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Part 1: Introduction

1.Introduction



1.1 The social amoeba Dictyostelium discoideum

1.1.1 Introducing Dictyostelium discoideum

Social amoebae of the class Dictyosteliida, also known as cellular slime molds, are soil-
dwelling eukaryotes that feed on bacteria. They are well known for their ability to pass
through a series of developmental stages in response to unfavorable environmental conditions,
such as dwindling food supplies, in the course of which, single cell amoebae aggregate to
form a multicellular structure that ultimately develops into a spore bearing fruiting body. The
experiments detailed in this thesis were all performed in the cellular slime mould
Dictyostelium discoideum, the best studied member of the group of social amoebae.
D.discoideum was first isolated from decaying forest leaves in 1933 by Kenneth Raper on a

camping trip to Little Butts Gap in North Carolina [1, 2].

1.1.2 D.discoideum phylogeny

D.discoideum’s form of collective multicellularity clearly distinguishes the social amoebae
from metazoans that arise from one single cell that repeatedly divides to form a multicellular
organism. So how does D.discoideum relate to other species within the eukaryotic domain?
Early works classified them with the acrasiomycota or myxomycota as part of the fungi [3, 4].
Evidence against this classification accumulated, such as the fact that the amoebae digest
bacteria internally, or that they fail to produce a cell wall of chitin [5]. Today, based on
genetic evidence, the cellular slime molds are placed with the mycetozoa, a major arm of the
amoebozoa [6]. But how large is the evolutionary distance between humans and
D.discoideum? Early phylogenetic studies comparing 18S rRNA sequences of D.discoideum
to 18S rRNA of a variety of other organisms, argued that D.discoideum is more diverged from

vertebrates than yeast [7]. In a later article published by Loomis et al. the researchers
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investigated the amino acid sequence similarity of eight evolutionarily conserved proteins,
such as actin, calmodulin, or Ras. In contrast to the rRNA results, comparison of the amino
acid sequences demonstrated that in all cases D.discoideum proteins were more closely related
to metazoan proteins than any of the yeast proteins [8]. The recent completion of the
D.discoideum sequencing project, a joint effort by an international consortium involving the
Sanger Institute and a number of groups working in the Dictyostelium field, managed to shed
some light onto the unclear origins of D.discoideum [9-11]. The genome of D.discoideum is
made up of six chromosomes spanning 34 million base pairs and roughly 100 copies per cell
of extrachromosomal rDNA of 88-kb size apiece [12]. Its A+T-richness (77.57%) and the
unusual abundance of simple-sequence repeats comprising > 11% of all bases, more than in
any other sequenced eukaryotic genome so far, posed severe challenges to the sequencing
project. The data revealed that the genome of this mainly haploid organism encodes an
estimated number of 10’000 — 11°500 genes arranged on the chromosomes at a high density
with very few introns present [11]. In other words, D.discoideum can produce roughly twice
as many different proteins as Saccharomyces cerevisiae and almost as many as Drosophila
melanogaster[13]. This demonstrates that D.discoideum is by no means a simple organism.
Their single cells unite a variety of abilities, such as motile behavior, food uptake, secretion,
environmental sensing, and cell-cell coordination, that are distributed among separate cell
types, tissues, and organs in higher organisms. The collected sequencing data was used to
construct a phylogenetic tree that confirms the divergence of Dictyosteliida along the branch
leading to metazoans soon after the plant/animal split (Figure 1). Importantly, in agreement
with previous findings [14], the full genome showed that, despite the earlier divergence of
D.discoideum from the evolutionary line leading to animals, most of its proteins share more

similarity with human orthologues than do the proteins of S.cerevisiae [11].
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Figure 1: Proteome-based eukaryotic phylogeny

The phylogenetic tree was reconstructed from a database of 5,279 orthologous protein clusters
drawn from the proteomes of the 17 eukaryotes shown, and was rooted on 159 protein clusters
that had representatives from six archaebacterial proteomes. Tree construction, the database
of protein clusters and a model of protein divergence used for maximum likelihood estimation
are described in Supplementary Information. The relative lengths of the branches are given in
Darwins, (1 Darwin= 1/2000 of the divergence between S. cerevisiae and humans). Species
that are not specified are Plasmodium falciparum (Malaria Parasite), Chlamydomonas
reinhardtii (Green Alga), Oryza sativa (Rice), Zea mays (Maize), Fugu rubripes (Fish), and
Anopheles gambiae (Mosquito). [11]

1.1.3  The life cycle of D.discoideum

Under favourable conditions D.discoideum spends its life in the vegetative cycle as a
unicellular, haploid amoeba that divides mitotically and feeds on bacteria. The amoeba can
sense folic acid and other pteridines produced by bacteria and it uses this chemoattractant trail
to track down likely prey [15-17]. Bacteria are ingested by phagocytosis and digested
internally [5, 18, 19], and in this way the amoebae could hypothetically feed and divide

indefinitely if they had an infinite supply of bacteria to feed on. However, when food becomes
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scarce the amoebae initiate expression of a genetic program that has evolved to guide them
through a developmental process that guarantees their survival (Figure 2). As nutrient levels
drop, the cells start secreting conditioned media factor (CMF), which serves as a starvation
signal and a cell density sensor [20-22]. Then, first responder cells start producing and
secreting cyclic-AMP (cAMP) which, together with CMF, acts as a signal on neighboring
cells, stimulating them to start upregulating genes involved in recognition, production, and
secretion of cCAMP [23-25]. The secreted cAMP also acts as a chemoattractant, and the
responding cells start migrating up this positively reinforced cAMP gradient, while
positioning the cAMP secretion machinery at their posterior edge [26]. This leads to
formation of streams or chains of amoebae that finally converge to form a macroscopic cell
mass made up of 20’000 to 2 million cells [27]. The cell mass is capable of concerted
migration, in which case it is referred to as a “slug”. Once the slug finds suitable
environmental conditions it can differentiate its cells into stalk and spore cells to form a
fruiting body [28, 29]. The stalk cells die off, but the spore cells can endure and germinate
into amoebae again, once the food source has regrown or the spores have been transported to

a new location by passing animals or by other environmental influences [30].
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Figure 2: The D.discoideum life cycle

(A) Cartoon of the unicellular and multicellular stages of D.discoideum. The amoeba switch from unicellular
replication to multicellular development upon nutrient deprivation [31].

(B) Scanning electron micrograph of developing D.discoideum [32].

1.1.4 D.discoideum as a model cell for mammalian leukocytes and tissue

differentiation

This intriguing life cycle offers numerous opportunities for scientific enquiry.

In its amoeboid form the organism promises insights into aspects of cellular behavior that are
reminiscent of macrophages and neutrophils of the mammalian immune system, such as
cytokine induced cell migration and bacterial killing [33, 34]. Indeed, many of the molecular
and procedural mechanisms underlying these cellular activities were found to be
evolutionarily conserved from D.discoideum to mammals [35-39], and conversely, many
bacterial virulence factors that prevent clearance of a pathogen by mammalian leukocytes

were found to be effective against D.discoideum as well [40]. For more details see sections
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1.1.8 and 1.1.9.

Further, during the social cycle of D.discoideum, analysis of the mechanisms governing
differentiation of the uniform cell mass into two distinct types of cells, can also help address
one of the central questions of developmental biology, namely, how cell fate decisions are
arrived at in a multicellular organism [41, 42].

D.discoideum research has enabled the discovery and furthered the understanding of
numerous fundamental and evolutionarily highly conserved factors and pathways involved in
basic cellular processes [39, 43-54]. It is now used in laboratories around the world and is also
recognized by the National Institute of Health as a key model organism for biomedical

research [51].

1.1.5 Axenic D.discoideum laboratory strains

As D.discoideum gradually gained popularity as a subject of scientific study, it was realized
that handling would be greatly facilitated if the amoebae could be grown in a liquid nutrient
medium devoid of live or dead bacteria. By subculturing D.discoideum in nutrient media with
progressively simpler formulations, without the addition of mutagens, researchers were able
to isolate a strain termed AX2 capable of growth in axenic medium [55-57]. At about the
same time another axenic strain was generated and isolated using the mutagen N —methyl- N’-
nitro- N-nitrosoguanidine and this isolate was termed AX3 [58, 59]. The ability of these
axenic strains to survive in absence of bacteria is thought to be due to an increased rate of
macropinocytosis [60-62]. The two axenic strains AX2 and AX3 are widely employed in the
field and have served as the basis for many daughter strains, but which strain to use for which
purpose has been the matter of some debate amongst the D.discoideum research community
[63]. The two axenic strains used in this thesis are AX2, acquired from dictybase.org, and the

AX3-derivative DH1-10, a kind gift from Pierre Cosson of the University of Geneva.



1.1.6 D.discoideum phagocytosis

In its natural habitat, D.discoideum is a cellular predator. It hunts and feeds on bacteria and
other soil-dwelling microorganisms. In amoebae, as well as in mammalian leukocytes, a
successful phagocytosis event requires particle recognition and adhesion, transduction of local
activation signals, a functioning cytoskeleton, in particular actin and actin-binding proteins,
and vesicle trafficking and fusion [19, 64-66]. By now, a number of deletion mutants have
been identified that show general phagocytosis defects. Many of the affected genes encode
cytoskeletal proteins or proteins that affect cytoskeletal dynamics [40, 67]. In some cases the
phagocytosis defects found in mutant screens correlate with defects in cellular adhesion to
particles or in their downstream signaling events [68, 69]. It is still poorly understood how
D.discoideum explores and classifies its complex surroundings. Early studies of adhesion in
D.discoideum concluded that there are distinct carbohydrate receptors present on the cell
surface with specificity for glucose, mannose, and N-acetylglucosamine that are involved in
cell-substrate and cell-cell interactions [70-72]. To date, at least three surface proteins have
been implicated in adhesion, Phgl, SibA and SadA. SadA also shows homology to B-integrins
[68]. Deletion mutants of these surface proteins have been described that display adhesion and
phagocytosis defects towards some, but not all types of particles or bacteria tested, for
example phgl-null and sibA-null cells have trouble phagocytosing latex beads and
Escherichia coli cells, but not Klebsiella aerogenes cells [73, 74]. A more recent study
revealed, that Phgl and SadA might act by influencing the expression and stability of SibA

[75].

1.1.7 Intracellular survival of bacteria — The emergence of virulence

As can be expected from their predatory lifestyle, the phagocytic activity and killing capacity
of D.discoideum is well developed. It is estimated that a single amoeba is capable of ingesting

and killing at a rate of at least one microorganism per minute [76]. One can therefore assume
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that there has been, and still is, strong selective pressure acting on soil-dwelling
microorganisms to avoid ending up as amoeboid food [39]. The preyed upon microorganisms
were forced to develop defense mechanisms that would either prevent engulfment, or prohibit
intracellular killing. It is becoming increasingly clear that this primordial arms race is likely to
be the root of virulence mechanisms for immune evasion that render pathogenic
microorganisms capable of infecting mammals [38, 77], and hence D.discoideum has emerged
as a viable model for studying host-pathogen interactions. Indeed, many mammalian

pathogens can also successfully infect D.discoideum and use it as a host cell (Figure 3) [40,

78-80].

Figure 3: Transmission electron micrographs of L. pneumophila infected D. discoideum. Dictyostelium cells
were infected with L. pneumophila PhillJR32 within 24 well plates on glass slides and prepared for electron
microscopy.

A. Three hours after infection the host cell contains mostly one Legionella (L) within the phagosome.

B. After 24 h the Legionellae begin to replicate within the phagosome.

C. Forty-eight hours after infection the Dictyostelium cell is almost entirely filled with Legionellae. Bars = 1 pm.
[81, 82]

1.1.8 Chemotaxis in Dictyostelium

The process of chemotaxis, i.e. cellular motility governed by molecular gradients, includes
chemical sensing, intracellular signaling, and cytoskeleton rearrangement events that lead to
motility and, in the long term, polarization of the cell [83-86]. Chemotaxis is crucial for a

range of physiological activities in higher metazoans, including wound healing, axon



guidance, and tissue morphogenesis [87-89]. In mammals, aberrant chemotaxis can lead to
metastasizing cancer cells or chronic inflammatory conditions such as asthma and arthritis
[90, 91]. Chemotaxis is absolutely essential for the survival of D.discoideum in its natural
habitat, since both, their predatory lifestyle during vegetative growth, as well as the
aggregation and tissue patterning processes during development, demand a high capacity for
directional motility from each cell. It is well established that many mechanisms involved in
chemotaxis have been evolutionarily conserved from D.discoideum to mammalian leukocytes
[92-95]. Indeed, D.discoideum can be considered as a key model organism for the study of
eukaryotic chemotaxis [96]. Simply put, in order to crawl on a substratum a cell goes through
cycles of extension and retraction of protrusions, or pseudopods. Actin polymerization drives
pseudopod formation at the leading edge, whereas actomyosin filaments generate contractile
forces at the sides and the rear [36]. The leading pseudopods serve as points of attachment to
the substratum and enable the generation of traction forces that move the cell in the desired
direction. In order for this to work out for highly motile cells, adhesion of the cell to the
substratum must be intermediate and tightly regulated, strong enough to generate the forces
necessary, yet transient enough to allow controlled release of the substrate and thus

continuous movement [34].

Figure 4: Dictyostelium cells chemotaxing towards a cAMP-filled pipette
Scale bar = 50 pm (see also section 5.3.3)

10



Part 1: Introduction

1.1.9 Signaling events orchestrating Dictyostelium chemotaxis

Dictyostelium, as well as neutrophils, detect chemoattractant gradients with G-protein
coupled receptors (GPCRs) [97-100], which convert shallow extracellular gradients into
steeper intracellular gradients mediated by the dissociation of heterotrimeric G-proteins and

subsequent downstream signaling events [101, 102].

1.1.9.1 G-protein coupled receptors in general

The large protein family of G-protein coupled receptors (GPCRs), also called seven-
transmembrane receptors, can be found all over the eukaryotic domain [103]. They recognize
a large variety of extracellular molecules and initiate intracellular signaling pathways that
ultimately lead to an adequate response to the stimulus. Prominent mammalian examples are
rhodopsin involved in the perception of light, olfactory receptors enabling our sense of smell,
or receptors in the brain that bind neurotransmitters and modulate our mood [104-106].
Approximately 40 % of all therapeutic agents on the market today target GPCRs [107, 108].
As the term GPCR already implies, the receptors are coupled to a heterotrimeric G-protein
complex inside the cell. Upon receptor stimulation, the intracellular portion of the receptor
can act as a guanine nucleotide exchange factor and activates its associated G-proteins by
exchanging GDP for GTP on the G,-subunit. This causes the G,-subunit to dissociate from its
accompanying Gg,-subunits liberating it to activate intracellular signaling molecules. The Gg,-
subunits can also be involved in propagation of a signaling cascade. The duration of
dissociation is determined by the time it takes the G4-subunit to hydrolyze the bound GTP and
this reaction can be accelerated by specific GTP-ase activating proteins (GAP). Once GTP has
been hydrolyzed to GDP, the G,-subunit is inactivated and ready to rejoin the Gg,-subunits

thus restoring the heterotrimer (Figure 5).
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Figure 5: The G-protein coupled receptor (GPCR) activation cycle

In its resting state the GPCR is associated with a heterotrimeric G-protein with GDP bound to the alpha subunit
(1). Agonist binding to the GPCR induces a cascade of conformational changes, first in the receptor and then in
the bound G-alpha subunit of the G-protein, resulting in the replacement of GDP with GTP (2-4). The binding of
GTP leads to dissociation of the G-alpha subunit from the receptor and the G-beta/gamma complex. The
dissociated GTP-G-alpha and G-beta/gamma subunits are now free to interact with and modulate downstream
effectors (5). Hydrolysis of the bound GTP to GDP restores the G-alpha subunit’s affinity for the G-beta/gamma
subunits and the GPCR and the complex may reassemble at an unliganded GPCR (6 and 1). The exchange of
GDP with GTP and hydrolysis of GTP to GDP can be influenced and facilitated by effector proteins called
guanine exchange factors (GEFs) and GTPase-activating proteins (GAPs) , respectively [109]

1.1.9.2 G-protein coupled receptors in Dictyostelium

In Dictyostelium only seven GPCRs of the cAMP receptor/cAMP receptor-like family were
known before detailed analysis of the whole genome sequence was possible [109-111]. The
fully sequenced genome revealed 48 additional putative GPCRs [11]. Based on sequence
similarity, many of these putative receptors could be grouped with the secretin, the
metabotropic glutamate/GABA B, and the frizzled/smoothened families of receptors, which

came as a surprise, because these receptors had been considered to be animal-specific [103].
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Part 1: Introduction

The presence of genes for these families of receptors in D.discoideum suggests that they arose
before the divergence of animals and fungi, and that they were later lost in fungi. In this thesis
we will focus mainly on the cAMP-receptor cAR1, which is a GPCR, and the folic acid
receptor, the exact nature of which has remained strangely elusive, but leads to signaling

events that include G-protein activity.

Before the D.discoideum genome was sequenced researchers had identified genes for 11 G-
subunits and one single Gg-subunit, but the G,-subunit remained elusive [112, 113]. The
genomic sequence helped uncover putative genes for three additional G,-subunits, one
additional Gg-subunit, and one gene for the previously obscure G,-subunit [11]. Nevertheless,
all G-protein dependent processes uncovered so far in D.discoideum involve the same Gg-
subunit and Gy-subunit. Different combinations of G,-subunits and Gg,-subunits are
associated with different affinities for receptors and downstream signaling components. In
D.discoideum G,2 is required for signal transduction from the cAMP receptor cAR1 [114].
Upon stimulation, the heterotrimer dissociates and the Gp,-subunits go on to activate
adenylate cyclase via RasG/C [115-117]. G,4 mediates folic acid induced signaling and is
involved in spore development [118], and G,5 counteracts folic acid stimulation and

influences tip morphogenesis during development [119-121].

1.1.9.3 Gradient sensing involving PI3K/PIP3

In D.discoideum one important pathway responsible for signal amplification acts via the
modulation of activity of PI3K (phosphatidylinositol 3-kinase) and PTEN (phosphatase and
tensin homologue deleted on chromosome 10) [101, 122, 123], a process which was found to
be conserved during neutrophil migration (Figure 6) [124, 125]. Upon activation, the small
GTPase RasG stimulates PI3K to increase levels of Phosphatidylinositol-3,4,5-triphosphate
(PIP3). The phosphatase PTEN can antagonize this by catalyzing the reverse reaction [126,

127]. PI3K and PTEN localize at the leading and trailing edges of a chemotacting cell,
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respectively, effectively resulting in high levels of PIP3 in the leading edge and low levels of
PIP3 in the rear end of the cell [128]. PIP3 serves as a membrane anchor for downstream
effectors that recognize PIP3 via a pleckstrin homology (PH) domain. Three well studied
examples of proteins with a PH domain are CRAC (cytosolic regulator of adenylyl cyclase),
PhdA (PH domain-containing protein A), and PKBA (protein kinase B A). These effectors in
turn mediate phosphorylation of a number of signaling and cytoskeleton proteins, such as the
regulators of the Rac and Rho family small GTPases, ultimately resulting in a directionally

adequate chemotactic response [129-132].

Receptor . B 4 A :
p 4 A - A A a & CAMP’,\ A A Front

llllll‘l-llll"!llll"l“llllllII"l“l'lll‘lIlllll'l“li“"‘llllllllll"lll'l
L :

Y CRAC /PDK—+
PLA2 PhdA /

others / @ ‘
©+pok PKBR1
® v

projection

sGC

)

Gpy cGMP
Goe O0ogH @ PTEN v gomamen
= . @ __!"myosin !
, , GOPC > filaments

RSt ) A

i A & & A s & A Back

Figure 6: Signaling networks control chemotaxis. Depicted is a network of signaling events triggered by cAMP
to control front projection and back contraction in D.discoideum. At the front, binding of cAMP to GPCR leads
to the activation of RasG and RasC, which in turn stimulate the activities of PI3K and TORC?2, respectively.
PI3K produces PIP3, which recruits PH-domain containing proteins including PKBA, CRAC and PhdA. PDK
and TORC2, composed of PiaA, Rip3, Lst8, and the Tor kinase, mediate the phosphorylation and activation of
PKBA and PKBR1. PLA2 acts in parallel with the PIP3 pathway to regulate actin polymerization. Front signals
also inhibit myosin II activity through the activation of the myosin heavy chain kinase (MHCKA). At the back,
PTEN is responsible for the degradation of PIP3. Myosin Il is assembled into contractile filaments that suppress
pseudopod formation and promote back retraction. The cGMP binding protein GbpC promotes the assembly and
activity of myosin II. Positive links between components are indicated by (—) or dotted arrows (less defined
steps) and inhibitory links are indicted by (L1). [36]
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1.1.9.4 PI3K/PIP3 independent chemotaxis

In spite of a large body of evidence that PIP3 is involved in sensing directionality [94, 123,
133], it has been reported that chemotaxis can occur in the absence of PI3K activity, in both,
D.discoideum and neutrophils [37, 134]. For instance, recent publications report that TORC?2
(Target of rapamycin complex 2) and PKBA/PKBRI1 (Protein kinase B A/R1) can be
activated at the leading edge of the cell independently of PIP3, and that this cascade acts in
parallel with the PI3K pathway to regulate actin polymerization [135-138]. Other experiments
conducted with a sextuple deletion mutant of D.discoideum, in which all five pi3k genes and
the single pten gene had been deleted, showed that these cells were still capable of chemotaxis
up a cAMP gradient after sufficient pre-stimulation with cAMP pulses, in complete absence
of an intracellular PIP3 gradient [139]. It was also shown that phospholipase A2 can make up
for chemical inhibition of PI3K [140], and disruption of both of these pathways can be
compensated by the soluble guanylyl cyclase (sGC) in cells that have progressed sufficiently
far into the developmental process, similar to the findings in the sextuple mutant mentioned
above [141-143]. This shows that D.discoideum possesses several redundant intracellular

signaling pathways linked to chemotaxis that can compensate for each other.

1.1.10 Signaling events and gene expression during early development

Starving D.discoideum organize themselves into an aggregate using cAMP signals to
navigate, as discussed above and illustrated in Figure 7A. But the role of cAMP in
development is not limited to the extracellular space. Figure 7B illustrates the intracellular
feedback loop that leads to oscillatory production of cAMP. The detection of cAMP via the
cAMP receptor cAR1 stimulates the receiving cell to activate adenylate cyclase and produce
more cAMP. The main target for intracellular cAMP is Protein kinase A (PKA) which is

composed of a regulatory (PKA-R) and a catalytic (PKA-C) subunit. Binding of cAMP to
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PKA triggers dissociation of the two subunits, thus removing the inhibition imposed on PKA-
C by PKA-R [144]. In D.discoideum, PKA-C is transcriptionally repressed and only upon
onset of starvation this transcriptional repression is relieved by YakA, a member of a
conserved protein kinase family that also regulates the decision between growth and
differentiation in animals and fungi [145-148]. The newly synthesized PKA-C activates the
transcription of a number of genes necessary for the initial stage of development. These genes
include discoidin, the cAMP receptor cAR 1, the extracellular phosphodiesterase PdsA, the
intracellular phsophodiesterase RegA, and adenylate cyclase ACA [149]. These proteins,
together with the map kinase ERK2, interact to establish a negative feedback loop that results
in an oscillatory cAMP signal (Figure 7B and C) [150]. The basis of the oscillatory nature of
the signal partially lies in the ability of cAR1 to adapt to a broad range of cAMP
concentrations and become desensitized for a short period of time after initial binding of
cAMP, much like a number of known mammalian GPCRs, such as olfactory receptors or
receptors involved in the propagation of neuronal signals [151]. The oscillatory nature of the
signal is further amplified by the intracellular negative feedback loop described below and
illustrated in Figure 7B and C. Binding of cAMP leads to an initial burst in the production of
cAMP, during which RegA is inhibited by ERK2, and ACA is stimulated by cAR1, followed
by a refractory phase in which cAR1 becomes desensitized, activation of ACA is reduced, and
simultaneously inhibition of RegA is relieved, freeing it to degrade the accumulated cAMP
[152, 153]. This oscillatory cAMP signal is required for an efficient and orderly transition into
development, but not for directed chemotaxis towards cAMP, since cAMP sensitive amoebae

are capable of chemotaxing up a stable cAMP gradient [154-156].
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Figure 7: D.discoideum cAMP oscillations

(A) Phase contrast microscopic image of aggregating AX2 Dictyostelium cells in nutrient free buffer.

Scale bar = 0.2 mm

(B) A model of the network underlying cAMP oscillations in D.discoideum. [157]

(C) The cAMP induced signaling network eventually results in external and internal oscillations of cAMP
concentrations and simultaneous oscillation of ERK2 phosphorylation typically with a period of 6-7 minutes
[158]
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1.2 The coronin family of proteins

1.2.1 Discovery of the first coronin

The first coronin protein to be described, coronin A, was discovered in Dictyostelium
discoideum. coronin A was purified from a homogenate of starved cells processed to form a
“contracted pellet” comprised of myosin Il heavy and light chains, actin, a 30kDa actin
bundling protein, a 17 kDa protein, and the 55 kDa protein later named coronin A [159-161].
The components of the contracted pellet were further separated by binding to a DEAE
cellulose column at a pH of 7.4 and coronin A was found to elute in a rising NaCl gradient.
Since coronin A, with a theoretical pl of 7.4, should have a net neutral charge at a pH of 7.5,
the question arose how it could bind to the anion exchange column and it was hypothesized
that binding of coronin A to the DEAE cellulose matrix is mediated indirectly via actin. This
theory was supported by the finding that purified coronin A co-sediments together with
purified F-actin in vitro, and this co-sedimentation was found to be sensitive to NaCl

concentrations greater than 75 mM [161, 162].

1.2.2 Coronin phylogeny

After the discovery of coronin A in D.discoideum, it became apparent that homologous
proteins could be found throughout the eukaryotic domain, with the exception of plants. A
structural hallmark of coronin proteins is the N-terminally to centrally located five-fold WD
40-repeat that folds into a seven-bladed beta-propeller structure (Figure 8) [163]. This beta
propeller domain is linked to a C-terminal coiled-coil domain via a unique region. In addition,
several ‘tandem’ coronin molecules have been identified, which consist of two core WD
repeat regions fused to one another without the presence of coiled coil domains [164].

Coronin nomenclature has undergone several changes over time and the division of coronins
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into two [165], three [166], four or even twelve groups has been proposed [167]. The division
into four distinct groups is the most recent proposition and it is based on a holistic sequence
comparison of 723 coronin proteins from 358 species [168], but for reasons of simplicity, the
only distinction that will be made in this thesis is between long and short coronins.
D.discoideum possesses one short form coronin, originally named coronin A (also known as
coronin 12), and one long form “tandem” coronin, originally named coronin B (also known as
coronin 7). The work presented here focuses on the short form D.discoideum coronin, which

will be called coronin A throughout this thesis in accordance with the original nomenclature.
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C-terminal Extension
352 392 428 429 461
Murine Coronin 1 f-Propeller C U cc
345 386 409 410 445
D.discoideum coronin A p-Propeller c U cc
358 400 617 651
S.cerevisiae Crnl f-Propeller c U

Figure 8: Domain organization and crystal structure of coronin 1A

(A) Comparison of the domain organization of three short coronins from Mus musculus, D.discoideum, and
S.cerevisiae.

(B) Crystal structure of truncated coronin 1A missing the coiled-coil domain. Top-view (upper left), bottom view
(upper right) and side view (bottom) [163].
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1.2.3 Characterization of D.discoideum coronin A

The name “coronin” derives from the word corona, which is the latin word for crown. This
name refers to the protein’s enrichment in crown-shaped cell protrusions in D.discoideum
[161]. The N-terminal portion of coronin A is rich in Tryptophane - Aspartate repeat motifs
(WD 40-repeats), that were later found to fold into a seven-bladed beta propeller, reminiscent
of heterotrimeric G-proteins, and the C-terminal domain was predicted to have a high
tendency to fold into alpha-helical structures capable of forming coiled-coils domains [161].
Immunofluorescence microscopy revealed that coronin A localized to crown-shaped cell
protrusions, as mentioned above, and double labeling with phalloidin indicated that coronin A
accumulated in regions of the cell which were also enriched for F-actin [161, 169, 170].
Sequence analysis showed that coronin A possesses homology to G-beta proteins, one of the
three subunits that form the heterotrimeric G-proteins involved in signal transduction from G-
protein coupled receptors (GPCRs, see 1.1.9.1). As introduced in section 1.1.5, one of the
most prominent GPCRs in D.discoideum is the cAMP receptor cAR1. Since coronin A was
found to localize to the leading edge of starving cells chemotaxing towards cAMP, it was
initially hypothesized that coronin A could be involved in modulation of the intracellular
response to cAMP detection, possibly by providing a link between the GPCR and the
cytoskeleton [161]. Two follow up publications presented coronin A deletion mutants
generated in an AX2 background (see section 1.1.3) and discussed the phenotypes observed.
Analysis of the mutants showed that coronin A deletion mutants were larger and accumulated
nuclei when grown on substrate, grew slower in suspension, achieved lower chemotaxis
speeds, and were less competent in phagocytosis of yeast cells than the WT [169, 171]. Since
these processes are dependent on a functional cytoskeleton, coronin A was designated as an F-
actin interacting protein. Subsequent work has focused exclusively on a potential role for

coronin A in the modulation of the F-actin cytoskeleton abandoning the hypothesis that it
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might be involved in the detection and production of cAMP and ignoring its structural

homology with Gg-proteins.

1.2.4 The role of D.discoideum coronin B

A recent study performed in the laboratory of Angelika Noegel explored the function of the
long form coronin B. To this end they generated corA/corB double knockout cells and
compared the resulting phenotypes to those of the single knockout cells. Their work indicates
that the two coronins have antagonistic, non-redundant roles, a finding which they link to the
proteins opposing actions on actin filaments in in vitro actin polymerization studies. Thus, the
presence of coronin B in coronin A knockout cells is unlikely to compensate for lack of

coronin A. [172]

1.2.5 Yeast Crnl

The yeast Saccharomyces cerevisiae possesses only one gene coding for a short coronin,
called crnl. It has been shown to bind to actin filaments, as well as microtubules in in vitro,
but interestingly its deletion did not lead to any obvious cytoskeletal defects in yeast cells
[173-175]. Results from a more recent study suggest that yeast crnl influences the activity of
the complex of actin related proteins 2 and 3 (Arp2/3-complex) in vitro in a dual manner, with
activating effects at low concentrations but inhibiting effects at higher concentrations of crnl
[176]. Further analysis identified previously undescribed motifs within the unique region of
Crnl that are similar to central (C) and acidic (A) sequences of the WASp/Scar proteins
(Wiskott-Aldrich Syndrome Proteins / Suppressor of cAMP Receptor) that are known as
prototypical activators of the Arp2/3-complex [177-179]. Accordingly these CA-like motifs

were found to be required for Crnl-dependent activation of the Arp2/3 complex in vitro, but
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not for its inhibition at high concentrations of Crnl, suggesting an indirect mechanism for
Crnl dependent inhibition of the Arp2/3 complex [176]. Sequence stretches with homology to
the CA-motifs are not present in any of the short mammalian coronins or in Dictyostelium

coronin A.

1.2.6 Mammalian coronins

Seven coronin genes have been identified in mammals so far, with six genes coding for short
coronins and one for a long coronin [165]. According to the original nomenclature they were
simply numbered coronin 1 to coronin 7 corresponding to the order of discovery. In several
more recent publications they are named according to the type of group they have been
ascribed to in the three-group system followed by a letter [166]. For example, coronin 1
would be called coronin 1A, as the first representative of the type I coronins to be identified in
mammals. However, to avoid confusion and controversy, as to how a given coronin should be
classified, the original nomenclature, simply numbering the mammalian coronins from 1 — 7,
will be used in this thesis. It should be noted, that there is no experimental evidence for the
expression of mammalian coronin 6 on the protein level so far. All mammalian coronin
proteins, except for the long form coronin 7, have been found to bind F-actin in vitro or have
been implied to participate in the modulation of F-actin in vivo [180-184]. Some studies
performed with yeast Crnl suggest that coronins have a stronger affinity for actin filaments
loaded with ATP/ADP + P; that have not yet released the inorganic phosphate resulting from
hydrolysis of ATP [185], but it remains debatable if these findings hold any relevance for

mammalian coronins.
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1.2.7 Functions of the mammalian coronins

The function of coronin 1, also known as coronin 1A, will be discussed in the next three

subchapters.

Coronin 2, also known as coronin 1B, is ubiquitously expressed [186], and has been

suggested to play a role in neuronal plasticity [187]. Further, it localizes to the leading edge of
migrating fibroblast lamellipodia together with the Arp2/3 complex. Its depletion in rat
fibroblasts reduces cofilin activity by half, leads to more densely branched actin at the cell

margin, and decreases cell speed by 33 % [188].

Coronin 3, also known as coronin 1C, is also ubiquitously expressed [186], localizes to the
leading edge of cells and appears to co-immunoprecipitate with Arp2/3 [189]. It was found to
interact in vitro and in vivo with the GDP-bound form of Rab27a, a member of the Rab-
GTPase family involved in regulating membrane trafficking [190]. Additionally, it has been
implicated to play a role in tumor metastasis, since its level of expression correlates with

degree of malignancy in human glioma [191].

Coronin 4, also known as coronin 2A, is widely expressed and can be detected in colon,
prostate, brain, lung, uterus, testis, and epidermis [192]. It seems to play a part in focal
adhesion turnover events by decreasing ADF/Cofilin activity [193]. It harbors a SUMO 2/3
interacting site and recent work indicates that it is involved in clearing the Nuclear Co-
repressor complex from target gene promoters in macrophages, making them accessible for

Toll-like receptor induced transcription [183].

Coronin 5, also known as coronin 2B, is expressed predominantly in nerve cells, and is
thought to play a role in reorganization of the neuronal actin cytoskeleton. This notion is

based on its ability to bind actin in vitro and its co-localization with stress fibers and focal
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adhesions in immunofluorescence stainings, however, these assumptions need to be

corroborated by further experimental evidence [184].

The existence of coronin 6 on a protein level is hitherto purely hypothetical. All that can be
said is that there is an intact ORF in the mammalian genome that could encode a short coronin
and transcription profiling experiments, transcripts of several splice variants showed up in the

brain, liver and heart tissue [168, 194-196].

The only known long form of mammalian coronin to date, coronin 7, is ubiquitously
expressed at low levels. It localizes to the Golgi where it is supposedly involved in
maintenance of Golgi morphology and membrane trafficking. Interestingly, it could not be

found to interact with the actin cytoskeleton [197, 198].

1.2.8 Mammalian coronin 1 structure

Of the seven mammalian coronins, coronin 1 is the closest homologue to the ancestral
Dictyostelium coronin A, sharing more than 40 % sequence identity on an amino acid level. It
is expressed in leukocytes and in the nervous tissue [199-201]. As holds true for all short
coronin proteins, it is made up of three domains. The N-terminal and central domain is the
largest and consists of five WD40-repeats that fold into a seven-bladed B-propeller (Figure
8B). The B-propeller is followed by a linker region commonly divided into a C-terminal
extension stretch and a unique region. The protein ends in a C-terminal a-helix rich coiled-
coil domain required for oligomerization [164]. As shown in Figure 8A the domain
organisation of murine coronin 1 and D.discoideum coronin A are almost identical, whereas
S.cerevisiae coronin 1p contains a significantly longer unique region that harbors the
aforementioned CA-sequence not present in mammalian and D.discoideum short coronins

(1.2.5). Coronin 1 was the first coronin for which a crystal structure was acquired (Figure 8B),
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however, the crystals analysed were made of a truncated version missing part of the unique
region and the coiled coil domain [163]. The coiled-coil domain of coronin 1 had been

crystallized separately a year earlier and was shown to mediate trimerization (Figure 9) [164].

90°

12-15nm
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2.5nm

Figure 9: Trimerization of coronin 1

A) Transmission electron micrographs of affinity-purified and negatively stained coronin 1 complexes isolated
from macrophages. The gallery shows multiple examples of trimers. Upper scale bar = 40 nm, lower scale bar =
10 nm.

B) Cartoon representing the topology of the coronin 1 trimer deduced from the image analysis. [164, 202]
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1.2.9 Coronin 1 and its role in the survival of mycobacteria within

macrophages

Coronin 1 has emerged as an important factor for the intracellular survival of Mycobacterium
tuberculosis, the causative agent of the disease Tuberculosis (TB) [203]. An estimated 2
billion people are latently infected worldwide, and the disease claims roughly 2 million lives
per year [204]. One of the major problems we face today is the appearance of multi-drug
resistant strains (MDR- TB) that cannot be cured by the conventional first-line therapeutics
isoniazide, ethambutol, rifampicin, and pyrazinamide [205]. Drug resistance is partly due to
the fact that TB treatment is a very lengthy process of at least 6 months and many patients fail
to strictly adhere to the treatment regimen for the whole duration of the therapy [206, 207].
One reason for the tenacity of mycobacterial infections is the mycobacteria’s ability to survive
intracellularly within macrophages, the very cells our immune system normally relies upon
for efficient clearance of a bacterial infection [208, 209]. To achieve this, the bacteria, once
phagocytosed, can actively block the fusion of phagosomal vesicles with lysosomal vesicles,
thus preventing digestion by the hostile lysosomal environment [210, 211]. A screen for host
molecules involved in blocking of this fusion event led to the identification of coronin 1, at
that time known as TACO for Tryptophane Aspartate containing Coat protein [164, 200]. In
macrophages infected with live mycobacteria, coronin 1 was retained on the phagosomal
membrane in a cholesterol dependent manner [212]. The retention of coronin 1 was shown to
be crucial for blocking the fusion event, since experiments performed with macrophages
isolated from coronin 1-knockout mice revealed that, in absence of coronin 1, phagocytosed
mycobacteria were rapidly delivered to the lysosome and subsequently degraded (Figure 10)

[213].
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Figure 10: Intracellular trafficking of mycobacteria

WT or coronin 1-deficient macrophages were infected with mycobacteria for 1 hr followed by

a 3 hr chase, fixed and stained for M. bovis BCG (green) and LAMP-1, a lysosomal marker (red). Quantification
of co-staining events shows that Mycobacteria are readily delivered to the lysosome in coronin 1 -/-
macrophages [213].

1.2.10 Coronin 1 and its role in calcium signaling and T-cell activation

Stimulation of primary murine macrophages with non-opsonized mycobacteria causes a
sustained increase in cytosolic Ca**-concentrations [214, 215]. When macrophages isolated
from coronin 1 knockout mice are challenged with non-opsonized mycobacteria, they fail to
produce a comparable Ca®"-flux and cannot activate the downstream Ca’"-dependent
phosphatase calcineurin. Further research established that coronin 1-mediated activation of
calcineurin is crucial for the successful inhibition of phago-lysosomal fusion in macrophages
infected with mycobacteria [213] (see also 1.2.9).

Interestingly, coronin 1-deficiency was also found to be associated with impaired Ca*"-
mobilization in T-cells upon T-cell receptor triggering with antibodies directed against the
CD3/CD28 molecules [216]. In wild type cells stimulation of the T-cell receptor acts as a pro-
survival signal for naive T-cells in the periphery and is vital for the maintenance of a
circulating population of naive T-cells [217]. Accordingly, T-cells in coronin 1 deficient mice

develop normally in the bone marrow and the thymus, but are rapidly deleted through
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apoptosis in the periphery [218]. The failed Ca*"-mobilization in coronin 1-deficient T-cells
was linked to defective generation of the second messenger InsP; responsible for the release
of Ca®" from intracellular stores [216].

T-cells and macrophages as well as neutrophils and B-cells isolated from coronin 1 deficient
mice were not found to be defective for actin related processes such as phagoytosis and
chemotaxis, thus, these findings suggest that in leukocytes coronin 1 is involved in Ca2'-

signaling rather than modulation of F-actin [218-220].
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2 Materials and Methods



2.1 Materials

2.1.1 Chemicals

Acrylamide

Adenosine-5’-triphosphat

Adenosine-3’, 5’-cyclic monophophat (cAMP)
Agarose

Ammonium Chloride (NH4CI)
Ammonium persulfate (APS)

Ampicilline

Bacto proteose peptone No.3

BCA protein assay

B-mercaptoethanol

Bis-acrylamide

Bovine serum albumin (BSA)
Bromophenol blue

Calcium chloride (CaCl,)

Disodium hydrogen phosphate (Na,HPOy,)
Dimethylsulfoxide (DMSO) cell culture grade
Dithiothreitol (DTT)

dNTPs

Easy A polymerase

Ethanol 96 %

Ethidium bromide

Ethylenediamine tetraacetate sodium salt (EDTA)

Folic acid

Geneticin (G418-sulphate)
Glucose monohydrate
Glycerol

Glycine

Grade A agar

HEPES buffer
Hydrochloric acid

Isobutanol

BioRad
Applichem
Sigma
Sigma
Sigma
BioRad
Applichem

Becton-Dickinson (BD)

Thermo scientific
Sigma

BioRad

Sigma

Merck

Fluka

Merck

Sigma

Sigma

Roche, Promega
Promega

Merck

Sigma

Merck

Sigma

Gibco / Sigma
Merck

Fluka

Fluka
Becton-Dickinson
Sigma

Merck

Merck
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Isopropanol

Kanamycin

Methanol

Milk Powder

Monopotassium phosphate (KH,PO4)
Paraformaldehyde
Phenylmethylsulfonylfluoride (PMSF)
PIPES buffer

Ponceau S solution

Potassium chloride (KCl)
Proteose peptone

Complete protease inhibitor mix
Proteinase K

RNAse A

Saponin

Sodium Acetate (NaAc)

Sodium bicarbonate

Sodium azide (NaNj3)

Sodium Chloride (NaCl)
Sodium dodecylsulfate (SDS)
Sodium hydroxide

Supersignal west pico chemiluminescent substrate

Taq DNA polymerase

N, N, N’, N’-tetramethyleneethylenediamine (TEMED)

Triton X-100

Tris(hydroxymethyl)aminomethane (Tris)

Trypan blue
Tween-20
Xylene cyanol
Yeast extract

Zymosan A
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Merck
Sigma
Merck
Hochdorf
Merck
Fluka
Sigma
Sigma
Sigma
Merck
Oxoid
Roche
Roche
Sigma
Sigma
Fluka
Fluka
Sigma
Merck
BioRad
Merck
Thermo scientific
Sigma
Sigma
Roche
Merck
Sigma
Fluka
Sigma
Becton-Dickinson

Sigma



2.1.2 Buffers and Media

HL-5 D.discoideum growth medium
(1liter):

5 g proteose peptone

5 g yeast extract

5 g Bacto proteose peptone No.3,
11 g Glucose monohydrate,

0.23 g Na,HPO, dihydrate,

0.35 g KHzP 04

Dissolve in 1 liter distilled water
adjust pH to 6.5.

Autoclave and filter (Stericup, 0.22
pm)

Reference: [221]

Super optimal broth (SOB, 1 liter):

20g Bacto Tryptone

Sg Bacto Yeast Extract
10 mM NaCl

2.5 mM KCl

10 mM MgCl,

10 mM MgSO4

Reference: [222]

Starvation buffer B (SBB):

5 mM Na,HPO,
5 mM NaH2P04
mM MgSOy4
200 uM CaCl,
Adjust to pH6.2
Autoclave

Reference: [222]

Bonner’s salt solution (BSS, 1liter):

0.6 g NaCl
0.75 g KCl
0.3 g CaCl,

Reference: [223]

Development Buffer (DB):

e 5 mM Na,HPO,
e 5 mM KH,PO,
e 1 mM CaCl,

e mM MgCl,

e AdjustpHto 6.5
e Autoclave

Reference: [224]

Luria-Bertani broth (LB, 1 liter):

e 10g Bacto-tryptone.
e Sg yeast extract.

e 10g NaClL

e AdjustpHto 7.5

e Autoclave

Reference: [225]

Lysis buffer:

e 20 mM Tris-HCI pH 8

e 150 mM NaCl

e 2mM EDTA

e 0.1% TX-100

e 1 mM PMSF

e 3mMDTT

e complete protease inhibitor

Source: Vera Studer
Yeast GSTrap Wash buffer:

e 20 mM Tris-HCI

e 100 mM NaCl pH 7.8 (at 4°C)

Source: Vera Studer
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GSTrap Elution buffer:

Wash buffer + 10 mM Glutathione red.
pH 7.8 (at 4°C)

E.coli Transformation buffer (TB):

10 mM Pipes
15 mM CaCl12

250mM KCI
Adjust pH to 6.7

55 mM MnCI2

Filter sterilize

Reference: [226]

H-50 Dictyostelium transfection buffer
(1 liter):

4.76 g HEPES

3.73 g KCl

0.58 g NaCl

0.12 g MgS0O,4

0.42 g NaHCOs

0.156 g NaH,PO,.

Adjust pH to 7.0
Autoclave and store at 4 °C

Reference: [227]

Genomic DNA Lysis Buffer:

10 mM Tris-HCI pH 8.5
5mM EDTA

0.2 % SDS

200 mM NaCl
Autoclave

Before use add proteinase K
(100ug / ml) and RNAse A (10 pg/
ml)

Reference: [228]

S5x Laemmli Sample Buffer:

35

25 ml SDS (20%)

12.5 ml Glycerol (100%)

7.81 ml Tris

3.855 g DTT

50 mg Bromophenol Blue

Fill up with H20 (bidest) to 50 ml
Filter with syringe (0.4 pm)

500 pl alliquots

Store at —20°C

Reference: [229]

6x DNA loading buffer (50 ml):

0.125 g Bromophenol blue
0.125 g Xylene Cyanol

15 ml Glycerol

100 pl EDTA 0.5M pH 8

Lab recipe

50x Tris-acetate-EDTA buffer (TAE, 1

liter):

242 g Tris

Dissolve in 750 ml deionized H,O
57.1 ml glacial acetic acid

100 ml 0.5 M EDTA

Adjust to 1 liter with ddH,O

KMEI buffer:

50 mM KCl1

1 mM MgCI2

10 mM EGTA

10 mM Imidazole pH 7.5

PBS (5 I):

40 g NaCl

1 g KCl

7.2 g Na2HPOs

1.2g KH2PO4

Fill up to 1000 ml with H20
(bidest), check pH (7.2)

Fill up to 5 liters with H,O



2.1.3 Coronin A peptide antibodies

Antibodies for detection of coronin A were raised in rabbits against an N-terminal and a C-

terminal peptide of coronin A (Eurogentec, 28-day speedy protocol).

Name Antigen Recommended Dilutions
Anti-CorA CYQNLKVTKSAWDSNY (AA 23-38) 1:10°000 (WB); 1:1°000 (IF)
Anti-CorA CGGFVKKASAVEFKPV (AA 388-402) 1:50°000 (WB); 1:2°000 (IF)

2.1.4 Primers

All primers were synthesized by the company Microsynth. Working stocks were diluted to a

concentration of 10 pM.

Code Name Sequence Melting
T °C
P1 Fw 5 intra corA ATGAGCTCCAGGTAAAACCACATCAG 59.5
P2 Rv 5 intra corA ATGGATCCTGACAAACGACTTCGTTGAC 60.9
P3 Fw 3 intra corA ATGGATCCTGCCATTCTATGATGCTGAC 60.9
P4 Rv 3 intra corA ACTAACAGTCTTTGGTTCAGCATTGGTACC 60.9
P5 FwCorA Hpal AGAGCGTTAACATGTCTAAAGTAGTCCG 59.7
P6 RevCorA Hpal AGAGCGTTAACTTAGTTGGTGAGTTCTTTG 59.6
P7 FwCorA BamHI AGAGCGGATCCATGTCTAAAGTAGTCCG 62.6
P8 RevCorA BamHI AGAGCGGATCCTTAGTTGGTGAGTTCTTTG 62.5
P9 | FwBamThrombCorA | ATTGGATCCTTAGTTCCAAGAGGTTCAATGTCTAAAGTA 66.3
GTCCGTAGTAG
P10 | RvBamThrombCorA | ATTGGATCCTTAGTTGGTGAGTTCTTTGATTTTGGGATC 64.9
CTTTTTAACG

2.1.5 Restriction enzymes and cloning enzymes

Shrimp alkaline phosphatase (SAP, 1Unit / pul) Promega
Easy A polymerase (5 Units / pl) Promega
GoTaq polymerase (5 Units / pl) Promega
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T4 DNA Ligase (400 Units / ul) NEB
Avall NEB
BamHI NEB
EcoRI NEB
EcolCRI NEB
HindIII NEB
Hpal NEB
Sacl NEB
Sall NEB
Xbal NEB

2.2 Cell culture methods

2.2.1 Dictyostelium discoideum strains

The DH1-10 wild type Dictyostelium discoideum cells were a kind gift from the lab of Pierre
Cosson of the University of Geneva. The same strain can now also be acquired from the strain
depository of dictybase.org. The AX2 wild type D.discoideum cells were acquired from
dictybase.org. The corA-deletion mutants in a DHI1-10 background were generated by
disrupting cor4 in DH1-10 cells via homologous recombination and isolated in the lab of

Pierre Cosson as described below. All other mutant strains were acquired from dictybase.org.
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2.2.2 Determination of cell numbers

Density of D.discoideum cultures was determined using a Neubauer counting chamber. To
this end dense cultures were diluted 1:5 and 1:10 with a Trypan blue BSS mix and 12 ul were
distributed on both sides of the counting chamber. Dilute cultures were counted without prior
dilution. Viable, unstained cells were counted in 8 corner-square and the resulting number
was averaged. The number of cells per corner-square corresponds to X times 10* cells / ml in

the cell suspension applied to the chamber.

2.2.3 Dictyostelium discoideum suspension culture

All cells used for the experiments described in this thesis were grown in HL-5 media
suspension in either 100 ml - 300 ml Erlenmayer flasks at 22°C and 160 rpm, or in 500 ml
and larger Erlenmayer flasks at 22 °C and 120 rpm, unless indicated otherwise. The volume
of the liquid culture never exceeded 20 % of the total volume of the Erlenmayer flask. Cells
were kept at densities between 5 x 10%cells / ml and 4 x 10° cells / ml at all times and were
never kept in culture for longer than 3 weeks. Cells transformed with vectors carrying a G418

resistance cassette were grown in presence of 10 pg / ml G418-sulphate.

2.2.4 Freezing Dictyostelium discoideum for storage at - 80 °C or in liquid
nitrogen
Cells were grown in 100 ml HL-5 to a density of approximately 2 x 10° cells / ml. The cell
culture to be frozen was placed at 4 °C for 30 minutes on a gently shaking platform (~ 120
rpm) to make sure cellular activity was reduced prior to freezing. The cells were centrifuged

at 400 x g for 3 minutes at 4 °C. The supernatant was discarded and the cells resuspended in

10 ml ice-cold HL5 + 10 % DMSO to achieve a cell density of ~ 2 x 10 cells / ml. Aliquots
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of 1 ml were distributed into pre-cooled cryotubes (Nunc) and placed in an isopropanol
freezing box pre-cooled to 4 °C. The isopropanol box was placed at - 80 °C over-night to
achieve gradual freezing and the next day tubes were transferred to either a cardboard-box

kept at — 80 °C or to a plastic-box kept in liquid nitrogen for long term storage.

2.2.5 Thawing frozen Dictyostelium discoideum cell stocks

Aliquots of frozen cells were shortly placed in a water bath pre-heated to 37 °C for quick
thawing. To ensure that the cells were not heated to a lethal temperature, special care was
taken to remove the vial from the water bath before the ice had thawed entirely. The thawed
cells were quickly mixed with 7 ml pre-cooled HL-5 media to dilute the DMSO. The 8 ml cell
suspension was centrifuged at 400 x g for 3 minutes and the supernatant containing DMSO
was discarded. The cell pellet was resuspended in 10 - 15 ml HL-5, transferred to T-flasks (75
cm?), and left to recover in stationary culture at 22 °C for 2—4 days in HL-5 media before
transfer to Erlenmayer flasks. For cells transformed with vectors carrying a G418 resistance

cassette 10 pg / ml G418 was added after 1 day of recovery without antibiotics.

2.2.6 Growth in suspension with live bacteria in phosphate buffer

For folic acid chemotaxis experiments D.discoideum cells were first grown in a co-culture
with DH5a Escherichia coli bacteria (see 2.2.8) as this was found to enhance their response to
folic acid and made experiments more reproducible. E.coli bacteria were grown in 200 ml
LB-medium over-night or up to an OD of at least 2. The bacteria were then pelleted at 3200 x
g for 15 minutes at 4 °C. The LB supernatant was discarded and the bacteria were
resuspended in development buffer (DB) and centrifuged again. This washing step was

repeated once, and the bacteria were resuspended in 50 ml development buffer to a final OD
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of 8. D.discoideum was inoculated into the bacterial suspension to a final density of 4 x 10°
cells/ml in case of normally growing cells or 8 x 10° cells/ml, if the strain had previously
shown slower growth in axenic culture. Since there are no nutrients in this two-component
culture (bacteria and amoebae), the bacteria stopped replicating, but the D.discoideum cells
kept dividing until there were not enough bacteria left to sustain the increasing population of
amoebae. The two-component culture was incubated on a shaking platform at 160 rpm and 22
°C. For use in the folic acid chemotaxis assay, the culture was incubated for approximately 36

hours to reach a density of 1-2 x 10° D.discoideum cells / ml.

2.2.7 Stimulation of starving cells with periodically administered

exogenous cAMP

D.discoideum cells can be exposed to periodic pulses of cAMP to assist and synchronize entry
into development. The method described here was adapted from a protocol used in the
Devreotes lab [17, 222]. 2 x 107 cells were harvested and washed twice in Starvation Buffer B
(SBB), then resuspended in 2 ml SBB. The dense cell suspension was transferred to 25 ml
Erlenmayer flasks and shaken at 160 rpm for 1 hour. After this pre-starvation period, the cells
were exposed to 100 nM cAMP pulses every 6 minutes for 4 hours by adding 16 pl of a 25

uM cAMP solution with a high precision multichannel dispenser (IPC-N 8 pump, Ismatec).

2.2.8 Eschericia coli strains

E.coli DH5a [230] strain maintained in our lab was used for cloning work and as food in two-
component suspension cultures with D.discoideum (see 2.2.6). For growth of D.discoideum
with live bacteria on buffered agar we used OP50 E.coli commonly used as food for

Caenorhabditis elegans. This bacterial strain is valued for its tendency to form a single layer
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of bacteria on substrate, and we reasoned that this will facilitate plaque formation. The OP50
bacteria were a kind gift from Dr. Attila Stetak in the lab of Prof. Andreas Papassotiropoulos.
The E.coli strain BL21 [231] was initially used for expression of recombinant coronin A
protein. This system was abandoned because the expressed coronin A turned out to be
insoluble and rapidly degraded. All E.coli strains were grown in Luria-Bertani broth (LB) at
37 °C in Erlenmayer flasks or culture vials on a shaking platform (Infors) at 180 rpm or on

LB + 1.2 % Grade A agar plates in an incubator at 37 °C.

2.2.9 Preparation of bacterial glycerol stocks

For making 1 ml bacterial stock 600 pl of an over-night culture of the desired strain were
placed on ice for 3 minutes and mixed with 400 pl ice-cold and sterile 50 % Glycerol then

plunged into liquid nitrogen to shock freeze and kept at — 80 °C.

2.3 Cloning methods

2.3.1 General remarks on manipulation of D.discoideum DNA

It is often stated how easy it is to genetically manipulate D.discoideum [76, 227, 232, 233].
Although this is certainly true in the sense that a haploid cell grown in suspension culture is
definitely more accessible to genetic intervention than a mammal, these statements should be
taken with a pinch of salt, for there are a number of pitfalls, which one should be aware of
before starting cloning work with D.discoideum. The genome of this social amoeba has a very
strong bias towards adenine and thymine (see Introdutction 1.1.2) and contains a large amount
of simple and complex sequence repeats [234] which can complicate matters in the following

ways;
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Because of the increased risk of inducing thymidine-dimerization, it is a good idea to avoid
exposure to UV light. For staining DNA one should therefore consider one of the numerous
alternatives to ethydium bromide available today, such as SYBRsafe or RedSafe (Invitrogen),
that can be viewed with blue light. The high A + T-content also causes polymerization
reactions to break off prematurely, especially if they include intergenic regions such as
promoters. Thus, sequencing reactions often yield shorter reads than expected, and PCR
reactions tend to work better at increased MgCl, concentrations.

Additionally, A + T-rich DNA ends are prone to stronger “breathing” effects, transient
breaking of the double strand structure, which makes subsequent ligation more difficult, and
this phenomenon seems to be aggravated when the two ends of the DNA fragment to be
inserted are inverted repeats, such as is the case for symmetrical flanking cloning sites and to
a certain extent also DNA fragments that include promoter and terminator sequences [235,
236]. The increased rate of breathing makes the DNA more vulnerable to destabilization or
even denaturation by chaotropic agents used in many of the commercially available gel
extraction kits. During the course of this work, problematic DNA fragments were
consequently extracted by the “freeze’n’squeeze” method described in section 2.3.5 [237,
238]. That being said, the relative scarcity of introns is a blessing, since it often allows

isolation of entire gene sequences directly from the genomic DNA.

2.3.2 Generation of chemically competent E.coli

Chemically ultracompetent cells were generated by the method of Hanahan et al. and as
optimized by Inoue et al. [231, 239]. DH5a bacteria from glycerol stock were streaked out on
an LB agar plate (1.2 %) and left to grow in an incubator at 37 °C over-night. The next day
one single colony was dissolved in 1 ml of LB, re-streaked on an LB agar plate and again left

to grow overnight at 37 °C. 10 — 12 large colonies were picked with a loop and inoculated in
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250 ml SOB medium in a 2 | Erlenmayer flask at 16 °C and 200 rpm and left to grow until the
culture reached an OD of 0.6. The flask was placed on ice for 10 minutes and then the cooled
bacterial suspension was centrifuged at 3200 x g for 15 minutes at 4 °C. The bacterial pellet
was resuspended in 80 ml cold TB and kept on ice for 10 minutes. The centrifugation step
was repeated. The cell pellet was gently resuspended in 20 ml ice cold TB supplemented with
20 % Glycerol. In the cold room 100 pl aliquots of the bacteria were then distributed into
conical 1.5 ml test tubes, shock frozen by submersion in liquid nitrogen, and stored at — 80 °C

until further use.

2.3.3 Isolation of genomic DNA from DHI1-10 D.discoideum

DHI1-10 cells were grown in HL-5 as described (see 2.2.3). 2 x 10° cells were harvested and
washed twice in Bonner’s salt solution by centrifugation at 300 x g for 4 minutes. The cell
pellet was then resuspended in 200 pl gDNA lysis buffer. The lysate was left overnight at 55
°C on a shaking platform for proteinase K mediated protein degradation. Next day 100 pl cold
5 M NaCl was added and the mixture was incubated on ice for 5 minutes to precipitate protein
fragments. The resulting proteinaceous precipitate was pelleted by centrifugation at 15’000 x
g for 15 minutes at 4 °C. The supernatant was transferred to a fresh tube. To precipitate the
DNA an equal volume (~ 300 pl) of ice-cold isopropanol was added to the clarified
supernatant and the mixture was incubated at — 20 °C for 45 minutes. Precipitated DNA was
pelleted by centrifugation for 15 minutes at 15’000 x g and 4 °C. The supernatant was
discarded and the pellet was washed twice with 500 pl ice-cold 70 % ethanol. The washed
pellet was dissolved in 200 pl nuclease free water on ice for 10 minutes. For storage the
gDNA preparation was divided ino 10 pl aliquots and kept at 4 °C for use within the next

month or at -20 °C for long term storage.
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2.3.4 DNA gel electrophoresis

Agarose gel electrophoresis was used to separate DNA fragments by size. Gels with 0.8 — 1 %
were prepared by adding 0.8 g — 1 g agarose powder to 100 ml TAE buffer in a 500 ml
Erlenmayer flask. The mixture was brought to a boil in a microwave and swirled repeatedly
until all visible agarose grains had dissolved completely. After cooling to ~ 60 °C SYBRsafe
(Invitrogen) was added at a dilution of 1:10°000. The liquid was poured into a MUPID
solidifying chamber and a 14-tooth comb was placed form loading pockets. After the gel had
solidified it was placed in a MUPID-ex (Mupid) electrophoresis system. The chamber was
filled with 0.5X TAE buffer until the gel was completely covered. DNA samples were mixed
with DNA loading dye (1:6) and 15 pul of sample were loaded per pocket. As a marker we
used 6 ul of the 1 kb DNA ladder and 100 bp DNA ladder from Promega. Gels were run at a

voltage of 100 V for at least 60 minutes.

2.3.5 Gel extraction of DNA fragments by “Freeze’n’squeeze”

To avoid the use of chaotropic buffers during the extraction of DNA from an agarose gel we
used the “Freeze’n’squeeze” technique [237, 238]. SYBRsafe stained DNA fragments were
viewed with a Safe-Imager (Invitrogen) and cut out using a clean scalpel. The gel pieces were
placed on a piece of Parafilm, the Parafilm was folded over once and placed in the freezer (-
20 °C) for 20 minutes. To perform drop dialysis a petri dish was filled with 15 ml double
distilled water and a 25 mm diameter, Type-VS Millipore membrane (MF type, VS filter,
mean pore size = 0.025 um, Millipore, Inc. #VSWP 02500) was floated shiny side up on the
water. After 20 minutes the gel slab was removed from the freezer. By gently squeezing the
gel piece still wrapped in parafilm between thumb and forefinger the gel matrix was crushed
and the liquid containing the solubilized DNA was released. The drop was collected in a 1.5

ml Eppendorf tube, transferred to the filter floating on double distilled water and left for
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dialysis for at least 1 hour. This dialysis step served to dilute the acetic acid and other

components of the buffer to prevent interference with enzymes used in later cloning steps.

2.3.6 Restriction enzyme digestion

Generally, DNA was digested using 5 units of restriction enzyme (see list of restriction
enzymes for details) for 1 ug of DNA in 20 pl total volume. The reaction mix was incubated
in a PCR T3-thermocycler (Biometra) at 37 °C for two hours, followed by 15 minutes heat
inactivation of the enzyme at 65 °C and a pause at 4 °C until further use. To prevent
recircularization digests of vectors were performed in presence of 2 units shrimp alkaline
phosphatase (SAP). Double digests with incompatible enzymes were performed sequentially

with a drop dialysis step in between restriction events to exchange buffer systems.

2.3.7 Blunt-end and sticky-end ligation

We used insert / vector ratios of 5:1 for sticky end ligations and 20:1for blunt end ligations.

Ligation was performed in a reaction volume of 10 ul and a maximal total DNA concentration
of 10 ng / ul. We used 0.5 ul or 1 ul T4 DNA ligase from NEB (400 Units / ul) for sticky-end
or blunt-end ligation reactions, respectively. Ligations were incubated at room temperature for

30 minutes in case of sticky ends and 2 hours in case of blunt ends.

T4 DNA ligase Insert Vector + SAP Vector - SAP
A + + + -
B - + + -
C + - + -
D - - + -
E + - - +
F - - - +

Table 1: Typical ligation scheme

Reaction mixtures were prepared with and without ligase to test for efficient restriction digestion of the vector in
previous steps. SAP treated vector alone was also incubated with and without ligase to get an estimate on what
proportion of bacterial colonies contain empty vector. In addition single cut vector not treated with SAP was
religated to test the activity of the ligase.
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2.3.8 Transformation of E.coli and plasmid propagation

Ultracompetent E.coli bacteria (see 2.3.2) were used for selection and expansion of plasmids.
The bacteria were thawed slowly on ice (~10 minutes) and mixed gently with 5 ul of ligation
product. The mix was left on ice for 20 minutes, then subjected to a heat shock at 42 °C in a
water bath for 40 seconds and supplemented with 900 ul pre-warmed (37 °C) LB medium and
placed horizontally on a shaking platform at 37 °C and 160 rpm for 1 hour. The vials were
then subjected to a heat shock at 42 °C for 1 minute and 150 pl of the bacterial suspension
were spread on an LB agar plate supplemented with either Kanamycin (50 ug / ml) or
Ampicillin (100 pg / ml) depending on the selection marker present on the introduced vector.
A small section of the plate was kept free to streak out a small amount of the bacteria in case
the resistant bacteria grow too dense to allow picking single colonies. The plate was then
placed upside down inside an incubator at 37 °C over-night.

The next day single colonies were picked and culture vials (Nunc) with 5.2 ml of LB-medium
containing the adequate antibiotic were inoculated. These vials were shaken for 8 — 16 hours
at 37 °C on a shaking platform at 180 rpm. 1.2 ml of the culture were kept to make glycerol
stocks (see 2.2.9) and the plasmid was isolated from the remaining 4 ml of culture with a
miniprep kit according to the manufacturers protocol (Qiagen / Sigma). The culture was
scaled up to 50 ml or 200 ml for HiSpeed midipreps or HiSpeed maxipreps (Qiagen),

respectively.

2.3.9 Electroporation of Dictyostelium and selection of resistant cells
Plasmid DNA was introduced into D.discoideum via electroporation. After some
optimization, (see 3.3.2.1, page 77) we arrived at the following protocol. In preparation, the
D.discoideum cells were shaken in the cold room at 4 °C for 30 minutes to decrease the rate

of metabolism. Per transfection to be performed we harvested 1 x 10 cells by centrifugation
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at 300 x g at 4 °C for 4 minutes. The supernatant was discarded and the cell pellet was washed
twice with 25 ml ice-cold H-50 buffer. Then, the cell pellet was gently resuspended in 100 pul
ice-cold H-50 buffer per transfection to achieve a cell density of 1 x 10® cells / ml. To allow
cells to associate with the plasmid prior to transfection, 100 pl of the cell suspension was
mixed with 5 — 10 pg of the plasmid (~ 10 ul), or with 10 pul H-50 for the mock transfection,
in a 1.5 ml reaction vial and kept on ice for 5 minutes. The cell / plasmid mix was then
transferred to a pre-cooled 0.1 mm electrocuvette (BioRad) and electroporated with three
pulses at 5 second intervals at a capacitance of 10 uF and a voltage of 650 V. The freshly
transfected cells were placed on ice and transferred as quickly but gently as possible to T-
flasks (75 cm?) containing 10 — 15 ml HL-5 medium. The T-flasks were incubated at 22 °C
for 16 hours before addition of G418 (10 pug / ml) or blasticidin (10 pg / ml). Antibiotic

selection usually required about three days until resistant clones became visibly discernible.

2.3.10 Clonal isolation of Dictyostelium from a bacterial lawn

OP50 bacteria were grown to stationary phase (OD ~ 4 — 8) at 37 °C in LB. 1 ml of bacterial
culture was centrifuged at 10’000 x g for 5 minutes, supernatant was discarded and the
bacterial pellet was resuspended in 500 pl HL5 + G418 (50 pg / ml). The bacterial suspension
was inoculated with 200 transfected D.discoideum cells and 250 pl of the D.discoideum /
bacteria mix were spread on a plate with BSS agar (1.5 %). After 2 — 3 days plaques appeared
where D.discoideum had cleared an area of bacteria. Single plaques were picked by punching
out a little cylinder of agar with a 1 ml pipette tip of which 2 mm were cut off to make tha
opening slightly larger. The agar pieces were transferred to a 12-well plate filled with HL-5 +
G418 (10 pg / ml) and penicillin/streptomycin to prevent bacterial growth. Isolates were
screened for extrachromosomal protein expression by western blot and immunofluorescence

microscopy.
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2.3.11 Generation of coronin A KO vector

2.3.11.1General considerations

The coronin A deletion mutant was generated from the DH1-10 parental strain via
homologous recombination [240-242]. The genome of D.discoideum is extremely A+T-rich.
The two bases make up 77.57 % of all nucleotides in total and they are even more enriched in
non-coding DNA stretches (85 %) [234]. This means that regions up- and downstream of
open reading frames often display a high degree of homology, and in order to get targeted
gene disruption one should therefore use portions of the coding region of the gene to be
disrupted, rather than flanking regions, which carry a much greater risk of causing unspecific
integration [243-245]. We used intragenic regions of coronin A flanking a blasticidin
resistance cassette to generate a coronin A deletion mutant in DH1-10 (Figure 11).
Commonly used selection markers for use in D.discoideum are limited to hygromicin [246],
G418 (neomycin, geneticin) [247], phleomycin [248], and blasticidin [249].

Previous coronin A deletion mutants generated in the AX2 background had been made using
a construct containing a G418 resistance cassette [171]. There is a correlation between degree
of resistance towards G418 and the number of copies of the resistance cassette present in the
cell. Basically, G418 favors clones with multiple copies of the resistance cassette [250, 251].
Resistance to blasticidin, however, does not increase with the number of resistance cassette
copies present in the cell, and hence this system is much more likely to result in single copy
insertion mutants [249, 252-254]. Furthermore, employment of the blasticidin resistance
cassette for generation of the coronin A deletion mutant, allows subsequent use of an
extrachromosomal expression system linked to G418 resistance, which is more suitable for

overexpression experiments for reasons discussed above.
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2.3.11.2 Amplification of coronin A fragments

Two portions of the coronin A coding sequence, for use as left and right arms to flank the
blasticidin resistance cassette, were amplified from DH1-10 genomic DNA via PCR (Figure
11) using the polymerase Easy A (Promega) that combines proof-reading activity with
adenosine-overhang addition. The primers were designed to add Sacl and BamHI sites to the
5’ fragment and a BamHI site to the 3° fragment of coronin A. The 5° fragment had a length
of 486 bp and the 3’ fragment had a length of 358 bp leaving 498 bp of the cor4 gene
unamplified. The resulting fragments were analyzed by gel electrophoresis and purified using

a gel extraction kit (Qiagen) according to the manufacturers protocol.

1 PCR Reaction a 50 ul : PCR program:
- 2 ul Fw primer P1 or P2 (10 uM) 1. 94°C 2 minutes
- 2 ul Rev primer P3 or P4 (10 uM) 2. 94°C 30 seconds
- 0.5 pl Easy-A polymerase (5U/ul) 3. 57°C 1 minute
- 0.5 pl genomic DNA (1:10 dilution) 4. 72°C 1 minute
- 0.5 ul MgCl, (100 mM) 32 cycles of steps 2. — 4.
-1 ul dNTPs 10 mM 5. 72°C 8 minutes
- 5 ul Easy-A PCR buffer (10x) 6. 4°C pause

-39 ].11 HzO
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5’ portion of Cor Aj 3’ portion of Cor A

S’ﬂ nt 197 - 693 ) nt797-1155 ) ] 3

Coronin A
(1338 nt)

Figure 11: Coronin A open reading frame
The D.discoideum coronin A gene contains no introns. The sequence stretches highlighted in blue and orange

were used as flanking sequences in a construct generated to disrupt coronin A via homologous recombination.

2.3.11.3 Compilation of the coronin A knock-out construct
The purified coronin A fragments were ligated separately via T/A-cloning into the cloning

vector T-easy (Promega) according to the manufacturers protocol and expanded in DHS5a

E.coli.

b

pGEM™-T Easy
Vector
(3015bp)

[ =3
NOWWw~

Figure 12: T-easy vector map

Coronin A fragments were inserted into T-easy by ligation of the A-overhangs added by the Taq polymerase
during PCR elongation to the T-overhangs of the T-easy vector. The highlighted Sall restriction site was later
used for releasing the 3° corA fragment. T7 primer sites were used for sequencing of the inserts.

The plasmids were isolated as described. The 5° CorA fragment was released using the

restriction enzymes Sacl and BamHI. Both restriction sites had been added by the primers
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during PCR amplification, hence orientation of the insert did not matter. The 3* CorA
fragment was released using BamHI and Sall. Beause for this fragment only BamHI had been
added by the PCR reaction, whereas the Sall restriction site was present in the multiple
cloning site of T-easy, the orientation of the insert was important and clones were screened
for correct release of the fragment. The two corA fragments were analyzed by gel
electrophoresis, purified from the gel, and then sequentially ligated into the multiple cloning

site of a pUC19 vector [255, 256].

pUCI9 MCS

Sacl Smal Abal Sbfl
ECTRT Kpnl BamH I Sall Pstl Sphl HIndIII
AgtgAATTCGAG CTCGETACTTRGGGAT COTCTRYAG TCRACCTGCAGGCATGCAAGC TTGGCgtaateat

400 410 420 430 440 450 460

.S NS S PV RPDELTSRCCAHLS P TIH

Sall

¥ Cora CorA-pUC19

5’ CorA

Sacl

Figure 13: pUC19 multiple cloning site and CorA-pUC19 vector map after ligation of coronin A fragments
Left: The multiple cloning site (MCS) of pUC19. Restriction sites used for insertion of coronin A fragments are
indicated by the red arrows. There are M 13 primer binding sites up- and downstream of the MCS, which were
used for sequencing of the inserts. Right: First the 5’ corA fragment was inserted into pUC19 via Sacl and
BamHI. The resulting vector was expanded, isolated, and analyzed, then the 3’ corA fragment was inserted via
BamHI and Sall

In a final step an antibiotic selection unit had to be inserted in between the two coronin A
fragments. The blasticidin resistance cassette (Bsr) used for this purpose was taken from the
vector pBsr503, a kind gift from the lab of Professor Pierre Cosson at the University of
Geneva [251]. The Bsr sequence was cut at the symmetrical BamHI sites flanking it, and

isolated by gel electrophoresis and gel extraction. However, numerous ligation attempts with
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the corA-pUC19 vector failed to yield any positive clones. The Bsr Cassette is flanked by
A/T-rich inverted repeats, and it was reasoned, that they might be distorted or even denatured
by the chaotropic buffers present in commercially available gel extraction kits (Qiagen) as
reported by Prevorov et al. [236]. To circumvent this potential problem the
“freeze’n’squeeze” method (see 2.3.5) was adopted to isolate the Bsr fragment from the
agarose gel. This change in procedure resulted in successful ligation of the Bsr cassette in

between the two coronin A fragments.

378..395 M13-fwd
402 Sacl

|Ba
Remny ""’é‘g{ 408..850 5'portion corA|
I A
g}:gﬁg feokv AmpR 4397..3738 %
%ﬁﬁ‘
ol
Sacl ggg{
gﬁérrr Hmélll '

pUC19BsRCorA (4795 nt)
BQlII_

PBsRS03

o \ o

y 1551 Sacl

Pot 70
Pstl  [ColE1 origin 3586..2958 W ot
npt (KR ) :
AceT M13-rev_2590...2570 S
Sall 2538 2144..2507 3' portion corA

Figure 14: Vector maps of pBsr 503 and the final coronin A KO vector
Top: The pBsr503 vector used as a source for the blasticidin resistance cassette [251]. Bottom: Bsr was cut out
with BamHI and inserted in between the two coronin A fragments on pUC19 to form the final knock-out vector.

2.3.12 Generation of His-tagged coronin A

First, the full gene for coronin A was amplified from DH1-10 genomic DNA (see 2.3.3 and
2.3.11.2) with primers P5 and P6 that would add Hpal restriction sites on both ends of the
gene. For details see the primer list 2.1.4. Apart from lowering the annealing temperature to
55 °C, the PCR reaction was performed exactly as detailed in section 2.3.11.2. The resulting
fragment was ligated into the cloning vector T-easy (Promega) according to the
manufacturer’s protocol. The vector for production of His-tagged coronin A was then

generated by removing the GFP sequence from the vector pTX-GFP acquired from
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dictybase.org with EcoRV and inserting the full length Hpal restricted coronin A sequence in

its place via blunt end ligation.

2.3.13 Generation of a coronin A expression vector for complementation of

the deletion mutant

Coronin A was amplified by PCR using genomic DNA isolated from DH 1-10 Dictyostelium
discoideum (see 2.3.3 and 2.3.11.2) with the polymerase Easy A (Promega). Primers P7 and
P8 were designed to amplify the full gene and to add BamHI restriction sites to either end of
the coronin A ORF. For details see the primer list 2.1.4.

The resulting product was ligated into T-easy cloning vector (Promega, Figure 12) via T-A
cloning. As expression vector we used pBIG acquired from dictybase.org [257]. The coronin
A insert and the pBIG vector were both restricted with BamHI and ligated. A Dictyostelium
actinl5 promoter synthesized by GenScript with the addition of Xbal restriction sites to either
end of the product was added just upstream of the coronin A sequence. The promoter
sequence used as a template was taken from the pTX-GFP vector sequence available on
dictybase.org [258]. GenScript placed the synthesized promoter sequence into a pUC57 vector
for easy restriction release. The promoter sequence and the pBIGCorA vector were both

restricted using Xbal and then ligated with T4 DNA ligase.

2.3.14 Generation of an expression vector for production of myosin heavy

chain-coronin A fusion protein

For use as a positive control in the actin co-purification experiments we generated a vector
that would express coronin A fused to a 6x His-tagged portion of myosin heavy chain capable

of binding actin. PDIC2, the vector containing the myosin heavy chain fragment, was a kind
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gift from Thomas Reubold of the Institute for Biophysical Chemistry at Hannover Medical
School [259, 260]. The coronin A gene was excised from the T-easy cloning vector described
earlier using the restriction enzyme Hpal to create blunt ends (see 2.3.12). The vector pDIC2
was linearized with the blunt-cutting restriction enzyme EcolCRI and coronin A was ligated
via blunt-end ligation. Correct insertion was tested by restriction analysis with Avall, which

cuts at nucleotide 1222 within the coronin A gene and at 6 sites within the vector pDIC2.

GHis 10470..10487
GST 9793..10446
TEV site 9772..9792

[1577..786 KanineoR|

[Coronin A 8404...9747|

2294..2274 M13-rev

[2322...2300 LacO|

2356..2327 lac

TEV site 8380...8400

pDICZ2_TEWV_Corfoxdna - 10502 nt

_|_

[Myosin Heavy chain 6049..8379]

[4101...3442 AmpR|

GHis 6031..6048

Figure 15: Myosin heavy chain-coronin A expression vector

2.3.15Generation of FLAG::CorA expression vector

For production of FLAG-tagged coronin A we generated a FLAG::CorA expression vector.
We first amplified the full length cor4 gene from DH1-10 genomic DNA by PCR, using

primers P9 and P10 that would add a thrombin cleavage site to the 5° end and BamHI
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restriction sites to either end of the PCR product. The thrombin cleavage site sequence was

optimized for Dictyostelium codon usage according to Sharp and Devine, 1989 [261].
Adapted DNA-sequence for thrombin cleavage site: TTA GTT CCA AGA GGT TCA

The PCR product was first subcloned into pCR-BluntII-TOPO vector (Invitrogen) according
to the manufacturers protocol, and sequenced to make sure the sequence was correct and
without gaps or mutations. Then, the cor4 sequence was digested with BamHI and inserted
into the vector pTX-FLAG acquired from dictybase.org. The resulting vector now carried a
FLAG-tag 10 amino acids upstream of the inserted Thrombin cleavage site and coronin A.

The expression of the fusion protein is driven by a Dictyostelium-actin 15 promoter.

2.3.16 DNA sequencing

To certify the identity and correctness of the sequences used, plasmids were sent to the

company Microsynth for Sanger sequencing.

2.4 Microscopy

2.4.1 Assessing aggregation by video microscopy
To examine cell aggregation, log-phase growing cells were washed, resuspended in BSS,
placed at 5, 10, 20 or 40 x10* cells / cm” in a 24 well plate (Multiwell, Falcon), and allowed to
adhere for lhour. Aggregation was visualized in movies by taking pictures every 135 seconds
for 24 hours with a Zeiss CellObserver microscope (Carl Zeiss) equipped with a 5X objective

and an EMCCD camera (Evolve) automated by AxioVision software.
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2.4.2 Analysis of Cytokinesis efficiency by fluorescence microscopy

Cytokinesis efficiency of adherent cells was determined by fluorescence microscopy. Cells
grown in suspension were seeded onto 8-well Teflon slides at a density of 10’000 cells / well
for analysis after 5 hours and 1°000 cells / well for analysis after 2 days of growth on
substrate. The cells were washed in Bonner’s salt solution and fixed with PBS + 4 %
paraformaldehyde for 20 minutes. The fixed cells were quenched with PBS + glycine (5 mM)
for 5 minutes, washed with BSS, and permeablized with PBS + 0.1 % Triton X100 for 15
minutes. The actin cytoskeleton of the permeabilized cells was then stained with phalloidin
dissolved in blocking buffer for 30 minutes. After 3 washes with PBS the cells were mounted
with Prolong Gold anti fade with DAPI (Invitrogen) to prevent bleaching and to stain the
DNA, then the slides were sealed with a cover slip and nail polish. Cytokinesis efficiency was
determined by counting nuclei / cell in at least 150 cells per condition. All images were

acquired with a Zeiss Axioplan 2 fluorescence microscope.

2.4.3 Assessing coronin A expression by fluorescence microscopy

The expression of coronin A and FLAGCorA was analyzed by immunofluorescence
microscopy. Cells were seeded onto 8-well Teflon slides at a density of 10’000 cells/well. The
cells were washed in Bonner’s salt solution (10 mM NaCl, 10 mM KCl, 2.5 mM CaCl,) and
fixed with ice cold methanol. The fixed cells were subsequently blocked in blocking solution
(PBS pH7.4, 1% BSA, 2% FCS) for 20 minutes. The primary antibody used, anti-coronin A,
was raised against a c-terminal portion of coronin A in rabbits in collaboration with
Eurogentec. It was applied at a dilution of 1:2°000 in blocking solution for 1 hour. In between
incubations, the slides were washed three times 5 minutes with blocking solution. The
secondary antibody, anti-rabbit Alexa Fluor 568, was purchased from Invitrogen and used at a

dilution of 1:1°000 in blocking solution for 1h. Finally, the slides were washed again twice
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with blocking solution and twice with PBS, and then Prolong Gold anti fade with DAPI was
applied (Invitrogen) to prevent bleaching and to stain the nuclei. The slides were sealed with a
cover slip and nail polish. All images were acquired with a Zeiss Axioplan 2 fluorescence
microscope at an exposure time of 600 ms for the red channel and 20 ms for the blue channel

with 20x or 40x objectives.

2.4.4 Transmission electron microscopy (TEM)

Samples of coronin A protein were processed and images were acquired with the kind help of
Vesna Olivieri of the Zentrum fiir Mikroskopie Basel (ZMB). The protein sample was diluted
to 5 ng/ul in TBS. Five pl of the diluted protein sample were placed on a glow discharged
TEM specimen grid and left to adsorb for 1 minute. Excess liquid was gently removed by
dabbing with a filter paper. The sample was washed twice with disilled water and then
negatively stained with two drops of a 2% uranyl acetate solution applied for 1 second and 10
seconds respectively. Again, residual staining liquid was removed by gently dabbing with a
filter paper. The samples were visualized using a FEI Morgan 268D transmission electron

microscope (Phillips).

2.4.5 Cell size determination with light microscopy and imageJ

Cells grown in suspension culture were seeded in a 12-well plastic plate (Nunc) at 50’000
cells / well for analysis after 3 hours or 5’000 cells / well for analysis after 2 days growth on
substrate. Bright field images were acquired with a Zeiss CellObserver microscope (Carl
Zeiss) equipped with a 10x objective using the DICII filter. Outlines were determined with
Imagel] by first applying the “Enhance contrast” function and then the “Find Edges” function
to the images. These processed images were subsequently converted to binary images. The

binary images were inspected and the automatically detected outlines were corrected by
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manual separation of fused cell outlines and manual completion of unclosed outlines using the
original bright field image as a reference. The resulting cell outlines were filled with the “Fill
holes” function and dimensions of the cell outlines were calculated using the “Analyze

particles” function under exclusion of cells at edges of the image.

2.4.6 Cell speed determination during random migration by video

microscopy and imageJ analysis

Cells were taken from suspension culture and washed in BSS twice. Cell pellets were
resuspended in BSS at a density of 100°000 cells / ml, 50’000 cells / ml, and 25’000 cells /
ml. 10 pl spots of all dilutions were applied to small tissue culture treated petri dishes (@ = 60
mm, Falcon BD) and left to adhere for 15 minutes. After addition of 3 ml BSS, and an
additional waiting period of 15 minutes movies were acquired by taking images every 20
seconds for 1 hour with a Zeiss CellObserver microscope (Carl Zeiss) equipped with a 10x
objective using the DICII filter. Cell speeds were determined using the manual tracking

“MTrack]J” plugin for Imagel.

2.4.7 Chemotaxis towards cAMP and Folic acid analyzed by video

microscopy and image J

To evaluate the chemotaxis behaviour of cells in response to cAMP, a micropipette assay of
cAMP-induced Dictyostelium chemotaxis was performed as described [129]. Starved (cAMP
pulsed or unpulsed) cells were resuspended in SBB and 10 pl drops were dispensed onto a
small petri dish (@ = 60 mm, Falcon BD) at varying densities from 1 x 10* cells / cm? to 1 x
10° cells / cm®. The cells were left to settle for 15 minutes and overlayed with SBB. A

chemoattractant gradient was generated with a microinjector (Transjector 5246) attached to a
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micropipette (Femtotips II, Eppendorf) filled withl uM cAMP at a pressure of 20hPa.
Chemotactic migration was continuously recorded at intervals of 20 seconds with a 10X

objective and AxioVision software (Carl Zeiss).

For the folic acid chemotaxis experiment, cells were cultured in the presence of E. coli
bacteria in DB buffer (5 mM Na,HPO,, 5 mM KH,PO4, 2 mM MgCl,, 0,2 mM CaCl,) for 40h
before washing and resuspension in DB. Cells were then seeded in a 35 mm petri dish at a
density of 1x104 cells / cm2 and a chemoattractant gradient was generated as described above

with a 250 uM folic acid solution.

Cell speeds and chemotactic indices were assessed using the manual tracking “MTrack]J”

plugin for ImagelJ. For calculation of cell speed, total distance travelled was divided by the
total time taken. To calculate the chemotactic index, distance travelled along a straight line
drawn from the cells starting point to the chemoattractant source was divided by the actual

length of the travelled path.

2.4.8 Development on agar and image acquisition with stereo microscope

For the development assay on agar, vegetative cells were harvested, washed twice in BSS, pH
6.5 and settled on non-nutrient agarose (1.5% agarose in BSS). Mixed cell suspensions were
settled on non-nutrient agarose at a density of 5x10* cells/cm? at 22°C and allowed to start
streaming before taking pictures. Images were acquired with a Zeiss stereo microscope (Stemi

SV-11).
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2.5 Biophysical methods

2.5.1 Circular dichroism (CD)

The Chirascan circular dichroism (CD) spectrometer was prepared by flooding the internal
components with N, for 1 hour to remove all oxygen. Oxygen would react with low
wavelength UV — light to form ozone, which in turn would damage the sensitive optical
components inside the CD spectrometer [262].

A 10- 15 puM solution of FLAGCorA in sodium phosphate and sodium fluoride buffer was
scanned from 185 nm to 260 nm in 1 nm steps allowing 9 seconds acquisition time per step.
Sodium fluoride was used as a substitute for NaCl and sodium phosphate was used as a
substitute for Tris-Cl, because the presence of Cl” anions would disturb measurements in the
low UV range (below 200 nm) [263, 264]. The resulting profile was then interpreted using
DichroWeb, a web-based CD analysis program. Subsequently the protein sample was
subjected to a temperature increase starting from 10 °C and going up to 80 °C. Circular

dichroism was measured at 207 nm and 222 nm every 0.5 °C.

2.5.2 Multiangle light scattering (MALS)

MALS measurements were conducted under the guidance of Dr. Timothy Sharpe, head of the
biophysics facility of the Biozentrum Basel.

For MALS measurements we used a Wyatt 4.6x300 mm, 5 pm bead, 300 angstrom pore,
silica SEC column coupled to an Agilent 1100 series HPLC system. As running buffer the
same buffer used for storage of the protein to be investigated was used. The flow rate was
adjusted to 0.4 ml / min and the column was equilibrated for three hours to obtain stable

baseline signals from the detectors before data collection. The sample was introduced using a
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20 ul PEEK injection loop connected to a manual Rheodyne low-volume injection valve. Data

acquisition was started 1 minute before manual operation of the injection valve.

The detectors used were a Wyatt miniDawn TriStar multi-angle light scattering detector and a
Wyatt Optilab rRex refractive index detector. The inter-detector delay volumes and band
broadening, the light-scattering detector normalisation, and the instrumental calibration
coefficient were calibrated using a standard 2 mg / ml BSA solution (Thermo Pierce) run in
the same buffer, on the same day, according to standard Wyatt protocols. The absolute

refractive index of the buffer was measured using the refractive index detector.

The data was collected and processed using the Wyatt Astra 5 software. The molar mass was
calculated from a global fit of the light scattering signals from three detectors at different
angles, and the dRI (delta refractive index) signal, using algorithms in the Astra software

[265].

2.6 Biochemical procedures

2.6.1 Western Blotting

Protein samples were mixed with Laemmli buffer (5x) and boiled at 96 °C for 5 minutes.
Proteins were separated on 10 % acrylamide gels at 150 V for 90 minutes and transferred to
nitrocellulose membrane with semi-dry (150 mA / membrane for 1 hour, BioRad) or wet
transfer systems (30 V for 3 hours, BioRad) depending on the size of proteins to be viewed
[229, 266]. Antibodies most commonly used for blotting were rabbit anti-CorA,, an antibody
specific for a c-terminal region of coronin A generated in collaboration with Eurogentec, and
mouse anti-actin clone C4 purchased from Millipore. For a more extensive list of antibodies

and their dilutions see the antibodies list at the beginning of this chapter. The antibodies were
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diluted in 5 % milk PBS-Tween20 at 1:15°000 for anti-CorA;, and 1:5°000 for anti-actin.
After blocking for at least 2 hours at room temperature, the membrane was soaked in this
primary antibody solution either at RT for 2 hours or overnight at 4 °C. Secondary antibodies
were horseradish peroxidase (HRP)-coupled anti-rabbit or anti-mouse antibodies purchased
from Southern Biotech. They were used at dilutions of 1:20°000 or 1:10°000 respectively.
Membranes were soaked in secondary antibody solution for 1 hour and then washed in 5 %
milk + PBS-Tween20, PBS-Tween20 and PBS consecutively. We used SuperSignal
PicoWesT chemiluminescence substrate (Thermo) as a substrate for HRP. Films were

developed using a Fujifilm FPM 800 A developer [267].

2.6.2 Purification of yeast coronin 1

An overnight culture of Y36032 GST-Crnl yeast was diluted in synthetic dropout complete-
LEU medium to an ODggo of 0.2. The cells were grown to an ODggp of 0.8 — 1 in 31
Erlenmayer flasks on a shaking platform. The cells were harvested at 5000 x g for 5 minutes
at 4 °C and washed with ddH,O. Pellets from a volume of 100 ml original culture were
collected in 2 ml Sarstedt screw cap tubes. Each pellet was resuspended in 500 pl yeast lysis
buffer and mixed with 500 pl glass beads. The yeast cells were disrupted in a bead vortexer
for 2 x 30 seconds at a speed of 6.5. In between vortexing steps, the lysate was placed on ice
for 5 minutes. The supernatant was removed and the remaining material was extracted a
second time with 500 ul yeast lysis buffer. The lysates were combined and centrifuged at
17°000 —20°000 x g for 1 minute at 4 °C. The supernatant was loaded onto a GSTrap (GE
Life Sciences) column at a flow rate of 0.2 ml / min. The column was washed with 15 column
volumes yeast wash buffer, the bound material was eluted with yeast elution buffer and 1 ml
fractions were collected. The presence of protein was monitored by measuring absorbance at

OD2yg0 and by staining drops of lysate dried on nitrocellulose membrane (Thermo) with
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Ponceau red. Protein containing fractions were combined and incubated in the presence of
thrombin for four hours at 4 °C on a rotator to cleave off the GST-tag (1 unit per 100 pg of
protein). To remove thrombin 100 pul of bezamidine beads (50 % slurry) was added and the
mixture was left to rotate at 4 °C for another 30 minutes. The benzamidine beads were spun
down at 4000 x g for 5 minutes at 4 °C, and the supernatant was passed through a 0.2 pm pore
size filter (Millipore). The cleared protein solution was transferred to a dialysis bag
(Spectrapor, 10 kDa cutoff) and dialyzed against KMEI buffer overnight at 4 °C. The dialyzed
solution was passed over the GSTrap column again at a flow rate of 0.2 ml / min to remove
the GST-tag and the flow through, containing Crn1, was collected. The Crnl was

concentrated in an Amicon MWCO 50 kDa device (Millipore) [185].

2.6.3 Small-scale and large-scale purification of FLAG-coronin A

FLAGCorA was purified using M2-anti-FLAG resin (Sigma) [268]. For a small scale trial
purification 1x10® FLAGCorA expressing cells were harvested in exponential growth phase
and washed twice with Bonner’s Salt solution. The cells were then lysed in 5 ml lysis buffer
adapted from Gatfield et al. [164] (50 mM Tris-Cl pH7.5, 150 mM NacCl, 5 mM KCI, 1 mM
EDTA, 0.5 % Triton X100, complete protease inhibitor mix from Roche ) on ice for 20
minutes. The lysate was centrifuged at 1000 g for 5 minutes to remove large debris, filtered
through a 0.45 um filter (Sartorius), and then loaded onto 250 pl of a pre-equilibrated M2-
anti-FLAG resin bed using a microAKTA at a flow rate of 0.4 ml/min at 4 °C. The resin was
washed with 40 column volumes of TBS Wash buffer (50 mM Tris-CI pH7.5, 150 mM NacCl,
5 mM KClI) at a flow rate of 0.4 ml/min. Bound proteins were eluted with 3x FLAG peptide
(Sigma) in 2 ml TBS at a concentration of 50 pg/ml and 0.4 ml fractions were collected. The
fractions were analysed for presence of proteins by spotting 3 pul on a nitrocellulose membrane

and staining with Ponceau red. Protein-containing fractions were pooled and transferred to a
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dialysis bag with a 10kDa cutoff (Spectrapor). After addition of 3 units Thrombin the dialysis
bag was left in 11 TBS at 4 °C and gently stirred overnight to remove excess 3x FLAG peptide
and FLAG peptides cleaved off by thrombin activity. Thrombin was removed by incubating
the sample with 50 pl of a 1:1 benzamidine resin suspension for 1 hour while rotating at 4 °C.
Benzamidine resin was removed by centrifugation at 1000 g for 10 minutes and filtration of
the supernatant through a 0.45 um filter. Subsequently the protein preparation was

concentrated using an Amicon concentration unit with a 4 kDa cutoff.

To prepare FLAG-coronin A for circular dichroism measurements, multiangle light scattering
measurements and in vitro actin binding assays we scaled-up and modified the purification
procedure as follows. We used 6 ml M2-anti-FLAG resin (1:1) distributed into 4 columns
(BioRad). 2x10° FLAGCorA cells were harvested and washed twice with Bonner’s salt
solution. Cells were lysed in 50 ml lysis buffer (20 mM Tris-Cl pH 8, 150 mM NaCl, 5 mM
KCl, 1 mM EDTA, 0.5 % Triton X100, complete protease inhibitor mix from Roche) on ice
for 30 minutes. The lysate was centrifuged at 1000 g for 10 minutes to remove large debris,
filtered through a 0.45 pm filter (Sartorius), and then loaded in parallel onto the four anti-
FLAG columns, containing 750 pul FLAG-resin each, by gravity flow. After washing each
column with 15 column volumes of TBS wash buffer (15 ml) the bound proteins were eluted
using 3x FLAG peptide in 3 ml TBS at a concentration of 40 pg/ml. As soon as the FLAG
peptide solution had completely entered the resin bed, the columns were topped up with 5 ml
TBS to keep the flow going. The eluate was collected in five fractions a 1.2 ml and analyzed
using Ponceau red on nitrocellulose membrane for protein presence. Protein-containing
fractions were pooled and concentrated to 2 ml using Amicon concentration units with a
cutoff of 4 kDa, typically resulting in a protein concentration of 0.3 pg/ml. One ml of the
concentrated protein preparation was passed through a gel filtration column (Superdex 200

10/300, Amersham) at a flow rate of 0.4 ml / min to remove remaining contaminants, excess
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3x FLAG-peptide, and to exchange the buffer. During this step the TBS buffer was exchanged
with a Sodium Phosphate buffer (20 mM Sodium Phosphate pH 8, 150 mM NaF) to allow
subsequent circular dichroism analysis. 0.5 ml Fractions were collected and protein-
containing fractions were pooled and concentrated to 500 — 700 pl, typically resulting in a

protein concentration of 0.2 — 0.3 pg/ml.

2.6.4 Co-purification of FLAG-coronin A with actin

For the FLAG-coronin A / actin co-purification experiments we used the small scale
purification procedure described above with a slightly modified buffer (20 mM Tris-Cl pHS,
150 mM NaCl, 5 mM KCIl, ImM EDTA, 0.5 % Triton X100, protease inhibitor mix from
Roche). Additionally, to retain F-actin and bound proteins the lysate was not cleared by
filtration, but was homogenized using a glass Tenbroeck tissue homogenizer and cleared from
remaining large debris by centrifugation at 1000 x g for 5 minutes. The lysate was then loaded
onto the M2-anti-FLAG resin and fractionated as described in section 2.6.3. The collected

fractions were analyzed by SDS-PAGE and immunoblotting.

2.6.5 Co-purification of His-CorA and His-Myosin-CorA with actin

As a positive control for actin binding and co-purification we used coronin A fused to a his-
tagged myosin heavy chain fragment. The vector used for generation of this fusion protein,
pDIC2, was a kind gift of Thomas Reubold from the MH Hannover. We also cloned coronin
A into a pTX vector (dictybase.org) for generation of a histidine-tagged version of coronin A
to exclude the possibility that the FLAG-tag interferes with binding of coronin A to actin. The
purification procedure was performed as described in section 2.6.4 with the following

alterations: Cells were lysed in 5 ml imidazole lysis buffer (50 mM Tris-Cl pH 7.5, 20 mM
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Imidazole, 2 mM Benzamidine, 1 mM EDTA, 0.5 % Triton X 100, protease inhibitor mix) on
ice for 20 minutes [259, 260]. The lysate was loaded onto a 300 ul bed of Ni-NTA resin
(Qiagen). The loaded column was washed with 40 column volumes of imidazole washing
buffer (50 mM Tris-CI pH 7.5, 40 mM Imidazole, | mM EDTA, 2 mM Benzamidine), and
bound proteins were eluted with imidazole elution buffer (washing buffer + 260 mM

imidazole). Collected fractions were then analyzed by SDS-PAGE and immunoblotting.

2.6.6 Coronin A / actin co-precipitation from total cell lysates

DH1-10 wild type cells were harvested (4x10° cells/sample), washed and resuspended in 0.5
ml starvation buffer B. The cells were then exposed to either 9 uM Jasplakinolide for 1 hour
to induce actin polymerization, 10 pM Latrunculin A for 30 minutes to induce actin
depolymerization, or buffer alone as a control and placed on a shaking platform at 22 °C. The
cells were pelleted and washed twice with PBS pH 7.4, and then lysed with 200 pl F-actin
stabilization buffer (50 mM PIPES pH 7, 50 mM NaCl, 5 mM MgCl,, 5 mM EGTA, 5 %
glycerol, 0.1 % Triton X-100, 0.1 % Tween 20, 0.1 % NonidetP-40, 0.1 % -
Mercaptoethanol, 1 mM ATP, protease inhibitor mix) on ice for 15 minutes [216]. The lysates
were pre-cleared by centrifugation at 600 x g for 5 minutes and the supernatant was subjected
to ultracentrifugation at 150’000 x g for 30 minutes at 4 °C to sediment F-actin. The
supernatant was removed and the remaining pellet was resupsended in 100 pl ice cold,
distilled water containing 10 uM Cytochalasin D for 30 minutes on ice and occasionally
agitated gently by pipetting up and down. The resuspended pellet fraction was then mixed
with 100 ul 2x F-actin stabilization buffer to adjust the volume to the previously removed
supernatant fraction. The samples were separated by SDS-PAGE and blotted as described

previously.
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2.6.7 Actin preparation from rabbit muscle acetone powder

We isolated G-actin from rabbit muscle acetone powder for use in a coronin / actin co-
pelleting assay (Innovative research, IR41995). We mixed 5g acetone powder with 200 ml
buffer G (2 mM imidazole, 0.2 mM ATP, 0.5 mM DTT, 0.2 mM MgCl,, pH 7.2 — 7.4) and
stirred on ice for 30 minutes. The mixture was centrifuged for 30 minutes at 25’000 x g and
the supernatant was filtered. This extraction step in buffer G was repeated with a second
portion of acetone powder. The supernatant was pooled and supplemented with KCI to a final
concentration of 50 mM and MgCl, to a final concentration of 2 mM and stirred at 4 °C for 30
minutes. After stirring we slowly added ground KCI powder (5.6 g/ 100 ml) and stirred
another hour at 4 °C. The acetone powder solution was centrifuged for 2 hours at 100’000 x g
and the resulting pellets were resuspended in buffer A (2.5 mM Imidazole, 0.2 mM ATP, 0.2
mM CacCl,, 0.005 % NaNs, 0.1 mM DTT, pH 7.2 — 7.4) using 18G and 23G syringe needles.
The dissolved pellets were dialyed for 3 days against daily changed buffer A. The dialyzed

material was then centrifuged at 200’000 x g for 2 hours.

2.6.8 Co-precipitation of dictyostelium coronin A and yeast coronin 1 with

actin in vitro

A stock of freshly purified G-actin was diluted to 4 uM into Buffer A. 10x KMEI actin
polymerization buffer was added to make 1x (KMEI; 20 mM Imidazole, 50 mM KCI, 1 mM
EGTA, 1 mM MgCl,, pH7.5) and the actin was left to polymerize at RT for 1 hour. 30 pl of
F-actin or G-actin were mixed with 10 pl Dictyostelium-FLAGCorA, purified as described
above, or 10 pl yeast-coronin 1, purified as described in section 2.6.2, to a final volume of 40
pl and a final concentration of 500 nM. The mixture was incubated for 30 minutes at RT
shaking. The samples were then subjected to ultrancentrifugation at 150’000 x g for 30

minutes at 4 °C. After removal of the supernatant the pellets were resuspended in 40 pl
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distilled water with 10 uM cytochalasin D and left to stand for 20 minutes at RT. The samples

were separated by SDS-PAGE and western blot was performed as described above.

2.7 Phagocytosis assay using Fluorescence-activated

cell sorting (FACS)

Exponential growth phase D.discoideum cells were taken from suspension culture,
centrifuged at 400 x g for 3 minutes, and resuspended to a concentration of 1.5 x 10° cells / ml
in ice cold HL-5 medium. 1 ml aliquots of the cold cell suspension were distributed into ten
1.5 ml Eppendorf tubes on ice. Cytochalasin A was added to three tubes to a final
concentration of 5 pg / ml and, together with four tubes containing untreated cells, they were
placed horizontally on a shaker at 23 °C and 150 rpm for 30 minutes preincubation. The three
remaining tubes were placed horizontally on a shaker in the cold room at 4 °C and 150 rpm.
After 30 minutes, green fluorescent latex beads (@ =1 um, 3 um, or 6 um; Sigma) were
added to 9 tubes (3 tubes untreated + 3 tubes Cytochalasin A treated + 3 tubes at 4 °C) to a
final concentration of 7.5 x 10° beads / ml, or, in other words, a ratio of 5:1 beads per cell.
The bead/cell-mixture was shaken for 1 hour at room temperature or 4 ° C. One tube of
untreated cells shaken at room temperature was kept without beads as a control. In
preparation, beads and cells were analyzed separately with a FACScalibur machine, to
determine the fluorescence intensity and the forward and side scattering of each particle
alone. The samples were then analyzed by FACS at medium flow rate and 10’000 events were
acquired within a gate corresponding to the D.discoideum cells, according to their forward
and side scattering profile as determined in advance. Bead associated cell populations were

identified as events combining the forward scattering properties displayed by cells cells and
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fluorescence intensity properties displayed by beads. The rate of phagocytosis was estimated

by dividing the number of bead associated cells by the total number of cells recorded.

2.8 xCELLigence impedance measurements of

developing D.discoideum

The xCELLigence system was operated according to the instructions of the supplier (Roche
Applied Science), using E-plates 96 as disposable devices for performing cell-based assays.
The E-plate incorporates gold cell sensor arrays in the bottom and the electronic impedance of
sensor electrodes is measured to allow detection of physiological and morphological changes
of the cells on the electrodes [269]. The data are expressed in Cell Index (CI) units . One E-
plate 96 has two rows of 8 wells of same size as a standard 96-well plate. Dictyostelium cells
were taken from exponential culture, washed twice in Bonner’s salt solution (BSS), and
seeded at a density of 75’000 cells / well in BSS in a volume of 40 pl. To prevent drying up of
the cells, reservoirs surrounding the wells were filled with BSS as well. To visualize
physiological and morphological changes taking place during early development, impedance

was recorded every 30 s for 24 h.

2.9 Real-time PCR

For the total RNA isolation, developing cells were lysed using 1ml ice-cold Qiazol Lysis
Reagent (Qiagen, Cat# 79306) for 1x107 cells at 0/4/8/12h after the initiation of the
development in BSS. Upon lysis of the cells, lysates were stored at -80°C. 700ml lysate was
further thawed at RT and 700ul ethanol was added. Tubes were homogenized by shaking, and

spin. The supernatant was loaded on a Zymo-Spin IIC column and further steps were realized
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according to the protocol provided by the Direct-zol RNA MiniPrep Kit (Zymo Research,
Cat# R2050) including DNase Treatment. Elution was performed using 50ul RNase-free
water (Ambion, Cat# AM9937). 700ng total RNA were denaturated for 8min at 70°C
followed by ice incubation in the presence of 140 ng Random Decamers (Ambion, Cat#
AMS5722G) and 47 ng Anchored Oligo(dT)20 Primer (Invitrogen, Cat# 12577-011).
Following values are final concentrations or quantities in the RT reactions: complementary
DNA was generated in 20l reaction using 14 Units Super RT Enzyme (HT Biotechnology,
Cat# HT-RTO1a) in presence of the provided buffer, ImM dNTPs (HT Biotechnology, Cat#
HT-SB23), 0.6 Units Human placental ribonuclease inhibitor (HT Biotechnology, Cat# HT-
RIO1a). A control lacking ribonuclease inhibitor and Reverse-Transcriptase (-RT) was
produced for each sample to ensure the absence of genomic DNA amplification during PCR.
Upon completion of the reaction, the volume was adjusted to 80ul that we consider as starting
point (not diluted samples) for the standard curve performed by real-time PCR to access PCR

efficiency.

The following Oligonucleotides were obtained from Microsynth. Sequences are for carA
[270] : forward primer: 5~ ATGTTTCCACCAGCACTCAA-3’, Reverse Primer: 5’°-
AAATGTGACAGATGCCCAAA-3’; aca [271]: forward primer: 5’-
CATTCTAGAGGCGGTATTGGC-3’, Reverse Primer: 5°-
GGAGAAAATGTCTGATTTCGCTT-3’; csa [272]: forward primer: 5°-
GAAAGCTGGTATCTCAAATGTTGTCAC-3’, Reverse Primer: 5°-
GGAATCTGGAGCACAAACTATATCAGTAG-3’; gpda [272]: forward primer: 5°-
GGTTGTCCCAATTGGTATTAATGG-3’, Reverse Primer: 5°-
CCGTGGGTTGAATCATATTTGAAC-3’; 1g7 [271]: forward primer: 5°-
TCCAAGAGGAAGAGGAGAACTGC-3’, Reverse Primer: 5°-

TGGGGAGGTCGTTACACCATTC-3".
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PCR was performed using the SyBr Fast Kit (Kapa Biosystems, Cat# KK4602) according to
standard recommendations, in 17.5 pl final volume of reaction, using Sul of cDNA template
(diluted 4 times after Reverse Transcription). Final concentration of each primer was 400nM.
Real-time PCR was performed in a Corbett Research RG-6000A instrument in 100pul reaction
tubes running under Rotor-Gene software version 1.7. Length waves of Source and Detection
were set at 470nm and 510nm respectively. Gain was set at 8.33. PCR program was set as
follow: 95°C, 60s — 45x (95°C, 3s - 60°C, 8s — 72°C, 8s) followed by a melting curve analysis
(61°C to 95°C, rising by 0.7°C each step of 3s) to attest amplification specificity. Expression
levels were normalized to gpda and ig7 using Qbase PLUS2 software including PCR

efficiency correction determined by cDNA dilution series.
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Part 3: Generating and phenotyping novel coronin A deletion mutants

3.1 Abstract

Since the discovery of coronin A in Dictyostelium discoideum, homologous proteins were
identified in a great number of eukaryotic species. These proteins are now grouped together
into the coronin family of proteins. Coronins have been implied to participate in diverse
processes, such as cell migration, calcium signaling, phagocytosis, and brain morphogenesis.
The exact mechanisms with which coronin proteins influence these processes remain elusive,
but are often explained with coronin’s role in governing actin dynamics with reference to the
original observations made in Dictyostelium discoideum. Hence, we decided to revisit the
coronin A deletion phenotypes in Dictyostelium discoideum by generating new coronin A
deletion mutants in a distinct wild type background. We report here that the phenotypes of the
novel cor4-deletion mutant follow the same trend as previously reported, albeit to a lesser
degree of severity with respect to phagocytosis and cell motility. Furthermore, in the new
deletion strains, the cytokinesis defects are more pronounced in cells grown in suspension

culture, rather than in adherent cells as was previously reported.

3.2 Introduction:

Coronins are evolutionarily conserved proteins expressed in a wide range of species with
characteristic B-propeller domains formed by tryptophane-aspartate repeat containing motifs
(WD-repeats). The first coronin protein was initially described in the slime mould
Dictyostelium discoideum, from which it was isolated as a co-precipitating factor of actin-
myosin complexes [273]. To investigate its function De Hostos et al. generated coronin A-
deletion cell lines from AX2, a widely used axenic lab strain of D.discoideum. The mutants
were found to be defective in a variety of processes including cytokinesis, phagocytosis, and

cell motility [274, 275]. One difficulty with the interpretation of D.discoideum observations is
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that many lab strains have been selected for their ability of axenic growth in absence of
bacteria and thus do not always represent the wild type state of the organism [276]. The
mutations accumulated during laboratory selection can influence basic cellular processes such
as phagocytosis, pinocytosis, motility, and cell division [277, 278] and there are a number of
different axenic strains circulating in the D.discoideum community differing in more or less
subtle ways [63]. On one hand, this can lead to variations in the effects a gene deletion has,
depending on the parental strain the mutant is derived from, on the other hand, this also grants
the possibility of corroborating a given genes’ role by comparing observations of the same
deletions in distinct parental strains. This chapter describes the generation of independent
coronin A deletion mutants in a DH1-10 background, a strain belonging to the AX3 group of
axenic laboratory strains, and provides a comparison with the defects of cytokinesis,
phagocytosis, and motility described for the coronin A deletion strains derived from AX2

cells.
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Part 3: Generating and phenotyping novel coronin A deletion mutants

3.3 Results

3.3.1 Generation of DHI-10 coronin A deletion mutants and verification of

coronin A deletion

To re-investigate the effects of coronin A deletion in a different genetic background than in
previously published work [274], we decided to generate new coronin A deletion mutants
using DH1-10 cells as a parental strain. The deletion plasmid was generated as described in
the materials and methods section. With the generous help of Romain Froquet of the Cosson
lab DH1-10 cells were transformed and mutant clones selected with blasticidin. To validate
the deletion of coronin A in the DH1-10 cells we made use of an antibody generated in rabbits
against a c-terminal peptide of coronin A. The cells were lysed directly in Laemmli sample
buffer and proteins were separated by SDS-PAGE. Presence or absence of coronin A
expression was probed for by immunoblotting (Figure 16A). Lysates of two strains of the
original coronin A deletion mutants generated from AX2 cells, termed HG1569 and HG1570,
were used as positive controls. Immunofluorescence images stained for coronin A using anti-
coronin A antibody raised against a C-terminal peptide of coronin A, revealed cortical
enrichment of coronin A at actin-rich regions as reported previously [273, 279] and an

absence of signal in the coronin A deletion mutants.
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Figure 16: Western blot analysis and Immunofluorescence images of wild type and coronin A KO cells

(A) Cell lysates of both parental strains, AX2 and DH1-10, and four isolated clones of coronin A KO cells were
separated by SDS-PAGE and immunoblotted with anti-coronin A (C-terminal) and anti-actin antibody to analyze
coronin A expression. AX2 = wild type, HG 1569 and HG 1570 = coronin A KO strains derived from AX2, DH
1-10 = wild type, DH CorA KO 1 and 2 = coronin A KO strains derived from DH 1-10

(B) Cells were grown in suspension culture and fixed on glass slides using methanol. Immunofluorescence
images of DH 1-10 wild type cells and one of the corresponding coronin A KO strains were acquired. Cells were
stained with the same antibodies used for the immunoblot, followed by the secondary antibodies anti-rabbit-
AlexaFluor 488 (for coronin A) and anti-mouse-AlexaFluor 568 (for actin).

Scale bar = 20 um; actin = red; coronin A = green; DAPI (DNA) = blue
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3.3.2 Complementation of coronin A deletion

3.3.2.1 Establishing an electroporation protocol for transfection of coronin A deletion
mutants
To analyze whether the phenotypes discussed in this thesis are due to a lack of coronin A we
reintroduced the gene coding for coronin A on an expression vector into the coronin A
deletion strains. Details on the generation of the complementation vector can be found in the
materials and methods section. The vector was introduced into cells via electroporation. Since
the coronin A deletion mutants were more sensitive to the electroporation process than the
wild type cells, we decided to investigate several sets of conditions to find the right balance
between efficiency of transformation and cell survival. For these trial transformations we used
the plasmid pTX-GFP available from dictybase.org. The number of cells expressing GFP
compared to the number of total cells was taken as a measure of transformation efficiency.
Based on observations of DH1-10 wild type cells we found that decreasing the capacitance
from 25 pF to 10 pF and increasing the number of pulses from two to three resulted in an
adequate transformation efficiency and an acceptable survival rate at 750 V (Figure 17A).
Based on this we decided to test survival and transformation efficiency in the DH1-10
Coronin A KO cells at 10 puF and voltages of 500 V and, because we still observed quite
extensive cell death in the wild type cells treated with three pulses at 750 V, we decided to
decrease the number of pulses to two and lowered the maximum voltage to 650 V for the
DH1-10 Coronin A KO electroporation tests presented here. Transformation efficiency was
higher with 650 V, while cell survival decreased, but was still at an acceptable level (Figure
17B). The procedure was later optimized with several small measures such as pre-cooling the

cells more extensively and decreasing the time taken to process each sample.
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Figure 17: Optimization of electroporation conditions to suit coronin A KO cells
(A) Survival of DH 1-10 cells after electroporation with pTX-GFP (left), and subsequent GFP expression as a

measure of electroporation efficiency (right)
(B) Survival and electroporation efficiency of coronin A KO cells transformed with pTX-GFP subjected to two

pulses at lower voltage and capacitance than wild type cells
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3.3.2.2 Generating coronin A complemented strains

Using the optimized electroporation settings described above, we transformed the DH1-10
Coronin A KO strains with an expression vector carrying coronin A amplified from genomic
DNA isolated from DH1-10 cells under control of an actin 15 promoter. Transfected cells
were selected in media containing 10 pg/ml G418. Clones were isolated by mixing a low
concentration of transfected Dictyostelium cells with bacteria and allowing them to grow on
non-nutrient, buffered agar in the presence of 50 pg/ml G418. Plaques formed from single
cells were picked and recultured in presence of 10 pg/ml G418 for further analysis. Coronin A
complementation was analyzed by immunoblotting and immunofluorescence microscopy as
described in section 3.3 and Figure 16. The analysis showed that coronin A expression was
restored to wild-type levels and the exogeneously expressed coronin A displayed cortical

localization similar to that of wild type cells.
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Figure 18: Western blot and Immunofluorescence images of wild type cells, DH1-10 Coronin A KO cells,
and DH1-10 Coronin A KO cells complemented with exogenously expressed coronin A

(A) Lysates of DH 1-10 wild type, DH1-10 Coronin A KO, and DH1-10 Coronin A KO +coronin A cells were
blotted with anti-coronin A antibody (c-terminal) and anti-actin antibody (clone C4, Millipore)

(B) Immunofluorescence images of DH 1-10 wild type, DH1-10 Coronin A KO, and DH1-10 Coronin A KO
+coronin A cells. The cells were stained with the same antibodies used for the immunoblot, followed by the
secondary antibodies anti-rabbit-AlexaFluor 488 (for coronin A) and anti-mouse-AlexaFluor 568 (for actin).
Scale bar =20 um

(see also Figure S1, section 5.5)
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3.3.3 Cytokinesis defects of coronin A deletion mutants

3.3.3.1 Multinucleated cells

Previously, AX2 cells lacking coronin A expression were shown to accumulate nuclei when
taken from suspension culture and allowed to grow on substrate for two days [274]. The
accumulation of multiple nuclei within a single cell is an indication of an inability to complete
cell division and this is generally regarded as a cytoskeleton-dependent cytokinesis defect,
since actin and myosin filaments are necessary for formation of the contractile ring that drives
cell fission events [280]. We find, in accordance with the results of Fukui et al. [281], that in
our hands the cytokinesis defect of the AX2 corA- strain HG1569 was less pronounced than
previously reported and the fraction of cells containing 7 or more nuclei amounted to roughly

10 % (Figure 19)
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Figure 19: Distribution of nuclei/cell in AX2 wild type and AX2 Coronin A KO cells

Cells were seeded on glass slides, fixed with 3 % paraformaldehyde, and stained with DAPI and phalloidin after
allowing for 5 hours or 2 days growth on substrate. The percentage of cells with 7 or more nuclei increases over
time in the coronin A deletion mutant HG1569.

To analyze cytokinesis efficiency in DH1-10 cells with and without coronin A, cells were
seeded on glass slides, fixed with 3 % paraformaldehyde after 5 hours or 2 days of adherence,

stained with phalloidin (actin) and DAPI (nucleus), and the number of nuclei / cell was
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determined. Analysis of the early time point (5 hours) showed that suspension cultures of wild
type DH1-10 cells contained a larger percentage of cells with 3-4 nuclei and 5-6 nuclei than
did the AX2 cells, suggesting an inherent difference in cytokinesis efficiency in suspension
between the two axenic strains (Figure 21 upper panel). Multinucleated cells were present
also in the new coronin A deletion mutant strains we had derived from DH1-10 cells (Figure
20), but the percentage of cells with 7 or more nuclei was reduced after 2 days of growth on
substrate instead of increased (Figure 21, center panels). Although the percentage of
multinucleated cells had decreased, the few remaining multinucleated cells ( < 1 % of cells)
contained up to 50 nuclei in one single cell. Strains transfected with the coronin A
complementation vector performed cytokinesis as successfully as the wild type in suspension
and did not start accumulating nuclei when transferred to growth on substrate (Figure 21,
lower panels). It is well established that division in suspension is dependent on myosin II,
termed cytokinesis A, whereas cell division on substrate can take place in absence of myosin
II via attachment assisted mitotic cleavage, termed cytokinesis B, or via cell cycle
independent traction mediated cell fission, termed cytokinesis C [282-284]. Cytokinesis B
produces daughter cells of similar sizes, whereas cytokinesis C can result in daughter cells of
different sizes and unequal numbers of nuclei. The data presented here suggest that the DH1-
10 Coronin A KO cells have a cytokinesis A defect, and that the decrease of multinucleated
cells on substrate, due to increased efficiency of cell division, is likely to stem from a mix of
cytokinesis B and C, and not cytokinesis C alone, since the majority of cells appear to be of

uniform size and contain one or two nuclei.
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5 hours 2 days
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Figure 20: Cytokinesis on substrate of DH1-10 wild type and coronin A KO cells

Dictyostelium cells seeded on glass slides and allowed to grow for 5 hours or 2 days and stained for actin
(Phalloidin, red) and DNA (DAPI, blue). The number of nuclei / cell was determined from at least four randomly
chosen images for each strain.

Upper left: DH1-10 wild type cells grown on slide for 5 hours.
Upper right: DH1-10 wild type cells grown on slide for 2 days.
Lower left: DH1-10 Coronin A KO cells grown on slide for 5 hours
Lower right: DH1-10 Coronin A KO cells grown on slide for 2 days.
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Figure 21: Distribution of nuclei/cell in DH1-10 wild type, DH1-10 Coronin A KO cells, and
complemented DH1-10 Coronin A KO cells grown on substrate for 5 hours or 2 days

Cells were seeded on glass slides and stained with DAPI and phalloidin after 5 hours or 2 days growth on
substrate. More than 100 cells from at least 4 randomly chosen images were analyzed for each strain and
condition. The data shown here is representative of three independent experiments
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3.3.3.2 Cell size of DHI-10 coronin A deletion mutants

As a consequence of the cytokinesis defect described above, a salient feature of coronin A
deletion mutants, is the presence of large cells. We compared the cell sizes of adherent DH1-
10 wild type cells, DH1-10 Coronin A KO cells, and DH1-10 Coronin A KO cells
transformed with a coronin A expression vector, to quantify the extent of size differences. In
the quantification presented here we chose to use coronin A deletion mutants complemented
with a FLAG-tagged version of coronin A that was later used for the purification of coronin A
(see chapter 4). To analyze whether the larger cells were due to growth in suspension and if
this feature could be reverted by, or conversely would be aggravated by growth on substrate,
we acquired images of cells taken from suspension culture and left to settle and adhere in 12-
well plastic plates (Nunc) either for 3 hours or 2 days. Cell sizes were quantified by first
determining the outlines of cells using bright field images processed with ImageJ, and then
analyzing the sizes with Imagel’s particle analyzer function (Figure 22A). The quantification
indeed showed that both coronin A deletion mutants form cells that are on average 1.5-fold
(DH1-10 Coronin A KO 2) and 2-fold (DH1-10 Coronin A KO 1) larger than wild type or
complemented DH1-10 Coronin A KO cells when taken from suspension culture and left to
adhere for an insufficient time to allow a significant number of cell division events to occur
(Figure 22B, Table 2).

For all strains the median and mean values are very similar when cells are left to adhere for
only 3 hours, implying that the distribution of cell sizes is fairly even across the cell
population. After growth on substrate for 2 days the mean and median cell sizes of all strains
tested decreased, but in case of the DH1-10 Coronin A KO strains, a small percentage of cells
grew extremely large (Figure 22B, Table 2). These findings are in agreement with the
cytokinesis results presented above, where the percentage of CorAKO cells with one or two
nuclei and WT cell morphology increases upon growth on substrate, but the remaining

multinucleate cells grow to abnormally large proportions.
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Cell size after 3 hours adherence Cell size after 2 days adherence
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Figure 22: Cell size distribution of DH1-10 wild type, DH1-10 Coronin A KO and DH1-10 Coronin A KO
cells complemented with FLAGCorA :

Cells grown in suspension culture were seeded in a 12-well plastic plate (Nunc) at 50°000 cells / well for
analysis after 3 hours or 5’000 cells / well for analysis after 2 days growth on substrate.

(A) Representative images of outlines of cells as determined with ImageJ. (scale bar = 30 pm)

(B) Box plots of cell size distributions in pm?

3 hours adherence

Cell Area [pm’| DH KO1 K02 FL fé)clor A FL fcoczor A
Number of cells 343 163 232 209 238
Minimum pm’ 38.76 43.6 38.76 36.34 38.76
25% Percentile 75.1 164.7 106.6 60.56 77.52
Median 118.7 285.8 173.2 101.7 115.1
75% Percentile 181.7 433.6 250.7 157.5 158.1
Maximum pm’ 399.7 1429 707.4 402.1 654.1
Mean 136.4 340.7 195.8 116.7 133

(Continued on next page)




2 days adherence

Cell Area [pm’| DH KO1 KO2 FLE(%M A FLf(?éor A
Number of cells 355 317 329 403 316
Minimum 44.97 37.87 40.24 40.24 40.24
25% Percentile 61.54 71.01 61.54 56.81 66.27
Median 73.37 108.9 75.74 66.27 78.11
75% Percentile 87.57 376.3 137.3 82.84 94.68
Maximum 475.7 4249 3299 364.5 239.1
Mean 80.33 381.8 147.3 77.87 84.44

Table 2: Quantification of cell size distribution in DH1-10 wild type, DH1-10 Coronin A KO and DH1-10
Coronin A KO cells complemented with FLAGCorA :

Cell area values shown are expressed in pm?* and correspond to the box-plot shown in Figure 23B. Upper table:
Cell sizes after 3 hours stationary culture. Lower table: Cell sizes after 2 days stationary culture

3.3.4 Cell speed during random migration

In previously published experiments the coronin A deletion mutants derived from the AX2
parental strain were found to move slower than wild type cells when placed in nutrient-free
buffer or exposed to a chemoattractant gradient [274]. We assessed the cell speeds of the
DH1-10 Coronin A KO strains during random motility in starvation buffer. An analysis of
chemotaxis, i.e. directional movement of cells towards a chemoattractant source, will be
discussed in chapter 5. To quantify random migration, cells were washed and resuspended in
Bonner’s salt solution. Droplets of varying densities were applied to a small tissue-culture-
treated petri dish and time lapse movies of 1 hour duration were acquired with a Zeiss Axio
Observer inverted microscope using a DICII filter. Regions of intermediate cell densities were
chosen for acquisition of time lapse movies to allow tracking of cells and decrease the
influence of cell-cell interactions on cell speed. Cell speeds were determined by tracking cells
with Image J and dividing the path length by the acquisition time. As reported previously by
De Hostos et al., we observed a decreased average cell speed in both mutant strains, however,

we found the coronin A deletion cells to be roughly 30 % slower than the DH1-10 wild type
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cells as compared to the 40 — 70% decrease reported previously [274]. In our case, the cell
speeds were spread out over a wider range in the DH1-10 wild type cells, with some cells
hardly moving at all and some cells moving much faster than the average, whereas the cell
speeds of the coronin A deletion mutants all clustered within a narrow range of the average

speed. Cells that did not move at all over the course of a movie were not taken into account.

DH 1-10 DHCorAKO1

(Continued on next page)
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Figure 23: Random migration of DH1-10 wild type and coronin A KO mutant D.discoideum cells

(A) Tracks of DH 1-10 wild type and coronin A deletion mutant cells after 25 minutes of random migration.
Random migration of wild type DH1-10 and coronin A deletion mutant cells immersed in nutrient free, low—
ionic salt solution (BSS) was recorded by time-lapse video microscopy. Cell movement was tracked with the

Image J plugin MTracklJ. (Scale bar = 100 pm)

(B) Dot-plot of cell speeds during random migration. Cell speeds were calculated by dividing total path length
by the duration of the film (60 minutes). Pooled values from three separate experiments are shown.

Cell speed (um/min) DH (n=16) | KO1 (n=19) | KO2 (n=18)
Minimum 2.477 3.441 3.276
Median 7.035 4.822 5.118
Maximum 10.71 6.677 6.618
Mean 7.036 5.001 4.871

Table 3: Cell speed values during random migration
Cell speed values corresponding to the dot plot in Figure 23B
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3.4 Discussion

We report the generation and characterization of cor4 deletion mutants in the parental
Dictyostelium discoideum strain DH1-10. The mutant cells were viable but displayed defects
in cytokinesis in suspension and decreased cell motility in nutrient-free buffer.

The corA deletion mutants were derived from a different parental strain as the original
mutants generated by DeHostos et al. One of the advantages of the DH1-10 Coronin A KO
strains is that the deletion construct was designed to introduce a blasticidin resistance cassette
and not a G418 resistance cassette, as was the case for the AX2 coronin A KO strains. This
allows introduction of expression vectors into the coronin A deletion mutants that convey
G418 resistance, a resistance mechanism that is much more suitable for exogenous expression
vectors, since it favors the accumulation of several copies of the same plasmid, resulting in
stronger expression [251]. Additionally, the G418 resistance cassette is older and more widely
used, and as a consequence there are more molecular tools employing G418 resistance than is
the case for blasticidin resistance. We analyzed a number of basic defects and morphological
changes in the new coronin A deletion strains that had been described for the original coronin
A deletion mutants and found the same trend for all traits investigated. However, in our hands
the defects manifested less severely as previously reported [161, 169, 171]. This held true for
both, the mutants derived from AX2 cells, as well as the mutants derived from DH1-10 cells.
Interestingly, the cytokinesis defects described initially were present, but seemed to be
inverted in the DH1-10 Coronin A KO strains, with severity decreasing upon growth on
substrate, rather than increasing, as reported previously for the AX2 coronin A KO strains and
as reproduced in the course of this thesis. The new coronin A KO strains appeared to be more
competent for division on substrate than in suspension, and this is the case for all cytokinesis
mutants described so far in Dictyostelium [282], with two exceptions: The deletion of cor4 in
AX2, and the deletion of amiA, a gene implicated in the response towards cAMP [285]. It

makes sense, that cells should have less difficulty dividing on a substrate than in suspension,
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since adhesion can aid in the generation of the force needed to divide a cell. We observed that
the majority of the DH1-10 Coronin A KO cells were of normal size and contained one or two
nuclei, when left to grow on substrate, however, a few cells continued to accumulate nuclei
and grew extremely large, occasionally shedding cells form the periphery. We propose here
that the former case represents cytokinesis B, adhesion mediated, cell cycle coupled cell
division, and that the latter case represents cytokinesis C, traction mediated, cell cycle
independent cell fission [286]. This suggests that we are dealing with two disctinct
populations of cells, one in which karyokinesis and cytokinesis become synchronized, and
another in which the coupling of the cell cycle to cell division is faulty. Since the mitotic
spindle determines the position and initiates the formation of the contractile ring required for
cell fission [287], it is tempting to speculate that the observed cytokinesis defects stem from a
disregulation in the cross-talk between the microtubule and the actin-myosin cytoskeleton.

It has been reported that vegetative rasG- cells exhibit similar defects as described here for
the DH1-10 Coronin A KO strains, so these findings might be linked to RasG/RasC mediated
signaling events. Intriguingly, RasG/RasC also play a role in cAMP chemotaxis and cAMP
relay during starvation, which is another feature of the DH110 Coronin A KO cells described
in this thesis (see chapter 5) [288].

We conclude that the DH1-10 coronin A KO strains show a similar phenotype as the AX2
coronin A KO mutants and can be used to further assess the role of coronin A in

Dictyostelium.
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4.1 Abstract

Coronin A, was first co-purified from an actin-myosin complex isolated from Dictyostelium
discoideum. The subsequently generated coronin A deletion mutant exhibited pleiotropic
defects including processes considered to be dependent on F-actin regulation. For these
reasons coronin proteins are generally described as F-actin interacting and modulatory
proteins. Several more recent lines of evidence, however, suggest that coronin proteins are
also involved in F-actin independent processes. In this study we present a coronin A deletion
mutant that expresses a FLAG-tagged version of coronin A which we used for purification.
The isolated coronin A proteins were of high purity and were used for in vitro interaction
studies and biophysical characterization. We could not confirm association of coronin A with
F-actin in vivo, but did observe co-precipitation of coronin A with F-actin in vitro at low
concentrations of NaCl. Furthermore, we present evidence that purified coronin A forms

dimers, and not trimers as has been reported for several other coronin proteins.

4.2 Introduction

The coronin protein family is comprised of a group of evolutionarily conserved proteins that
are characterized by the presence of a central Tryptophane-Aspartate (WD or WD-40) repeat-
containing domain fused via a unique domain of variable length to a coiled coil domain [289,
290]. The first member of the coronin protein family was described as a myosin-actin co-
precipitating protein in the social amoeba Dictyostelium discoideum. Analysis of coronin
localization showed accumulation at crown-shaped, actin-rich cell protrusions, hence the
name ‘coronin’[273]. D.discoideum cells lacking coronin show pleiotropic defects in
cytokinesis, uptake of yeast particles as well as motility and migration [274, 275]. Together

with the original isolation of D.discoideum coronin from an actin-myosin complex this
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resulted in the designation of D.discoideum coronin as an F-actin binding and interacting

protein.

Since the original description of D.discoideum coronin, homologous molecules have been
detected in all eukaryotic species, with a recent bioinformatic analysis defining over 723
coronin molecules from 358 different eukaryotic species [168]. Notably, while lower
eukaryotes such as yeast, amoeba and parasites appear to possess one or maximally two
coronin molecules [174, 291], in higher eukaryotes multiple coronin molecules are expressed,
with up to seven coronins expressed in mammals[ 186, 290, 292]. Most of the work linking
coronin molecules to F-actin interaction has been performed using recombinantly expressed
Saccharomyces cerevisiae coronin (Crnl). In vitro reconstitution experiments using purified
proteins has defined a microtubule and F-actin interacting role of Crn1[174], the latter

possibly via the modulation of Arp2/3 function [175].

However, several lines of evidence are inconsistent with an in vivo function of yeast Crnl in
F-actin modulation. First, yeast lacking crn/ has no obvious phenotype and has no detectable
defects in actin-based processes under a variety of different growth conditions[173, 174].
Second, mutation of either the WD repeat, the unique domain, or the coiled coil resulted in a
molecule that failed to inhibit in vitro Arp2/3 binding [175, 176], questioning the specificity
of the Crn1-Arp2/3 interaction. Third, recent work suggests that Crnl can both activate as
well as inhibit the Arp2/3 complex[176]. This modulatory activity was mapped to the unique
domain in S. cerevisiae Crnl, that is unusually large and contains two MAP1b homology
regions implicated in microtubule binding, as well as a central region fused to an acidic region
(CA-like domain) that have been shown to be important for interactions with actin and Arp2/3
[293, 294]. However, deletion of the C domain in Crnl appeared to enhance rather than

abolish Arp2/3 binding [176]. Furthermore, the CA domain is lacking in virtually all other
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coronin molecules[168], questioning the relevance of these in vitro activity assays for the

function of other coronin molecules.

Mammals express up to seven coronins, but relatively little is known about their in vivo
function. One of the most conserved and best characterized mammalian coronin molecules is
coronin 1, also known as P57, TACO, for Tryptophan Aspartate containing Coat protein, or
coronin 1A [199, 200]. Coronin 1 is expressed in leukocytes as well as neurons, and work
over the past few years revealed a lack of any F-actin-dependent phenotype in cells lacking
coronin 1. In leukocytes isolated from coronin 1-deficient mice, all F-actin-dependent
processes including cell migration, phagocytosis, cell polarization and chemotaxis occur
normally [216, 218-220, 295]. Also, siRNA-mediated knock down of coronin 1 in
macrophages failed to result in any F-actin-dependent phenotype [296]. Instead, in mice and
humans, coronin 1, which is expressed in immune cells as well as in neurons, is important for
the transduction of extracellular signals into an intracellular response thereby regulating
diverse processes including immune responses towards pathogens and autoantigens as well as

behavior and cognition (Manuscript in submission).

In this study, we have reanalyzed the interaction of D.discoideum coronin A with F actin. We
found that in vivo, coronin A fails to interact with F-actin directly. In vitro, in accordance
with previous observations [273], the interaction is sensitive to the concentration of sodium.
Furthermore, while as reported previously, the uptake of yeast particles was partially
compromised in the absence of coronin A, phagocytosis of latex beads was not affected by
deletion of coronin A (see chapter 3). Together with the data in chapter 5, showing that
coronin A functions in the activation of the cAMP pathway, these data suggest that in
D.discoideum coronin A has the potential to interact with F-actin under a narrow set of

conditions in vitro, but is dispensable for F-actin-dependent activities in vivo.
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4.3 Results

4.3.1 The subcellular localization of FLAG-tagged coronin A

To be able to purify native coronin A from Dictyostelium discoideum, we established a
purification procedure based on FLAG-affinity chromatography [297]. FLAG-tagged
molecules can be purified in their native form using a single elution step with FLAG-peptides,
avoiding exposure of the bound proteins to conditions of high salt and/or extreme pH[268].
To that end, Dictyostelium discoideum cells lacking coronin A were transfected with an
expression vector encoding FLAG-tagged coronin A, and transfected cells were subsequently
selected using G418. Cell lysates from wild type, coronin A-deficient, as well as FLAG-
tagged coronin A were probed for the presence of coronin A by SDS-PAGE and
immunoblotting (Figure 24A). Semi-quantitative analysis by immunoblotting revealed a 3- 4-
fold overexpression of FLAGCorA as compared to endogenous coronin A. To analyze the
subcellular localization of FLAG-tagged coronin A protein we fixed wild type cells, coronin
A-deficient cells, and FLAG-tagged coronin A expressing cells on glass slides and stained
them for coronin A. The localization of coronin A was visualized using Alexafluor-568-
coupled secondary antibodies. As shown in Figure 24B, FLAG-tagged coronin A staining was
more intense than that of coronin A in wild type cells. Images taken at higher magnification
and with reduced exposure time to adjust for the stronger signal showed an identical cortical
localization of FLAG-tagged coronin A and wild type coronin A (Figure 24C) [273].
Expression of FLAG-tagged coronin A also restored coronin A deficient cells to normal size

and cytokinetic activity (see chapter 3)
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Figure 24: FLAG-coronin A expression and subcellular distribution

(A) DH1-10 wild type, DH1-10 Coronin A KO, and DH1-10 Coronin A KO+FLAGCorA cells were grown in
HLS5. Equal numbers of cells were washed and lysed directly in Laemmli Buffer and the lysates were separated
by SDS-PAGE and blotted with a rabbit-coronin A antibody that recognizes a C-terminal peptide sequence. Half
the volume of FLAGCorA lysate was loaded as compared to wild type and DH1-10 Coronin A KO lysates. The
reduced mobility of FLAGCorA protein is due to its increased molecular weight. (B) DH1-10 wild type and
FLAG-coronin A expressing cells were seeded on glass slides and fixed with methanol. The fixed cells were
stained with a rabbit-coronin A antibody and visualized using Alexafluor-568-coupled secondary antibody.
Images acquired with the same exposure time show that FLAGCorA (right) is overexpressed (red = coronin A,
blue = DAPI, scale bar = 100 um) (C) Immunofluorescence images of DH-1-10 WT cells (top), coronin A KO
cells (center), and KO +FLAGCorA cells (bottom) at adjusted exposure and higher magnification, reveal cortical
localization for coronin A and FLAGCorA (red = coronin A, blue = DAPI, scale bar = 20 um)
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4.3.2 Purification of FLAG-coronin A
To purify coronin A from FLAG-tagged coronin A expressing D.discoideum cells the cell
lysates were prepared as described in materials and methods 2.6.3, total proteins were bound
to an anti-FLAG resin and eluted with 3x FLAG peptides. As shown in Figure 25, this single
step purification yielded pure FLAG-coronin A as determined by SDS-PAGE followed by

silver stain (top) or immunoblot using anti-coronin A antibodies (bottom).
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Figure 25: Purification of FLAG-coronin A

Dictyostelium cells expressing FLAG-tagged coronin A (DHIACorA+FLAGCoro) were homogenized and
coronin A was purified by FLAG-affinity chromatography followed by thrombin mediated cleavage of the
FLAG tag. Samples taken from the different purification steps were separated by SDS-PAGE (10% acrylamide)
and either stained with silver (top) or immunoblotted using anti-coronin A antibodies (bottom). Tot = Total
lysate, PoF = Post-filtrate, FT = Flow-through, W = Wash, Pool = pooled fractions 2 and 3, Clv = Thrombin
cleaved and dialysed sample, Benz = Sample after Thrombin removal with Benzamidine beads, Conc = 20x
concentrated sample 10 pl were loaded in each lane except 5 pl for the concentrated sample.
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4.3.3 Characterization of purified FLAG-coronin A by circular dichroism

In order to assess the folding state of secondary structure features of the purified FLAG-
coronin A protein we conducted circular dichroism measurements. Examination of purified
FLAG-coronin A by circular dichroism (CD) resulted in a highly reproducible profile (Figure
26A). Analysis of the profile with the web-based algorithm Dichroweb, revealed a large
contribution of B-strands (36%), likely reflecting the B-propeller folds that are a hallmark of
the coronin protein family (Figure 26B). A melting curve was recorded with the same
instrument by steadily increasing the temperature from 10°C up to 80°C and acquiring CD
spectra at 207 nm and 222 nm during the process (Figure 26C). The purified FLAG-coronin A
produced a sigmoidal melting curve at 207 nm, as is expected for well-folded proteins. The
melting curve recorded at a wavelength of 222 nm harbored a highly reproducible minimum
at 50 °C, coinciding with the onset of unfolding as judged from the measurement taken at 207
nm. The minimum could be indicative of breaking poly-proline like helix-helix structures,
such as the coiled coil structures formed by the C-terminal region of coronin proteins upon
oligomerization [164, 298, 299]. We found that purified coronin A kept at 4 °C for up to 14
days did not display increased degradation on SDS-PAGE and resulted in exactly the same
CD profile and melting curve as fresh material. From this we concluded that the protein

preparation was stable in the storage conditions used.
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Figure 26: Circular dichroism analysis of purified FLAG-coronin

(A) A 12 pM solution of FLAGCorA in sodium phosphate buffer was scanned from 185 nm to 260 nm using a
Chirascan CD machine. The scan was recorded in 1 nm steps allowing 9 seconds acquisition time per step. (B)
The resulting profile was then interpreted using ChiraWeb, a web-based CD analysis program. The analysis
identified a large beta-strand contribution. (C) Subsequently the protein sample was subjected to a temperature
increase starting from 10 °C to 80 °C. Circular dichroism was measured at 207 nm and 222 nm every 0.5 °C. The
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protein displays sigmoidal unfolding when scanned at 207 nm. At 222 nm we observe a minimum before
unfolding takes over.

4.3.4 Oligomeric state of Dictyostelium coronin A determined by
Transmission electron microscopy (TEM) and Multiangle light

scattering (MALS)

It is well established that coronin proteins form homooligomers via their coiled-coil domain,
however, while there is evidence that mammalian coronin 1 forms a trimer, there are also
reports of dimerization for other coronin proteins [164, 182, 299, 300]. To determine the
oligomeric state of purified FLAG-coronin A and coronin A by transmission electron

microscopy (TEM) and multiangle light scattering (MALS). Transmission electron

Figure 27: Transmission Electron Micrograph of FLAG-coronin A (continued on next page)

102



Part 4: Purification and characterization of coronin A

Purified FLAG-coronin A was stained with uranyl acetate and imaged using transmission electron microscopy.
Visible particles tend to be present in pairs, suggesting dimers (arrows and box).

Lower scale bar = 200 nm

Insert scale = 50 nm

To further determine the oligomeric state of purified coronin A and FLAG-tagged coronin A
we used multiangle light scattering (MALS), a technique that allows measurement of a
particle’s molar mass and average size, by subjecting the protein solution to beams of
collimated laser light and detecting the resulting light scattering pattern at different discrete
angles [265]. Solutions at a molarity of 15 uM of purified FLAG-coronin A or coronin A with
the FLAG-tag cleaved off by thrombin were introduced to the MALS system via an HPLC
column at 0.5 ml/min. The entry of protein into the scattering chamber was monitored by UV-
absorption. Polydispersity indices of both solutions were very low, confirming that the
preparations were of high purity and contained little, if any, precipitated or aggregated
material. The molecular weight, as determined by MALS, reaches a plateau at concentration
maximum and drops off when the concentration of protein decreases again, indicative of a
concentration dependent dissociation of the complexes present in the solution (Figure 28 A
and B) [301, 302]. The MALS profile of FLAGCorA shows a characteristic mound shape for
the molecular weight measurement commonly seen for concentration dependent
oligomerisation events in absence of aggregates (Figure 28 B) [303]. Molecular weight values
were calculated from a segment of the data set where the refractive index, and thus the
concentration of protein, reaches a maximum. The measurements revealed that the purified
protein samples contained particles with a mass of 98.4 kDa in case of the untagged coronin A
and 102.7 kDa in case of the FLAG-tagged coronin A. On the basis of amino acid sequence
information, the calculated mass of monomeric FLAG-tagged coronin A equals 51.9 kDa,
comparing to 49.2 kDa for the endogenous, untagged coronin A protein. Divison of the

measured molecular weights by the calculated molecular weights for tagged and untagged
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coronin A monomers results in a ratio of 2, supporting the notion that coronin A forms dimers

as inferred from the elctron microscopy images (Figure 28C).
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Figure 28: Multiangle light scattering measurements of purified coronin A and FLAG coronin A
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Multiangle light scattering was used to determine the molecular weight of particles present in solutions of
purified coronin A and FLAG tagged coronin A. Solutions at a concentration of 15 uM of purified FLAG-
coronin A, or coronin A with the FLAG-tag removed by thrombin cleavage, were injected into the MALS
system via an HPLC column at 0.5 ml/min. The refractive index coincides with UV absorption and represents
the concentration of protein passing through the detection chamber.

(A) Purified coronin A with FLAG-tag removed by thrombin cleavage

(B) Purified FLAG-tagged coronin A

(C) Molecular weights of the scattering particles and how they relate to the predicted values of the respective
monomer.

4.3.5 Coronin A/F-Actin interaction

Since coronin A was previously found to bind F-actin in vitro [161], the interaction of coronin

A and FLAG-coronin A with actin was analyzed here by several independent approaches.

First, to analyze interaction of coronin A with F-actin in situ, DH1-10 wild type cells were left
untreated, or were incubated either with the F-actin polymerizing drug jasplakinolide, or the
F-actin depolymerizing agent latrunculin A. Cells were then harvested and lysed, and F-actin
was sedimented by ultracentrifugation [216]. The F-actin-containing pellets and the G-actin-
containing supernatants were analyzed by immunoblot for the presence of actin and coronin
A. As can be seen in Figure 29, under all conditions coronin A, was resolved in the

supernatant, independent of the polymerization state of actin.
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Figure 29: Coronin A and actin co-precipitation from total cell lysates

Cells were either left untreated (left) or treated with Latrunculin A (center) or Jasplakinolide (right). F-actin and
G-actin were separated by ultracentrifugation of the lysate as described in methods. Proteins in the supernatant
(S) or pellet (P) fractions were separated by SDS-PAGE and immunoblotted with rabbit-anti-coronin A and
mouse-anti-actin antibodies and visualized with HRP-coupled anti-rabbit and anti-mouse antibodies.

Second, we analyzed whether actin co-eluted with FLAG-tagged coronin A following affinity
purification. To that end, the purification procedure as described above for FLAG-coronin A
was adapted to ensure that F-actin remained in the lysate. The filtration step, which was found
to remove a large fraction of F-actin from the lysate, was replaced with a homogenization
step. Treatment of the lysate with a glass Tenbroek homogenizer served to break up large
structures likely to contain actin filament networks, thereby solubilizing fragments of actin
filaments. The homogenization was followed by low speed centrifugation to remove residual
large debris to prevent clogging of the resin. Following elution with the FLAG peptide,

fractions were analyzed by SDS-PAGE and immunoblotted using either coronin A antibodies

or anti-actin antibodies.

As can be seen in Figure 30A, all actin eluted in the flow through fractions, without any actin

co-eluting in FLAG-coronin A containing fractions. To test whether the absence of actin in
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the eluted FLAG-coronin A fractions was due to potential obstruction caused by the FLAG
tag, we repeated the purification using histidine-tagged coronin A. In addition, both the lysis
buffer as well as the elution buffer did not contain any NaCl, given the reported sensitivity of
Dictyostelium coronin A interaction with F-actin to NaCl [273]. As can be seen in Figure
30B, no actin co-eluted with His-coronin A containing fractions and all of the actin signal was
found in the flow. As a positive control, a his-tagged myosin-coronin A fusion protein was
expressed in D.discoideum, and this fusion protein was purified by metal affinity
chromatography in the same manner as his-coronin A. In this case, actin co-eluted with his-

tagged myosin-coronin A containing fractions (Figure 30C).
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Figure 30: Co-purification of Dictyostelium coronin A and actin

(A) FLAGCorA was purified using an anti-FLAG column. Fractions were collected, separated by SDS-PAGE,
and tested for presence of actin and coronin A by Western blot.

(B) Coronin A fused to a Histidine-tag was purified using Nickel beads. Fractions were collected, separated by
SDS-PAGE, and tested for presence of actin and coronin A by Western blot.

(C) Coronin A fused to a Histidine-tagged myosin heavy chain fragment was purified using Nickel beads.
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Fractions were collected, separated by SDS-PAGE, and tested for presence of actin and coronin A by Western
blot (see Figure 29).

Third, to analyze direct binding of purified FLAG coronin A to F-actin, purified FLAG
coronin A was incubated with either G-actin or F-actin (prepared as described in methods) for
30 min at room temperature, and pellets containing F-actin or supernatants containing G-actin
were separated by SDS-PAGE and analyzed by immunoblotting. Previously published data
suggests that the binding of coronin A to F-actin is sensitive to Na' concentrations above 75
mM [273]. In a first experiment, we used FLAG coronin A purified in a buffer containing 150
mM NaF and 20 mM Na-Phosphate. The fluoride and phosphate salts were chosen because
the same sample was simultaneously used in circular dichroism measurements, and thus we
wanted to avoid the presence of Cl anions that would interfere with UV spectroscopy at
wavelengths below 200 nm. Thus, after purification, the FLAG-coronin A protein resided in a
180 mM — 190 mM sodium solution. The purified protein was diluted at a ratio of 1 to 4 into
the reaction mixture, which contained no sodium initially, to reach a final Na'-concentration
of 45 mM, well below the postulated value for disrupting coronin A’s binding to F-actin, but
still high enough to discourage any unspecific binding events. As a control, S. cerevisiae Crnl
was employed that is known to readily co-sediment with F-actin in vitro [174, 185, 304]. As
shown in Figure 31, while under these conditions, as expected, yeast Crnl readily co-

sedimented with F-actin (B), Dictyostelium FLAG coronin A failed to co-pellet with F-actin

(A).
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Figure 31: Coronin / actin co-sedimentation assay in vitro

Freshly purified G-actin from rabbit muscle was diluted to 4 uM into actin polymerization buffer (KMEI) and
left to polymerize at room temperature for 1 hour. Purified Dictyostelium-FLAG-coronin A or S. cerevisiae Crnl
(500 nM) were mixed with F-actin and G-actin and incubated for 30 minutes at RT. The samples were then
subjected to ultracentrifugation at 150’000 g for 30 minutes at 4 °C. After removal of the supernatant the pellets
were resuspended in 40 pl distilled water with 10 uM cytochalasin D and left to stand for 20 minutes at room
termperature. The samples were separated by SDS-PAGE and immunoblot was performed as described above
(see Figure 29).

This result prompted us to retry the same assay with coronin A purified in a buffer more
similar to the one used in the original publication containing NaCl and Imidazol instead of
sodium fluoride and sodium phosphate [273]. Furthermore, the FLAG-tag was cleaved off
prior to addition of coronin A to the pelleting assay mixture. Additionally, it was decided to

test the effect of increasing NaCl concentrations on co-sedimentation and the final sodium

concentrations used in the pelleting assay were 5 mM, 50 mM, and 100 mM. As can be seen
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in Figure 32, co-sedimentation of untagged coronin A at low NaCl concentrations is evident
and moreover, co-sedimentation also occurs at higher concentrations of NaCl, albeit to a
lesser extent, suggesting that the FLAG-tag and possibly the presence of fluoride or phosphate

ions had interfered with the interaction of coronin A with F-actin in the previous experiment.

FF-actin + CorA F-actin + CorA

NaCl  NaCl NaCl G-actin NaCl NaCl NaCl G-actin
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Figure 32: Co-sedimentation of FLAG coronin A and coronin A with actin in dependence of NaCl
concentration

Purified Dictyostelium coronin A with the FLAG-tag fully removed by thrombin cleavage was mixed with F-
actin and G-actin in the presence of increasing concentrations of NaCl and incubated for 30 minutes at room
temperature. The samples were then subjected to ultracentrifugation at 150°000 x g for 30 minutes at 4 °C. After
removal of the supernatant the pellets were resuspended in 40 pl distilled water with 10 uM cytochalasin D and
left to stand for 20 minutes at RT. The samples were separated by SDS-PAGE and western blot was performed
as described above (see Figure 29).

111



4.3.6 Phagocytosis of latex beads and heat killed yeast cells in the presence

and absence of coronin A

To examine a role for coronin A in F-actin-dependent processes in vivo, we analyzed
phagocytosis, a process crucially dependent on F-actin dynamics, in wild type and coronin A-
deficient cells. Previous reports have described a defect in the uptake of yeast particles in the
absence of coronin A [275]. Importantly, in Dictyostelium uptake of yeast cells is known to
be receptor mediated, and therefore ineffective yeast particle uptake does not necessarily
indicate compromised F-actin reorganization, but might also be caused by signaling defects
[305]. To analyze phagocytosis independent of receptor mediated signaling, inert latex beads
were utilized and results were compared to phagocytosis of FITC-labeled yeast cells. Wild
type DH1-10 and AX2 cells or the corresponding coronin A deficient cells were incubated
with 1, 3 or 6 um fluorescent latex beads or heat—killed FITC-labeled yeast cells as described
in methods, and the degree of phagocytosis was quantitated by flow cytometry. As shown in
Figure 33, while as reported, uptake of FITC-labeled yeast particles was compromised by
coronin A deletion, all of the differentially sized fluorescent latex beads were internalized to a
similar degree in wild type as well as coronin A deficient cells. Similar results were obtained
using the AX2 wild type and the corresponding coronin A-deficient strains.

These findings are supported by recent reports that coronin A deletion mutants are defective
for uptake of E.coli but not L.pneumophila [172], showing that the phagocytosis defects vary
with the nature of the particle and might be due to defective surface receptor mediated

signaling events.
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Figure 33: Phagocytosis of latex beads and heat killed yeast cells

DH1-10 and AX2 wild type cells and their corresponding coronin A deletion mutants were mixed with
fluorescent latex beads of varying sizes (1, 3 or 6 um) or FITC-labeled, heat killed yeast cells in 1.5 ml reaction
vials and placed horizontally on a shaking platform (150 rpm) for 1 hour. As negative controls the cells were
incubated with beads at 4 °C or in presence of the actin depolymerizing agent cytochalasin D.
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(A) Phagocytosis events were observed by FACS. Cells in association with beads exhibit significant forward
scattering (FSC-H) combined with strong fluorescence (FL1-H) and thus appear in the top right corner of the
FACS plots. Cell populations associated with increasing numbers of beads can be discerned (left panel). The
presence of cytochalasin D inhibits bead-cell association and phagocytosis (right panel).

(B) Bar graphs depicting the percentage of cells associated with latex beads of various sizes and heat-killed
FITC-labeled yeast cells. Shown are average results of three separate experiments for DH1-10 cells and a

corresponding coronin A deletion mutant (upper panels) and AX2 cells and a corresponding coronin A deletion

mutant (lower panels).
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4.4 Discussion

In this work, we provide evidence that Dictyostelium coronin (coronin A) fails to interact with
F-actin in vivo. Furthermore, analysis of particle phagocytosis suggests that deletion of
coronin A in Dictyostelium does not affect all F-actin dependent processes. Together these
data argue against an exclusive role for Dictyostelium coronin in the regulation of F-actin-

dependent processes. We also report that coronin A forms a dimer.

Although coronin was originally defined as an F-actin binding molecule in Dictyostelium,
direct demonstration of an interaction between F-actin and coronin in Dictyostelium are
limited to two experiments. In a first experiment, de Hostos et al [273] show that coronin co-
precipitates with F-actin when polymerized in the absence of any sodium chloride. In a
second experiment [281], GFP-coronin-F-actin co-sedimentation was analyzed in the absence
of ATP but with increasing concentrations of potassium glutamate, potassium and glutamate
being the major solutes in the cytoplasm [306]; under these conditions, actin shows
measurable polymerization even in the absence of potassium glutamate. Interestingly, while
the presence of potassium glutamate dramatically increased F-actin formation, this was not
paralleled by a similar increase in the relative amounts of GFP-coronin co-sedimenting with
F-actin (see Figure 1B in [281]). Thus, while one of the demonstrations of coronin-F-actin
interaction was done at extremely low ionic strengths [273], the other experiment fails to
reveal a correlation between F-actin formation and (GFP)-coronin copelleting [281]. Along
these lines, it is perhaps worth to also note that for Plasmodium falciparum coronin, only
traces of coronin were found to be co-sedimented with F-actin (see Figure 2 in [291]).
Furthermore, for mammalian coronin 1 and 2 an interaction with F-actin in cell lysates could
not be confirmed [181, 188, 216, 218]. We conclude that the capacity to bind to and interact

with F-actin might be restricted to yeast Crnl, which is consistent with the unusually large

115



unique domain of yeast Crnl that possesses several sequence stretches that are homologous

with actin/tubulin binding sites.

A failure to find an interaction between coronin A and actin in vivo, as shown here, is
consistent with coronin being dispensable for many F-actin dependent processes: first,
phagocytosis of inert latex beads was unaltered by the absence of coronin. Second, as shown
in chapter 5 of this thesis, several F-actin-dependent processes including folate-mediated
chemotaxis as well as chemotaxis upon external cAMP pulsing occur normally in the absence
of coronin A. Rather, the reported phenotypes of coronin A-deficient Dictyostelium, including
altered chemotaxis, reduced yeast particle phagocytosis as well as defective cytokinesis, all of
which can depend on proper signal transduction [305, 307, 308], suggests that Dictyostelium
coronin A may perform a signaling function, consistent with the reported sequence homology
of coronin with the 8 subunit of trimetric G proteins [273], as well as the involvement of
mammalian coronin 1 in the activation of intracellular signals following an extracellular

stimulus [290, 309].
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5.1 Abstract

Many biological systems respond to environmental changes by activating intracellular
signaling cascades that elicit an appropriate response. One such system is represented by the
social amoeba Dictyostelium discoideum. While normally living as unicellular organisms,
when food sources become scarce, individual cells spontaneously release cyclic AMP.
Amplification of the cAMP production by a positive feedback loop triggers a developmental
program that results in the formation of a multicellular slug that can develop into a spore-
bearing fruiting body, allowing long term survival. How the initial starvation signal is
transduced into the first pulses of cAMP release has remained unclear. We here show that
cells lacking the evolutionary conserved WD repeat protein coronin A were unable to initiate
cAMP release following starvation, and as a result failed to initiate the developmental
program required for fruiting body formation. External addition of cAMP to a coronin A-
deficient population fully restored the developmental program. These results suggest that
coronin A is part of a signal transduction cascade essential for system initiation leading to

multicellular development in D.discoideum.
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5.2 Introduction

The survival and development of a complex organism requires intra- and inter-cellular
communication via a plethora of signaling events. In particular, cells need to be able to sense
environmental signals in order to adapt their intracellular physiology to a changing
environment. An exquisite example of a eukaryotic organism relying for their survival on
environmental cues is the social amoeba Dictyostelium discoideum. This unicellular slime
mold initiates a multicellular developmental program as a survival mechanism when nutrients
are depleted. Nutrient starvation induces the aggregation of individual amoebae into a
multicellular structure which ultimately forms a fruiting body containing two major
differentiated cell types, stalk cells and spores [310-312]. After a few hours of starvation,
some cells start secreting pulses of cAMP, which are relayed by neighboring cells, thus
initiating a positive feedback loop that increases further cell differentiation. Chemotactic
motility of cells is guided by these cAMP waves and drives the formation of multicellular
aggregates [92]. At the molecular level, interaction of the secreted cAMP with the G protein—
coupled cAMP receptor 1 (cAR1) on the plasma membranes induces a series of molecular and
morphological events [313] including enhanced expression of early developmental genes such
as cAR1, adenylyl cyclase A (ACA), leading to polarization, and chemotaxis of the cells

[314-316].

The mechanisms involved in the transfer of environmental cues to elicit an intracellular
response and the generation of cAMP pulses remain incompletely understood. We report here
that coronin A, a member of the highly conserved coronin protein family, plays an essential
role in the earliest stages of development by initiating the expression of genes that are

required for cAMP synthesis and sensing.
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Coronin protein family members are characterized by WD (tryptophan-aspartic acid) repeats
that form a B-propeller followed by a region unique to each member and a coiled coil domain
which mediates oligomerization [161, 164, 317]. Coronins have sequence homology to the 3
subunit of trimeric G proteins, and bioinformatic and structural analysis showed that
mammalian coronin 1 adopts a 7-bladed beta propeller structure similar to G [163, 164].
Dictyostelium discoideum coronin A was originally isolated as a co-purifying protein in a
preparation of actomyosin and was localized in crown-shaped cortical structure [161].
Coronin A-deficient cells show pleiotropic phenotypes, including defects in cytokinesis, yeast
particle uptake and chemotaxis [161, 169]. Accordingly, coronin A is considered to be
primarily an F-actin-binding and modulatory protein [317]. The data presented here show that
Dictyostelium coronin A is required for the initiation of cAMP pulsing upon starvation
leading to multicellular development. Importantly, supplying external cAMP to coronin A-
deficient cells restored development, including chemotaxis as well as the formation of fruiting
bodies. This suggests that Dictyostelium coronin A is dispensable for these latter processes
but instead is involved in the activation of intracellular signal transduction following cell

surface receptor triggering during the early phase of development.
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5.3 Results

5.3.1 Role for coronin A in Multicellular Development

In the course of analyzing the phenotype of Dictyostelium discoideum cells lacking coronin,
we noticed that upon starvation, strains lacking coronin A failed to form aggregates. To
investigate the role of coronin A during development more systematically, wild type and
coronin A-deficient cells (see Supplemental Figure 1) were starved in Bonner’s salt solution
(BSS), and analyzed over a time period of 20 hours. As shown in Figure 34A, the
supplementary table 1 and the supplementary movies (1-3), when wild type cells were seeded
at a density of 1-2x10° cells/cm” the cells initiated aggregate formation ~4-6 hours after
starvation, a process that was completed around 10 hours. In contrast, coronin A-deficient
cells failed to aggregate; aggregation was however restored by coronin A expression (Figure
34 and Supplementary movies 1-3). Defective aggregation in the absence of coronin A was
similar for newly generated coronin A-knock out cells (in the DH1-10 background), as well as
for the previously described coronin A-deficient cells HG1569 and HG1570 ([171] and data
not shown). Although at high densities coronin A-deficient cells were able to aggregate, this
occurred at dramatically delayed time points (see Supplemental table 1). Development on
non-nutrient agar also showed a delayed formation of fruiting body for the coronin A-

deficient cells (Supplemental Figure S2).
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Figure 34: Early development of wild type and coronin A-deficient cells.

A. Dictyostelium cells were seeded into multi-well plates at a density of 2 x 10° cells / cm?, starved in BSS and
filmed over a period of 20 hours. The images shown are taken from a series of frames during the aggregation
stage of the wild-type, coronin A-deficient and complemented coronin A-deficient cells. Bar, 200 um. See also
Supplementary Movie 1 and 2.

B. Growth phase cells were washed, resuspended in BSS and inoculated in a plastic dish. Pictures are taken at
the indicated time points. Bar, 50 um except for WT and corA KO + corA at 15 hours pictures, bar, 0,5 mm.

Since one of the earliest signs of cellular differentiation, preceding aggreagation, is a change
in cellular morphology [318], we analyzed the capacity of coronin A-deficient Dictyostelium
cells to polarize. As shown in Figure Figure 34B, whereas the majority of wild-type cells were

elongated ~5 hours after starvation initiation, elongation was markedly delayed in coronin A-

122



Part 5: Coronin A and initiation of development

deficient cells. Thus, deletion of coronin A results in an inability of cells to polarize towards

each other resulting in failure to initiate cellular differentiation and aggregation.

5.3.2 cAMP-dependent oscillation and cAMP production in the presence

and absence of coronin A

Aggregation is caused by periodic cAMP secretion, amplified by surrounding cells, resulting
in cell polarization. These propagating waves of cAMP guide the chemotactically moving
cells towards the aggregation centre, where they accumulate into a multicellular structure
[318, 319]. Thus, transient activation of the cAMP producing enzyme, adenylate cyclase, and
subsequent secretion of cAMP in response to the extracellular cAMP signal, are necessary for

the polarization and the chemotactic movement of the starving Dictyostelium cells.

To analyze whether the inability of coronin A-deficient cells to undergo polarization and
initiate chemotaxis was associated with a defective cAMP relay, we analyzed starving
populations of wild type or coronin A-deficient Dictyostelium by real time cell analysis, using
electric cell-substrate impedance sensing. This sensitive method allows to follow the dynamic
of cell-substrate and cell-cell contacts in real time [320]. As shown in Figure 35A, the seeding
of amoebae produced a transient increase in impedance within the first 2 hours for both the
wild type and coronin A-deficient strains. After 4-5 hours of starvation, wild type
Dictyostelium showed an oscillatory behavior as recorded by impedance, eventually decaying
after 7h (Figure 35A and B), which is indicative of the generation of cAMP waves in the
population[319, 321]. At the end of this oscillation phase, the cells aggregated into small

groups, which accumulated and caused an impedance drop. Strikingly, when we zoomed in on
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the signal produced at 4-6 hours, an oscillatory signal was observed for wild type and

complemented Dictyostelium cells, which was absent in cells lacking coronin A (Figure 35B).

To directly analyze whether the inability to enter the oscillatory phase upon starvation was
related to a defect in cAMP production in the abscence of coronin A, cAMP production was
analyzed using a competitive immunoassay. To that end, cells were starved for 6 hours, lysed,
and cAMP levels analyzed. As expected, wild type Dictyostelium responded to starvation
with robust cAMP production. However, in cells lacking coronin A, starvation did not result
in cAMP production, but was fully restored by expression of coronin A in the coronin A-
deficient cells (Figure 35C). This result shows that cells lacking coronin A cannot produce

cAMP upon starvation.
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Figure 35: The cAMP signalling pathway in wild type and coronin A-deficient cells.

A,B. Vegetative wild-type, coronin A-deficient and coronin A-deficient complemented with coronin A cells
were washed, resuspended in BSS and seeded at 75000 cells per well in a 96 well plate format adapted for the
Xcelligence measurement. Impedence was measured every 30 seconds during 22 hours and represented as cell
index.
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C. Production of cAMP in response to starvation was determined in wild-type, coronin A-deficient, coronin A-
deficient complemented with coronin A cells after 6 hrs in a BSS suspension. The produced cAMP was
determine using the HTRF cAMP assay (Cisbio) as described in the materials and methods. Data in A and B are
presented as a representative experiment in 3 independent experiments. Results in C are presented as means +
s.d. of triplicated determinations of a representative experiment in 3 independent experiments. **P < 0.001 (z-
test).

5.3.3 Chemotaxis in the presence and absence of coronin A

The above results suggest an inability of cells lacking coronin A to produce cAMP upon
starvation. As mentioned above, Dictyostelium cells initiate the cAMP relay necessary for
differentiation, aggregation and development inludes a positive feedback loop that further
increases the expression of cAMP receptors and synthesis [223, 322-324]. To analyze whether
defective cAMP production in the absence of coronin A was due to defective sensing of
cAMP, we analyzed chemotaxis. To that end, wild-type or coronin A-deficient cells were
starved for 5-6 h, and their ability to chemotax towards a cAMP gradient generated by a
micropipette was analyzed by time lapse microscopy [325]. As shown in Figure 36A and the
Supplemental movies (4-5), while wild-type cells displayed coordinated motion toward the
micropipette tip in a polarized fashion, the coronin A-deficient cells were not polarized and

migrated without directionality.

The inability of coronin A-deficient cells to chemotax in a cAMP gradient could be a
consequence of a failure to initiate a development program or may reflect a more general
chemotactic defect. To address this question, we assayed the chemotaxis of vegetative wild-
type and coronin A-deficient cells to folic acid. During vegetative growth, D. discoideum
chemotaxes toward folate and other nutrients released by bacteria [17, 326, 327]. As can be
seen in Figure 36B, wild-type cells as well as coronin A-deficient cells effectively moved

toward a folic acid gradient using an agar based assay. Similarly, under submerged
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conditions, wild-type cells and coronin A-deficient cells were able to chemotax through a
gradient created by a micropipette filled with folic acid, and clustered at the tip of the
micropipette during the first hour (see supplemental Figure 36 and supplemental movies (6-
7)). Together these results suggest that coronin A is dispensable for folate-mediated
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Figure 36: Chemotaxis of wild type and the coronin A-deficient cells.

A: Vegetative wild type, coronin A-deficient or coronin A complemented cells were starved for 5 h, resuspended
in BSS and placed on a chambered coverslip at a density of 1 x 107 cells / ml. A cAMP gradient was established
by injection of 10 uM cAMP through a micropipette by a pressure of 50 hPa . Cells were imaged every 20 s for
2.5 hours. Bar, 50 um. See also Supplementary Movie 4 and 5.

B: A 1 pl droplet of vegetative wild-type and coronin A-deficient cells were spotted on a 1.2% BSS agar ata
distance of 4 mm from a folate source (on the right part of the gel). Pictures show the chemotaxis to folate of
these strain OH (left panels) and 3 h (right panels) after the drop deposition on agar. Bar, 1 mm.

5.3.4 Early developmental gene expression in the presence and absence of

coronin A

The cAMP relay and subsequent development are dependent on the expression of proteins
required for the cAMP-induced cAMP production, such as cAR1 and ACA. The pronounced

defect in polarization, in cAMP-dependent oscillation and in aggregation in the absence of
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coronin A could therefore be due to a defect in early developmental gene expression, similar
to other mutants of the key components of the cAMP signaling pathway [17, 328]. To analyze
the expression of the early developmental genes car4, aca, as well as the development marker
contact site A (csa) [24, 329], cells were starved and quantitative PCR was performed on
mRNA isolated from lysates prepared from either wild-type or coronin A-deficient cells at the
time points indicated in Figure 37A. While in wild-type cells the expression of these genes
increased dramatically, reaching a peak at 8 hours after the initiation of starvation, in coronin
A-deficient cells no or little induction of mRNA was detected for these early developmental
genes. Analysis by immunoblotting confirmed the absence of induction of the contact site A
protein (Figure 37B). Furthermore, Ga2 proteins, whose upregulated expression is necessary
for the cAMP relay early upon starvation, was significantly upregulated in wild type cells
upon starvation but barely detectable in coronin A-deficient cells (Figure 37C). These data
suggest that the regulatory networks that establish and maintain cAMP relay are not

upregulated in the absence of coronin A.

Together, these results show a role for coronin A in the induction of early developmental
genes upon starvation, which likely explains the cAMP relay defect in cells lacking coronin
A. To test the specificity of the cAMP production defect during the early development stage
in coronin A-deficient cells, we measured cAMP production following folic acid stimulation
in vegetative cells, that is known to be mediated via an extracellullar regulated kinase-2
(ERK2)-dependent pathway [330-332]. Wild-type, coronin A-deficient as well as the
complemented cells starved for 30 min were stimulated with folic acid and the level of cAMP
was quantified. Coronin A-deficient cells showed a similar increase in cAMP produced in
response to folate stimulation compared to wild-type and complemented cells (Figure 37D).

These results indicate that coronin A is specifically required for the induction of the early
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development gene expression which is a crucial step for the establishment of any subsequent

cAMP dependent development program.
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Figure 37: Developmentally regulated gene expression profiles in wild type and coronin A-deficient cells.

A. The mRNA levels of acad, carA, relative to the control /g7 and gpda at 0 hour / 4 hours / 8 hours and 12
hours after the induction of starvation in BSS were determined by real time PCR for wild-type and coronin A-

deficient cells.

B. Starving cells in BSS in shaking cultures were collected at the indicated times after the initiation of the
starvation and boiled in SDS sample buffer. Lysates from an equal number of cells were separated on 10%
SDSPAGE followed by immunoblotting for csa, coronin A and actin expression.

C. Cells were growing in HL-5 or starved in BSS in shaking cultures and collected 5 hours after the initiation of
the starvation. Then membranes were extracted as described in materials and methods and boiled in SDS sample

buffer. Extracts from an equal number of cells were separated by
Go2, coronin A and actin expression.

10% SDS-PAGE followed by immunoblotting

D. Vegetative wild-type, coronin A-deficient and coronin A-deficient complemented with coronin A cells were
washed and resuspended in BSS for 30 min. The cAMP production was determined on these cells as described in

Figure 2C after a 6 min stimulation period with 50 uM folate.

Results in A and D are presented as means =+ s.d. of triplicated determinations of a representative experiment in 3

independent experiments.
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5.3.5 Rescue of cAMP relay of coronin A-deficient cells by exogenouly

supplied cAMP

Together the above presented results suggest that coronin A is important for initiation of the
cAMP-dependent starvation response that is required for polarization, chemotaxis and
aggregation. To analyze whether in principle, coronin A-deficient cells can respond to
extracellular cAMP, we analyzed the capacity of a low percentage of wild type cells to rescue
the developmental defects in coronin A-deficient cells. To that end, we analyzed populations
containing different percentages of wild-type cells and coronin A-deficient cells. As shown in
Figure 5, coronin A-deficient cells developed in the presence of a percentage of wild-type
cells as low as 10%. Indeed, streaming formation (Figure 38 and supplemental figure 5A), as

well ac frmitina hady farmatian (Quinnlamental Fionre AR af tha caranin A _daficiant cellg

WeEre

Figure 5

WT100% - - o k0 100%

(Figure legend on next page)
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Figure 38: Development in coronin A-deficient cells in the presence of wild type cells.

Exponentially growing cells were harvested, washed in BSS, mixed at the indicated cell ratios and seeded on a
plastic dish. Coronin A-deficient and wild-type cells were observed under submerged condition and images were
taken 8 hours after the initiation of the starvation. Bar, 50 pm.

In a second series of experiments, extracellular cAMP was provided as pulses, to mimic the
conditions arising during starvation [333, 334]. When coronin A-deficient cells were starved
in a shaking culture with 50 nM cAMP pulses at a frequency of 6.5 min for 5 h before being
seeded on coverslips, most cells were able to chemotax in a polarized manner to a cAMP
gradient generated by a micropipette (Figure 39A and supplemental movie 8). Furthermore,
wild type and coronin A-deficient cells produced comparable levels of cAMP after 5 hours of
starvation and pulsing (Figure 39B, compare with Figure 35C). Also, quantitative-PCR
revealed that in pulsed coronin A-deficient cells, the early developmental gene expression
necessary for cAMP relay was restored, although at varying degrees for the different genes
(Figure 39C). Similarly, Csa protein expression was restored in coronin A-deficient cells upon
cAMP pulsing (Figure 39D). Finally, aggregation of coronin A-deficient cells was rescued
(Figure 39E). More fruiting bodies were also formed on agar by the cAMP pulsed coronin A-
deficient cells compared to non pulsed mutant, although a large part of the slugs couldn’t
develop into fruiting bodies, indicating an additional defect of the cells lacking coronin A to
complete the development process (Supplemental Figure 5). These results show that the early
developmental defect of coronin A-deficient cells is not cell-autonomous and can be
overcome by exogeneous signals released either from wild-type cells or by cAMP pulses

provided in trans.

130



Part 5: Coronin A and initiation of development

[ wild-type
[ corA KO
[ corA KO + corA

60+

5

nN
o
1

pmol cAMP /7 107 cells

0_
Vegetative cells Starved cells
< carA expression aca expression csA expression
§ 500 o wildtype 15007 15000
£ 400- 4 corA KO
g 300+ 1000 10000
200
E 500 5000
E 100+
S 0 T T ] 0 T T 1 0 & T T q
0 4 8 12 4 8 12 0 4 8 12
Time of starvation (hrs) Time of starvation (hrs) Time of starvation (hrs)
D E Starved and cAMP pulsed

Starved

corA KO

wild-type

0 2 4 6 8 1012 0 2 4

6 8 10 12

W MrikDa)
—100

Wild type

coronin A KO

Figure 39: cAMP sensing, production and early developmental gene expression upon exogenous cAMP
pulses.

A. Coronin A-deficient cells were washed, starved and pulsed during 5 hours with 50 nM cAMP every 6.5 min.
Cells are then washed, resuspended in BSS and placed on a chambered coverslip at a density of 1 x 10 cells /
ml. A cAMP gradient was established as described in the legend to Figure 4. Bar, 50 pm.

B. Cells were pulsed with cAMP as in (A) and then assayed for cAMP production using the HTRF cAMP assay
(Cisbio).

C. Vegetative wild-type and coronin A-deficient cells were washed, starved and pulsed during 5 hours with 50
nM cAMP every 6 min. Cells were then lysed at the indicated time points and the mRNA levels of acaA, carA,
and csA relative to the housekeeping control genes /g7 and gpdA at 0 hour, 4 hours, 8 hours and 12 hours were
determined by real time PCR.
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D. Vegetative wild-type and coronin A-deficient cells were washed, starved and pulsed with 50 nM cAMP every
6.5 min. Cells were collected at the indicated times after the initiation of the starvation and boiled in SDS sample
buffer. Equal amounts of cells were separated on a 10% SDS gel and analyzed by western blot for csa, coronin A
and actin expression.

E. Vegetative wild-type and coronin A-deficient cells were washed and starved with or without 50 nM cAMP
pulsing during 5H every 6 min in suspension. Cells were then washed, resuspended in BSS and placed on a petri
dish at a density of 4 x 10° cells / cm®. Pictures were taken 4H after seeding of the cells. Bar, 50 um.

Results in B and C are presented as means =+ s.d. of triplicated determinations of a representative experiment in 3
independent experiments.

5.3.6 Development of coronin A-deficient cells in the absence and presence
of 8-br-cAMP

The fact that cAMP-dependent polarization and aggregation in coronin A-deficient cells was
fully restored by external cAMP pulses suggests that coronin A is dispensable for cellular
processes downstream of the cAMP receptor, and rather functions in the transduction of the
initial signal required to activate the cAMP relay pathway. To independently assess whether
or not coronin A is required in the cellular processes leading to chemotaxis and aggregation,
cells were exposed to cAMP or 8-br-cAMP. This membrane permeable cAMP analogue
possesses a poor affinity for the extracellular cAMP receptors but enters the cells and directly
activates the cAMP-dependent protein kinase A [335]. Incubation during 5 hours of the
coronin A-deficient cells with 8-Br-cAMP and cell transfer in compound-free Boner’s Salt
Solution (BSS) was sufficient to restore the ability to form aggregates. Indeed coronin A-
deficient cells were able to polarize and readily aggregate following incubation with the
cAMP analogue, while cells incubated in BSS were unresponsive (Supplemental figure 6 and
supplemental movie 9). Observation at a later time point showed similar aggregate formation
for wild-type cells and for coronin A-deficient cells after incubation with the 8-Br-cAMP
analogue. However aggregate formation was delayed for cells lacking coronin A whether
incubated with or without cAMP (Figure 40). These results suggest that first, protein kinase A

activation and downstream pathways are still functional in the absence of coronin A, and
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second, they confirm that coronin A is dispensable for chemotaxis and aggregation per se, but

is required for initiation of the starvation response.

Wild type coronin-A KO

100 pM cAMP  Non stimulated

SmM 8-Br-cAMP

Figure 40: Aggregation of wild type and coronin A-deficient cells in the presence of 8-Br-cAMP

Coronin A-deficient cells were washed in BSS, seeded into multi-well plates at a density of 2 x 10’
cells / cm?, and incubated in BSS or BSS + 5 mM of 8-Br-cAMP during 5 hours. Cells were then
washed, and filmed over a period of 16 hours. The images shown are taken from a series of frames.
Bar, 200 pm.

133



5.4 Discussion

Survival of complex organisms relies on the ability to adapt to a changing environment. The
soil dwelling social amoeba Dictyostelium discoideum, when a threat is posed by
encountering nutrient depletion, the cells enter a developmental program in order to form
aggregates that develop into fruiting bodies carrying spores. This developmental program
involves cAMP-mediated chemotaxis as well as the induction of genes that allow an
amplification of cAMP signaling via a so-called cAMP relay. Our results indicated that
coronin A plays an essential role in the initiation of this developmental program. Importantly,
while Dictyostelium cells lacking coronin A were unable to initiate development, once
stimulated through external sources of cAMP, coronin A-deficient cells were fully competent
to undergo chemotaxis and aggregation, suggesting that coronin A is dispensable for any of
these latter activities. We therefore conclude that coronin A is important for the initiation of

cAMP-dependent signal transduction.

Coronins are highly conserved molecules expressed in all eukaryotes, with a recent analysis
listing 723 coronin molecules from 358 species [168]. A core structure of all coronin
molecules is the N-terminal WD repeat region, that is believed to fold into a 7-bladed beta
propeller domain [163, 164] and is fused to a coiled coil region via a unique domain. D.
discoideum expresses only two coronins: coronin A, consisting of a WD repeat domain and
coronin B, that essentially represents a ‘tandem’ WD repeat region separated by a unique
domain, but lacking a coiled coil [336]. Contrary to coronin A-deficient cells, disruption of
the coronin B gene displayed no significant alterations in motility and polarization and caused
an accelerated development at early time points [172], suggesting that coronin B is
dispensable for chemotaxis, which rules out a redundant role of both coronins during

development.
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Our results are in accordance with previous studies showing defective fruiting body formation
and a defect in the directional migration of cells lacking coronin A towards a cAMP gradient
with a non polarized phenotype [171, 172]. However, the results presented here suggest a non
cell-autonomous modulation of coronin A on early development rather than an F-actin-based
cytoskeletal defect as suggested previously [171, 172]. First, the defect in the cAMP elicited
response is specific for the starvation-induced development, as shown by the normal level of
cAMP production in vegetative coronin A-deficient cells following folic acid stimulation.
Second, folic acid chemotaxis is normal in vegetative coronin A-deficient cells, arguing
against a general chemotactic failure. Third, coronin A-deficient cells can upregulate early
gene expression and undergo chemotaxis and development when exogenous cAMP pulses are
applied. Fourth, adding low numbers of wild-type cells in a population of coronin A-deficient
cells was sufficient to recover streaming and aggregation capabilities, demonstrating a non
cell-autonomous defect of these cells. Fifth, incubation of the mutant cells with the membrane
permeable cAMP analogue 8-Br-cAMP restored aggregation. Together these results reveal a

role of coronin A independent of F-actin regulation during development.

How, exactly, coronin A functions in the initiation of cAMP-dependent development remains
to be established. The fact that in vegetative cells coronin A does not affect folate-mediated
chemotaxis and cAMP production, both of which depend on an intact adenylate cyclase,
suggests a proper functioning of the molecules involved in cAMP production. Furthermore,
the restoration of chemotaxis and aggregation by exogenous pulses of cAMP in the absence of
coronin A suggests that coronin A is dispensable for these processes once they have been
initiated. Therefore, coronin A may act at an early stage in the initiation of a development
response. For example, it was suggested that Dictyostelium utilizes extracellular factors such

as the conditioned medium factor (CMF) to sense their density. CMF can activate a
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heterotrimeric G protein-dependent pathway to stimulate the cAMP dependent pathway
during the first signs of starvation [337, 338]. Whether or not coronin A may function

downstream of a CMF response and upstream of cAMP production is currently unknown.

Coronin molecules are expressed in all eukaryotic organisms, and have been implicated in the
regulation of a wide variety of cellular activities. However, the precise function for most
coronins remains largely unknown. The work presented here suggests that in the lower
eukaryote Dictyostelium discoideum, coronin A is an essential component in the signal
transduction cascade initiating multicellular development, that is crucial for long term

survival.
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Supplemental table 1

#10%om?  Onsetof aggregation Agoregated
wild type 5 Ho "
i11] SH-6H 8H-12H
20 4H30-6H BH30-1TH
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Table S1: Early development of wild type and coronin A-deficient cells.

Dictyostelium cells were prerared and filmed as described in figure 1A at the densities of 5, 10, 20 or 40 x10*
cells / cm?. In this table the time range of aggregation onset and aggregates completion for each strain was
reported. The onset of aggregation was characterized by the formation of small and loose aggregates (see 6 hours
of starvation of the wild type cells in A), while the aggregates formation was described as big round and stable
structures (see 12 hours of starvation for the wild type cells in A). These ranges represent at least 12 movies of at

least 3 independent experiments for each strain.
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Figure S1: Coronin A expression.

A. Vegetative wild-type and coronin A-deficient cells and coronin A-deficient cells complemented with coronin
A were lysed in SDS sample buffer and assayed for immunoblotting with a-coronin A and anti-actin antibodies.

B. Immunofluorescence images of the same three strains using Phalloidin (red), and a-coronin A (green). Bar, 50
pum.
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coronin AKO
+ coronin A
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Figure S2: Slug and fruiting bodies formation in starving wild type and coronin A-deficient cells.

Cells grown in axenic medium were washed in BSS and spread on 1.2% BSS buffered agar at a density of 1 x
10° cells / cm®. Pictures were taken 26 hours after the induction of starvation. Bar, 0,2 mm.

0 min 15 min 30 min 45 min 60 min

Wild type

Coronin A KO

Figure S3: Chemotaxis of wild type and coronin A-deficient cells to folic acid in suspension.

A. Vegetative cells were cultured in a suspension of bacteria as described in materials and methods, washed and
placed on a petri dish at a density of 1 x 10* cells / cm®. A folic acid gradient was established by injection of 250
uM cAMP through a micropipette by a pressure of 20 hPa. Cells were imaged every 20 seconds during 1 hourr.
The images shown are taken from a series of frames during the folic acid chemotaxis. Bar, 50 pm.

B. The 6 closer cells from the micropipette tip at time 0 hour were tracked in each video frame for 60 minutes
and the tracking path after 60 minutes are shown. Cell tracking was performed using FIJI and tracking plugin.
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Figure S4: Mixing experiment control and fruiting bodies formation in coronin A-deficient cells in the
presence of parental wild type cells.

(A) Exponentially growing cells were harvested, washed in BSS, mixed at the indicated cell ratios and seed on a
plasticdish. Ga2 deficient and wild-type cells were observed under submerged condition and pictures were taken
8 hours after the initiation of the starvation. Bar, 50 pm.

(B) Exponentially growing cells were harvested, washed in BSS, and mixed at the indicated ratios. The figure
shows a 40H incubation of coronin A, Gf deficient and wild-type cells on 1.2% non-nutrient agar at a density of
1 x 10° cells / cm?. Bar, 0,2 mm.
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Figure S6: Aggregate formation of wild-type and coronin A-deficient cells upon incubation with the cAMP
analogue 8-Br-cAMP.

Exponentially growing coronin A-deficient cells (A) and wild-type cells (B) were harvested, washed in BSS and
seeded into multi-well plates at a density of 2 x 10° cells / cm”. Cells were allowed to adhere 30 min and BSS
buffer was changes for BSS, BSS + 100 uM cAMP or BSS + 5 mM 8-Br-cAMP, and filmed. The images shown
are taken from a series of frames during the starvation. Bar, 200 um
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Coronin A is the founding member of the coronin family of proteins and was discovered in
the slime mold Dictyosteluim discoideum. Previous work conducted with coronin A deletion
mutants, implied that coronin A is involved in the assembly and disassembly of actin
filaments and that its presence is crucial for a functional actin cytoskeleton [161, 169, 171,
172]. However, such a function for coronin proteins could not be substantiated unequivocally
in mammalian cells lacking coronin 1, the closest mammalian homologue to coronin A [218,
220, 296]. Much rather, coronin 1 was found to play a role in calcium-dependent signaling
pathways [213, 216]. In an attempt to reconcile these seemingly opposing findings, we
decided to reinvestigate the Dictyostelium coronin A protein and the defects that manifest in
absence of coronin A in Dictyostelium discoideum. Hence, this thesis reports work focusing
on the production and characterization of a novel cor4 deletion mutant generated in the
genetic background of the D.discoideum axenic strain DH1-10 and on the characterization of

purified coronin A protein.

The phenotypical manifestations of this novel cor4 deletion mutant largely resemble
previously published observations of a cor4 deletion mutant that was generated in a distinct
genetic background [161, 171, 172]. Our results indicate, however, that the defects associated
with a lack of coronin A are more context dependent and complex than previously
appreciated. For example, we show that there is a defect in phagocytosis of yeast cells, but not
latex beads of various sizes. This argues against a generally dysfunctional phagocytosis
mechanism and implies that coronin A aids in the uptake only of certain types of particles.
The corA deletion mutant’s poor phagocytosis of yeast cells might rather arise as a result of

defective surface recognition receptor signaling [339].

We found that the novel corA4 deletion mutants displayed defects in cytokinesis, but the defect
became less severe after growth on substrate, rather than becoming aggravated, as previously

reported for the deletion mutants derived from the parental strain AX2 [162, 171]. This
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inverted phenotype might be due to inherent differences in performing cytokinesis between
the two parental strains and these inherent differences seem to become magnified in the
absence of coronin A. The finding that the novel cor4 deletion mutant has less difficulties
dividing on substrate than in suspension is consistent with reported observations on almost all
other Dictyostelium mutants displaying defects in cytokinesis [286]. Moreover, when left to
grow on substrate, the cells split into two distinct populations. A small percentage of cells
grow extremely large, but the vast majority of cells succeed in producing normal-sized,
uninucleated daughter cells. We hypothesize that the majority of the coronin A deficient cells
manage to switch to myosin II independent, cell-cycle coupled cytokinesis B, when
transferred to solid substrate [282, 340, 341]. This would mean, that the major cytokinesis
defect in coronin A deletion mutants refers to myosin II dependent cytokinesis A, which is
crucial for precise cell division in suspension, much like the protein AmiA [286]. This
suggests that the cellular machinery performing cytokinesis is functional per se, but the
coordination of the division event is defunct in a few cases, possibly due to absence of, or
faulty interpretation of, trigger signals that couple karyokinesis to cytokinesis, such as
disregulated CdkS localization [342, 343]. CdkS is a particularly attractive candidate, since it
has been reported to phosphorylate coronin 1 in mammalian cells and has also been found to

be involved in regulating actin cytoskeletal dynamics [344-346]

The variable results discussed above could be explained, if we assume that coronin A acts as
an integrating factor, reminiscent of other scaffolding proteins [347]. This integrating factor
would have the ability to bring together various signaling inputs and to facilitate their
interpretation to lead to an adequate cellular response to a variety of stimuli. To achieve this,
coronin A would not necessarily need to interact directly with the cytoskeleton. The
possibility that coronin A influences the activity of factors involved in modulation of the actin

cytoskeleton and downstream signaling components, but that it itself does not participate
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actively, is supported by our unsuccessful attempts to co-precipitate and co-purify coronin A

together with F-actin from total cell lysates.

This failure to find interaction in total lysates could mean that either, coronin A does not
interact with F-actin in vivo, or that the experimental procedures used introduce artifacts and
disrupt the, possibly very fragile and sensitive, interaction. The absence of conclusive
evidence for in vivo interaction between coronin A and F-actin, is mirrored by our observation
that the previously documented phagocytosis defects manifested only in some cases, in
dependence of the particles offered, arguing against a general cytoskeletal defect in the cor4-
deletion mutants (see 4.3.6). In contrast, /n vitro mixing of pre-formed F-actin and coronin A
did lead to co-sedimentation of coronin A with F-actin. In accordance with previous
observations, we found that the co-precipitation in vitro was highly sensitive to increasing
concentrations of sodium [161, 289], and additionally, the presence of the FLAG-tag seemed
to have a detrimental effect on coronin A / F-actin interaction (data not shown). This shows
that coronin A has the potential to bind to F-actin, at least in vitro and under a narrow set of

conditions.

The purified coronin A material was also used to explore its oligomeric state. Oligomerization
of coronin proteins is thought to be mediated by the C-terminal coiled-coil domains [168].
Mammalian coronin 1 was conclusively shown to form trimers [164], whereas there is some
evidence that Xenopus coronin forms dimers [299]. Using a variety of methods, we found that
purified coronin A also forms dimers. The notion that some coronins should form dimers
while others form trimers is not surprising, since it is well established that coiled-coil domains
have the potential of folding into a variety of different topologies, depending on so-called
trigger sequences, short, distinct amino acid stretches [348, 349]. The exact mechanisms by
which these trigger sequences define the oligomerization topology are still being investigated

and have been recently addressed in a publication by Ciani et al. [350]. They report that, in
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order to form trimers cooperatively, it is crucial that the trimerization motif, Arg-h-x-x-h-Glu
(h = hydrophobic amino acid), is positioned within the experimentally determined trigger
sequence of the coiled-coil domains under investigation. To see if their findings can also
explain the switch from dimerization to trimerization in the case of coronin A and coronin 1,
the corresponding trigger sequences would first have to be determined. Nevertheless, future
work directed at exploring and comparing differences between the coiled-coil domains of
mammalian coronin 1 and Dictyostelium coronin A could contribute to our knowledge of how

the oligomerization topology of coiled-coil domains is determined.

The third results section discusses the impact of coronin A deletion on early, starvation-
induced developmental processes. During these early stages Dictyostelium initiates the
expression of genes involved in cAMP sensing and production to orchestrate the onset of
collective behavior in form of aggregation [351]. We observed that cor4-deletion mutants
aggregated only at much higher cell densities than the wild type cells and that aggregation
onset is markedly delayed. Further investigations revealed, in accordance with previous
studies, that cells lacking coronin A displayed a defect in polarized migration up a cAMP-
gradient [274, 352]. In addition to the already known chemotaxis defect, we show here that
coronin deletion mutants fail to upregulate genes involved in early development and, as a
consequence, cannot increase cAMP production upon starvation within the same time frame
as the wild type cells. However, coronin A deletion mutants were able to overcome these
defects when they were treated with periodic cAMP pulses or when they were mixed with
wild type cells. These results suggest a non-cell autonomous modulation of coronin A on
early development, rather than an underlying F-actin based cytoskeletal defect. Early factors
involved in initiation of development include the conditioned medium factor (CMF), which
has also been implicated in sensing cell density [353, 354]. This potentially provides a link to
the observation that coronin A deletion mutants successfully aggregate at high cell densities

but not at intermediate densities, if one assumes that coronin A is involved in the response to,
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or the production of CMF. CMF can activate a heterotrimeric G protein-dependent pathway to
stimulate the cAMP dependent pathway during the first stages of starvation [338, 355, 356].
Hence, we hypothesize that coronin A is involved in signaling events downstream of CMF
recognition and upstream of cAMP production. The inability of the coronin A knock out cells
to efficiently increase cAMP production upon starvation, indicates that coronin A is involved
in the activation of adenylate cyclase. One possibility is that coronin A is involved in
facilitating the guanine nucleotide exchange on RasC which, in its active state, goes on to

stimulate adenylate cyclase [127, 357]

To summarize, we report the generation of two corA4 deletion strains in the DH1-10
Dictyostelium discoideum parental background. The corA deletion strains display phenotypic
defects that are consistent with published results from other cor4 deletion strains generated in
an AX2 background, and these defects are reverted upon complementation with
extrachromosomally expressed coronin A. In addition, we find that cor4 deletion mutants
have defects in early development and that this is due to insufficient cAMP production, since
this defect can be rescued by exogenously administered cAMP-pulses. We further show that

purified coronin A forms a dimer.
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