 min) and twice with 300 µl PBG (15 min). Now 

the cells are incubated overnight with 200 µl primary antibody solution (previously centrifuged 

at 14000 rpm for 3 min).  

On the next day, the primary antibody solution is discarded and the cells are washed six 

times with 300 µl PBG (5 min) and incubated with 200 µl secondary antibody (conjugated 

with a fluorescent dye and diluted 1:1000 in PBG) for 1 hour, at 37°C. After incubation the 

cells are washed twice with 300 µl PBG (5 min) and trice with 300 µl PBS (5 min). Finally, the 

coverslips are immersed in double-distilled H2O and embedded with a drop of mounting 

media (5.3.14). The preparation is stored at 4°C in the dark.  

In case of simple cell fixation, the cells are washed trice with PBS, immersed in double-

distilled H2O and embedded, directly after the PBS/Glycine wash step. 

 

5.3.13 Picric acid / paraformaldehyde fixative 

0,2 g Paraformaldehyde are dissolved in 3,5 ml double-distilled H2O, at 40-50°C with 2-3 

drops 2 M NaOH. Follows the addition of 5 ml 20 mM PIPES (pH 6,0) and 1,5 ml saturated 

Picric acid solution. Finally the pH of the fixative is set to 6,0. The fixative should be kept in 

the dark, at room temperature. 

 

5.3.14 Mounting media 

10 ml 0,1 M KH2PO4 solution are mixed with 0,1 M Na2HPO4 solution until the pH equals 7,2. 

The resulting solution is diluted 1:10 in order to get a 0,01 M molarity. 20 g Polyvinylalcohol 
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(Gelvatol, Sigma P-8136) are added to the solution and stirred overnight. On the next day, 40 

ml glycerol (Aldrich 99,5%) are added and also stirred overnight. This is followed by a 15 min 

centrifugation at 12000 rpm and the separation of the supernatant. When the pH of the 

supernatant has been adjusted to 6-7, DABCO (1,4-diazabicyclo-(2.2.2)-octane) can be 

added to it, to a final concentration of 25  µg/ml). The embedding medium is filled in 10 ml 

syringes and stored at -20°C. 

 

 

5.4 Biochemical Methods 

 

5.4.1 Total protein extraction from D. discoideum (lysozyme assay and protein 

determination) 

To get total cell extracts with active lysozyme from D. discoideum, 15 ml of a grown axenic 

culture with approx. 5 x 106 cells/ml (7,5 x 107 cells) are centrifuged and washed twice with 

phosphate buffer (1200 rpm, 5 min at 4°C). The final cell pellet is resuspended in 800 µl 10 M 

NaAc (pH 4,5). Cells are cracked by freezing in liquid nitrogen and defrosting at room 

temperature, at least 3 times. This is followed by a 60 min centrifugation at 14000 x g (4°C). 

The resulting supernatant, containing the dissolved proteins, is transferred into a new 1,5 ml 

tube. It is very important to work on ice, to maintain the viability of the enzymes. 

 

In order to take protein probes required for the phagocytosis assay, three 1 ml aliquots are 

taken from the used culture and washed with phosphate buffer (3 min at 400 rpm). The pellet 

is resuspended in 200 µl phosphate buffer, and cells are cracked and centrifuged (as 

described before – but the defrosting can be done at 37°C, to speed up the process). 

 

5.4.2 Lysozyme activity measurement (lysozyme assay) 

500 µl 0,3 mg/ml M. luteus in 100 mM sodium-phosphate buffer (pH 4,5), are mixed with 500 

µl of total protein extract containing active lysozyme (5.4.1) in a plastic cuvette. The 

degradation is measured at 450 nm, during 5 min with 1 min intervals. Between 

measurements the sample must be stirred, in order to prevent the precipitation of the 

bacteria. 500 µl of the initial bacteria solution with 500 µl 10 mM NaAc (pH 4,5) are used as 

reference. Finally, the degradation rates are adjusted according to the total protein amounts 

(5.4.3). 

 

5.4.3 Protein determination (Pierce BCA Protein Assay Kit) 

This kit allows the colorimetric detection and quantification of proteins. 20 - 50 µl of a protein 

sample (5.4.1) - normally 50 µ l for phagocytosis assay and 20 µ l for lysozyme assay - are 
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mixed together with 2 ml BCA Working Reagent (consists of 50 parts of Reagent A and 1 

part of Reagent B) in a 2 ml plastic cuvette and incubated at 37°C for 30 min. Finally the 

absorption of the samples is measured at 562 nm, with double-distilled H2O as a reference. 

 

5.4.4 Whole cell extracts for SDS-polyacrylamide-gel-electrophoresis 

1 x 106 or 2 x 106 cells (depending of the expression levels of the wanted protein) of a 

Dictyostelium culture are harvested (1200 rpm, 5 min) and resuspended in 20 - 40 µ l 2 x 

Laemmli buffer. The resulting suspension is boiled for approx. 10 min at 95°C, in order to 

denature the proteins, and shortly centrifuged at the end. The resulting sample is loaded into 

the SDS-polyacrylamide-gel (5.4.5). 

 

5.4.5 SDS-polyacrylamide-gel electrophoresis (SDS-PAGE) 

The SDS-polyacrylamide-gel-electrophoresis is used to separate denatured proteins by 

mass.  

To prepare a polyacrylamide gel, glass plates (approx. 18 cm x 14 cm) and spacers need to 

be washed with soap and cleaned with 100% Ethanol in order to remove dirt and grease 

particles. The spacers are put between the two glass plates, on the sides and bottom, and 

fixed with metal clips. The inner space must be sealed with 0,2% Agarose, in order to 

prevent leakage. As soon as the agarose becomes firm, the polyacrylamide (PAA) resolving 

and stacking gels can be poured. 

 
 

 

 

 

 

 

 

 

 

First the resolving gel (12% PAA) is poured up to 2/3 of the chamber and overlayed with a 

thin layer of Isobutanol. As soon as the resolving gel has polymerized, the Isobutanol is 

discarded, the stacking gel is poured and a gel comb is inserted top down into the stacking 

gel layer. After polymerization of the stacking gel, the comb and the bottom spacer are 

removed and the gel is ready to use. 

The gel is built in the respective equipment, where the upper and lower openings are in 

contact with the 1 x protein-running buffer. The protein samples and the marker are loaded 

into the wells of the stacking gel. The top down migration (due to the negative charges of the 

Resolving Gel (12% PAA): 

25,5 ml  Double-distilled H2O 
16,1 ml  SDS resolving gel buffer 
21,9 ml Rotiphorese® Gel 30 
16,1 µl  TEMED 
720 µl  20% APS 
 
Stacking Gel (3,4% PAA):  

20,7 ml  Double-distilled H2O 
3,6 ml  Rotiphorese® Gel 30 
16 µl  TEMED 
480 µl  20% APS 
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proteins) through the gel matrix is made with an electric current of 130 V. As soon as the 

probes reach the resolving gel, the current is increased to 200 V.  

Following electrophoresis, the gel can be stained with Coomassie (5.4.8), allowing the 

visualization of the separated proteins, or used further for a Western blot analysis (5.4.6). 

 

5.4.6 Western blot 

This method consists in transferring the separated negative-charged proteins from a 

polyacrylamide gel onto a membrane (usually nitrocellulose), in order to detect them with 

specific antibodies. 

The blot chamber consists of two electrodes (anode and cathode). As the proteins are 

transferred from the anode to the cathode, the membrane must be on the cathode-side, 

relatively to the gel. Four pieces of Whatman paper as well as the nitrocellulose membrane 

must be soaked in Semidry blot buffer. In the blot chamber, 2 peaces of Whatman paper, the 

nitrocellulose membrane, the gel and another 2 peaces of Whatman paper are placed 

successively on each other without any air bubbles between them. The blot runs at 5 mA/cm2 

for 30 min. 

Afterwards the membrane is used for immuno-detection of proteins (5.4.7) and the gel can 

be stained with Coomassie (5.4.8) to detect remaining proteins. 

 

5.4.7 Immuno-detection of proteins 

After blotting the proteins into the membrane, they are selectively identified through binding 

to specific primary antibodies, which are later detected with secondary antibodies.  

The membrane must be first washed twice with 1 x PBS buffer (5 min), in order to get 

adjusted to the new buffer conditions. To prevent non-specific binding of the antibodies, the 

membrane is blocked with 2-5% Blocking solution for 30 min. This is followed by incubation 

with the specific antibody diluted 1:5 in 2-5% blocking solution, for at least 7 h (usually done 

overnight). 

After incubation with the primary antibody, the membrane is washed trice in 1 x PBS buffer, 

in order to wash away the unbound antibodies. The secondary antibody (conjugated to 

alkaline phosphatase) is diluted 1:5000 in 2-5% blocking solution and incubated with the 

membrane for 2 h. After the binding of the secondary antibody, the membrane is washed 

twice with 1 x PBS buffer (5 min) and once in carbonate buffer (pH 10,2). Finally, the 

membrane is incubated in 20 ml carbonate buffer (pH 10,5) containing  75 µl BCIP (50 mg/ml 

dimethylformamide) and 40 µ l NBT (75 mg/ml of 70% dimethylformamide). The staining 

reaction starts as the BCIP is cleaved by the alkaline phosphatase, precipitating on the 

places where the reaction occurs. This generates visible bands, which correspond to the 
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position of the wanted protein. To stop the reaction, the membrane is washed with double-

distilled H2O. 

 

5.4.8 Coomassie staining of polyacrylamide gels 

This method is used for protein staining in a polyacrylamide gel. The polyacrylamide gel 

pivots in Coomassie solution overnight. On the next day, the gel is washed several times with 

hot water, until the protein patterns become visible and the gel matrix becomes clear. Finally, 

the gel can be shrink-wrapped. 
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6 Abbreviations 
 

 
Aly   amoeba lysozyme  
ATP   adenosine triphosphate 
amp    ampicillin 
Apr   ampicillin resistance 
approx.   approximately 
AX    axenic 
bps    base pairs 
Bsr / bsr  blasticidine resistance 
ca   circa 
cAMP    cyclic adenosine monophosphate 
cDNA    complementary DNA 
cm2    square centimeter 
Da   dalton 
DAG   1,2-diacylglycerol 
dd   double-distilled 
DNA    deoxyribonucleic acids 
DNase   deoxribonuclease 
dNTP    deoxynucleotide triphosphates 
ER   endoplasmic reticulum 
F    grad Fahrenheit 
F-actin    filamentous actin 
FcγR   Fc-gamma receptors 
Fig.    figure 
g    relative centrifugal force 
g    gram 
G418r    geneticine (G418) resistance 
G-actin    globular actin 
GFP    green fluorescent protein 
IgG   immunoglobulin G 
IF   immuno-fluorescence 
IP3   inositoltriphosphate 
Gp   glycoprotein 
h    hour 
KA   Klebsiella aerogenes 
kb    kilo base  
kDa    kilodalton 
KO   knock-out 
kV    kilovolt 
LB    Luria-Bertani 
M    molar (mol/liter) 
mA    milliampere 
mAB   monoclonal antibody  
max   maximal 
MCS    multiple cloning site 
mg    milligram 
min    minute 
ml    milliliter 
mm    millimeter 
mM   millimolar 
mmol   millimol 
ms    millisecond 
nm    nanometer 
nM   nanomolar 
MTOC   microtubule organizing centre 
Oe   over-expression 
OD    optical density 
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ORF    open reading frame 
PAGE   polyacrylamide gel electrophoresis 
PBS    phosphate-buffered saline 
PCR    polymerase chain reaction 
PDI   protein disulfide isomerase 
PIP2   phosphatidylinositol-(4,5)-bisphosphate 
PIP3   phosphatidylinositol-(3,4,5)-triphosphate 
PLC   phospholypase C 
RFP   red fluorescent protein 
pH    pondus hydrogenii 
rpm    revolutions per minute 
RNA    ribonucleic acids 
RNase   ribonuclease 
RT    reverse transcriptase 
s    second 
SEM    scanning electron microscopy 
t    time 
Tab   table 
Taq    Thermus aquaticus 
U    enzyme activity unit 
UV    ultraviolet 
Vol    volume 
v/v    volume per volume 
wt   wild-type 
µl    microliter 
µg    microgram 
µm   micrometer 
µM   micromolar 
µF    micro-Faraday 
 

 

 



References 

127 

7 References 

 
 
Adessi C., A. Chapel, M. Vinçon, T. Rabilloud, G. Klein, M. Satre, and J. Garin. 1995. Identification 
of major proteins associated with Dictyostelium discoideum endocytic vesicles. Journal of cell science 
108 Pt 1:3331-7. 

Aguado-Velasco C., and M. S. Bretscher. 1999. Circulation of the plasma membrane in 
Dictyostelium. Molecular biology of the cell 10:4419-27. 

Aizawa H., K. Sutoh, and I. Yahara. 1996. Overexpression of cofilin stimulates bundling of actin 
filaments, membrane ruffling, and cell movement in Dictyostelium. The Journal of cell biology 132:335-
44. 

Aizawa H., M. Katadae, M. Maruya, M. Sameshima, K. Murakami-Murofushi, and I. Yahara. 1999. 
Hyperosmotic stress-induced reorganization of actin bundles in Dictyostelium cells over-expressing 
cofilin. Genes to cells : devoted to molecular & cellular mechanisms 4:311-24. 

Aizawa H., Y. Fukui, and I. Yahara. 1997. Live dynamics of Dictyostelium cofilin suggests a role in 
remodeling actin latticework into bundles. Journal of cell science 110 Pt 1:2333-44. 

Aubry L., G. Klein, J. L. Martiel, and M. Satre. 1993. Kinetics of endosomal pH evolution in 
Dictyostelium discoideum amoebae. Study by fluorescence spectroscopy. Journal of cell science 105 
Pt 3:861-6. 

Baldauf S. L., and W. F. Doolittle. 1997. Origin and evolution of the slime molds (Mycetozoa). 
Proceedings of the National Academy of Sciences of the United States of America 94:12007-12. 

Bapteste E., H. Brinkmann, J. A. Lee, D. V. Moore, C. W. Sensen, P. Gordon, L. Duruflé, T. 
Gaasterland, P. Lopez, M. Müller, and H. Philippe. 2002. The analysis of 100 genes supports the 
grouping of three highly divergent amoebae: Dictyostelium, Entamoeba, and Mastigamoeba. 
Proceedings of the National Academy of Sciences of the United States of America 99:1414-9. 

Bertani G. . 1951. Studies on lysogenesis. I. The mode of phage liberation by lysogenic Escherichia 
coli. Journal of bacteriology 62:293-300. 

Bhagatji P., R. Leventis, J. Comeau, M. Refaei, and J. R. Silvius. 2009. Steric and not structure-
specific factors dictate the endocytic mechanism of glycosylphosphatidylinositol-anchored proteins. 
The Journal of cell biology 186:615-28. 

Birnboim H. C., and J. Doly. 1979. A rapid alkaline extraction procedure for screening recombinant 
plasmid DNA. Nucleic acids research 7:1513-23. 

Blanc C., S. Charette, N. Cherix, Y. Lefkir, P. Cosson, and F. Letourneur. 2005. A novel 
phosphatidylinositol 4,5-bisphosphate-binding domain targeting the Phg2 kinase to the membrane in 
Dictyostelium cells. European journal of cell biology 84:951-60. 

Bogdanovic A., F. Bruckert, T. Morio, and M. Satre. 2000. A syntaxin 7 homologue is present in 
Dictyostelium discoideum endosomes and controls their homotypic fusion. The Journal of biological 
chemistry 275:36691-7. 

Bogdanovic A., N. Bennett, S. Kieffer, M. Louwagie, T. Morio, J. Garin, M. Satre, and F. 
Bruckert. 2002. Syntaxin 7, syntaxin 8, Vti1 and VAMP7 (vesicle-associated membrane protein 7) 
form an active SNARE complex for early macropinocytic compartment fusion in Dictyostelium 
discoideum. The Biochemical journal 368:29-39. 

Bomblies L., E. Biegelmann, V. Döring, G. Gerisch, H. Krafft-Czepa, A. A. Noegel, M. Schleicher, 
and B. M. Humbel. 1990. Membrane-enclosed crystals in Dictyostelium discoideum cells, consisting 
of developmentally regulated proteins with sequence similarities to known esterases. The Journal of 
cell biology 110:669-79. 

Bonner J. T. . 1970. Induction of stalk cell differentiation by cyclic AMP in the cellular slime mold 
Dictyostelium discoideum. Proceedings of the National Academy of Sciences of the United States of 
America 65:110-3. 



References 

128 

Brock D. A., G. Buczynski, T. P. Spann, S. A. Wood, J. Cardelli, and R. H. Gomer. 1996. A 
Dictystelium mutant with defective aggregate size determination. Development (Cambridge, England) 
122:2569-78. 

Brock D., G. Buczynski, T. Spann, S. Wood, J. Cardelli, and R. Gomer. 1996. A Dictystelium 
mutant with defective aggregate size determination. Development 122:2569-2578. 

Buczynski G., B. Grove, A. Nomura, M. Kleve, J. Bush, R. A. Firtel, and J. Cardelli. 1997a. 
Inactivation of two Dictyostelium discoideum genes, DdPIK1 and DdPIK2, encoding proteins related to 
mammalian phosphatidylinositide 3-kinases, results in defects in endocytosis, lysosome to 
postlysosome transport, and actin cytoskeleton organization. The Journal of cell biology 136:1271-86. 

Buczynski G., J. Bush, L. Zhang, J. Rodriguez-Paris, and J. Cardelli. 1997b. Evidence for a 
recycling role for Rab7 in regulating a late step in endocytosis and in retention of lysosomal enzymes 
in Dictyostelium discoideum. Molecular biology of the cell 8:1343-60. 

Bukharova T., T. Bukahrova, G. Weijer, L. Bosgraaf, D. Dormann, P. J. van Haastert, and C. J. 
Weijer. 2005. Paxillin is required for cell-substrate adhesion, cell sorting and slug migration during 
Dictyostelium development. Journal of cell science 118:4295-310. 

Bush J., K. Franek, and J. Cardelli. 1993. Cloning and characterization of seven novel Dictyostelium 
discoideum rac-related genes belonging to the rho family of GTPases. Gene 136:61-8. 

Bush J., K. Nolta, J. Rodriguez-Paris, N. Kaufmann, T. O'Halloran, T. Ruscetti, L. Temesvari, T. 
Steck, and J. Cardelli. 1994. A Rab4-like GTPase in Dictyostelium discoideum colocalizes with V-
H(+)-ATPases in reticular membranes of the contractile vacuole complex and in lysosomes. Journal of 
cell science 107 Pt 1:2801-12. 

Cardelli J. A. . 1993. Regulation of lysosomal trafficking and function during growth and development 
of Dictyostelium discoideum. Advances in Cell and Molecular Biology of Membranes 1:341-390. 

Cardelli J. A., J. M. Bush, D. Ebert, and H. H. Freeze. 1990. Sulfated N-linked oligosaccharides 
affect secretion but are not essential for the transport, proteolytic processing, and sorting of lysosomal 
enzymes in Dictyostelium discoideum. The Journal of biological chemistry 265:8847-53. 

Caron E., and A. Hall. 1998. Identification of two distinct mechanisms of phagocytosis controlled by 
different Rho GTPases. Science (New York, N.Y.) 282:1717-21. 

Charette S. J., and P. Cosson. 2004. Preparation of genomic DNA from Dictyostelium discoideum for 
PCR analysis. BioTechniques 36:574-5. 

Charette S. J., and P. Cosson. 2006. Exocytosis of late endosomes does not directly contribute 
membrane to the formation of phagocytic cups or pseudopods in Dictyostelium. FEBS letters 
580:4923-8. 

Chen C. F., and E. R. Katz. 2000. Mediation of cell-substratum adhesion by RasG in Dictyostelium. 
Journal of cellular biochemistry 79:139-49. 

Cheng J., Y. Ning, W. Zhang, Z. Lu, and L. Lin. 2010. T300A polymorphism of ATG16L1 and 
susceptibility to inflammatory bowel diseases: a meta-analysis. World journal of gastroenterology : 
WJG 16:1258-66. 

Chubb J. R., A. Wilkins, G. M. Thomas, and R. H. Insall. 2000. The Dictyostelium RasS protein is 
required for macropinocytosis, phagocytosis and the control of cell movement. Journal of cell science 
113 Pt 4:709-19. 

Clarke M., A. Müller-Taubenberger, K. I. Anderson, U. Engel, and G. Gerisch. 2006. Mechanically 
induced actin-mediated rocketing of phagosomes. Molecular biology of the cell 17:4866-75. 

Clarke M., and L. Maddera. 2006. Phagocyte meets prey: uptake, internalization, and killing of 
bacteria by Dictyostelium amoebae. European journal of cell biology 85:1001-10. 

Clarke M., and S. C. Kayman. 1987. The axenic mutations and endocytosis in Dictyostelium. 
Methods in cell biology 28:157-76. 

Clarke M., J. Köhler, J. Heuser, and G. Gerisch. 2002a. Endosome fusion and microtubule-based 
dynamics in the early endocytic pathway of dictyostelium. Traffic (Copenhagen, Denmark) 3:791-800. 

Clarke M., J. Köhler, Q. Arana, T. Liu, J. Heuser, and G. Gerisch. 2002b. Dynamics of the vacuolar 
H(+)-ATPase in the contractile vacuole complex and the endosomal pathway of Dictyostelium cells. 
Journal of cell science 115:2893-905. 



References 

129 

Clarke M., L. Maddera, U. Engel, and G. Gerisch. 2010. Retrieval of the vacuolar H-ATPase from 
phagosomes revealed by live cell imaging. PloS one 5:e8585. 

Coates J. C., and A. J. Harwood. 2001. Cell-cell adhesion and signal transduction during 
Dictyostelium development. Journal of cell science 114:4349-58. 

Colucci A. M., B. Peracino, A. Tala, S. Bozzaro, P. Alifano, and C. Bucci. 2008. Dictyostelium 
discoideum as a model host for meningococcal pathogenesis. Medical science monitor : international 
medical journal of experimental and clinical research 14:BR134-40. 

Conner S. D., and S. L. Schmid. 2003. Regulated portals of entry into the cell. Nature 422:37-44. 

Cornillon S., E. Pech, M. Benghezal, K. Ravanel, E. Gaynor, F. Letourneur, F. Brückert, and P. 
Cosson. 2000. Phg1p is a nine-transmembrane protein superfamily member involved in dictyostelium 
adhesion and phagocytosis. The Journal of biological chemistry 275:34287-92. 

Cornillon S., L. Gebbie, M. Benghezal, P. Nair, S. Keller, B. Wehrle-Haller, S. J. Charette, F. 
Brückert, F. Letourneur, and P. Cosson. 2006. An adhesion molecule in free-living Dictyostelium 
amoebae with integrin beta features. EMBO reports 7:617-21. 

Cox E. C., C. D. Vocke, S. Walter, K. Y. Gregg, and E. S. Bain. 1990. Electrophoretic karyotype for 
Dictyostelium discoideum. Proceedings of the National Academy of Sciences of the United States of 
America 87:8247-51. 

Critchley D. R. . 2005. Genetic, biochemical and structural approaches to talin function. Biochemical 
Society transactions 33:1308-12. 

Dai J., H. P. Ting-Beall, R. M. Hochmuth, M. P. Sheetz, and M. A. Titus. 1999. Myosin I contributes 
to the generation of resting cortical tension. Biophysical journal 77:1168-76. 

de la Roche M., A. Mahasneh, S. Lee, F. Rivero, and G. P. Côté. 2005. Cellular distribution and 
functions of wild-type and constitutively activated Dictyostelium PakB. Molecular biology of the cell 
16:238-47. 

Dieckmann R., Y. von Heyden, C. Kistler, N. Gopaldass, S. Hausherr, S. W. Crawley, E. C. 
Schwarz, R. P. Diensthuber, G. P. Côté, G. Tsiavaliaris, and T. Soldati. 2010. A myosin IK-Abp1-
PakB circuit acts as a switch to regulate phagocytosis efficiency. Molecular biology of the cell 21:1505-
18. 

Dimond R. L., R. A. Burns, and K. B. Jordan. 1981. Secretion of Lysosomal enzymes in the cellular 
slime mold, Dictyostelium discoideum. The Journal of biological chemistry 256:6565-72. 

Doherty G. J., and H. T. McMahon. 2009. Mechanisms of endocytosis. Annual review of biochemistry 
78:857-902. 

Doray B., K. Bruns, P. Ghosh, and S. A. Kornfeld. 2002. Autoinhibition of the ligand-binding site of 
GGA1/3 VHS domains by an internal acidic cluster-dileucine motif. Proceedings of the National 
Academy of Sciences of the United States of America 99:8072-7. 

Dormann D., G. Weijer, S. Dowler, and C. J. Weijer. 2004. In vivo analysis of 3-phosphoinositide 
dynamics during Dictyostelium phagocytosis and chemotaxis. Journal of cell science 117:6497-509. 

Drengk A., J. Fritsch, C. Schmauch, H. Rühling, and M. Maniak. 2003. A Coat of Filamentous Actin 
Prevents Clustering of Late-Endosomal Vacuoles in Vivo. Current Biology 13:1814-1819. 

Dubin M., and W. Nellen. 2010. A versatile set of tagged expression vectors to monitor protein 
localisation and function in Dictyostelium. Gene. 

Duhon D., and J. Cardelli. 2002. The regulation of phagosome maturation in Dictyostelium. Journal 
of muscle research and cell motility 23:803-8. 

Dumontier M., P. Höcht, U. Mintert, and J. Faix. 2000. Rac1 GTPases control filopodia formation, 
cell motility, endocytosis, cytokinesis and development in Dictyostelium. Journal of cell science 113 Pt 
1:2253-65. 

Eichinger L., et al. 2005. The genome of the social amoeba Dictyostelium discoideum. Nature 
435:43-57. 

Eichinger L., S. S. Lee, and M. Schleicher. 1999. Dictyostelium as model system for studies of the 
actin cytoskeleton by molecular genetics. Microscopy Research and Technique 47:124-134. 



References 

130 

Farbrother P., C. Wagner, J. Na, B. Tunggal, T. Morio, H. Urushihara, Y. Tanaka, M. Schleicher, 
M. Steinert, and L. Eichinger. 2006. Dictyostelium transcriptional host cell response upon infection 
with Legionella. Cellular microbiology 8:438-56. 

Fey P., A. S. Kowal, P. Gaudet, K. E. Pilcher, and R. L. Chisholm. 2007. Protocols for growth and 
development of Dictyostelium discoideum. Nature protocols 2:1307-16. 

Fey P., S. Stephens, M. A. Titus, and R. L. Chisholm. 2002. SadA, a novel adhesion receptor in 
Dictyostelium. The Journal of cell biology 159:1109-19. 

Gebbie L., M. Benghezal, S. Cornillon, R. Froquet, N. Cherix, M. Malbouyres, Y. Lefkir, C. 
Grangeasse, S. Fache, J. Dalous, F. Brückert, F. Letourneur, and P. Cosson. 2004. Phg2, a 
kinase involved in adhesion and focal site modeling in Dictyostelium. Molecular biology of the cell 
15:3915-25. 

Gerisch G., D. Hülser, D. Malchow, and U. Wick. 1975. Cell communication by periodic cyclic-AMP 
pulses. Philosophical transactions of the Royal Society of London. Series B, Biological sciences 
272:181-92. 

Gerisch G., M. Ecke, B. Schroth-Diez, S. Gerwig, U. Engel, L. Maddera, and M. Clarke. 2009. Self-
organizing actin waves as planar phagocytic cup structures. Cell adhesion & migration 3:373-82. 

Gerisch G., M. Ecke, B. Schroth-Diez, S. Gerwig, U. Engel, L. Maddera, and M. Clarke. 2009. Self-
organizing actin waves as planar phagocytic cup structures. Cell adhesion & migration 3:373-82. 

Gilson P. R., X. Yu, D. Hereld, C. Barth, A. Savage, B. R. Kiefel, S. Lay, P. R. Fisher, W. Margolin, 
and P. L. Beech. 2003. Two Dictyostelium orthologs of the prokaryotic cell division protein FtsZ 
localize to mitochondria and are required for the maintenance of normal mitochondrial morphology. 
Eukaryotic cell 2:1315-26. 

Gotthardt D., H. J. Warnatz, O. Henschel, F. Brückert, M. Schleicher, and T. Soldati. 2002. High-
resolution dissection of phagosome maturation reveals distinct membrane trafficking phases. 
Molecular biology of the cell 13:3508-20. 

Gotthardt D., V. Blancheteau, A. Bosserhoff, T. Ruppert, M. Delorenzi, and T. Soldati. 2006. 
Proteomics fingerprinting of phagosome maturation and evidence for the role of a Galpha during 
uptake. Molecular & cellular proteomics : MCP 5:2228-43. 

Gräf R., C. Daunderer, and M. Schliwa. 2000. Dictyostelium DdCP224 is a microtubule-associated 
protein and a permanent centrosomal resident involved in centrosome duplication. Journal of cell 
science 113 Pt 1:1747-58. 

Griffiths G. . 2004. On phagosome individuality and membrane signalling networks. Trends in cell 
biology 14:343-51. 

Hacker U., R. Albrecht, and M. Maniak. 1997. Fluid-phase uptake by macropinocytosis in 
Dictyostelium. Journal of cell science 110 Pt 2:105-12. 

Hägele S., R. Köhler, H. Merkert, M. Schleicher, J. Hacker, and M. Steinert. 2000. Dictyostelium 
discoideum: a new host model system for intracellular pathogens of the genus Legionella. Cellular 
microbiology 2:165-71. 

Han J. W., L. Leeper, F. Rivero, and C. Y. Chung. 2006. Role of RacC for the regulation of WASP 
and phosphatidylinositol 3-kinase during chemotaxis of Dictyostelium. The Journal of biological 
chemistry 281:35224-34. 

Harris E., and J. Cardelli. 2002. RabD, a Dictyostelium Rab14-related GTPase, regulates 
phagocytosis and homotypic phagosome and lysosome fusion. Journal of cell science 115:3703-13. 

Haus U., H. Hartmann, P. Trommler, A. Noegel, and M. Schleicher. 1991. F-Actin capping by 
cap32/34 requires heterodimeric conformation and can be inhibited with PIP. Biochemical and 
Biophysical Research Communications 181:833-839. 

Howard P. K., K. G. Ahern, and R. A. Firtel. 1988. Establishment of a transient expression system 
for Dictyostelium discoideum. Nucleic acids research 16:2613-23. 

Hug C., P. Y. Jay, I. Reddy, J. G. McNally, P. C. Bridgman, E. L. Elson, and J. A. Cooper. 1995. 
Capping protein levels influence actin assembly and cell motility in dictyostelium. Cell 81:591-600. 

Ihrke G., A. Kyttälä, M. R. Russell, B. A. Rous, and J. P. Luzio. 2004. Differential use of two AP-3-
mediated pathways by lysosomal membrane proteins. Traffic (Copenhagen, Denmark) 5:946-62. 



References 

131 

Insall R., A. Müller-Taubenberger, L. Machesky, J. Köhler, E. Simmeth, S. J. Atkinson, I. Weber, 
and G. Gerisch. 2001. Dynamics of the Dictyostelium Arp2/3 complex in endocytosis, cytokinesis, and 
chemotaxis. Cell motility and the cytoskeleton 50:115-28. 

Jedd G., C. Richardson, R. Litt, and N. Segev. 1995. The Ypt1 GTPase is essential for the first two 
steps of the yeast secretory pathway. The Journal of cell biology 131:583-90. 

Jedd G., J. Mulholland, and N. Segev. 1997. Two new Ypt GTPases are required for exit from the 
yeast trans-Golgi compartment. The Journal of cell biology 137:563-80. 

Jenne N., R. Rauchenberger, U. Hacker, T. Kast, and M. Maniak. 1998. Targeted gene disruption 
reveals a role for vacuolin B in the late endocytic pathway and exocytosis. Journal of cell science 111 
Pt 1:61-70. 

Journet A., A. Chapel, S. Jehan, C. Adessi, H. Freeze, G. Klein, and J. Garin. 1999. 
Characterization of Dictyostelium discoideum cathepsin D. Journal of cell science 112 Pt 2:3833-43. 

Jung G., K. Remmert, X. Wu, J. M. Volosky, and J. A. Hammer. 2001. The Dictyostelium CARMIL 
protein links capping protein and the Arp2/3 complex to type I myosins through their SH3 domains. 
The Journal of cell biology 153:1479-97. 

Kastner P. M., M. Schleicher, and A. Müller-Taubenberger. 2010. Characterization of the 
centrosomal Ndr kinases NdrA and NdrB in Dictyostelium discoideum. Abstract - EJCB 89:9-10. 

Khurana T., J. A. Brzostowski, and A. R. Kimmel. 2005. A Rab21/LIM-only/CH-LIM complex 
regulates phagocytosis via both activating and inhibitory mechanisms. The EMBO journal 24:2254-64. 

Kollmar M. . 2006. Thirteen is enough: the myosins of Dictyostelium discoideum and their light chains. 
BMC genomics 7:183. 

Konzok A., I. Weber, E. Simmeth, U. Hacker, M. Maniak, and A. Müller-Taubenberger. 1999. 
DAip1, a Dictyostelium homologue of the yeast actin-interacting protein 1, is involved in endocytosis, 
cytokinesis, and motility. The Journal of cell biology 146:453-64. 

Lamaze C., A. Dujeancourt, T. Baba, C. G. Lo, A. Benmerah, and A. Dautry-Varsat. 2001. 
Interleukin 2 receptors and detergent-resistant membrane domains define a clathrin-independent 
endocytic pathway. Molecular cell 7:661-71. 

Lazarow P. B., and Y. Fujiki. 1985. Biogenesis of peroxisomes. Annual review of cell biology 1:489-
530. 

Lee E., and D. A. Knecht. 2002. Visualization of actin dynamics during macropinocytosis and 
exocytosis. Traffic (Copenhagen, Denmark) 3:186-92. 

Lee S. S., I. Karakesisoglou, A. A. Noegel, D. Rieger, and M. Schleicher. 2000. Dissection of 
functional domains by expression of point-mutated profilins in Dictyostelium mutants. European journal 
of cell biology 79:92-103. 

Lefkir Y., B. de Chassey, A. Dubois, A. Bogdanovic, R. J. Brady, O. Destaing, F. Bruckert, T. J. 
O'Halloran, P. Cosson, and F. Letourneur. 2003. The AP-1 clathrin-adaptor is required for 
lysosomal enzymes sorting and biogenesis of the contractile vacuole complex in Dictyostelium cells. 
Molecular biology of the cell 14:1835-51. 

Lemmon M. A. . 2003. Phosphoinositide recognition domains. Traffic (Copenhagen, Denmark) 4:201-
13. 

Lim J., A. Wiedemann, G. Tzircotis, S. J. Monkley, D. R. Critchley, and E. Caron. 2007. An 
essential role for talin during alpha(M)beta(2)-mediated phagocytosis. Molecular biology of the cell 
18:976-85. 

Liu T., C. Mirschberger, L. Chooback, Q. Arana, Z. Dal Sacco, H. MacWilliams, and M. Clarke. 
2002. Altered expression of the 100 kDa subunit of the Dictyostelium vacuolar proton pump impairs 
enzyme assembly, endocytic function and cytosolic pH regulation. Journal of cell science 115:1907-
18. 

Loovers H. M., A. Kortholt, H. de Groote, L. Whitty, R. L. Nussbaum, and P. J. van Haastert. 
2007. Regulation of phagocytosis in Dictyostelium by the inositol 5-phosphatase OCRL homolog 
Dd5P4. Traffic (Copenhagen, Denmark) 8:618-28. 



References 

132 

Loovers H. M., K. Veenstra, H. Snippe, X. Pesesse, C. Erneux, and P. J. van Haastert. 2003. A 
diverse family of inositol 5-phosphatases playing a role in growth and development in Dictyostelium 
discoideum. The Journal of biological chemistry 278:5652-8. 

Lu H., and M. Clarke. 2005. Dynamic properties of Legionella-containing phagosomes in 
Dictyostelium amoebae. Cellular microbiology 7:995-1007. 

Luzio J. P., P. R. Pryor, and N. A. Bright. 2007. Lysosomes: fusion and function. Nature reviews. 
Molecular cell biology 8:622-32. 

Malchow D., B. Nägele, H. Schwarz, and G. Gerisch. 1972. Membrane-bound cyclic AMP 
phosphodiesterase in chemotactically responding cells of Dictyostelium discoideum. European journal 
of biochemistry / FEBS 28:136-42. 

Maniak M. . 1999a. Endocytic transit inDictyostelium discoideum. Protoplasma 210:25-30. 

Maniak M. . 1999b. Green fluorescent protein in the visualization of particle uptake and fluid-phase 
endocytosis. Methods in enzymology 302:43-50. 

Maniak M. . 2001. Fluid-phase uptake and transit in axenic Dictyostelium cells. Biochimica et 
biophysica acta 1525:197-204. 

Maniak M. . 2003. Fusion and Fission Events in the Endocytic Pathway of Dictyostelium. Traffic 4:1-5. 

Maniak M., R. Rauchenberger, R. Albrecht, J. Murphy, and G. Gerisch. 1995. Coronin involved in 
phagocytosis: dynamics of particle-induced relocalization visualized by a green fluorescent protein 
Tag. Cell 83:915-24. 

Marchetti A., E. Lelong, and P. Cosson. 2009. A measure of endosomal pH by flow cytometry in 
Dictyostelium. BMC research notes 2:7. 

Markart P., T. R. Korfhagen, T. E. Weaver, and H. T. Akinbi. 2004. Mouse lysozyme M is important 
in pulmonary host defense against Klebsiella pneumoniae infection. American journal of respiratory 
and critical care medicine 169:454-8. 

Matsuoka S., T. Saito, H. Kuwayama, N. Morita, H. Ochiai, and M. Maeda. 2003. MFE1, a member 
of the peroxisomal hydroxyacyl coenzyme A dehydrogenase family, affects fatty acid metabolism 
necessary for morphogenesis in Dictyostelium spp. Eukaryotic cell 2:638-45. 

Monnat J., U. Hacker, H. Geissler, R. Rauchenberger, E. M. Neuhaus, M. Maniak, and T. Soldati. 
1997. Dictyostelium discoideum protein disulfide isomerase, an endoplasmic reticulum resident 
enzyme lacking a KDEL-type retrieval signal. FEBS letters 418:357-62. 

Morio T., H. Urushihara, T. Saito, Y. Ugawa, H. Mizuno, M. Yoshida, R. Yoshino, B. N. Mitra, M. 
Pi, T. Sato, K. Takemoto, H. Yasukawa, J. Williams, M. Maeda, I. Takeuchi, H. Ochiai, and Y. 
Tanaka. 1998. The Dictyostelium developmental cDNA project: generation and analysis of expressed 
sequence tags from the first-finger stage of development. DNA research : an international journal for 
rapid publication of reports on genes and genomes 5:335-40. 

Müller I., N. Subert, H. Otto, R. Herbst, H. Rühling, M. Maniak, and M. Leippe. 2005. A 
Dictyostelium mutant with reduced lysozyme levels compensates by increased phagocytic activity. The 
Journal of biological chemistry 280:10435-43. 

Myers S. A., J. W. Han, Y. Lee, R. A. Firtel, and C. Y. Chung. 2005. A Dictyostelium homologue of 
WASP is required for polarized F-actin assembly during chemotaxis. Molecular biology of the cell 
16:2191-206. 

Nellen W., and R. A. Firtel. 1985. High-copy-number transformants and co-transformation in 
Dictyostelium. Gene 39:155-63. 

Neuhaus E. M., and T. Soldati. 2000. A myosin I is involved in membrane recycling from early 
endosomes. The Journal of cell biology 150:1013-26. 

Neuhaus E. M., H. Horstmann, W. Almers, M. Maniak, and T. Soldati. 1998. Ethane-
freezing/methanol-fixation of cell monolayers: a procedure for improved preservation of structure and 
antigenicity for light and electron microscopies. Journal of structural biology 121:326-42. 

Niewöhner J., I. Weber, M. Maniak, A. Müller-Taubenberger, and G. Gerisch. 1997. Talin-null cells 
of Dictyostelium are strongly defective in adhesion to particle and substrate surfaces and slightly 
impaired in cytokinesis. The Journal of cell biology 138:349-61. 



References 

133 

Novak K. D., and M. A. Titus. 1997. Myosin I overexpression impairs cell migration. The Journal of 
cell biology 136:633-47. 

Ogawa S., R. Yoshino, K. Angata, M. Iwamoto, M. Pi, K. Kuroe, K. Matsuo, T. Morio, H. 
Urushihara, K. Yanagisawa, and Y. Tanaka. 2000. The mitochondrial DNA of Dictyostelium 
discoideum: complete sequence, gene content and genome organization. Molecular & general 
genetics : MGG 263:514-9. 

Otto G. P., M. Y. Wu, N. Kazgan, O. R. Anderson, and R. H. Kessin. 2004. Dictyostelium 
macroautophagy mutants vary in the severity of their developmental defects. The Journal of biological 
chemistry 279:15621-9. 

Otto G. P., M. Y. Wu, N. Kazgan, O. R. Anderson, and R. H. Kessin. 2003. Macroautophagy is 
required for multicellular development of the social amoeba Dictyostelium discoideum. The Journal of 
biological chemistry 278:17636-45. 

Padh H., J. Ha, M. Lavasa, and T. L. Steck. 1993. A post-lysosomal compartment in Dictyostelium 
discoideum. The Journal of biological chemistry 268:6742-7. 

Padh H., M. Lavasa, and T. L. Steck. 1991. Endosomes are acidified by association with discrete 
proton-pumping vacuoles in Dictyostelium. The Journal of biological chemistry 266:5514-20. 

Peden A. A., V. Oorschot, B. A. Hesser, C. D. Austin, R. H. Scheller, and J. Klumperman. 2004. 
Localization of the AP-3 adaptor complex defines a novel endosomal exit site for lysosomal membrane 
proteins. The Journal of cell biology 164:1065-76. 

Peracino B., J. Borleis, T. Jin, M. Westphal, J. M. Schwartz, L. Wu, E. Bracco, G. Gerisch, P. 
Devreotes, and S. Bozzaro. 1998. G protein beta subunit-null mutants are impaired in phagocytosis 
and chemotaxis due to inappropriate regulation of the actin cytoskeleton. The Journal of cell biology 
141:1529-37. 

Pfeffer S. R. . 2001. Rab GTPases: specifying and deciphering organelle identity and function. Trends 
in cell biology 11:487-91. 

Pukatzki S., R. H. Kessin, and J. J. Mekalanos. 2002. The human pathogen Pseudomonas 
aeruginosa utilizes conserved virulence pathways to infect the social amoeba Dictyostelium 
discoideum. Proceedings of the National Academy of Sciences of the United States of America 
99:3159-64. 

Rai A., H. Nöthe, N. Tzvethkov, E. Korenbaum and D. J. Manstein. In press. Dictyostelium dynamin 
B participates in peroxisomal division and cell adhesion.  

Rauchenberger R., U. Hacker, J. Murphy, J. Niewöhner, and M. Maniak. 1997. Coronin and 
vacuolin identify consecutive stages of a late, actin-coated endocytic compartment in Dictyostelium. 
Current biology : CB 7:215-8. 

Ravanel K., B. de Chassey, S. Cornillon, M. Benghezal, L. Zulianello, L. Gebbie, F. Letourneur, 
and P. Cosson. 2001. Membrane sorting in the endocytic and phagocytic pathway of Dictyostelium 
discoideum. European journal of cell biology 80:754-64. 

Rivero F.. 2008. International Review of Cell and Molecular Biology Volume 267 International review 
of cell and molecular biology. Elsevier. 

Rivero F., H. Dislich, G. Glöckner, and A. A. Noegel. 2001. The Dictyostelium discoideum family of 
Rho-related proteins. Nucleic acids research 29:1068-79. 

Rivero F., R. Albrecht, H. Dislich, E. Bracco, L. Graciotti, S. Bozzaro, and A. A. Noegel. 1999. 
RacF1, a novel member of the Rho protein family in Dictyostelium discoideum, associates transiently 
with cell contact areas, macropinosomes, and phagosomes. Molecular biology of the cell 10:1205-19. 

Roisin-Bouffay C., W. Jang, D. R. Caprette, and R. H. Gomer. 2000. A precise group size in 
Dictyostelium is generated by a cell-counting factor modulating cell-cell adhesion. Molecular cell 
6:953-9. 

Rupper A. C., J. M. Rodriguez-Paris, B. D. Grove, and J. A. Cardelli. 2001. p110-related PI 3-
kinases regulate phagosome-phagosome fusion and phagosomal pH through a PKB/Akt dependent 
pathway in Dictyostelium. Journal of cell science 114:1283-95. 

Rupper A., and J. Cardelli. 2001. Regulation of phagocytosis and endo-phagosomal trafficking 
pathways in Dictyostelium discoideum. Biochimica et biophysica acta 1525:205-16. 



References 

134 

Rupper A., B. Grove, and J. Cardelli. 2001. Rab7 regulates phagosome maturation in Dictyostelium. 
Journal of cell science 114:2449-60. 

Ruscetti T., J. A. Cardelli, M. L. Niswonger, and T. J. O'Halloran. 1994. Clathrin heavy chain 
functions in sorting and secretion of lysosomal enzymes in Dictyostelium discoideum. The Journal of 
cell biology 126:343-52. 

Sabharanjak S., P. Sharma, R. G. Parton, and S. Mayor. 2002. GPI-anchored proteins are delivered 
to recycling endosomes via a distinct cdc42-regulated, clathrin-independent pinocytic pathway. 
Developmental cell 2:411-23. 

Schleicher M., G. Gerisch, and G. Isenberg. 1984. New actin-binding proteins from Dictyostelium 
discoideum. The EMBO journal 3:2095-2100. 

Schwartz S. L., C. Cao, O. Pylypenko, A. Rak, and A. Wandinger-Ness. 2007. Rab GTPases at a 
glance. Journal of cell science 120:3905-10. 

Schwarz E. C., E. M. Neuhaus, C. Kistler, A. W. Henkel, and T. Soldati. 2000. Dictyostelium myosin 
IK is involved in the maintenance of cortical tension and affects motility and phagocytosis. Journal of 
cell science 113 ( Pt 4:621-33. 

Seastone D. J., E. Harris, L. A. Temesvari, J. E. Bear, C. L. Saxe, and J. Cardelli. 2001. The 
WASp-like protein scar regulates macropinocytosis, phagocytosis and endosomal membrane flow in 
Dictyostelium. Journal of cell science 114:2673-83. 

Seastone D. J., E. Lee, J. Bush, D. Knecht, and J. Cardelli. 1998. Overexpression of a novel rho 
family GTPase, RacC, induces unusual actin-based structures and positively affects phagocytosis in 
Dictyostelium discoideum. Molecular biology of the cell 9:2891-904. 

Seastone D. J., L. Zhang, G. Buczynski, P. Rebstein, G. Weeks, G. Spiegelman, and J. Cardelli. 
1999. The small Mr Ras-like GTPase Rap1 and the phospholipase C pathway act to regulate 
phagocytosis in Dictyostelium discoideum. Molecular biology of the cell 10:393-406. 

Shockman G. D., L. Daneo-Moore, R. Kariyama, and O. Massidda. 1996. Bacterial walls, 
peptidoglycan hydrolases, autolysins, and autolysis. Microbial drug resistance (Larchmont, N.Y.) 2:95-
8. 

Sillo A., G. Bloomfield, A. Balest, A. Balbo, B. Pergolizzi, B. Peracino, J. Skelton, A. Ivens, and 
S. Bozzaro. 2008. Genome-wide transcriptional changes induced by phagocytosis or growth on 
bacteria in Dictyostelium. BMC genomics 9:291. 

Simpson P. A., J. A. Spudich, and P. Parham. 1984. Monoclonal antibodies prepared against 
Dictyostelium actin: characterization and interactions with actin. The Journal of cell biology 99:287-95. 

Skriwan C., M. Fajardo, S. Hägele, M. Horn, M. Wagner, R. Michel, G. Krohne, M. Schleicher, J. 
Hacker, and M. Steinert. 2002. Various bacterial pathogens and symbionts infect the amoeba 
Dictyostelium discoideum. International journal of medical microbiology : IJMM 291:615-24. 

Soldati T. . 2003. Unconventional myosins, actin dynamics and endocytosis: a ménage à trois? Traffic 
(Copenhagen, Denmark) 4:358-66. 

Somesh B. P., G. Vlahou, M. Iijima, R. H. Insall, P. Devreotes, and F. Rivero. 2006. RacG 
regulates morphology, phagocytosis, and chemotaxis. Eukaryotic cell 5:1648-63. 

Souza G. M., D. P. Mehta, M. Lammertz, J. Rodriguez-Paris, R. Wu, J. A. Cardelli, and H. H. 
Freeze. 1997. Dictyostelium lysosomal proteins with different sugar modifications sort to functionally 
distinct compartments. Journal of cell science 110 Pt 1:2239-48. 

Souza G. M., J. Hirai, D. P. Mehta, and H. H. Freeze. 1995. Identification of two novel Dictyostelium 
discoideum cysteine proteinases that carry N-acetylglucosamine-1-P-modification. The Journal of 
biological chemistry 270:28938-45. 

Stege J. T., M. T. Laub, and W. F. Loomis. 1999. tip genes act in parallel pathways of 
earlyDictyostelium development. Developmental Genetics 25:64-77. 

Stott K., J. M. Blackburn, P. J. Butler, and M. Perutz. 1995. Incorporation of glutamine repeats 
makes protein oligomerize: implications for neurodegenerative diseases. Proceedings of the National 
Academy of Sciences of the United States of America 92:6509-13. 



References 

135 

Strehle A., M. Schleicher, and J. Faix. 2006. Trix, a novel Rac guanine-nucleotide exchange factor 
from Dictyostelium discoideum is an actin-binding protein and accumulates at endosomes. European 
journal of cell biology 85:1035-45. 

Sucgang R., G. Chen, W. Liu, R. Lindsay, J. Lu, D. Muzny, G. Shaulsky, W. Loomis, R. Gibbs, 
and A. Kuspa. 2003. Sequence and structure of the extrachromosomal palindrome encoding the 
ribosomal RNA genes in Dictyostelium. Nucleic acids research 31:2361-8. 

Swanson J. A., and S. C. Baer. 1995. Phagocytosis by zippers and triggers. Trends in cell biology 
5:89-93. 

Takenawa T., and S. Suetsugu. 2007. The WASP-WAVE protein network: connecting the membrane 
to the cytoskeleton. Nature reviews. Molecular cell biology 8:37-48. 

Taneja B., and S. C. Mande. 1999. Conserved structural features and sequence patterns in the 
GroES fold family. Protein engineering 12:815-8. 

Temesvari L. A., J. M. Bush, M. D. Peterson, K. D. Novak, M. A. Titus, and J. A. Cardelli. 1996. 
Examination of the endosomal and lysosomal pathways in Dictyostelium discoideum myosin I 
mutants. Journal of cell science 109 Pt 3:663-73. 

Temesvari L., L. Zhang, B. Fodera, K. P. Janssen, M. Schleicher, and J. A. Cardelli. 2000. 
Inactivation of lmpA, encoding a LIMPII-related endosomal protein, suppresses the internalization and 
endosomal trafficking defects in profilin-null mutants. Molecular biology of the cell 11:2019-31. 

Titus M. A. . 1999. A class VII unconventional myosin is required for phagocytosis. Current biology : 
CB 9:1297-303. 

Tung S. M., C. Unal, A. Ley, C. Peña, B. Tunggal, A. A. Noegel, O. Krut, M. Steinert, and L. 
Eichinger. 2010. Loss of Dictyostelium ATG9 results in a pleiotropic phenotype affecting growth, 
development, phagocytosis and clearance and replication of Legionella pneumophila. Cellular 
microbiology 12:765-80. 

Turk B., D. Turk, and V. Turk. 2000. Lysosomal cysteine proteases: more than scavengers. 
Biochimica et biophysica acta 1477:98-111. 

Tuxworth R. I., I. Weber, D. Wessels, G. C. Addicks, D. R. Soll, G. Gerisch, and M. A. Titus. 2001. 
A role for myosin VII in dynamic cell adhesion. Current Biology 11:318-329. 

Tuxworth R. I., S. Stephens, Z. C. Ryan, and M. A. Titus. 2005. Identification of a myosin VII-talin 
complex. The Journal of biological chemistry 280:26557-64. 

Uetrecht A. C., and J. E. Bear. 2006. Coronins: the return of the crown. Trends in cell biology 16:421-
6. 

Urushihara H., T. Morio, T. Saito, Y. Kohara, E. Koriki, H. Ochiai, M. Maeda, J. G. Williams, I. 
Takeuchi, and Y. Tanaka. 2004. Analyses of cDNAs from growth and slug stages of Dictyostelium 
discoideum. Nucleic acids research 32:1647-53. 

Vogel G., L. Thilo, H. Schwarz, and R. Steinhart. 1980. Mechanism of phagocytosis in Dictyostelium 
discoideum: phagocytosis is mediated by different recognition sites as disclosed by mutants with 
altered phagocytotic properties. The Journal of cell biology 86:456-65. 

von Löhneysen K., N. Pawolleck, H. Rühling, and M. Maniak. 2003. A Dictyostelium long chain 
fatty acyl coenzyme A-synthetase mediates fatty acid retrieval from endosomes. European journal of 
cell biology 82:505-14. 

Wang R., and M. G. Brattain. 2007. The maximal size of protein to diffuse through the nuclear pore is 
larger than 60kDa. FEBS letters 581:3164-70. 

Watts D. J., and J. M. Ashworth. 1970. Growth of myxameobae of the cellular slime mould 
Dictyostelium discoideum in axenic culture. The Biochemical journal 119:171-4. 

Weber I., J. Niewöhner, A. Du, U. Röhrig, and G. Gerisch. 2002. A talin fragment as an actin trap 
visualizing actin flow in chemotaxis, endocytosis, and cytokinesis. Cell motility and the cytoskeleton 
53:136-49. 

Wienke D. C., M. L. Knetsch, E. M. Neuhaus, M. C. Reedy, and D. J. Manstein. 1999. Disruption of 
a dynamin homologue affects endocytosis, organelle morphology, and cytokinesis in Dictyostelium 
discoideum. Molecular biology of the cell 10:225-43. 



References 

136 

Wienke D., A. Drengk, C. Schmauch, N. Jenne, and M. Maniak. 2006. Vacuolin, a flotillin/reggie-
related protein from Dictyostelium oligomerizes for endosome association. European journal of cell 
biology 85:991-1000. 

Wilkins A., and R. H. Insall. 2001. Small GTPases in Dictyostelium: lessons from a social amoeba. 
Trends in genetics : TIG 17:41-8. 

Witke W., W. Li, D. J. Kwiatkowski, and F. S. Southwick. 2001. Comparisons of CapG and gelsolin-
null macrophages: demonstration of a unique role for CapG in receptor-mediated ruffling, 
phagocytosis, and vesicle rocketing. The Journal of cell biology 154:775-84. 

Yang X., H. T. Matern, and D. Gallwitz. 1998. Specific binding to a novel and essential Golgi 
membrane protein (Yip1p) functionally links the transport GTPases Ypt1p and Ypt31p. The EMBO 
journal 17:4954-63. 

Yuan A., and C. P. Chia. 2000. Role of esterase gp70 and its influence on growth and development of 
Dictyostelium discoideum. Experimental cell research 261:336-47. 

Yuan A., C. H. Siu, and C. P. Chia. 2001. Calcium requirement for efficient phagocytosis by 
Dictyostelium discoideum. Cell calcium 29:229-38. 

Zhou K., S. Pandol, G. Bokoch, and A. E. Traynor-Kaplan. 1998. Disruption of Dictyostelium PI3K 
genes reduces [32P]phosphatidylinositol 3,4 bisphosphate and [32P]phosphatidylinositol 
trisphosphate levels, alters F-actin distribution and impairs pinocytosis. Journal of cell science 111 Pt 
2:283-94. 

 

 



Acknowledgements 

137 

Acknowledgements 
 

 
I want to thank my mentor Prof. Dr. Markus Maniak for giving me the opportunity to join his lab, for the 

support, for the helpful guidance, advice and constructive discussions over the years. For hepling me 

expand my professional and personal horizons, he has my gratitude, friendship and respect. 

 

I want to thank my second supervisor Prof. Dr. Wolfgang Nellen for reviewing of this thesis and for his 

nice and helpful personality over the past years. 

 

I want to acknowledge Prof. Dr. Mireille Schäfer and Prof. Dr. Fritz Herberg for accepting to be part of 

my defense jury. 

 

I thank Harald Rühling for the many hours we spent together in front of the microscope in search for 

nice images. 

 

I want to thank Dr. Iris Müller for performing the entire initial work with AlyA, Gp70 as well as the cDNA 

microarray analysis which was the basis of my work. For introducing me into this research topic, and 

teaching me many practical aspects of working with Dictyostelium. 

 

Big thanks to Frauke Hänel for supplying me with all data concerning the SSD485 mutant, for the 

further work with the double mutants SSL793/SSD485 and for the lovely gel in Fig. 2.27. Thanks also 

for the discussions, team work and her friendly personality. 

 

In this context, I also thank my colleagues Caroline Seitz, Susan Claußner, Heike Otto, Xaoli Du and 

Peggy Paschke, as well as many of the former lab members I had the pleasure of working with, for 

creating a very frindly and supportive atmosphere in the lab. 

 

I thank Dr. Manu Dubin for supplying me with the initial 6myc tag vector. 

 

Big thanks to the internship students that, at least, were able not to delay my work. In particular my 

thanks to Christoph Schiklenk for counting innumerous peroxisomes, allowing us to compile the 

statistical data shown in Fig. 2.55.  

 

Thanks and love to my entire Family for their support, advice and care. Thanks to Theresa for her love 

and for supporting me in the hardest moments. Thanks to Tine and Johannes for creating a nice and 

friendly home atmosphere. Thanks to all my Friends who were there for me. 

 

Finally, thank you for reading (even if it was only the Acknowledgements part!). 



 

 

 




