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Abstract
Chemotaxis, or directional movement towards an extracellular gradient of chemicals, is 
necessary for processes as diverse as finding nutrients, the immune response, metastasis 
and wound healing. Activation of G-protein coupled receptors (GPCRs) is at the very base 
of the chemotactic signaling pathway. Chemotaxis starts with binding of the chemoattract-
ant to GPCRs at the cell-surface, which finally leads to major changes in the cytoskeleton 
and directional cell movement towards the chemoattractant. Many chemotaxis pathways 
that are directly regulated by Gβγ have been identified and studied extensively; however, 
whether Gα is just a handle that regulates the release of Gβγ or whether Gα has its own set 
of distinct chemotactic effectors, is only beginning to be understood. In this review, we will 
discuss the different levels of regulation in GPCR signaling and the downstream pathways 
that are essential for proper chemotaxis.
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Introduction
Chemotaxis, the process of directed cell movement towards a chemical gradient, plays an 
important role in both prokaryotes and eukaryotes. Prokaryotic chemotaxis is essential for 
food scavenging, while in mammals, chemotaxis plays, for example, a role in wound healing and 
embryogenesis (Jin, 2013). Defects in chemotaxis are critically linked to the progression of 
many diseases including cancer, asthma, atherosclerosis and other chronic inflammatory diseases 
(Zabel et al., 2015). Although cells can detect chemoattractant gradients of highly diverse chemical 
compounds produced by many different sources, the main signaling pathways regulating 
chemotaxis are highly conserved among eukaryotes (Artemenko et al., 2014).

The most commonly used model systems for studying chemotaxis are the slime mold 
Dictyostelium discoideum and mammalian neutrophils (Bagorda et al., 2006). Although 
having clearly distinct physiological roles, Dictyostelium and neutrophils have a highly 
similar chemotactic behavior. They display strong chemotactic responses, their stimuli 
are well-defined and their chemotaxis is characterized by amoeboid migration, creating 
actin-rich pseudopods at the front and retracting the back of the cell using myosin filaments 
(Artemenko et al., 2014; Nichols et al., 2015). Chemotaxis is essential for the Dictyostelium 
life cycle: during the vegetative phase of their life cycle, Dictyostelium scavenges the soil 
for bacteria by chemotaxing towards folic acid released by bacteria; however, if food is 
scarce, Dictyostelium cells secrete cyclic AMP (cAMP), which is used as a chemoattractant 
by neighboring cells to form a multicellular structure with spores that can resist harsh 
conditions.

During its lifecycle, Dictyostelium, as well as neutrophils, have to cope with a wide range of 
chemoattractant concentrations, e.g., during development, Dictyostelium encounters cAMP 
gradients ranging from 3 nM to 10 µM (Devreotes et al., 1983; Mato et al., 1975). Activation 
of G-protein coupled receptors (GPCRs) is at the very base of the signaling pathways that 
enable this very sensitive and broad chemotaxis response. Chemotaxis starts with binding of 
the chemoattractant to GPCRs at the cell surface. The receptors transmit these signals into 
the interior of the cell by activation and dissociation of the heterotrimeric G-protein complex. 
This subsequently results in the activation of a complex network of signaling molecules and 
the coordinated remodelling of the cytoskeleton. The final outcome is cellular movement up 
the chemoattractant gradient (Devreotes and Zigmond, 1988; Oldham and Hamm, 2008).

In this review, we highlight the crucial role of regulators of GPCR and heterotrimeric 
G-protein signaling and discuss the heterotrimeric pathways regulating chemotaxis.

Regulation of GPCRs and heterotrimeric G-proteins during 
chemotaxis
Chemotaxis receptors and their regulation
Cells are able to detect and respond to a wide variety of chemoattractants and repellents, 
including peptides, lipids, and small proteins of several classes (Zabel et al., 2015). 
Although the structure of these compounds is highly diverse, most of them are detected 
by receptors of the GPCR family. The human GPCR family consists of nearly 800 genes 
divided into three main families; β2 adrenergic–like receptors, glucagon-like receptors, 
and metabotropic neurotransmitter-like receptors (Gether, 2000). Chemotaxis receptors 
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belong to the family of β2 adrenergic-like receptors. An overview of the chemotaxis 
receptors discussed in this review, their respective ligands and their expression is provided 
in Table 1. GPCRs consist of seven transmembrane α-helices, with an intracellular  
C-terminus and an extracellular N-terminus (Venkatakrishnan et al., 2013). The extracellular 
domain regulates accessibility of the receptor, the transmembrane is the main binding 
surface for the ligand and, through conformational changes, the signal is transduced to 
the intracellular domain, which interacts with and activates the heterotrimeric G-protein 
signaling cascade (see below) (Oldham and Hamm, 2008). To be able to detect both very 
low and high concentrations of chemoattractant and migrate in a complex environment of 
competing chemotaxis cues, GPCR activation is highly regulated.

Ligand binding properties and expression
In Dictyostelium, four cAMP receptors (cAR) have been identified that are involved in 
chemotaxis (Table 1). To cope with an increase in extracellular cAMP concentration during 
the aggregation stage (Saxe et al., 1991; Wang et al., 2011b), cells express the cAR1-4 
receptors sequentially and with decreasing affinities. cAR2-4 have a relatively low affinity for 
cAMP and are important during the multicellular stage, whereas cAR1 has a high affinity for 
cAMP and is essential for signal transduction during early development and chemotaxis. At 
the onset of Dictyostelium aggregation the very shallow (starting from 3 nM) cAMP gradient 
is detected by the high affinity (Kd of 30 nM) cAR1 receptor. At late aggregation stages, the 
cAMP concentrations increase, thereby saturating cAR1 receptors (Song et al., 2006). The 
cAR1 receptors become phosphorylated at this stage resulting in a five-fold lower affinity 
(Caterina et al., 1995). Subsequently, cAR1 expression is down-regulated, while expression 
of the low affinity cAR3 receptor (Kd of 100 nM), cAR2 and cAR4 (both Kd in the mM range) 
increases, thereby enabling the cell to respond to the higher concentrations of cAMP (Kim 
et al., 1998).

Neutrophils use a highly similar mechanism to sense adenosine released by tissue cells. 
Inflammation or injury of tissue cells results in a more than 100-fold increase in adenosine 
release (Barletta et al., 2012). The cells use a combination of low and high affinity receptors 
to cope with these different levels of adenosine: where A1 and A3 show an EC50 between 
0.2–0.5 µM, A2A an EC50 between 0.6–0.9 µM, and A2B an EC50 between 16–64 µM for 
adenosine (Table 1) (Junger, 2011). At low concentrations, both high affinity receptors A1 
and A3 promote chemotaxis, while, at higher concentrations, the low affinity A2 receptors are 
activated and neutrophil recruitment is diminished (Barletta et al., 2012).

Receptor adaptation and internalization
Upon ligand binding, all GPCRs transiently induce their own phosphorylation (homologous 
desensitization) while, as exemplified below, several receptors in addition induce phospho-
rylation of other receptors (heterologous desensitization) (Ali et al., 1999). The desensiti-
zation of the GPCRs is achieved by the uncoupling of heterotrimeric G-proteins, making it 
impossible for the receptor to transduce the signal via Gα or Gβγ (Patel et al., 2013), whereas, 
upon removal of the ligand, resensitization is accomplished by fast recycling of the receptors 
and digestion of the ligand.

The first step in desensitization is activation of G-protein-coupled receptor kinases 
(GRKs), which subsequently phosphorylate the C-terminal domain of the receptors 
(Figure 1). Phosphorylated receptors not only have a decreased affinity for heterotrimeric 
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G-proteins, but more importantly, also bind with higher affinity to β-arrestins (Chidiac, 
2015). β-arrestin binding uncouples heterotrimeric G-proteins from the receptor and can 
induce receptor internalization. Internalization can result in either recycling to the surface 
and resensitization, or degradation and persistent desensitization of receptors (Figure 1, 
(Goodman et al., 1996; Laporte et al., 2002)). Homologous receptor desensitization with 
associated changes in ligand affinities allows sensitivity to a broader concentration range 
of chemoattractant, which has been extensively studied for CXCR4, a chemokine receptor 
that responds to stromal derived factor 1 (SDF-1 or CXCL12). Upon CXCR4 phosphorylation, 
the E3 ubiquitin ligase IAP4 is recruited and ubiquitinates the C-terminal tail of CXCR4 (step 
5 in Figure 1) (Marchese and Benovic, 2001; Marchese et al., 2003). The ubiquitin tags the 
receptor for lysosomal degradation through the endosomal sorting complex required for 
transport (ESCRT) pathway. The ubiquitin tag is detected by the ubiquitin binding domain 
(UBD) on the ESCRT proteins and transported to lysosomes where both the receptor and 
ligand are degraded (steps 11–12 in Figure 1) (Dores and Trejo, 2014; Marchese, 2014). The 
receptor degradation reduces signaling in high concentration gradients, and stops cells from 
moving when they reach the source. Although the mechanism is not completely understood, 

Table 1. Overview of chemotaxis receptors discussed in this review, their respective ligands and 
expression profiles. NK cell: Natural Killer cell. 

Receptor Ligand(s) Cellular Expression
CCR5 CCL2/3/4/5/13/15 T cell, NK cell, monocyte, macrophage, dendritic cell

CCR6 CCL19, β-defensin B cell, T cell, NK cell, dendritic cell

CXCR2 CCL28, CXCL1/2/5/6/7/8 T cell, NK cell, neutrophil,  
monocyte, dendritic cell, granulocyte

CXCR4 CXCL12 (SDF-1) B cell, T cell, NK cell neutrophil, monocyte, macrophage, 
dendritic cell, granulocyte, neurons

CXCR5 CXCL13 B cell, T cell

BLT1/2 LTB4 B cell, T cell, neutrophil, monocyte,  
macrophage, dendritic cell, granulocyte

LPA1 LPA NK cell, macrophage

PAFR PAF B cell, neutrophil, monocyte

FPR1/2 Formyl peptides T cell, neutrophil, monocyte, macrophage, dendritic cell

A1 receptor Adenosine Neutrophil, monocyte, macrophage, dendritic cell

A2A receptor Adenosine B cell, NK cell, neutrophil, monocyte, macrophage, den-
dritic cell

A2B receptor Adenosine B cell, NK cell, neutrophil, monocyte, macrophage, dendritic 
cell

A3 receptor Adenosine B cell, NK cell, neutrophil, monocyte, macrophage, den-
dritic cell

cAR1 cAMP Dictyostelium. Peaks at 4 h of development, then drops 
dramatically, early aggregation

cAR2 cAMP Dictyostelium. Peaks at 16 h of development, mound formation

cAR3 cAMP Dictyostelium. Peaks at 4 h of development, then slowly 
decreases, late aggregation stage

cAR4 cAMP Dictyostelium. Peaks at 20 h of development, culmination
To be identified Folic acid Dictyostelium. Vegetative cells
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homologous desensitization also seems to play a role in Dictyostelium, since a mutant strain 
expressing a non-phosphorylatable cAR1 showed impaired chemotaxis (Brzostowski et al., 
2013).

Neutrophils operate under very complex conditions of competing chemotaxis cues and 
opposing directions. Heterologous internalization allows classification of these signals, 
e.g., because of GRK-mediated receptor phosphorylation and degradation formyl peptides 
of bacterial or mitochondrial origin are dominant attractants over CXCL8 and LTB4 for 
neutrophil chemotaxis (McDonald et al., 2010). These properties are essential for neutrophil 
chemotaxis towards a necrotic core; they initially use the CXCL2 receptor (CXCR2) to migrate 
up an intravascular gradient of CXCL2, which they subsequently ignore and instead use FPR1 
to migrate up a gradient of mitochondrion-derived formyl peptides.

Interestingly, recent studies have shown that β-arrestins not only regulate receptor 
adaptation, but also directly bind and activate downstream chemotaxis pathways. At the 
leading edge, β-arrestins can function as scaffold proteins for cofilin, which regulates actin 
polymerization at the front of the cell (Zoudilova et al., 2007). Furthermore, when the 
chemotaxis receptor CCR5 is activated by MIP1β (CCL4) a scaffold is made consisting of 
β-arrestin 2, PI3K and some non-receptor kinases. This β-arrestin 2 dependent scaffold is 
essential for MIP1β induced chemotaxis of human macrophages (Cheung et al., 2009).

Kinetics and regulation of heterotrimeric G-proteins during 
chemotaxis
The general paradigm of GPCR activation is that ligand binding induces a conformational 
change in intracellular receptor domains resulting in the release of GDP from the Gα subunit 
(Figure 2). The GDP is quickly replaced by GTP from the cytosol, which promotes disassociation 
of the three subunits as Gα-GTP and a Gβγ dimer, both of which can regulate a diverse set of 
downstream effectors. Due to the intrinsic Gα-associated GTPase activity, GTP is hydrolysed 
to GDP, and the inactive heterotrimeric complex is re-associated (Greasley and Clapham, 
2006). The reassembled heterotrimeric G-protein complex can form a complex with the 
GPCR again. However, it is not yet clear whether heterotrimeric G-proteins only bind to 
activated receptors encountered upon lateral diffusion (collision coupling model) (Oldham 
and Hamm, 2008; Xu et al., 2010), or whether the G-proteins are able to bind to GPCRs prior 
to activation (pre-coupled model) (Elzie et al., 2009).

The kinetics of heterotrimeric G-protein dissociation in response to chemoattractant 
have been extensively studied in both mammalian and Dictyostelium cells. Activation of the 
receptor occurs in the time frame of ms (Hoffmann et al., 2005; Vilardaga et al., 2003), with 
maximum dissociation of the heterotrimeric G-protein complex within 3–6 s after uniform 
stimulation with chemoattractant (Bünemann et al., 2003). The amount of dissociated Gα and 
Gβγ at the front and back of Dictyostelium cells corresponds to the relative amount of cAMP 
at the front and back of the cell, indicating that signal amplification occurs downstream of 
Gα and Gβγ proteins (Xu et al., 2005). The rate limiting step in the heterotrimeric G-protein 
activation cycle is re-association of Gα-GDP and Gβγ with the receptor, which can take up to 
15–30 s in mammalian cells (Bünemann et al., 2003; Lohse et al., 2012) and several minutes 
in Dictyostelium cells (Janetopoulos et al., 2001). Because of the fast intracellular response 
upon receptor activation and slow re-association rate, the signaling rate of chemotaxis 
receptors is limited. Under continuous uniform stimulation, the downstream chemotaxis 
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pathways, such as PIP3 production, adapt and Dictyostelium cells stop migrating, however, 
surprisingly, under these conditions, the heterotrimeric G-proteins remain dissociated from 
the receptor. This strongly suggests that ligand-bound active receptors continuously activate 
Gα and Gβγ subunits, and that adaptation to the signal at least partly occurs downstream of 
heterotrimeric G-proteins (Janetopoulos et al., 2001).

Based on the conventional heterotrimeric G-protein cycle, the duration of downstream 
signaling is controlled by the lifetime of the Gα subunit in its GTP-bound state. In the last 
couple of years, several guanine nucleotide exchange factors (GEFs), GTPase-activatinG-pro-
teins (GAPs), guanine nucleotide dissociation inhibitor (GDIs) and regulators of Gβγ signaling 
have been identified that regulate and fine-tune the heterotrimeric G-protein signaling 
during chemotaxis (Figure 2, (Siderovski and Willard, 2005)).

Regulation of Gα signaling by GEFs
In the conventional model of G-protein signaling, GPCRs are the GEFs for Gα proteins, 
stimulating the exchange of G-protein bound GDP to GTP and inducing dissociation of 
free Gα-GTP and Gβγ. However, in the last decades, several non-receptor GEFs have been 
identified that stabilize a nucleotide-free transition state of Gα, thereby reducing the high 

Figure 2. A schematic representation of mammalian Gα regulation. Upon binding of extracellular che-
moattractant, GPCRs undergo conformational changes to act as guanine nucleotide exchange factors 
(GEFs) for Gα subunits, facilitating GDP release and subsequent binding of GTP, and release from Gβγ 
dimers (A) Non-receptor GEFs can bind to Gα-GDP and extend Gα subunit activation by stimulating the 
exchange of Gα-GDP to the active GTP-bound state. Regulator of G protein signaling (RGS) proteins 
stimulate the exchange of Gα-GTP back to Gα-GDP, serving as GTPase-accelerating proteins (GAPs) for 
Gα, thereby dramatically enhancing their intrinsic rate of GTP hydrolysis. (B) Upon GTP hydrolysis of 
Gα, the heterotrimer of Gα-GDP and Gβγ can reform, restoring the coupled GPCR/G protein complex; 
(C) However, in the presence of guanine nucleotide dissociation inhibitors (GDIs), Gα can become 
trapped in a Gα·GDP/GDI complex, preventing Gβγ from reassociation and re-coupling to GPCRs (D).
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nucleotide affinity by many orders and promoting nucleotide release. This subsequently 
facilitates binding of GTP, which is present in excess over GDP in the cytosol of the cell. So 
far, several non-receptor GEFs have been identified that play an important role in regulating 
Gα activation during chemotaxis (Table 2). For instance, GIV (Gα-interacting vesicle-as-
sociated protein, also known as Girdin) has been described as a GEF for mammalian Gαi3 
(Garcia-Marcos et al., 2009). Through the GEF motif located in the C-terminus, GIV binds 
and exchanges Gαi3-GDP to Gαi3-GTP that is available for the activation of downstream 
effectors (Garcia-Marcos et al., 2009). It has been revealed that GIV is required to stimulate 
the Gβγ-dependent PI3K/Akt pathway via GIV/Gαi3 activation, which remodels the actin 
cytoskeleton and regulates cell migration during cancer cell invasion (Enomoto et al., 2005; 
Garcia-Marcos et al., 2009; Ghosh et al., 2008; Jiang et al., 2008). 

Resistance to Inhibitors of Cholinesterase (Ric8A and Ric8B) are regulators of 
heterotrimeric G-protein signaling that can act both as non-receptor GEFs and as chaperone 
for Gα proteins (Tall, 2013). Ric-8A only interacts with GDP-bound Gα in the absence of Gβγ, 
resulting in release of GDP and formation of a stable, nucleotide-free Gα·Ric-8A complex. 
GTP then binds to Gα and disrupts the complex, releasing Ric-8A and the activated Gα 
protein (Tall et al., 2003). Ric-8A is crucial for cranial neural crest cell migration; it localizes to 
the plasma membrane of the leading edge, where it amplifies Gα signaling to downstream 
effectors (Fuentealba et al., 2013). Furthermore, silencing of Ric-8A in embryonic fibroblasts 
inhibited PDGF-induced cell migration and prevented the translocation of Gα13 to the cell 
cortex (Wang et al., 2011a). Our work has shown that Dictyostelium Ric8 also serves as a 
non-receptor GEF that is important for development and chemotaxis to cAMP and folate 
(Kataria et al., 2013a). Dictyostelium Ric8 is not important for the initial activation of Gα but 
competes with Gβγ to bind free Gα-GDP, and converts it back to the active Gα-GTP form. It 
thereby amplifies and extends the G-protein signal. In contrast to mammalian Ric8, there 
is so far no evidence that Dictyostelium Ric8 in addition has a role as a chaperone for Gα 
proteins (Kataria et al., 2013b). Both in mammals and in Dictyostelium, the regulation of 
Ric8 is still not completely understood. However, it has been shown that, in humans, RGS14 
integrates conventional Gαi1 and Ric8A signaling, suggesting the presence of a heterotrimeric 
G-protein regulator complex that contains both GAP and GEF activity (Vellano et al., 2011).

Regulation of Gα signaling by RGS
The heterotrimeric G-protein signal is terminated by hydrolysis of Gα-bound GTP by the 
intrinsic GAP activity of Gα subunits assisted by RGS proteins (Regulators of G-protein 
Signaling) (Druey et al., 1996; Hollinger and Hepler, 2002; Hunt et al., 1996). So far, more 
than 30 family members have been recognized that all contain a conserved RGS domain 
of approximately 130 amino acid residues in length which interact with active Gα subunits 
(Hubbard and Hepler, 2006). RGS proteins can regulate Gα signaling pathways in three ways: 
(i) they act as GAPs for Gα by stimulating the low intrinsic GTPase activity (Logothetis et 
al., 1987); (ii) they act as effector antagonists that inhibit G-proteins from binding to their 
effectors (Hepler et al., 1997); and (iii) they enhance the affinity of Gα subunits for Gβγ 
subunits after GTP hydrolysis, thereby accelerating reformation of the inactive heterotrimeric 
complex (Logothetis et al., 1987).

Several RGS proteins have been identified that play an important role in the regulation 
of chemotaxis (Table 2). The Dictyostelium RGS domain-containinG-protein kinase 1 (RCK1) 
has been described as a negative regulator of Dictyostelium chemotaxis, however the 
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mechanism remains to be determined (Sun and Firtel, 2003). Human RGS1 and RGS3 are 
important for chemotaxis of germinal center B cells towards lymphoid tissue chemokines 
[37,39]. Overexpression of RGS1 and RGS3 in B cells impaired the recruitment of B cells 
to inflammatory sites initiated by the two chemoattractants, lysophosphatidic acid (LPA) 
and platelet-activating factor (PAF). RGS1 accelerates heterotrimeric complex formation 
[60], while RGS3 probably acts as an antagonist, blocking the binding of Gα to its effector 
adenylyl cyclase [39]. Human RGS4 acts as GAP for Gαi which is important for the migration 
of Mv1Lu cells to fibronectin (Albig and Schiemann, 2005). The constitutive expression of 
RGS13, a GAP for Gαq, reduces B cells chemotaxis to a variety of chemoattractants, including 
CXC chemokine ligand 12 (CXCL12), CXCL13, and CC chemokine ligand 19 (CCL19) (Han 
et al., 2006). Reversely, the reduction of RGS13 expression enhances chemoattractant 
signaling (Han et al., 2006). Consistently, RGS1/RGS13 double knock-out cells have a more 
polarized cellular morphology and improved chemotaxis towards CXCL12 (Han et al., 2006). 
Interestingly, Gβγ is also important in Gα signal termination by recruitment of the R7 family 
of RGS proteins (RGS6, 7, 9 and 11), and subsequent R7-Gβ5 dimerization which increases the 
GTPase activity of Gα subunits of the Gαi family (Hooks et al., 2003).

Regulation of Gα signaling by GDIs
Guanine nucleotide dissociation inhibitors (GDIs) are the third class of regulators of the 
heterotrimeric G-protein cycle. Gα specific GDIs possess one or more highly conserved 
19-amino acid polypeptide GoLoco (“Gαi/o-Loco” interaction) motifs that specifically interact 
and inhibit the nucleotide exchange of Gα proteins [64,65]. The GoLoco motif has been 
identified in several diverse proteins, including mammalian RGS12 and RGS14, Purkinje cell 
protein-2, Rap1GAP and GPSM2/LGN (Table 2, (Kimple et al., 2002)). 

Table 2. Regulation of Gα subunit signaling in chemotaxis.

Classification G Protein Selectivity Chemotactic Downstream Pathway

GEF

GIV Gαi3 PI3K/Akt pathway

Mammalian Ric-8A Gαi/o, Gαq, and Gα12 Gαq-linked ERK activation

Mammalian Ric-8B Gαs and Gαq Not defined

D. discoideum Ric8 Gα2and Gα4 Ras, small G proteins

RGS

Mammalian RGS1 Gαi Down-regulation of Gβγ

Mammalian RGS3 Gαi Blocking binding of Gα to adenylyl cyclase

Mammalian RGS4 Gαi MAPK pathways: ERK1/2 and p38MAPKs

Mammalian RGS13 Gαi and Gαq Intracellular calcium production and pERK1/2 induction

D. discoideum RCK1 Gα2 Not defined

GDI

Mammalian AGS3/LGN Gαi Binding to Gαi-GDP and mInsc

Mammalian Rap1GAP Gαz Rap1/B-Raf/ERK pathway
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Mammalian Rap1GAP possesses both a Rap1-specific GTPase-activatinG-protein domain 
and a GoLoco motif. Previously it was shown that Rap1GAP binds Gαz in its GTP-bound state 
(Meng et al., 1999). Gαz-mediated recruitment of Rap1GAP attenuated the Rap1-mediated 
Rap1/B-Raf/ERK signal transduction cascade, which stimulates cell migration (Meng and 
Casey, 2002). 

Activator of G-protein signaling 3 (AGS3) is another well characterized GDI for Gαi (De 
Vries et al., 2000). AGS3 together with its homolog LGN translocates to the leading edge 
to form a Gαi-GDP·AGS3/LGN complex. This complex simultaneously binds to mInsc, which 
results in mInsc-mediated targeting of the Par3-Par6-aPKC complex to pseudopods at the 
leading edge to regulate directionality during neutrophil chemotaxis (Kamakura et al., 2013).

Regulation of Gβγ signaling
In addition, signaling of Gβγ is tightly regulated by various mechanisms. Phosducin has 
both been reported as an inhibitor and activator of Gβγ signaling (Willardson and Howlett, 
2007). Initial reports showed that phosducin competes with downstream effectors and Gα 
for binding to free Gβγ and thereby thus down regulates the chemotaxis response (Bauer et 
al., 1992). In contrast, recently phosducin-like protein 1 (PhLP1) was shown to enhance Gβγ 
signaling by acting as a cochaperone assisting in the assembly of Gβ and Gγ into a functional 
Gβγ complex (Dupré et al., 2009). Consistently, Dictyostelium cells lacking phlp1 have 
strongly impaired heterotrimeric G-protein signaling and are unable to chemotax (Blaauw et 
al., 2003; Knol et al., 2005). 

Another regulator of Gβγ is a receptor of activated C kinase 1 (RACK1), which inhibits 
interaction between Gβγ and the downstream effectors PLCβ and PI3Kγ, therefore 
overexpression of RACK1 or RACK1 fragments leads to decreased leukocyte chemotaxis 
(Chen et al., 2008). Conversely, WD40-repeat containinG-protein 26 (WDR26) might act as 
a positive regulator of Gβγ signaling functioning as a scaffold that recruits and translocates 
Gβγ effectors, suppression of WDR26 in HL60 cells resulted in loss of directionality and 
cell migration speed. Moreover, WDR26 suppression blocks RACK1 interaction with Gβγ, 
indicating that RACK1 functions downstream of WDR26 (Runne and Chen, 2013a).

Heterotrimeric G-protein activated chemotaxis pathways
As described above, amplification and cell polarization during chemotaxis is established 
downstream of receptor binding and heterotrimeric G-protein activation. Recent studies 
have identified a complex network of GPCR regulated interconnecting signaling pathways 
that lead to the intracellular amplification of the extracellular chemoattractant gradient that 
includes the preferential activation of monomeric G-proteins at the leading edge, major 
changes in the cytoskeleton with actin polymerization at the leading edge, and actin-myosin 
filament assembly at the rear and sides of the cell (Artemenko et al., 2014). The new actin 
filaments induce the formation of local pseudopodia, while the acto-myosin filaments 
inhibit pseudopod formation in the rear and retract the uropod; in this way, coordinated cell 
movement is achieved (Devreotes and Zigmond, 1988). Many chemotaxis pathways that are 
directly regulated by Gβγ have been identified (Figure 3, (Runne and Chen, 2013b; Surve et 
al., 2014)); however, we are only beginning to understand whether Gα-GDP/GTP exchange 
mediates downstream signaling mainly through the release of Gβγ and/or whether distinct 
signaling pathways are regulated through Gα-GTP and/or Gα-GDP subunits.
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Gβγ mediated chemotaxis pathways
Many studies have suggested that the Gβγ dimer functions as the main transducer of 
chemotactic signals (Swaney et al., 2010). Deletion of the single Gβ gene in Dictyostelium 
completely impairs the chemotactic response (Jin et al., 1998). In Dictyostelium, the released 
Gβγ interacts with PI3K in a Ras-dependent manner (Sasaki et al., 2004). The product of PI3K, 
PtdIns(3,4,5)P3 (PIP3), then accumulates asymmetrically at the leading edge of chemotaxing 
cells and provides a binding site for a subset of PH-domain-containinG-proteins, including 
cytosolic regulator of adenylyl cyclase (CRAC) protein and PKB/Akt (protein kinase B). 
CRAC acts as a stimulator for the adenylyl cyclase (ACA), which leads to the production of 
cAMP that is rapidly secreted to stimulate neighboring cells, a process that is essential for 
Dictyostelium development [82,83]. PKB/Akt contributes to the regulation of cell polarity 
and chemotaxis through the activation of PAKa, which is required for myosin II assembly 
at the rear of chemotaxing cells (Chung et al., 2001). In addition PIP3 activates Rac small 
G-proteins through Rac specific GEFs, resulting in the regulation of Wiskott–Aldrich syndrome 
protein (WASP) and the SCAR/WAVE complex (Miki et al., 1998), which stimulate the Arp2/3 
complex that is required for the production of branched filaments and pseudopod extension 
(Pollard and Borisy, 2003). Moreover, a PH domain-containinG-protein A (PhdA) is another 

Figure 3. A schematic representation of the chemotactic signaling pathways in mammalian neutrophils. 
In the presence of PIP3, Gβγ can directly activate GEFs for Rac and Cdc42, resulting in activated Rac and 
Cdc42 to promote F-actin polymerization and regulate cell motility of migrating neutrophils through the 
activation of WASP and SCAR/WAVE complex. During chemotaxis, several downstream effectors of Gα 
subunits have been identified: ELMO1/Dock180, p115RhoGEF, mTORC2, Homer-3 and LGN/AGS3-mInsc. 
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PI3K interacting PH-domain-containinG-protein that regulates actin polymerization and cell 
polarization (Funamoto et al., 2001). 

Despite many efforts, so far, only ElmoE has been identified as direct Gβγ effector 
in Dictyostelium (Yan et al., 2012). Gβγ mediated activation of ElmoE promotes actin 
polymerization at the leading edge of chemotaxing Dictyostelium cells via the association of 
Dock-like proteins that function as activator for small G-proteins of the Rac family (Yan et al., 
2012). In mammalian neutrophils, in the presence of PIP3, Gβγ can directly bind and activate 
P-Rex1 (Dong et al., 2005) and PIXα (Li et al., 2003), which are GEFs for Rac and Cdc42, 
respectively. This results in a gradient of activated Rac and Cdc42 to activate the WASP and 
SCAR/WAVE complex at the leading edge, which is important for the regulation of cell motility 
and migration of neutrophils [59,63]. Additionally, Dock2, another PIP3-dependent GEF for 
Rac, has been described to play a predominant role in regulating leading edge formation 
[91,92]. Activated Rac and Cdc42 together with polymerized actin act as a positive feedback 
loop that recruits more PIP3 in the leading edge of the cell; however the mechanism of how 
PIP3 is recruited still remains unclear (Wang, 2009). A recent study reveals that Gβγ can directly 
activate phospholipase PLCβ and its effector PKC (protein kinase C) (Tang et al., 2011). Further 
work demonstrates that both PLCβ-PKC and PI3Kγ-Akt signaling pathways can phosphorylate 
and deactivate Glycogen synthase kinase 3 (GSK3) that attenuates GSK3-mediated inhibition 
of the cofilin phosphatase SSH2 (slingshot2) and dephosphorylation of cofilin, leading to 
fMLP-induced neutrophil polarization and actin cytoskeleton remodeling (Tang et al., 2011).

Gα mediated chemotaxis pathways
For a long time, Gα subunits were only considered as a “timer” to govern Gβγ signaling 
by regulating the release and reassociation of the Gβγ dimer. However, recently the first 
mammalian Gα effectors important for chemotaxis have been reported (Figure 3, (Kamakura 
et al., 2013)), including Homer3 that we identified as a novel Gαi2-bindinG-protein that spatially 
organizes actin assembly to support polarity and motility during neutrophil chemotaxis (Wu 
et al., 2015). Gαi2 also interacts with the Elmo1/Dock180 complex functioning as a RacGEF to 
activate Rac1 and Rac2 proteins, thereby inducing actin polymerization and cell migration (Li 
et al., 2013). Additionally, mInsc indirectly binds Gαi2-GDP via LGN/AGS3 and helps maintain 
directionality in neutrophils through its downstream effector of Par3-Par6-aPKC complex 
(Kamakura et al., 2013). Furthermore, the Gα12-mediated mTORC2 (mammalian TORC2)-PKC 
signaling pathway is critically important for LPA induced fibroblast migration (Kozasa et al., 
1998). Interestingly, via the Rho specific GEF, p115RhoGEF, Gα12/13 is able to activate Rho and 
its effector kinase ROCK, leading to myosin II assembly at the rear of chemotaxing cells [98,99]. 
Gα-mediated pathways thus seem to be important for both the signaling at the leading edge 
and rear of the cell. Surprisingly, the ELMO1/Dock180 complex interacts specifically with 
Gαi2-GTP (Li et al., 2013), while LGN/AGS3 specifically interacts with Gαi2-GDP at the leading 
edge of migrating neutrophils (Kamakura et al., 2013). This might suggest that free Gα can 
activate downstream pathways independent of their nucleotide bound state.

Conclusions
Tight regulation of GPCR and heterotrimeric G-protein signaling on several levels is essential 
for proper chemotaxis. Receptor affinity and expression is strictly regulated, thereby 
increasing the range of concentrations to which cells can respond. Recent studies have shown 
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the importance of non-canonical regulators for chemotaxis: RGS, GDI and GEF proteins either 
extend or shorten the lifetime of Gα-GTP, thereby fine-tuning the chemotactic response. 
Accumulating evidence suggests that both Gα and Gβγ have their separate downstream 
pathways; however, which nucleotide bound state of Gα transduces the signals and the exact 
link between heterotrimeric G-protein activation and cytoskeletal rearrangements remains 
to be determined. It is of high interest to fully understand the regulations and intracellular 
targets of chemotaxis receptors, which could help in finding new drug targets for several 
diseases, including cancer, asthma and rheumatoid arthritis.

Aim of the thesis
As described in detail above, chemotaxis is mediated by a complex signaling pathway, 
consisting of four essential modules: G-protein coupled receptors (GPCRs), heterotrimeric 
G-proteins, monomeric G-proteins and actin and myosin in the cytoskeleton. The aim of 
this thesis is to further characterize these pathways and, most importantly, reveal how the 
different modules regulate each other.

In chapter 2 the protein LrrA is identified, a scaffold protein which connects heterotrimeric 
and monomeric G-proteins. Despite lacking domains with enzymatic function, deletion of the 
LrrA gene results in defects in almost all downstream signaling pathways. The regulation of 
one specific monomeric G-protein, Rap1, is discussed in chapter 3. This chapter explores the 
regulation of Rap1 activity throughout the Dictyostelium lifecycle by 4 GEF proteins (guanine 
nucleotide exchange factors) which are all capable of activating Rap1. Chapter 4 focuses on 
the crosstalk between Rap1 and the actin cytoskeleton in response to chemo-attractants. 
The most important findings are summarized in chapter 5, giving an overview of regulations 
mechanics throughout the entire chemotaxis pathway and proposing a more detailed model 
for chemotaxis.
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Abstract
In eukaryotic chemotaxis, an extracellular gradient of chemoattractant is transduced by several 
signaling pathways. The spatiotemporal coordination of these signaling pathways is crucial 
for efficient chemotaxis, but is not well understood. In the model organism Dictyostelium 
a basal signaling module for chemotaxis was identified consisting of heterotrimeric and 
monomeric G-proteins. 

Chemotaxis, or cell movement in a chemical gradient, is regulated by several signaling 
pathways, in which monomeric and heterotrimeric G-proteins play an essential role. The 
spatiotemporal coordination of these pathways is crucial but not well understood. In the 
model organism Dictyostelium we identified LrrA as a binding partner of both heterotrimeric 
and monomeric G-proteins using a proteomics approach. Pull downs showed that binding 
is nucleotide independent and revealed that LrrA has separate binding sites for monomeric 
and heterotrimeric G-proteins, suggesting that LrrA functions as a scaffold that connects G 
proteins. The lrrA-null strain has partial defects in nearly all signaling pathways. In response 
to the chemoattractant cAMP, lrrA-null cells show less heterotrimeric G-protein dissociation, 
prolonged activation of monomeric G-proteins, and reduced F-actin formation compared 
to wild type. Furthermore, the lrrA-null strain has defects in development, and in timing 
and production of cAMP pulses; surprisingly, addition of artificial cAMP pulses impedes 
development of the mutant. Finally, unstimulated lrrA-null cells make more and smaller 
pseudopods compared to wild type cells. The results reveal that in lrrA-null cells the temporal 
and spatial balance between the different chemotaxis pathway components is disturbed, 
demonstrating a critical role of LrrA in coordinating and connecting these pathways. 
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Introduction
Many eukaryotic cells are structurally polarized, and the establishment and maintenance of 
their polarity depends on the organization of the cytoskeleton. Polarization is often induced 
by symmetry breaking caused by small fluctuations of an asymmetric stimulus. The stimulus 
can be either intracellular, like during cytokinesis, in which the mitotic spindle induces the 
position of the cleavage furrow (Lu and Johnston, 2013), or extracellular, such as chemical 
gradients during chemotaxis (Kortholt et al., 2013). A key question is how small-scale 
biochemical interactions generate large-scale re-organization and cellular structure. 

Chemotaxis, or directional movement towards extracellular chemical gradients, is 
important for many physiological processes including wound healing and embryonic 
development, while defects in chemotaxis have been linked to pathological processes like 
cancer metastasis and chronic inflammatory diseases like asthma (Jin, 2013; Zabel et al., 
2015). Chemoattractants bind and activate G-protein coupled receptors (GPCRs) on the 
cell membrane, resulting in dissociation of heterotrimeric G-proteins Gα and Gβγ (Oldham 
and Hamm, 2008). Subsequently, the heterotrimeric G-proteins can activate a complex 
network of downstream pathways ultimately leading to local actin activation and pseudopod 
formation at the front of the cell, and simultaneously myosin filament formation and 
inhibition of protrusions at the side and back of the cell (Devreotes and Zigmond, 1988; 
Artemenko, Lampert et al., 2014). Many components of the signaling pathway that regulate 
chemotaxis are conserved across species and the social amoebae Dictyostelium discoideum 
has proven to be an excellent model organism for chemotaxis research (Nichols et al., 2015). 
Dictyostelium critically depends on chemotaxis: during the vegetative phase of their life cycle 
Dictyostelium cells are attracted by folate secreted by the bacteria on which they feed. Upon 
starvation, Dictyostelium cells secrete cAMP that is used as chemoattractant by neighboring 
cells to form a multicellular structure, that differentiates into a fruiting body with spores that 
can resist harsh conditions (Charest and Firtel, 2007; Kortholt and van Haastert, 2008; Lim et 
al., 2005; Rivero and Somesh, 2002; Sasaki et al., 2004).

Previously a basal chemotaxis signaling module was identified in Dictyostelium consisting 
of the cAMP receptor (cAR1), heterotrimeric G-proteins and the small G-proteins Ras and 
Rac, which are sufficient to induce symmetry breaking, actin polymerization at the leading 
edge, and chemotaxis (Kortholt et al., 2011). In a shallow gradient of cAMP the receptor 
occupancy and the activation of heterotrimeric G-proteins are approximately proportional 
to the steepness of the gradient (Elzie et al., 2009; Janetopoulos et al., 2001; Jin et al., 2000; 
Xiao et al., 1997). In contrast, in shallow gradients Ras and Rac are the first proteins in the 
signaling cascade where the activation is much stronger at the leading edge compared to the 
back and side of the cell, suggesting that symmetry breaking in intracellular signaling occurs 
at the level of small G-protein activation (Park et al., 2004; Sasaki et al., 2004; de la Roche et 
al., 2005; Zhang, Charest et al., 2008; Sasaki and Firtel, 2009). Small G-proteins rapidly cycle 
between an inactive GDP bound and active GTP bound state (Bourne et al., 1991). The switch 
between the inactive and active state is controlled by Guanine exchange factors (GEFs), 
while GTPase-activating proteins (GAP) deactivate the G-proteins by stimulating the low 
intrinsic GTPase activity (Trahey and McCormick, 1987). During chemotaxis towards cAMP, 
Ras is activated in three phases: first a global transient activation, followed by symmetry 
breaking leading to Ras activation in the front half of the cell, and finally confinement of 
Ras activation to the utmost front of the cell in the extending pseudopods. The different 
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phases are dependent on heterotrimeric G-protein signaling and a multitude of GEFs and 
GAPs (Kortholt et al., 2013). Deletion of an individual GEF or GAP does not have a very 
strong effect on symmetry breaking in Ras signaling, therefore the mechanism by which 
heterotrimeric G-proteins induce Ras activation at the leading edge of the cell is still not 
completely understood (Kortholt et al., 2013). 

To identify candidate proteins that directly regulate the transduction of the chemoat-
tractant signal from heterotrimeric G-proteins to Ras we have performed a pull-down 
experiment in Dictyostelium lysate with Ga, Gbg, or Ras proteins as bait (Kataria et al., 
2013; Liu et al., 2016). Mass-spectrometry based analysis of the interactome revealed 
Leucine rich repeat protein A (LrrA) as novel interaction partner of both heterotrimeric and 
monomeric G-proteins. Here, we identify LrrA as an important scaffolding protein that links 
and coordinates heterotrimeric and monomeric G-protein signaling during Dictyostelium 
chemotaxis and development. 

Results and discussion
LrrA binds both monomeric and heterotrimeric G-proteins
The basal signaling module for chemotaxis in Dictyostelium consists of heterotrimeric and 
small G-proteins (Kortholt et al., 2011). To unravel the mechanism by which heterotrimeric 
G-proteins induce symmetry breaking in monomeric G-protein signaling and identify proteins 
that bind to both heterotrimeric G-proteins and monomeric G-proteins, we previously have 
adopted a mass pull-down and mass spectrometry based proteomic approach (Kataria 
et al., 2013; Liu et al., 2016; Plak et al., 2013). First the recombinant bait proteins were 
expressed in bacteria and purified as glutathione S-transferase (GST)-fusion proteins. The 
isolated G-proteins were used as bait in pull-down experiments with Dictyostelium cell 
lysate. The resulting interactomes were analyzed by SDS-PAGE and tryptic in-gel digestion 
followed by LC-MS/MS. Interestingly, leucine-rich repeat protein A (LrrA) was found as 
binding partner of both Gα and Ras proteins (Table S1), thus forming a potential connection 
between heterotrimeric and monomeric G-protein signaling. LrrA is a protein of 56.8 kD and 
is predicted to be composed of 19 tandem leucine rich repeat motifs and a putative leucine 
zipper motif. Leucine rich repeat motifs are associated with protein-protein interactions, 
whereas leucine zippers are involved in DNA binding (Kobe and Kajava, 2001; Landschulz et 
al., 1988; Ng and Xavier, 2011). Interestingly, the mammalian ortholog of LrrA, Shoc-2, has 
also been shown to bind several Ras-isoforms and functions as a scaffold protein (Jang and 
Galperin, 2016).

Interaction between LrrA and the heterotrimeric and monomeric G-proteins was 
confirmed by specific pull-down experiments. Different GST-tagged G-proteins were used as 
bait bound to GSH beads, while the lysate of wild type cells overexpressing flag-tagged LrrA 
was used as prey. Flag-tagged LrrA was detected in pull downs with Gα2, Gα4, Gβγ, RasC, 
RasG, Rap1 and Rac, but not in the negative control GST (Figure 1A). 

A pull-down experiment with nucleotide free, GDP (inactive state), or GppNHp (active 
state) loaded G-proteins as bait was used to test if the interaction of LrrA with Gα and Ras are 
nucleotide specific. Irrespective of the nucleotide state, similar amounts of GFP-LrrA were 
detected in the pull-down fraction with both GST-Gα2 (Figure 1B) or GST-RasC (Figure 1C) as 
bait, suggesting that LrrA binds to Gα and Ras proteins in a nucleotide independent manner. 



33

2

LrrA; a scaffold that connects heterotrimeric and monomeric G-protein signaling

A

B

GST-   
    

   E
DTA

RasC

GST-   
    

   G
DP

RasC

GST-   
    

   G
ppNHp

RasC

GST-G
EDTA

α2

GST-G
GDP

α2

input
M GST-G

α2

GST

GFP-LrrA

(~85kD)

GFP-LrrA

(~85kD)

M input
GST-R

asC

GST-G
GppNHp

α2

input
M GST

GST-G
α2

GST-G
α4

GST-G
βγ

GST-R
asC

GST-R
asG

GST-R
ap1

GST-R
ac1

flag-LrrA

(~58kD)

C

E

0.0

0.5

1.0

1.5

***

re
la

ti
v
e

in
te

n
s
it
y

EDTA
GDP

nativ
e

GST

GppNHp

0.0

0.5

1.0

1.5

**re
la

ti
v
e

in
te

n
s
it
y

EDTA
GDP

nativ
e

GST

GppNHp

D

0 µg GST-G
α4

1 µg G
ST-G

α4

10 µg GST-G
α4

100 µg G
ST-G

α4

100 µg GST

GFP-LrrA (~85kD)

GST-G (~70kD)α4

Ras (~21kD)

Figure 1. LrrA interacts with heterotrimeric and monomeric G-proteins. (A) Pull down with 
recombinant purified GST and the indicated GST-tagged G-proteins as bait and flag-LrrA as prey. 
Representative image of 3 separate experiments. B/C. Pull down with GST-Gα2 (B) or GST-RasC (C) 
as bait under without addition of nucleotides, loaded with GDP, GppNHp or nucleotide free (EDTA), 
and GFP-LrrA as bait (n=3). Graphs show mean + SEM. ** p≤0.01, *** p≤0.001 different from the 
native control in a paired students t-test. (D) Competitive pull down using protein A beads coupled to  
Ras antibody and incubated with GFP-LrrA lysate. Increasing concentrations of recombinant GST-Gα4  
were added to compete with Ras for LrrA binding. GFP-LrrA bound to Ras on beads was detected by 
in gel fluorescence. Ras bound to beads and GST-Gα4 bound to the LrrA-Ras complex were detected 
by western blot. (E) A schematic representation of the chemotactic signaling pathways. The cAMP 
receptor (cAR1) is activated upon cAMP binding, leading to dissociation of Gα2βγ and activation of 
monomeric G-proteins Ras, Rap1 and Rac. Activation of different downstream pathways results in 
changes in the cytoskeleton, cell movement and cAMP relay. LrrA (in green) binds both monomeric and 
heterotrimeric G-proteins in this pathway (binding partners in red). 
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To investigate whether LrrA has separate binding sites for heterotrimeric and monomeric 
G-proteins a competition assay was performed. Protein-A beads with Ras antibody were 
incubated with a lysate of cells expressing GFP-LrrA in the absence and presence of 
increasing amounts of purified GST-Gα4. The pull down reveals the binding to the beads 
of Ras, GFP-LrrA and GST-Gα4. Importantly, LrrA can bind Ras even in the presence of an 
excess GST-Gα4 (Figure 1D). This suggests that LrrA has separate binding sites for monomeric 
and heterotrimeric G-proteins and can bind both at the same time. Together this shows 
that LrrA is a potent interactor of several heterotrimeric and monomeric G-proteins of the 
chemotaxis network, and might function as a scaffold that coordinates the temporal and 
spatial activation of heterotrimeric and monomeric G-proteins (Figure 1E). 

LrrA regulates the cAMP relay 
To study the role of LrrA in vivo a lrrA knock-out strain was generated in an AX2 wild type 
background by gene disruption using homologous recombination (Figure S1A). Consistent 
with a previous published study, lrrA–null cells show severely impaired development (Figure 
S1B) (Liu et al., 2005). Upon starvation, wild type cells start to produce and secrete cAMP 
in an oscillatory manner forming a gradient of cAMP around the origin of cAMP secretion. 
Cells chemotax towards each other, resulting in multicellular aggregates. Subsequently a 
multicellular body consisting of spores at the top of a vacuolated stalk of dead cells is formed 
after 24 hours (Siegert and Weijer, 1995). Cells lacking lrrA fail to develop into spores and the 
development stops at the loose aggregate stage (Figure S1B). This developmental defect is 
rescued upon overexpression of LrrA in lrrA-null cells (Figure S1B).

The developmental phenotype may be caused by the inability of the LRRA mutant 
to produce cAMP. To address this, starved cells were stimulated with 2-deoxy-cAMP and 
cAMP production was measured. cAMP production is significantly lower in the lrrA-null 
strain compared to wild type cells and lacks a clear peak at 2 minutes (Figure 2A). The 
developmental defect of mutants with an impaired cAMP production can often be rescued 
by providing exogenous cAMP pulses. Surprisingly, pulsing does not rescue the phenotype 
of lrrA-null cells, instead pulsing results in aggregates that are even more loose (Figure S1C). 

Since cAMP binds to the cell surface receptor cAMP receptor 1 (cAR1), expression of 
cAR1 is an indicator for development. The number of available receptors can be revealed by 
[3H]cAMP binding. Wild type and lrrA-null cells expressed similar amounts of cAR1 protein 
upon 6 hours of starvation as detected by western blot (Figure 2B), and lrrA-null cells have 
even higher [3H]cAMP binding than wild-type cells (Figure 2C). Upon addition of cAMP 
pulses during starvation  wild type cells have a 2-fold increase in cAMP binding compared to 
non-pulsed wild type cells, while the lrrA-null cells exhibit equal amounts of cAMP binding in 
both pulsed and non-pulsed cells (Figure 2C). In conclusion, lrrA-null cells do have a higher 
basal cAMP binding compared to wild type but do not seem to benefit from pulsing during 
starvation (Figure 2C). 

The effect of cAMP pulses given at different time intervals was examined to see if either 
more or fewer pulses could benefit the lrrA-null cells. For wild type cells a frequency of one 
pulse every 6 minutes was optimal, pulses at 12 minute intervals was less effective and 
pulses every 18 minutes had no effect on cAMP binding (Figure 2D). In lrrA-null cells pulsing 
at frequencies of every 6 minutes or slower had no positive effect on cAMP binding (Figure 
2D). Pulses at a very short interval of 2 minutes inhibit cAMP binding in both wild type and 
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Figure 2. Effect of cAMP pulses in LrrA mutants. (A). cAR1 expression in 6hrs developed cells, quantified 
by western blot with an antibody specific for cAR1. (B) Cells were developed in buffer for 6 hours with 
or without cAMP pulses every 6 minutes. cAMP binding to whole cells was measured by incubation and 
detection of the bound [3H]cAMP. (C) cAMP production in time upon a 2-deoxy-cAMP pulse, measured 
in an isotope dilution assay. (D) cAMP binding to whole cells was measured, cells were pulsed with 
cAMP at different frequencies. Graphs show mean ± SEM. * p≤0.05, ** p≤0.01, *** p≤0.001 difference 
in a paired students t-test.

mutant. Most likely both wild type and mutant cells do not produce enough phosphodiester-
ases to degrade all cAMP in between pulses of a 2 minute interval, resulting in a continuous 
cAMP signal which is known to inhibit the expression of cAR1 (Louis et al., 1993; Theibert 
and Devreotes, 1983). 

The inherent pulsing properties of lrrA-null cells were studied in more detail by using 
dark-field microscopy. Cell aggregation is observed as waves of inward moving cells to an 
aggregation center; these waves of inward cell movement are associated to waves of cAMP 
moving outward through a field of developing cells (Siegert and Weijer, 1995). In wild type 
cells wave propagation starts after 4.6 ± 0.4 hrs of development, in lrrA-null cells waves 
appeared significantly earlier (2.3 ± 0.2 hrs) (Table 1). The total time in which waves were 
observed in the field was also significantly longer in lrrA-null cells with 93 ± 2.3 minutes 
compared to 58 ± 4.2 minutes in wild type (Table 1). Furthermore, when counting the total 
number of waves going through the field, lrrA-null cells have an astonishingly high number of 
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LrrA regulates the heterotrimeric G-protein cycle 
cAMP is produced by adenylyl cyclase (ACA) which is dependent on heterotrimeric G-protein 
signaling (Figure 1E). Upon cAMP binding to the receptor the heterotrimeric G-protein 
complex rapidly dissociates, resulting in the activation of downstream pathways (Xu et al., 
2005; Oldham and Hamm, 2008; Kamp, Liu et al., 2016). The interaction of heterotrimeric 
G-proteins with the cAR1 receptor was determined in both wild type and lrrA-null cells by 
measuring cAMP-binding to membranes in the presence and absence of GTPγS. This assay 
is based on the principle that GTPγS activates heterotrimeric G-proteins leading to a lower 
affinity of the receptor for cAMP unless the heterotrimeric G-protein coupling is already 
disturbed (Van Haastert, 1984). GTPγS significantly reduced cAMP binding in both wild type 
and lrrA-null cells, indicating that in vitro heterotrimeric G-proteins interaction with the 
receptor does not depend on LrrA (Figure 3A).

Dissociation of Gαβγ can be measured in vivo using a previously described FRET assay 
between the FRET pair Gα2-CFP and YFP-Gβ (Janetopoulos et al., 2001). Cells were starved 
for 6 hours and then stimulated with 1 µM cAMP. In both wild type and lrrA-null cells addition 
of cAMP induces a rapid decrease in FRET efficiency. However, the maximum FRET change 
in lrrA-null cells is significantly smaller compared to the maximum FRET change in wild type 
(Figure 3B). Furthermore, whereas the FRET signal returns to basal level after 40 seconds 
in wild type, recovery only takes approximately 15 seconds in lrrA-null cells. These results 
indicate that LrrA plays a role in both cAMP-mediated dissociation and re-association of the 
heterotrimeric G-protein complex.

Wild type and LrrA strains  type were allowed to develop on non-nu-
trient agar plates until aggregates were formed. Movies were recorded 
using dark-field microscopy and the occurrence of periodic waves of cell 
movement was analyzed. The data show the means ± SD with n=3 inde-
pendent experiments.  * p≤0.05, ** p≤0.01, *** p≤0.001 different from 
AX2 in a paired students t-test.

Table 1. Wave propagation 

AX2 LrrA KO LrrA OE

start waves (hrs) 4.6 ± 0.4 2.3 ± 0.2 ** 3.2 ± 0.0 **

duration of waves (min) 58 ± 4.2 93 ± 2.3 *** 70 ± 11.1

number of waves 13 ± 1.7 25 ± 0.0 *** 14 ± 1.5

period of waves (min) 4.5 ± 0.3 3.7 ± 0.1 * 4.9 ± 0.3

25 ± 0.0 waves, compared to 13 ± 1.7 waves in wild type. Wave propagation in lrrA-null cells 
is restored to wild type properties upon overexpression of LrrA, except that waves started 
somewhat earlier in LrrAOE (3.2 ± 0.0 hrs) compared to wild type (Table 1). 

These data indicate that cells lacking lrrA can bind to cAMP but have a severely impaired 
cAMP pulsing mechanism. Giving exogenous cAMP pulses to lrrA-null cells does not rescue 
development but even arrests the cells earlier in development. The inherent pulsing of 
lrrA-null cells is defined by lower cAMP production, but higher frequency and an earlier 
start of pulsing. To our knowledge lrrA-null is the first mutant in which exogenous pulsing is 
detrimental for development. 
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Figure 3. LrrA regulates heterotrimeric G-protein signaling. (A) Effect of GTPγS on cAMP binding. 
Cells were starved in shaking suspension with cAMP pulses for 6 hours, membranes were isolated and 
incubated with [3H]cAMP with or without addition of GTPγS and washed, then membrane-associat-
ed radioactivity was measured (B) Chemotactic competent cells expressing the FRET pair (Ga2-CFP/
Gb-YFP) were treated with 5 mM latrunculin B and stimulated with 1µM cAMP. The change in FRET 
signal over time is presented as the intensity ratio of CFP and YFP. (C) cGMP production in time upon 
a cAMP pulse, measured by an isotope dilution assay. (D/E) Erk2 phosphorylation upon a cAMP pulse 
in time, measured by western blot, detected by P-Erk42/44 antibody. The graph is a quantification of 
3 separate experiments, band intensities were normalized against time point 0s. Graphs show mean ± 
SEM. * p≤0.05, *** p≤0.001 difference in a paired students t-test.

The second messenger cGMP plays an important role during Dictyostelium development 
(Bolourani et al., 2006; Bosgraaf and Van Haastert, 2002; Valkema and Van Haastert, 1994). 
The cGMP production in response to cAMP is dependent on both heterotrimeric G-protein 
and monomeric G-protein activation. cGMP production was measured in an isotope dilution 
assay after 6 hours of starvation. In both wild type and lrrA-null cells cGMP production 
peaks at 10 seconds and then decreases, however in lrrA-null cells total cGMP production is 
significantly lower with a production of only 50% compared to wild type (Figure 3C). 

To further investigate the role of LrrA in regulation of heterotrimeric G-proteins we 
investigated the activation of downstream effectors. Disruption of Gα2, Gβ or RasC/G 
reduces but does not eliminate the phosphorylation and activation of ERK2 in response to 
cAMP, indicating that ERK2 is one of the few effectors in the cAMP pathway that is not strictly 
dependent on Gα2βγ or Ras (Hadwiger and Nguyen, 2011; Schwebs and Hadwiger, 2015). 
Cells were collected at the streaming stage of development and stimulated with 10μM cAMP, 
and phosphorylation of ERK2 was visualized by western blot. The ERK2 response in lrrA-null 
cells is stronger compared to wild type and does not return to baseline levels even after 
several minutes. (Figure 3, D-E). Interestingly, the human homologue of LrrA, Shoc-2, is also 
an important regulator of ERK (Jang and Galperin, 2016). 

Our data reveal that lrrA-null cells can still exhibit a primary cAMP response as shown by 
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the large cAMP-induced ERK2 phosphorylation. Furthermore, the basal interaction between 
cAR1 and heterotrimeric G-proteins in the absence of stimulus also seems normal, as shown 
by the large GTPγS-effect on cAMP-binding in lrrA-null cells. However, the activation of 
heterotrimeric G-proteins appears to be defective because in lrrA-null cells cAMP induces 
abnormal dissociation kinetics of Gα2 and Gβγ and strongly diminishes the activation of 
down-stream signaling pathways that are mediated by heterotrimeric G-proteins.

LrrA regulates adaptation of monomeric G-proteins
One of the first responses downstream of cAMP mediated heterotrimeric G-protein signaling 
is activation of the small G-proteins Ras, Rap1 and Rac (Kae et al., 2004; Kortholt and van 
Haastert, 2008; Sasaki and Firtel, 2006). Therefore, Ras, Rap1 and Rac activation was imaged 
in vivo using the previously reported Raf-RBD-GFP (Chiu, Bivona et al., 2002), RalGDS-GFP 
(Matsubara et al., 1999) and PakB-GFP markers (de la Roche et al., 2004; Plak et al., 2013), 
respectively. 

In buffer, prior to cAMP stimulation, the membrane cytosol ratio of these markers is an 
indicator for basal activation of monomeric G-proteins. lrrA-null cells have less Ras activation 
compared to wild type, while in contrast the mutant has a significantly higher basal activation 
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Figure 4. LrrA regulates small G-protein activation and actin polymerization. Cells at aggregation stage 
were analyzed at the microscope using GFP tagged markers for (A) active Ras, (B) Rap1, (C) Rac, and 
(D) actin polymerization. Intensity of the cytosol was measured upon a uniform cAMP stimulus at t=0.  
Graphs show mean ±SEM, * p≤0.05 different from AX2 in a paired students t-test.
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of both Rap and Rac. (Figure S2, A-C). Basal activation of all these monomeric G-proteins in 
buffer was not significantly different in the LrrAOE strain compared to wild type.

Next the monomeric G-proteins dynamics were examined upon global stimulation with 
cAMP. In wild type cells, the level of active Ras, Rap1 and Rac rapidly rises in response to 
global chemoattractant stimulation with a peak at 4-6 seconds, followed by a fast return to 
basal levels. The maximum response for Ras-GTP, Rap1-GTP and Rac-GTP are comparable in 
wild type, lrrA-null and LrrAOE cells (Figure 4A-C). The recovery of Ras activation occurs with 
a half-time recovery (t1/2) of Raf-RBD-GFP in the cytoplasm of 3.46 ± 0.52 s. In lrrA-null cells 
recovery takes almost twice as long compared to wild type with a t1/2 of 5.87 ± 1.16 s. (p < 
0.01). Also recovery of Rap1 (t1/2 wild-type of 3.34 ± 0.77 s versus 8.41 ± 1.35 s for lrrA-null, p 
< 0.0001) and Rac activation (t1/2 wild-type of 2.13 ± 0.40 s versus 5.86 ± 1.04 s for lrrA-null, p 
< 0.0001) are severely delayed in the knock out strain. Recovery kinetics of LrrAOE cells were 
similar to that of wild-type cells, except for Rac (t1/2 of 3.41 ± 0.55 s) which is slightly slower 
than wild-type but much faster than lrrA-null cells. 

These results indicate that LrrA plays a role in regulating the activation cycle of monomeric 
G-proteins, both in the absence and presence of cAMP. Contrary to the reduced dissociation 
of Gα2 and Gβγ upon cAMP stimulation in the lrrA-null, there is a normal initial activation 
of Ras, Rap and Rac. However, the recovery of these G-protein responses takes significantly 
longer in the lrrA-null strain. 

LrrA regulates chemotaxis 
We next characterized cAMP chemotaxis in a micropipette assay. Chemotactic index, speed 
and persistence were quantified from the cell tracks and elongation of moving cells was 
measured (Table 2). To determine the best starvation conditions, we first compared the 
chemotaxis properties of lrrA-null cells starved in shaking culture either with or without 
pulses, and cells starved on agar plates. The lrrA-null cells starved on agar chemotaxed best, 
whereas, consistent with the developmental phenotype (Figure S1C), the knock-out cells 
that were pulsed performed worst with only 34% of the cells moving and no cells moving 

Table 2. Chemotaxis in different LrrA strains 

 AX2 LrrA KO LrrA OE

on agar on agar not pulsed pulsed on agar
chemotactic Index 0.73 ± 0.18 0.58 ± 0.18* 0.47 ± 0.30** - 0.69 ± 0.15 

speed (µm/min) 7.3 ± 1.8 9.0 ± 3.9 4.0 ± 2.2*** - 5.3 ± 1.6***

persistence 0.76 ± 0.10 0.64 ± 0.19* 0.55 ± 0.22*** - 0.68 ± 0.15

elongation (length/width) 5.3 ± 0.8 3.0 ± 0.7*** 2.5 ± 0.9*** 1.9 ± 0.5*** 4.8 ± 0.8

% moving cells 93% 90% 74% 34% 93%

Cells were starved on non-nutrient agar plates or in suspension with or without cAMP pulses. Cells 
were then harvested at aggregation stage, placed on a glass surface and exposed to a cAMP gradient 
delivered from a micropipette containing 10 nM cAMP (tip opening 0.5 mm). The cells within a distance 
of 250 µm from the tip of the pipet were analyzed for chemotactic index, speed and persistence. Pulsed 
knock-out cells were excluded because the cells barely moved and did not chemotax. All cells in view 
were used to calculate elongation and % moving cells. The data are means ± SD from at least 15 cells. * 
p≤0.05, ** p≤0.01, *** p≤0.001 different from AX2 in a paired students t-test.
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toward the needle (Table 2). Therefore, for detailed chemotaxis assays we used cells that 
were starved on plates. 

LrrAOE cells chemotax very well to cAMP, only the speed is slightly reduced compared to 
wild type (Table 2). In contrast, lrrA-null cells have a significantly lower chemotactic index 
and persistence compared to wild type. Additionally, the lrrA-null cells are significantly less 
polarized with a length/width ratio of 3.0 ± 0.7 compared to 5.3 ± 0.8 in wild type cells (Table 
2).

In wild type cells Ras activation is confined to a crescent in the utmost leading edge 
during movement in the direction of a cAMP gradient, thereby creating strongly polarized 
cells that move persistently towards cAMP (Figure 5A) (Kortholt et al., 2013). Ras activation 
in a cAMP gradient was measured with Raf-RBD-GFP. The confinement of active Ras was 
quantified as the width of the crescent at half-maximal height. In both wild type and LrrAOE 
active Ras was confined to an average area of 12.5 ± 2.9 µm and 12.6 ± 2.8 µm, respectively. 
In lrrA-null cells the Ras crescent was significantly larger with an average width of 18 ± 5.8 
µm (Figure 5B). Additionally, lrrA-null cells have a significantly higher total amount of Ras 
activation, defined as the product of intensity and crescent width, compared to wild type 
indicating that LrrA plays a role in confinement of Ras signaling (Figure 5C).
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Figure 5. LrrA regulates Ras activation in a cAMP gradient. Chemotactic competent cells were analyzed 
in a cAMP gradient up to 10nM. Ras activation was visualized by Raf-RBD-GFP (A) Representative 
images for active Ras localization in wild type, lrrA-null and LrrAOE in a gradient, for all images depicted 
the cAMP source was located to the top right of the cells. (B) Quantification of the width of the Ras 
crescent at the leading edge. (C) Quantification of the total Ras activity (product of crescent width and 
average intensity of the crescent)at the leading edge. Graphs show mean + SEM. * p≤0.05 different 
from AX2 in a paired students t-test.

LrrA coordinates actin and pseudopod dynamics
Local patches of Ras, Rap1 and Rac stimulate actin polymerization and pseudopod extension 
(Kortholt et al., 2011; Mun and Jeon, 2012; Park et al., 2004; Sasaki and Firtel, 2006). Newly 
formed actin was visualized by LimE-GFP, a marker for filamentous actin (F-actin). Despite the 
increased basal Rap1 and Rac activation, cells lacking LrrA have similar levels of filamentous 
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Figure 6. LrrA connects G-protein activation and actin polymerization during pseudopod formation. 
Cells were developed for 6 hours and subsequently put on a glass slide in buffer to study pseudopod 
dynamics during random movement. Pseudopod size (A), growth time (B) and frequency (C) were 
measured and quantified. (D) Cells containing Raf-RBD-GFP and Life-actin-RFP (marker for actin) were 
harvested at aggregation stage and random movement was recorded at a confocal microscope with a 
framerate of 640ms/frame. The Graphs present the  moment a Ras or actin patch appeared  correlated 
to the time a pseudopod started to extend. Shown are mean ± SEM. * p≤0.05, ** p≤0.01, *** p≤0.001 
different from AX2 in a paired students t-test.

actin prior to cAMP stimulation compared to wild type. (Figure S2D). Upon cAMP stimulation 
wild type cells exhibit a strong and fast actin response at the cell cortex resulting in a 51% ± 
12.6 decrease in cytosolic intensity of LimE-GFP (Figure 4D). In both LrrAOE and lrrA-null cells, 
the actin response is significantly smaller with a 37% ± 13.3 and 36% ± 13.7 (P ≤ 0.01 for both 
compared to wild type) decrease in cytosolic intensity, respectively (Figure 4D). Opposed 
to what was observed for the G-protein responses, the half-time recovery of actin is similar 
in wild-type and lrrA-null cells with 2.21 ± 0.17 s and 2.06 ± 0.37 s, while the LrrAOE cells 
show significantly faster adaptation with a half-time recovery of 1.43 ± 0.21 s (p < 0.001). 
Together this suggests that in LrrA mutants the connection between active G-proteins and 
actin polymerization is partially lost.   

To analyze the connection between Ras and actin polymerization in more detail we 
studied movement of cells under non-induced conditions. Movement of starved cells in 
buffer without any stimulus is dependent on a coupled excitable system of actin and Ras 
activation where both Ras and actin can initiate new pseudopod formation (van Haastert 
et al., 2017).  To investigate the connection between Ras and F-actin in the knock-out in 
more detail we first determined pseudopod dynamics in randomly moving cells and then 
analyzed the kinetics of Ras and F-actin activation in the extending pseudopods. Wild type 
and LrrAOE cells showed similar pseudopod dynamics, while lrrA-null cells extend small short 
living pseudopods at a much higher frequency (Figure 6, A-C). 
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Pseudopod dynamics were further studied by determining the onset of Ras and actin 
activation in the starting pseudopod. Cells containing Raf-RBD-GFP and Life-actin-RFP 
(marker for F-actin) were harvested at aggregation stage and movement in buffer was 
imaged by confocal microscopy. The moment a Ras-GTP or F-actin patch appeared was 
determined and correlated to the time at which that pseudopod started to extend. In wild 
type cells actin filaments are formed first and subsequently Ras patches appear, respectively 
2.7 s and 1,6 s before the pseudopod starts to extend (Figure 6D). In contrast in lrrA-null cells, 
most pseudopods start with Ras, which is already present 4.3 s before the pseudopod starts 
growing, while in LrrAOE cells both actin and Ras patches are extremely late, respectively 0.6 
s before the pseudopod, and 0.3 s after the pseudopod  started (Figure 6D). These results 
show that the timing of actin and Ras activation within a pseudopod is significantly different 
between the LrrAOE, lrrA-null and wild type strains, strongly suggesting that LrrA connects 
and coordinates G-protein signaling and actin dynamics. 

Conclusions
Our data show that LrrA is a scaffolding protein that connects and coordinates heterotrimeric 
and monomeric G-protein signaling and actin dynamics. LrrA appears to have separate binding 
pockets for heterotrimeric and monomeric G-proteins and binds G-proteins irrespective 
of their nucleotide state, placing LrrA in the center as a connector of these pathways. 
The scaffold function is further exemplified in the lrrA-null strain where coordination and 
coupling of heterotrimeric G-protein signaling to monomeric G-proteins and actin dynamics 
is lost. LrrA mutants have defects in many if not all levels of the cAMP signaling cascade: 
heterotrimeric G-protein activation, ERK activation, monomeric G-protein dynamics, cAMP 
and cGMP production, timing of cAMP pulses, and actin and pseudopod dynamics. 

The lrrA-null cells have a defective pulsing mechanism characterized by an early onset 
and high frequency of pulses, but with a low cAMP production. Furthermore, the lrrA-null 
cells cannot be rescued by exogenous cAMP pulses, and surprisingly exogenous pulses 
even showed to be detrimental for development, making lrrA-null to our knowledge the 
first mutant where pulsing is unfavorable. Possibly the early onset and high frequency of 
self-produced cAMP waves result in more activation of the cAMP receptors in the lrrA-null, 
and upon addition of exogenously added pulses the cAMP receptors get overstimulated and 
the cells can no longer respond.

Interestingly, the diminished dissociation and faster association of Gα2 and Gβγ in the 
lrrA-null cells upon a cAMP stimulus stand in contrast with the normal initial activation and 
longer recovery of Ras, Rap1 and Rac. Furthermore, cAMP induced a significantly lower actin 
response in the mutant, whereas activation of monomeric G-proteins lasted longer compared 
to wild type. In wild type cells the dissociation of heterotrimeric G-proteins is positively 
correlated with activation of Ras, Rap1 and Rac, and high activity of these monomeric 
G-proteins in turn leads to an increase in F-actin (Charest and Firtel, 2007; Sasaki et al., 
2007). In the mutant the correlation between these chemotaxis pathway components is lost, 
which suggests LrrA plays an important role in coordinating and connecting these pathways.

An explanation for the slow recovery of the G-protein response could be that LrrA 
functions as a GAP; unfortunately purification of LrrA has been so far unsuccessful so it is 
currently impossible to directly test this possibility. However, the nucleotide independent 
binding of RasC and Gα2 to LrrA indicates that LrrA is unlikely to be a GAP protein, and 
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furthermore overexpression of LrrA did not lead to faster recovery of G-proteins. The data 
instead strongly suggest that LrrA functions as a scaffold, similar to its mammalian ortholog 
Shoc-2 that coordinates ERK1/2 activity (Jang and Galperin, 2016). Accordingly, LrrA might 
facilitate co-localization of the different monomeric G-proteins with their respective GAPs. 
Previously another Ras signaling complex has been identified that plays a role in regulating 
RasC activation at the leading edge of Dictyostelium cells (Charest et al., 2010). The core of 
this complex is formed by a scaffold protein that binds and recruits two RasGEF proteins 
and phosphatase 2A (PP2A) to the leading edge in a cAMP gradient. Mutant studies have 
shown that this Sca1 complex regulates cell motility and signal relay. In human cells the 
scaffolding complex PAR-2/β-arrestin/ERK1/2 is involved in chemotaxis signaling by 
localizing to pseudopodia and prolonging ERK1/2 activation (Ge et al., 2003). This shows 
the important role of scaffolding proteins in the regulation of chemotaxis. Scaffold proteins 
can coordinate complex signaling cascades by several mechanisms: assembly of specific 
signaling components, localizing components to specific areas in a cell, integrating positive 
and negative signals, and shielding signaling components from inactivation (Good et al., 
2011; Shaw and Filbert, 2009). To further enhance the understanding how complex signaling 
cascades are coordinated it is essential to determine whether more scaffold proteins are 
involved in these cascades. Our research points out how proteomic approaches can play an 
important role in identifying new scaffolds.

Material and Methods
Cell culture and Strains
Dictyostelium AX2 was used as parental strain. Cells were grown in HL-5C medium 
(Formedium) either in shaking flasks or on nunclon petri-dishes at 22 °C. The LrrAOE or lrrA-null 
constructs (see below) were transformed in AX2 cell by electroporation and selected with 10 
µg/ml Geneticin or 10mg/ml Blasticidine S respectively. To obtain chemotactic competent 
cells, log-phase vegetative cells were washed with 10 mM KH2PO4/Na2HPO4, pH 6.5 (PB) 
resuspended at 2.5 × 107 cells/ml in PB and plated on non-nutrient agar surface (NNA, 1.5% 
agar in PB) or put in shaking culture for 6 hours and optionally pulsed exogenously for 5 
hours with 100nM cAMP applied at 6 minutes interval.

Construction of Plasmids
The lrrA gene was amplified by PCR from cDNA using the primers sequences: 5′-GAGGATC-
CATGGGAGGAAATTTATCATCAG -3′ and 5′-GAGGATCCTTATTTTTCATTATCTTGTTGAATAC -3′. 
The obtained PCR fragments were ligated into the cloning vector pBluescript. For expression 
of LrrA in Dictyostelium, the BamHI digested fragment was ligated into the BglII site of the 
previously described Dictyostelium extrachromosomal plasmids pDM314 (N-terminal GST), 
pDM317 (N-terminal GFP) and pDM320 (N-terminal flag) (Veltman et al., 2009). The plasmid 
was transformed in AX2 yielding the LrrAOE strain.

A knock-out construct was generated by ligating a BglII-digested lrrA fragment (with 
deletion of bp from 589 to 967) into the BamHI site of the BSR cassette-containing vector 
pUC21BSR. From the obtained construct the lrrA-BSR-lrrA fragment was amplified by PCR. 
The PCR fragment was transformed to AX2 cells and gene disruption was confirmed by PCR 
(Figure S1A) using primers from flanking regions of LrrA: 5’-AGCCATCATCAACAACATCAT-
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CATCGTCATC-3’ and 5’-GAAAATCGAACAATGGCACGAAATTTC-3’, and BSR primers 5’-TGACAC-
GATTGTAGCTGTTAGACACCCTTATTCTGACG-3’and 5’-CGTCAGAATAAGGGTGTCTAACAGCTA-
CAATCGTGTCA-3’. We obtained 2 independent clones with a disruption of the LrrA gene, one 
was selected as the lrrA-null stain. 

The following previously described cellular markers were used Raf-RBD-GFP (Ras 
activation) (Chiu, Bivona et al., 2002), RalGDS-GFP (Rap activation) (Matsubara et al., 
1999), PakB-GFP (Rac activation) (de la Roche et al., 2004; Plak et al., 2013), LimEΔcoil-GFP 
(F-actin dynamics) (Diez et al., 2005). To study Ras and F-actin dynamics simultaneously in 
pseudopods, Raf-RBD-GFP and LifeAct-RFP were co-expressed as described previously (van 
Haastert et al., 2017). For FRET experiments equal amounts of plasmids carrying Gα2-CFP 
and Gβ-YFP were mixed and transformed into Dictyostelium (Janetopoulos and Devreotes, 
2002; Janetopoulos et al., 2001). The heterotrimeric G-protein Gβ with N-terminal GST tag 
was expressed from a modified pDM314 vector containing a hygromycin resistance cassette 
and Gα2 with N-terminal GFP tag was expressed from a pDM351 vector. 

Protein purification
Gα2, Gα4, RasC and RasG, Rap1 and Rac1 were expressed from a pGEX4T1plasmid (GE, 
Healthcare) as N-terminal GST-fusion proteins in the E.coli Rosetta strain (Kataria et al., 2013; 
Plak et al., 2013). Shortly, Ras, Rap and Rac were isolated by GSH affinity chromatography 
and size exclusion chromatography. The purified proteins were analyzed by SDS/PAGE, and 
the concentration was determined by Bradford’s method (Bio-Rad).

Protein interaction studies
The proteomic pull-down approach coupled to Mass Spectrometry has been described 
previously (Kataria et al., 2013). For pull down, GSH beads (Glutathione sepharose 4B, GE 
healthcare) were coupled to 25 μg of the indicated GST-fused Gα, Gb, RasC, RasG, Rap1 or Rac 
proteins for 4 hours at 4°C. For nucleotide dependent pull-down assays the lysate of GST-Gα2 
expressing cells or 25 μg of recombinant purified GST-RasC were incubated with GSH beads 
for one hour at 22°C in the presence of 1 µM GDP or GppNHp and 20 mM MgCl2 to stabilize 
nucleotide binding. GSH beads were washed three times with assay buffer (50 mM Tris at 
pH 7.5, 50 mM NaCl,5 mM EDTA, 5 mM dithiothreitol) to get rid of excess nucleotide and 
unbound proteins and subsequently incubated with flag-LrrA or GFP-LrrA lysate between 
1 to 16 hours at 4 °C. Dictyostelium cells expressing flag-LrrA or GFP-LrrA were lysed by 
incubating on ice for 1 hr in triton lysis buffer (50mM Hepes at pH 7.5, 50 mM NaCl, 5 mM 
MgCl, 1% triton-X 100, 1 mg/ml crushed protease inhibitor tablets, Roche). The supernatant 
was cleared by centrifugation (12,000 × g, 10 min). Beads were harvested by centrifugation 
at 500 × g for 5 min at 4 °C and subsequently washed three times with assay buffer to wash 
away the unbound protein. The beads were finally incubated with SDS buffer at 95 °C for 10 
min. Samples were analyzed by SDS/PAGE. GFP-LrrA and flag-LrrA were detected by Western 
blot using an anti-GFP antibody (Santa-Cruz, 1:2,000 dilution in blocking buffer), and anti-flag 
antibody (Sigma, 1:5,000 dilution in blocking buffer). The signal was visualized using a chemi-
luminescence kit (Li-Cor).

For the competition assay protein A magnetic beads (SureBeads, Bio-Rad) were incubated 
with pan Ras antibody (Ras10) (ThermoScientific) for 4 hours at 4 °C, then washed three times 
with assay buffer. GFP-LrrA overexpressing cells were lysed through a 3µM nuclepore filter 
(Whatman) and incubated with the Ras antibody coupled beads in the presence or absence 
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of increasing concentrations of purified GST-Gα4 or GST overnight at 4 °C. The rationale of 
the experiments is that endogenously expressed Ras proteins from the cell lysate bind to the 
pan-Ras antibody, GFP-LrrA binds to these Ras proteins, and we investigate if GST-Gα4 also 
binds to the Ras-LrrA complex or competes with Ras for binding to LrrA.  Beads were washed 
three times to get rid of unbound proteins, the beads were finally incubated with SDS buffer 
at 50 °C for 5 min. Samples were analyzed by SDS/PAGE and GFP-LrrA binding was detected 
by in gel fluorescence at 473nm using a Typhoon FLA 9500 scanner (GE healthcare). Ras and 
Gα4 binding were detected by Western blot using pan Ras antibody (Ras10) (ThermoScien-
tific, 1:1,000 in blocking buffer), and anti-GST antibody (GE healthcare, 1:10,000 dilution in 
blocking buffer).

Isotope experiments
Dictyostelium cells were starved in PB buffer for 6 hours in shaking culture (2 x 107 cells/ml) 
and pulsed exogenously for 5 hours with 100 nM cAMP with the indicated time intervals. 
Binding of [3H] cAMP to cells was measured as described previously (Van Haastert, 2006). 
Briefly, cells were incubated on ice for 1 minute with 10nM [3H] cAMP and 10 mM DTT in PB 
buffer. The GTPγS inhibition assay of [3H] cAMP-binding to membranes was performed as 
previously described (Van Haastert, 2006). Briefly, membranes were obtained by washing 
and resuspending cells in ice cold PB buffer and subsequently homogenizing cells by pressing 
through a 3 µm nuclepore filter. Lysate was spun down for 5 minutes at 14,000xg and 
membranes were obtained from the pellet. Membranes were incubated on ice for 5 minutes 
with 10 nM [3H] cAMP and 10 mM DTT in PB buffer in presence or absence of 30 µM GTPγS. 
After incubations membranes or 

cells were spun down for 1 min at 14000 x g, the supernatant was aspirated  and the 
pellet was resuspended in 0.1 M acetic acid and scintillation liquid before the radioactivity 
was measured.

For cAMP and cGMP production cells were washed after 6 hrs of starvation and stimulated 
with either 5µM 2'deoxy-cAMP + 5 mM DTT or 0.1 µM cAMP for the cAMP and cGMP 
response, respectively. Cells were lysed by addition of an equal volume of 3.5% perchloric 
acid at the indicated time points. Lysates were neutralized with KHCO3 and cAMP or cGMP 
levels were measured by isotope dilution assays as previously described (Van Haastert, 2006).

ERK phosphorylation
Chemotactic competent cells were collected and stimulated with 10 µM cAMP. At the 
indicated time points samples were taken and lysed in 2 X SDS loading buffer (Bio-Rad 
laboratories) and subjected to western blot detection with p-Erk42/44 antibodies (Cell 
Signaling Inc.). Actin was detected as a loading control using actin antibodies MA5—11869 
(ThermoFisher Scientific).

Development and Chemotaxis 
Dictyostelium cells (2 × 107) were harvested, washed,  resuspended in PB and plated on NNA 
plates. Images of the developmental stages were taken at the indicated times with a Zeiss 
Stemi SV11 microscope, ), equipped with a VisiCam 5.0 camera.

For chemotaxis to cAMP, the Eppendorf FemtoJet setup was used The gradient was 
formed towards the needle tip with 1uM cAMP. Movies were recorded with an Olympus 
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CK40 inverted microscope at 10x magnification equipped with DinoEye Eyepiececamera. 
The chemotactic index and speed were determined as previously described, using ImageJ 
(National Institutes of Health, Bethesda), with the position of the centroid of the cells 
determined every 30 s (Veltman and Van Haastert, 2006). Wave dynamics of cell aggregation 
were obtained by dark-field microscopy as described previously (Brzostowski et al., 2013; 
Cao, Yan et al., 2014).

Expression of cAR1 was measured in 6 hours starved cells harvested from NNA plates. 
Cells were lysed and samples were loaded on SDS/PAGE, cAR1 was detected by anti-cAR1 
antibodies (Gramsch Labarotories). 

Confocal Imaging
Confocal images were recorded using a Zeiss LSM 800 confocal laser scanning microscope 
equipped with a Zeiss plan-apochromatic x63 numerical aperture 1.4 objective. Cells were 
starved on NNA plates overnight at 6°C and harvested the next day at room temperature. For 
uniform stimulation 0.5 µM cAMP was added. The quantification of fluorescence intensity 
was done as described before (Kortholt et al., 2011). Using the freehand line tool in ImageJ the 
average intensity of the membrane and cytosol was measured and the ratio was determined. 
For chemotaxis to cAMP, the same setup was used as described above. The width of the 
Raf-RBD-GFP crescent at the leading edge is defined as the area with a fluorescent intensity 
of at least 1.3-fold the fluorescent intensity of the cytoplasm, measured in ImageJ using 
the freehand line tool (Kortholt et al., 2011). To determine the half-time recovery, the data 
during the recovery phase were fitted according to first order equations and 5 estimates of 
the slope were averaged. For the maximum response the three lowest cytosolic intensity 
values were taken for each cell and averaged for 12-13 separate cells.

Dissociation of Gα2 and Gβγ was measured in cells expressing the FRET pair Ga2-CFP 
Gb-YFP developed until chemotactic stage. Cells were pretreated with 5 µM latrunculin B to 
diminish cell migration for quantitative measurement of FRET change and stimulated with 1 
mM cAMP. Quantification of FRET was done as described previously (Xu et al., 2016).

Pseudopod dynamics were analyzed as described previously (van Haastert et al., 2017). 
Shortly, cells were harvested from NNA plates at aggregation stage and placed in PB buffer. 
Confocal images were recorded at a 640 ms interval, active Ras and F-actin were visualized 
using Raf-RBD-GFP and LifeAct-RFP, respectively.
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Supplementary data
 

Overview of the number of LrrA peptides identified in a previ-
ously described mass spectrometry screen with different GST-
tagged bait proteins. Columns indicate total number of LrrA 
peptides found and unique number of LrrA peptides found. 

Table S1. Identification of LrrA by mass spectrometry in proteomics screen 

Bait Total peptides Unique peptides

GST 0 0

GST-Gα2 10 7

GST-Gα4 2 2

GST-Gβγ 0 0

GST-RasC 2 1

GST-RasG 8 7
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Figure S1. Generation of a lrrA knock-out strain and the development phenotype of LRRA mutants. 
(A) Generation and PCR based confirmation of lrrA-null cells. (B) Cells were harvested and starved on 
non-nutrient agar plates to initiate the developmental program. Images were taken at the indicated 
time points after onset of starvation. Whereas AX2 and LrrAOE cells formed fruiting bodies after 24 
hours, the development of lrrA-null cells stops at the loose aggregate stage. (C) lrrA-null cells were 
starved in shaking culture for 6 hours either with or without exogenous cAMP pulses, and developed on 
non-nutrient agar plates for 24 hours. Pulsed lrrA-null cells showed even looser aggregates compared 
to the non-pulsed cells, where the aggregates seem more firm with a tip mound in the middle.
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FigureS2. Activation of monomeric G-proteins and actin polymerization in unstimulated chemotactic 
competent cells. Membrane cytosol ratios in LrrA strains before cAMP stimulation of GFP tagged 
markers detecting: (A) active Ras, (B) Rap1, (C) Rac, and (D) actin polymerization. Graphs show mean + 
SEM. * p≤0.05, ** p≤0.01 different from AX2 in a paired students t-test.
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Abstract
Rap1 is an important regulator of Dictyostelium cell viability, substrate adhesion, chemotaxis 
and morphogenesis. Despite its key roles, the regulation of Rap1 activity is not well 
understood. Thus far, only two RapGEFs have been identified in Dictyostelium: GbpD has 
been implicated in adhesion and cell polarity, whereas GflB is a Gα2-stimulated Rap1 specific 
GEF that is required for efficient chemotaxis and development. Here we identified that GefQ 
and GefL activate Rap1 during the vegetative growth and starvation phases, respectively. 
Lack of gefQ severely affects vegetative cell growth and chemotaxis in folate gradients, 
whereas starved gefL-null cells show decreased chemotaxis to cAMP and defects in the final 
stages of development. Our data show that the four RapGEFs activate Rap1 in response to 
different stimuli and together provide a layered mechanism of Rap1 activation for multiple 
cellular functions during the Dictyostelium life cycle. 
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Introduction
The ability to respond to intra- and extracellular signals is essential for every living organism 
or cell. Complicated intracellular signalling cascades, which are tightly regulated in time and 
space, transduce the signals inside the cell to elicit a diversity of responses (Bourne et al., 
1990; Mitin et al., 2005; Wennerberg et al., 2005). Dictyostelium discoideum serves as an 
excellent model organism for studying signal transduction pathways involved in progression 
of cell division, cellular motility, chemotaxis and adhesion (Devreotes and Horwitz, 2015). 
Dictyostelium combines genetic tractability and an ease of manipulation, with the added 
advantage that the core signaling pathways of many biological processes are conserved 
between Dictyostelium and higher eukaryotes (Artemenko et al., 2014; Devreotes and 
Horwitz, 2015; Müller-Taubenberger et al., 2013). 

Dictyostelium amoebas can respond to demands of the changing environment, thanks to 
their unique life cycle. Vegetative cells actively seek the bacterial food source by chemotaxis 
to folate and then engulf the bacteria by phagocytosis (Pan et al., 2016). Depletion of 
nutrients (starvation) initiates the multicellular stages of development. Starvation causes 
major changes in gene expression as cells secrete and become sensitised to cAMP, a strong 
chemoattractant for starved cells (Konijn et al., 1967). As cells migrate towards increasing 
concentrations of cAMP, they form aggregation centres composed of as many as 100,000 
cells. These large cell aggregates form migratory slugs and subsequently, by morphogenesis, 
develop into fruiting bodies composed of dead stalk cells that support spore heads filled with 
dormant spores (Strmecki et al., 2005).

Small G-proteins serve as essential molecular switches in a plethora of signalling 
pathways and their role appears to be highly conserved among eukaryotic cells. G-proteins 
can rapidly shuttle between an inactive (GDP bound) and active (GTP bound) state and 
only the GTP bound protein can bind to downstream effectors (Bourne et al., 1990). The 
switch between the active and inactive state of small G-proteins is dependent on regulatory 
proteins. Since small G-proteins have a very high nucleotide affinity (nM-pM range), Guanine 
nucleotide Exchange Factors (GEFs) are necessary for GDP/GTP exchange. GEFs facilitate the 
release of bound nucleotide, which subsequently allows binding of GTP that is present in 
excess over GDP in the cytosol (Bourne et al., 1990; Wittinghofer and Vetter, 2011). GTPase 
activating proteins (GAPs) stimulate the low intrinsic GTPase activity and thereby revert the 
conformation back to the inactive GDP-bound form (Bos et al., 2007).

Dictyostelium Rap1 belongs to the Ras subfamily of small G-proteins and was first described 
for its role in cell morphology (Rebstein et al., 1993). However, it has since been shown to act 
in numerous other pathways, including those regulating cell growth, cell viability, response to 
osmotic shock, bacterial infection, cellular adhesion, motility, cytokinesis, and multicellular 
development (Hilbi and Kortholt, 2017; Jeon et al., 2007b, 2007a; Kang et al., 2002; Khanna 
et al., 2016; Kortholt et al., 2006; Lee and Jeon, 2012; Miao et al., 2017; Parkinson et 
al., 2009; Plak et al., 2016, 2014). Despite its key roles, the regulation of Rap1 is still not 
completely understood. So far four Rap1-specific GAPs and only two Rap1-specific GEFs have 
been identified and characterized. RapGAP1 mediates cAMP stimulated Rap1 deactivation 
(Jeon et al., 2007a), both RapGAP2 and RapGAP3 function during multicellular development 
(Jeon et al., 2009; Parkinson et al., 2009), while RapGAP9 is linked to regulation of cell shape 
and cytokinesis (Mun et al., 2014). So far GbpD and GflB have been the only described Rap1 
specific GEFs. GbpD is involved in regulating Rap1 dependent substrate adhesion and its 
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overexpression results in extreme flat cells (Kortholt et al., 2006). GflB is a Gα2-stimulated 
Rap1 specific GEF and is required for efficient macropinocytosis and directional sensing and 
cell movement during chemotaxis (Inaba et al., 2017; Liu et al., 2016; Senoo et al., 2016). 
Cells lacking either gbpD or gflB still show a significant level of Rap1 activation during both 
the vegetative growth and after cAMP stimulation (Kortholt et al., 2006; Liu et al., 2016) 
(Kortholt et al., 2006), suggesting that there have to be additional Rap1 specific GEFs. 

Here we have identified two additional Rap1-specific GEF proteins, GefL and GefQ. Our 
data show that the four RapGEFs activate Rap1 in response to different stimuli and regulate 
distinct processes throughout the Dictyostelium life cycle. 

Results 
GEF proteins that are specific for the Ras subfamily of proteins contain a CDC25 homology 
domain and a Ras exchange motif (REM). Based on the presence of these motifs, Dictyostelium 
contains 25 genes encoding for putative Ras-GEFs (Wilkins et al., 2005), however it is currently 
not possible to predict the specificity of these GEFs for the Rap or Ras members based solely 
on their protein sequences. We have previously characterized experimentally GbpD and GflB 
as Rap1 specific GEFs (Kortholt et al., 2006; Liu et al., 2016) and we have shown that of 10 
putative GEFs that have been investigated by gene disruption, 8 strains revealed a reduction 
in either basal or cAMP-induced Ras activation in vivo, suggesting that the Gefs deleted in 
these mutants activate Ras (Kortholt et al., 2013), Interestingly, two previously described gef 
mutants: gefL-null (Wilkins et al., 2005) and gefQ-null (Mondal et al., 2008) showed a normal 
basal and cAMP-stimulated Ras activation, which make them candidates for Rap-specific 
GEFs. In this report we will: (1) provide both in vitro and in vivo evidence that GefL and GefQ 
are Rap1-specific GEFs, and (2) describe and characterize the function and regulation of the 
three Rap1 GEFs, GefL, GefQ and GbpD, during the Dictyostelium life cycle.

GefQ and GefL stimulate the nucleotide exchange of Rap1 in vitro
Nucleotide exchange assays can be used to determine the specificity of GEFs in vitro (Lenzen 
et al., 1995). In this assay, G-proteins loaded with labeled GDP analogue are incubated in the 
presence of an excess of unlabeled GDP. Nucleotide exchange is measured in the absence 
or presence of recombinant GEF protein as the decay in signal, caused by the release of the 
labelled GDP from the G-protein. High quality GST fusion of GefQGEF (910–1298AA) was 
isolated from E.coli and its addition to Rap1 labelled with fluorescent mantGDP resulted in 
a rapid decrease in fluorescence, and thus an acceleration of the intrinsic low nucleotide 
exchange activity (Fig. 1A). Since previous reports suggest that GefQ is also a GEF protein 
for Dictyostelium RasB (Mondal et al., 2008), we performed similar exchange assays with 
Dictyostelium Ras proteins. Although the labeled Ras proteins that were used in the 
experiment are completely stable and functional (Kortholt et al., 2006), GefQ was unable to 
stimulate the nucleotide exchange of RasB, RasC, RasD or RasG (Fig. S1A, S1B), suggesting 
that in vitro GefQ specifically activates Rap1. 

We also expressed and purified the His-fused GefLGEF domain (1935–2365) from E.coli. 
However, addition of GefLGEF to fluorescent labeled Rap1 resulted in large fluctuations in 
the fluorescent signal, most likely due to instability of the recombinant GEF protein under 
these conditions. Therefore we used a previously described radioisotope based nucleotide 
exchange assay to determine the specificity of GefL (Kataria et al., 2013). Addition of 
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recombinant His-GefLGEF to 3H-GDP labeled Rap1 results in a rapid and significant decrease 
of bound 3H-GDP (Fig. 1B), indicating an increase of the exchange activity of Rap1. In contrast, 
His-GefLGEF is unable to stimulate the nucleotide exchange rate of stable, functional 3H-GDP 
labeled Ras protein (Fig. S1C). The results indicate that, by analogy to previous results for 
GbpD and GflB, GefQ and GefL specifically activate Rap1 in vitro. 
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Figure 1. GefQ and GefL are Rap1 specific GEFs. (A) GefQ GEF activity was measured with excess of 
non-labelled GDP using mGDP-loaded Rap1 in the absence (open) or presence (closed) of 1 µM of 
recombinant purified GefQ GEF protein. The exchange activity was measured in real time as decay 
in fluorescence. (B) GefL GEF activity was measured as 3H-GDP release from Rap1 with (black) and 
without (grey) purified GefLGEF protein in the presence of excess GDP. Data are mean and SEM of 
three independent experiments, **p<0.05, *p<0.01, Student t test. (C) Pull-down experiment with 
GST-RBD (Byr2) to detect the amount of cAMP-mediated RasG activation in starved aggregation 
competent gefQ-null or gefL-null cells. (D) Pull-down experiments with GST-(RBD)RalGDS to detect 
the amount of active Rap1 in lysates of vegetative AX2 wild-type, gefQ-null and gefL-null cells. (E) 
Pull-down experiments with GST-(RBD)RalGDS to detect the amount of active Rap1 in lysates of cAMP 
stimulated starved aggregation competent gefQ-null cells (upper panel) and gefL-null cells (lower 
panel). The amount of G-protein in the pull-down fraction or total lysate in B and C was detected by 
western blotting, determined with RasG or Rap1 antibody. The images shown are representative for 
three separate experiments.
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GefQ and GefL mutants show impaired Rap1 activation in vivo
To test the specificity of GefL and GefQ in vivo we determined the levels of active Ras and 
Rap in Dictyostelium lysates using an RBD pull-down assay. Consistent with previous results 
(Kortholt et al., 2013), pull-down experiments with Ras-specific GST-Byr2(RBD) revealed that 
cells lacking gefL or gefQ have similar levels of basal and cAMP mediated RasG activation to 
their parental strains (Fig. 1C). To detect the amount of activated Dictyostelium Rap1 in these 
GEF mutants, we performed pull-down experiments with the active Rap-specific Ras Binding 
Domain (RBD) of human RalGDS. The amount of GTP-loaded, activated Rap1 is dramatically 
decreased in vegetative gefQ-null cells but unaffected in starved gefQ-null cells (Fig. 1D + 
1E). Interestingly, we observed the opposite effects for gefL-null cells with Rap1 activation 
barely affected in vegetative gefL-null cells but dramatically decreased in starved cells (Fig. 
1D + 1E). Since gefQ and gefL-null cells exhibit normal Ras activation but defective Rap1 
activation in vivo, these data suggest that GefQ and GefL are both Rap1 specific GEFs. The 
data also suggest that GefQ and GefL may have specific functions in vegetative and starved 
cells, respectively. 

GefQ is important for folate mediated Rap1 signaling
Rap1 is an important component of vegetative signalling pathways. Vegetative wild-type cells 
exhibit Rap1 activation in cell membrane patches and on macropinosomes (Fig. 2A, upper 
panel). Dynamic activation of Rap1 can be imaged in vivo using the previously described 
molecular probe RalGDS-GFP, which specifically binds active Rap1 (Jeon et al., 2007a). 
The gbpD (Bosgraaf et al., 2005), gefL (Wilkins et al., 2005) and gefQ-null (Mondal et al., 
2008) strains have been generated in the DH1, AX3 and AX2 parental strain background, 
respectively. Since all three parental strains showed identical Rap1 activation kinetics (see 
also Fig. 1C-E and (Kortholt et al., 2006)), we here only present the in vivo data for AX3.

Vegetative gefL- and gbpD-null cells exhibit a similar pattern to wild-type cells (Fig. 2A), 
consistent with the pull down data that show no decrease in Rap1 activation in vegetative 
cells of gbpD and gefL-null mutants ((Kortholt et al., 2006) and Fig. 1D respectively). In 
contrast and consistent with the in vitro data, vegetative gefQ-null showed an impaired Rap1 
activation pattern with no patches of active Rap1 at the cell membrane (Fig. 1D + 2A). 

Vegetative Dictyostelium cells are attracted to folate and other compounds secreted by 
bacteria (Pan et al., 2016). Wild-type cells show up-gradient accumulation of RalGDS-GFP 
(Fig. 2A lower panel) and efficiently migrate towards increasing concentrations of folate 
(Table 1). Both gefL-null and gbpD-null cells show similar Rap1 activation and movement in 
the direction of the increasing folate gradient compared to wild-type cells (Table 1, Fig. 2A). 
In contrast, vegetative gefQ-null cells show reduced levels of active Rap1 at the leading edge 
and move with very low efficiency and speed towards a folate containing pipette (Table 1, 
Fig. 2A). 

GefL is important for cAMP mediated Rap1 signalling 
Upon starvation Dictyostelium cells enter the developmental cycle and have the ability 
to sense and chemotax towards cAMP (Konijn et al., 1967). Cells expressing constitutive 
active Rap1, or mutants with increased levels of active Rap1, are flat and adhesive, migrate 
slowly and fail to properly polarize in a cAMP gradient, suggesting that Rap1 plays an 
important regulatory role in chemotaxis (Jeon et al., 2007b, 2007a; Kortholt et al., 2006; 
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Figure 2. Active Rap1 localisation in vivo. (A) To analyse spatial activation of Rap1, the GFP-RalGDS 
reporter was expressed in wild-type, gefQ-null, gefL-null and gbpD-null cells. Representative images 
of vegetative wild-type and GEF mutant cells. Cells in upper panel are vegetative cells, bottom panel 
represents vegetative cells exposed to a gradient of folate with the highest concentration at the right. 
Bar indicates 10 µm. (B) Representative images of Rap1 activation in randomly moving, chemoatractant 
sensitive (starved) cells (upper panel), or in cells moving in the direction of cAMP filled pipette (lower 
panel). Bar indicates 10 µm. (C) Time course of RalGDS-GFP translocation after uniform stimulation 
with 1 µM cAMP. Shown are the normalised intensity of cytosolic fluorescence as means and SEM of 
minimal 10 cells. * indicates significantly less than wild-type at p<0.01,Student t test.

Miao et al., 2017). To study the roles of GefL, GefQ and GbpD in Rap1 activation during 
development, aggregation competent cells were harvested after 6 hours of starvation and 
random movement was recorded. Wild-type cells showed Rap1 activation at the extending 
pseudopods (Fig. 2B). A similar spatial activation of Rap1 was observed in randomly moving 
gefQ-null and gbpD-null cells. Pull-down data suggested that only gefL-null cells had lower 
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basal Rap1 activation in starved cells. Accordingly, we observed no Rap1 activation at the 
extending pseudopods in starved gefL-null cells (Fig. 2B).

It was shown previously that the level of active Rap1 at the cell membrane increases 
in response to a uniform pulse of cAMP (Jeon et al., 2007b). The cAMP-mediated Rap1 
response in starved gefQ-null and gbpD-null cells is similar to the one observed for the 
wild-type strain; the amount of RalGDS-GFP in the cytosol rapidly drops after stimulation, the 
minimum intensity is reached at 5 seconds after stimulation, and subsequently the amount 
of RalGDS in the cytosol returns to basal levels after approximately 30 seconds (Fig. 2C). 
Consistent with the pull-down activation experiment, gefL-null cells show severely impaired 
Rap1 activation in response to a cAMP pulse (Fig. 2C). 

In addition, Rap1 is activated at the leading edge of wild-type cells moving up the cAMP 
gradient (Jeon et al., 2007a). The three Rap1-GEFs have a completely different contribution to 
Rap1 activation during chemotaxis towards cAMP. Starved wild-type, gefQ-null and gbpD-null 
cells show Rap1 activation at the leading edge and move with high persistence to a pipette 
filled with cAMP (Table 1, Fig. 2B). In contrast, starved gefL-null cells have hardly any Rap1 
activation at the leading edge and show reduced chemotaxis, both in terms of chemotaxis 
index and migration speed towards the cAMP source (Table 1, Fig. 2B). Overexpression of 
GefL in gefL-null cells complements the defective Rap response (Table 1).

GefQ and GbpD mediate adhesion and cytokinesis 
Rap1 is a major regulator of cellular adhesion; cells expressing dominant negative Rap1S17N 
and constitutive active Rap1G12V have reduced and increased levels of cell substratum 
attachment, respectively (Jeon et al., 2007b; Kortholt et al., 2006). We used a previously 
described adhesion assay (Bosgraaf et al., 2005) to determine the contribution of GefL, GefQ 
and GbpD to substratum attachment of Dictyostelium cells. After one hour of shaking 80,5 
± 5% of gefQ-null cells are detached, significantly more compared to only 43,4 ± 5% for 
the parental AX2 strain (Fig. 3A). Overexpression of GefQ results in a significant increase of 
cellular adhesion consistent with literature (Mondal et al., 2008). A similar pattern is found 
in the GbpD mutants, with significantly more loose cells in the gbpD-null cells and more 

Table 1. Chemotaxis parameters of the GEF mutants and parental strains 

Strain Folate cAMP

Chemotaxis Index Speed (µm/min) Chemotaxis Index Speed (µm/min)

Ax2 parent 0.52 ± 0.16 10.29 ± 2.52 0.80 ± 0,11 13.34 ± 3.21

gefQ-null 0.30 ± 0.10 * 5.17 ± 1.19 * 0.82 ± 0,05 15.00 ± 2.00

Ax3 parent 0.53 ± 0.16 7.72 ± 2.12 0.86 ± 0.07 12.80 ± 3.11

gefL-null 0.56 ± 0.21 7.13 ± 2.17 0.57 ± 0.11 * 9.22 ± 2.59 *

gefL-null:GFP-GefL ND ND 0.82 ± 0.01 9.78 ± 1.11 *

DH1 parent 0.44 ± 0.13 5.76 ± 1.60 0.80 ± 0.11 7.87 ± 1.94

gbpD-null 0.49 ± 0.14 4.35 ± 1.54 ** 0.80 ± 0.09 9.63 ± 2.66 *

Shown are the chemotaxis index and speed as the means and standard error of the means of at 
least 12 cells. * indicates significantly different from the parental strain at; *p<0.01; **p<0.05, 
Student t test.
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adherent cells in the over-expressor (Fig. 3A and (Bosgraaf et al., 2005; Kortholt et al., 2006)). 
In contrast, the adhesion of GefL mutant cell lines is not significantly different from that of 
the parental AX3 strain (Fig. 3A). These data indicate that the Rap1 mediated adhesion is 
dependent on both GefQ and GbpD.

Rap1 has been implicated in the regulation of growth, cytokinesis and viability. All 
attempts to generate a rap1-null strain failed and knock down of Rap1 expression resulted 
in cells with slow growth and eventual cell death (Kang et al., 2002). Furthermore, Rap1 is 
specifically activated at the poles of the dividing Dictyostelium cells where it regulates the 
dynamic cytoskeletal changes needed to complete cytokinesis (Plak et al., 2014). Disruption 
of neither gbpD nor gefL genes resulted in growth or cytokinesis defects (Bosgraaf et al., 
2005; Wilkins et al., 2005). In contrast, dividing gefQ-null cells have severely reduced Rap1 
activation at the poles and a reduced growth rate compared to the parental strain (Plak et 
al., 2014). To further understand the contribution of different Gefs to Rap1 activation during 
cytokinesis we compared the levels of activated Rap1 at the cell poles in different mutant 

Figure 3. Adhesion and development phenotypes of Rap1 GEF mutants. (A) Cell adhesion was 
determined by measuring the percentage of non-adherent (loose) wild-type and mutant vegetative 
cells after 1 h of rotation. Results are the means and standard error of the means; n = 3 independent 
experiments, *indicates significantly less or more than wild-type at p<0.05, ** for p<0.01. Student t 
test. (B) Representative images of slug trails of AX3, gefL–null and gefL-null/GefL-GFP slugs migrating 
towards a light source indicated by the black arrow. (C) Representative phase contrast images of 
the collected spores from gefL-null (main image) or AX3, gefQ-null, or gbpD-null (insets) strains. Bar 
indicates 10 µm. (D) The gefL-null strain produces spores with reduced germination ability. Presented 
are the percentage of spores that formed plaques at the Klebsiella lawn plates as the means and 
standard error of the means of at least three independent measurements on different days. *indicates 
significantly less than wild-type at p<0.01, Student t test 
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strains. The gbpD-null strain showed reduction in Rap1 activity during cytokinesis (Fig. S2D), 
a result similar to that observed for gefQ-null cells. No significant reduction was recorded for 
gefL-null cells (Fig. S1D). 

Together, our data show that GefQ is a major activator of Rap1 downstream of the folate 
receptor, while both GbpD and GefQ are important for cytokinesis and Rap1 mediated 
adhesion. In contrast, GefL does not appear to have a major function during vegetative cell 
processes. 

GefL mediates phototaxis and spore formation
Several studies have shown that Rap1 also plays an important role during Dictyostelium 
morphogenesis by affecting cell type differentiation within the multicellular aggregate (Jeon 
et al., 2009; Parkinson et al., 2009). Constitutive activation of Rap1 results in breaking up of 
the aggregation streams and formation of aberrant tipped mound structures due to defects 
in pre-stalk cell patterning. In addition, there are severe defects in slug migration (Parkinson 
et al., 2009). As reported before (Wilkins et al., 2005) gefL null cells show severely defective 
phototaxis as their slugs barely moved (Fig. 3B). The few short tracks that could be quantified 
indicated normal directionality with a phototactic index of 0.88 ± 0.08 compared to 0.93 ± 
0.02 in AX3 cells (Fig. 3B middle panel). Overexpression of GefL protein in gefL-null cells 
complements the gefL-null cells phototaxis defects with a phototaxis index of 0.88 ± 0.03 
and increased track length (Fig. 3B right panel). These results confirm that GefL is essential 
for phototaxis. Although GefQ has been implicated in the regulation of phototaxis (Mondal 
et al., 2008), in our hands the mutants lacking or overexpressing GefQ or GbpD, do not show 
significant defects in chemotaxis compared to their parental strains (Fig. S2A). 

Wild-type, gbpD-null, and gefQ-null fruiting bodies produce spores of normal morphology 
with a typical bright appearance in phase contrast microscopy, but almost all gefL-null spores 
are smaller and of a much darker appearance (Fig. 3C). A plaque assay for spore viability on 
Klebsiella lawns showed that a significantly lower fraction of spores of the gefL-null strain are 
capable of germination in comparison to the parental cell line (Fig. 3D), suggesting that GefL 
is important for spore viability. In contrast, strains with disruption of the gbpD or gefQ genes 
produced spores with no, or very little effect on viability (Fig. 3D). 

Together our data show that GefL mediates Rap1 signalling downstream of the cAMP 
receptor and during multicellular development.

Activation and localization of GefL 
To better understand the activation mechanism of GefL we analysed the localization of 
GFP-GefL. For optimal detection of GFP-GefL at the cell boundary we co-expressed cytosolic 
RFP with GFP-GefL. The fluorescent intensity of GFP-GefL at the cell boundary is defined as 
the total GFP fluorescence intensity minus the fluorescence intensity of RFP (Kortholt et al., 
2013). In unstimulated starved cells or upon global cAMP stimulus GefL is uniformly localized 
in the cytosol. However, quantification of the fluorescence along the cell boundary in cells 
moving towards a pipette with cAMP shows that GFP-GefL is enriched at the leading edge, 
but is also slightly increased in the rear of the cells as compared to the relatively low level at 
the sides (Fig. S2C).

Previous studies have shown that cAMP-mediated Rap1 activation at the leading edge 
occurs downstream of RasG (Bolourani et al., 2008). gefL-null cells have severely impaired 
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Figure 4. Interaction pull downs of GefL. (A) Pull-down experiment of full-length GFP-GefL with the 
indicated Ras proteins. A representative western blot of three independent experiments is shown. (B) 
Pull-down experiment of His-GefLGEF and GST-Rap1 in the presence of either 100 μM Gpp(NH)p, 100 
μM GDP, or 10 mM EDTA. A representative western blot of three independent experiments is shown.

cAMP-mediated Rap1 activation, but display normal kinetics of RasG activation, suggesting 
that GefL might be the missing mediator between RasG and Rap1 signalling. Furthermore, 
in addition to the RasGEF domain, GefL possesses a Leucine-rich repeat domain (232-290aa) 
and a predicted GTPase-binding domain (784-972aa). To address if GefL directly binds to Ras 
proteins we performed a pull-down assay with GST-tagged Dictyostelium Ras proteins as bait 
in a lysate from Dictyostelium cells expressing GFP-GefL (Fig. 4A). Full length GefL protein 
does not interact with any of the tested Ras proteins, including RasG or Rap1, suggesting that 
GefL is not directly activated by binding of Ras. The GefLGEF domain alone does interact with 
Rap1 (Fig. 4B), suggesting that the full-length protein is in an auto-inhibited state.

GbpD is a PIP2 and PIP3 regulated RapGEF
Previously it was shown that GefQ activation is regulated by the actin cytoskeleton (Mondal 
et al., 2008). In contrast, the activation mechanism of GbpD is still not well understood. 
Besides the catalytic GEF domain, GbpD contains a putative regulatory domain, consisting of 
two cyclic nucleotide binding domains (CNBs) and a putative lipid interacting GRAM domain 
(Fig. 5A). Although containing cyclic nucleotide binding domains, radioactive cyclic nucleotide 
binding assays revealed no detectable binding of cAMP or cGMP to GbpD (Goldberg et al., 
2002). Furthermore, cellular studies showed that the activity of GbpD is independent of 
intracellular cAMP or cGMP (Kortholt et al., 2006), indicating that cyclic nucleotides are not 
important regulatory components. 

To investigate the activation mechanism in more detail we expressed various mutants 
lacking one of the regulatory domains in wild-type (AX3) cells. Overexpression of wild-type 
GbpD (AX3 GbpD) results in very large and flat cells with strongly increased substrate 
adhesion compared to wild-type cells (Fig. 3A). In contrast, expression of mutants lacking 
the GRAM or CNB1 domain did not influence cell morphology or adhesive capacity (Fig. 5B), 
suggesting that both these domains are essential for GbpD activation. 

Since GRAM domains are known phospholipid interacting domains (Doerks et al., 2000), 
we performed lipid/protein dot-blot assays (Echelon Biosciences Inc.). We obtained three 
GFP-fusion proteins from Dictyostelium lysed cells: the full length GbpD protein (GbpD; 
1-1312 AA), the catalytic GEF domain of GbpD (GEF; 1-587AA), and the regulatory part 
CNB1-GRAM-CNB2 (Δ-GEF-GFP, 585-1312 AA) (Fig. 5A). The PIP strips, containing various 
lipids, were incubated with each of the above mentioned fusion proteins, and the bound 
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Figure 5. Regulation and localisation of GbpD. (A) Schematic representation of the protein domains 
of GbpD, numbers indicate amino acid number. (B) Cell adhesion was determined by measuring 
the percentage of non-adherent (loose) wild-type and mutant vegetative cells after 1 h of rotation. 
Results are the means and standard error of the means; n = 3 independent experiments, ** indicates 
significantly less than wild-type at p<0.01. Student t test. (C and D) PIP strips showing binding of phos-
phoinositides to indicated GbpD fragments. The images shown are representative for three separate 
experiments. (E) The binding of GbpD GRAM domain to PI(4,5)P2 by PolyPIPosome pull-down assay. 
(F) Confocal images showing localisation of various GbpD mutants in starved unstimulated cells. Bar 
indicates 10 µm. (G) Pull-down with GST-(RBD)RalGDS to detect the amount of active Rap1 in lysates 
of the indicated strains. The images shown are representative for three separate experiments. (H) 
Blot showing GST-Rap1 pull down with GbpD-GFP lysate in the absence and presence of 20µM LY. The 
images shown are representative for three separate experiments.
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protein was detected using GFP antibody. No interaction between the GEF domain of GbpD 
with any of the tested phospholipids could be detected (Fig. 5C). As shown in Fig. 5C, both 
full-length GbpD and the Δ-GEF-GFP of GbpD did bind to several lipids. To determine domain 
and lipid specificity, we purified CNB1 (711-874 AA), CNB2 (1108-1312 AA), and the GRAM 
(937-1050 AA) domain of GbpD as GST-fused proteins from Escherichia coli and performed 
dot-blot assays and pull down experiments with various lipid coated beads (Fig. 5D+E). 
Together our results show that CNB1 and CNB2 bind to multiple lipids whereas GRAM binds 
specifically to PI(4,5)P2. 

Lipids are known regulators of the localization and/or activation of proteins. To address 
this, we analysed localization of the GFP-fusion constructs of GbpD, expression was confirmed 
by western blot (Fig S2E). In unstimulated starved cells, full length GbpD, and D-GEF-GFP 
are enriched uniformly at the membrane, while mutants lacking the GRAM (DGRAM-GFP), 
CNB1 (DCNB1-GFP) or complete regulatory domain (GEF-GFP) are localized in the cytosol 
(Fig. 5F). This thus indicates that membrane localization of GbpD requires both GRAM and 
CNB1. Interestingly, the GRAM-GFP domain localizes uniformly at the membrane, indicating 
that the PIP(4,5)P2 binding GRAM domain alone is sufficient for membrane localization. 
Unfortunately we could not investigate the function of the CNB domains further with 
localization studies, because GbpD-D-CNB2-GFP, CNB1-GFP and CNB2-GFP are not stable. 

Overexpression of GbpD induces strong adhesion ((Kortholt et al., 2006) and Fig. 3A). This 
strong adhesion is also induced by GbpD-D-CNB2, but not by GbpD-D-CNB1 or GbpD-D-GRAM. 
Taken the localization and adhesion studies together, the data suggest that the PIP(4,5)P2 
binding GRAM domain alone is the primary signal for membrane localization, and that the 
GRAM and CNB1 domains are essential for full activation of GbpD to induce adhesion. Since 
the CNB domains bind PIP3 (among other lipids), we investigated if PIP3 regulates GbpD 
activity. Overexpression of GbpD in wild-type AX3 or gbpD-null cells leads to activation of 
Rap1 ((Kortholt et al., 2006) and Fig. 5G respectively). In contrast overexpression of GbpD 
in pi3k1/2-null cells does not lead to enhanced levels of Rap1-GTP (Fig. 5G) and does not 
induce the enhanced substrate adhesion as observed in wildtype cells overexpressing GbpD 
(Fig. 5B). Together this suggests that PIP3 formation is required for GbpD-mediated Rap1 
activation and adhesion. To address the potential activation of GbpD by PIP3 more directly, 
we performed Rap1-GTP pull-down experiments with full-length GbpD in the presence or 
absence of PI(3,4,5)P3. GbpD was derived from cells that were incubated in the absence 
or presence of the PI3K inhibitor LY. Figure 5H shows that Rap1 only binds GbpD in the 
presence of PI(3,4,5)P3. Although GbpD is inactive in pi3k-null cells and requires PIP3 for 
activation, GbpD-GFP still binds to the membrane of pi3k-null cells, presumably through 
the PIP2-binding GRAM domain (Fig. 4F). Together the data suggest that GbpD may require 
both PIP2 and PIP3 for full activation of its GEF activity and Rap1 activation. PIP2 for binding 
GbpD to the membrane, presumably through its GRAM domain, and PIP3 for the subsequent 
activation of the GEF activity, possibly through the CNB1 domain.

Discussion
Rap1 performs a variety of important functions during the Dictyostelium lifecycle (Hilbi and 
Kortholt, 2017; Jeon et al., 2007b, 2007a; Kang et al., 2002; Khanna et al., 2016; Kortholt 
et al., 2006; Lee and Jeon, 2012; Miao et al., 2017; Parkinson et al., 2009; Plak et al., 2016, 
2014). Our results along with previously published data (Kortholt et al., 2006; Liu et al., 2016) 
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demonstrates that Rap1 activation is regulated by at least four GEF proteins: GefL, GefQ, 
GbpD and GflB. Mutant studies reveal that GbpD and GefQ mainly regulate Rap1 activity 
in vegetative cells, while GefL and GflB are responsible for activating Rap1 in response to 
cAMP (Fig. 6). Rap1 is involved in cytokinesis, cell-substrate adhesion, chemotaxis to folate 
and cAMP, phototaxis and spore viability. Together the four thus far described Rap-specific 
GEFs are sufficient to explain the activation of Rap1 in these different functions (Fig. 6). 
However, we cannot exclude the presence of additional uncharacterized Rap-GEFs, because 
the Ras-Rap specificity of several GEF proteins have not yet been investigated. We previously 
characterized the function and regulation of GflB in detail (Liu et al., 2016). GflB is activated 
by direct binding of active Gα2-GTP and is also a substrate of GSK-3, which fine tunes the 
translocation of GflB to the leading edge of chemotaxing cells. GflB regulates the balance 
between Ras- and Rap1-mediated F-actin and myosin dynamics which is required for efficient 
chemotaxis and development (Fig. 6).

GefL is expressed at very low levels at the outset of development, increasing after 4 hours 
of starvation to reach its maximum expression levels during multicellular stage of the life 
cycle (Rot et al., 2009). Consistent with this observation, GefL does not contribute to Rap1 
activation during the vegetative state, but is important during starvation and multicellular 
development. gefL-null cells are deficient in slug photo- and thermotaxis ((Wilkins et al., 
2005), this study), and despite an apparently normal culmination process, the mutant 
strain produces spores with damaged spore coats and very low viability. During chemotaxis, 
cells lacking gefL show severely impaired Rap1 activation at the leading edge, resulting in 
decreased chemotaxis index and a decreased motility towards the cAMP source (Fig. 6). 
Importantly, this also suggests that Rap1 signalling contributes, but is not essential for cAMP 
chemotaxis. Previously it has been shown that cAMP mediated Rap1 activation depends on 
RasC/RasG (Bolourani et al., 2008). gefL-null cells have severely defective cAMP-mediated 
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Rap1 activation, but show normal kinetics of Ras activation, suggesting that GefL is activated 
downstream of RasG. In addition our data show that full length GefL does not interact with 
Ras proteins that are known regulators of chemotaxis, indicating that GefL may be indirectly 
activated by Ras. 

GbpD is expressed throughout the entire life cycle (Rot et al., 2009) and is primarily 
responsible for regulating Rap1 dependent substrate attachment (Bosgraaf et al., 2005; 
Kortholt et al., 2006). Thus, cells lacking gbpD have severely reduced adhesion strength 
during vegetative growth and also during the starvation process and chemotaxis to cAMP 
(Fig. 6). Our data show that PIP2 specifically binds to the GRAM domain of GbpD and, 
hence, regulates GbpD translocation from cytosol to the membrane. Furthermore, we show 
that PIP3 binds to the regulatory domain of GbpD and that the overexpression of GbpD in 
pi3k1/2-null cells does not induce adhesion and cell morphology phenotypes. This suggests 
that PIP3 is required for activation of GbpD, i.e. PIP3 is an upstream activator of GbpD/Rap1. 
Previously we have shown that GbpD-stimulated Rap1-GTP activates PI3K by direct binding 
to the Ras binding domain of PI3K (Kortholt et al., 2006), i.e. PI3K/PIP3 is a downstream 
effector of GbpD/Rap1. Altogether, our data supports a model of GbpD regulation wherein 
there is a positive feedback loop of PIP3/GbpD/Rap1/PI3K/PIP3. This positive feedback loop 
also explains the very strong phenotype of GbpD overexpression. We also suggest that GbpD 
is partly responsible for activation of Rap1 during Dictyostelium cytokinesis. This activation 
pattern appears to be dependent on both GbpD and GefQ, as depletion of either of the two 
leads to significant decrease of polar Rap1 activation (Fig. 6).

GefQ is expressed throughout the entire life cycle (Rot et al., 2009) and contributes to 
Rap1-mediated substrate attachment, although to a lesser extent than GbpD. Additionally, 
GefQ appears crucial for chemotaxis of vegetative cells towards folate. Cells lacking gefQ 
exhibit drastically reduced basal and folate stimulated Rap1 activation (Fig. 6). GefQ was 
previously shown to be localized to sites rich in actin filaments (Mondal et al., 2008), 
suggesting it may be part of a basal feedback loop, between actin and Rap1 signalling. 
Interestingly, the in vitro exchange assay revealed that GefQ specifically activates Rap1 
and not any of the Ras proteins. This is contrary to a previous report that concluded that 
GefQ acts as an exchange factor for RasB (Mondal et al., 2008). Since this earlier conclusion 
was based on in vivo pull-down experiments, it is possible that GefQ affects RasB activity 
indirectly via proteins that are activated downstream of Rap1. In our hands cells lacking 
gefQ have mainly defects during the vegetative growth and in contrast to a previous paper 
don’t show severe defect during multicellular development (Mondal et al., 2008). Vegetative 
gefQ-null cells have normal levels of active RasB (Mondal et al., 2008) and severely impaired 
Rap1 activation levels (this study), while starved gefQ-null cells have normal levels of Rap1 
activation (this study) and strong decreased RasB activity (Mondal et al., 2008). This suggests 
that in vegetative cells GefQ primarily activates Rap1 and in starved cells GefQ may have 
direct or indirect exchange activity for RasB. Thus, we would like to raise the possibility 
that GefQ is a Rap/Ras dual specific GEF, which, dependent on the protein conformation 
and developmental stage, can activate either RasB or Rap1. Dual specificity Rap/Ras GEF 
proteins have been described before: CalDAG-GEF1 is a cytosolic GEF specific for Rap1, 
however a splice variant shows specificity to Ki-Ras, N-Ras, Rap but not Ha-Ras (Clyde-Smith 
et al., 2000). Consistent with such a mechanism, two forms of GefQ proteins have been 
identified at different developmental time points (Mondal et al., 2008). Alternatively, the 
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switch between Rap/Ras specificity of GefQ, may be mediated by phosphorylation of the 
protein, since a phospho-proteomic screen has shown that GefQ is rapidly phosphorylated 
in response to chemoattractant stimulation (Charest et al., 2010).

In summary, the four GEFs described here and four previously identified GAP proteins 
(Jeon et al., 2007a, 2009; Mun et al., 2014; Parkinson et al., 2009) together regulate Rap1 
activity: GbpD, GefQ and RapGap9 regulate Rap1 activity during vegetative growth, while 
GefL, GflB, RapGap1, RapGap2 and RapGap3 are needed for cAMP regulated processes 
of chemotaxis and multicellular development. Together this complex network allows for 
Rap1-mediated cytoskeletal changes in response to different intra- and extracellular stimuli 
which is important for many cellular processes.

Materials and Methods
DNA constructs, strains and cell culture
Full length gefQ was amplified by means of PCR, and subsequently ligated into the BglII and 
SpeI sites of a pDM310 inducible Dictyostelium expression plasmid system. For expression 
of GbpD in Dictyostelium the previously described MB74GbpD-GFP vector was used 
(Bosgraaf et al., 2005). GFP-GefL construct was generated from the PCR reaction product 
after recombination with pDONR221(Invitrogen) vector and subsequent pDM351 vector 
using Gateway BP and LR reaction clonase (Invitrogen), respectively. For the construct of 
co-expressed GFP-GefL and cytosolic RFP, a fragment encoding cytosolic RFP was inserted 
in the above described GFP-GefL construct at the NgoMIV site. Dictyostelium cells were 
grown in HL5-C media (Formedium) on Nunclon coated dishes or in Erlenmeyer flasks. For 
growth of mutant strains, the medium was supplemented with the appropriate antibiotics; 
10mg/ml G418, 50mg/ml hygromycin B or 10mg/ml Blasticidin S. The previously described 
gbpD-null (Bosgraaf et al., 2005), gefQ-null (Mondal et al., 2008) and gefL-null (Wilkins et al., 
2005) were obtained from the Dictyostelium stock center (Fey et al., 2013). For starvation, 
Dictyostelium cells were harvested, washed with Phosphate Buffer (PB) (10 mM KH2PO4/
Na2HPO4, pH 6.5), and plated on Non-Nutrient Agar plates (1.5% Agar in PB). After 6 hours 
of starvation, aggregation-competent cells were harvested in PB at a density of 6 x 106 cells 
per ml.

Rap1 activation assay
Rap1 activation assays were performed as described previously (Bolourani et al., 2008). 
Dictyostelium cells were resuspended in PB buffer and an equal volume of Lysis buffer (20 
mM sodium phosphate, pH 7.2, 2% Triton X-100, 20% glycerol, 300 mM NaCl, 20 mM MgCl2, 
2mM EDTA, 2mM Na3VO4, 10mM NaF, Roche protease inhibitor tablets) was added. The cell 
lysates were pre-cleared by centrifugation, 10 min, 4°C, 14000g, and protein concentration 
in supernatant samples was measured with the Bradford assay. 400µg of proteins was mixed 
with 100mg of recombinant purified GST-RBD(Byr2) or GST-RBD(RalGDS) (Kortholt et al., 
2006). The samples were incubated with glutathione-sepharose beads (GE-Healthcare) for 1 
hour at 4°C and subsequently washed 3 times with lysis buffer. Bound proteins were eluted 
by boiling in 1xSDS buffer and resolved on SDS-page gels. The amount of activated Rap1 or 
RasG was visualised by western Blot with primary Rap1 or RasG antibody (Bolourani et al., 
2008).
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Microscopy
Live Dictyostelium cells with indicated fluorescent markers (Kortholt et al., 2006) were 
observed using a confocal laser scanning microscope (LSM 510 META-NLO; Carl Zeiss 
Microimaging, Inc.) equipped with a 63×/NA 1.4 objective (Plan-Apochromatic; Carl Zeiss 
Microimaging, Inc.). The fluorochrome GFP (S65T variant) was excited with a 488-nm argon/
krypton laser and fluorochrome RFP was excited at 561 nm. The fluorescence was filtered 
through a BP500-530 IR and a LP560 filter, and was detected by a photomultiplier tube. The 
analysis of spatial localization of co-expressed GFP-GefL and cytosolic RFP in gefL-null cells 
was performed as described previously (Kortholt et al., 2013). Activation of Rap1 at the cell 
border during cytokinesis was performed and analysed as described previously (Plak et al., 
2014). 

Chemotaxis was tested with the previously described micropipette assay (Kortholt et al., 
2011). Shortly, for folate chemotaxis vegetative cells were washed in PB buffer and subjected 
to a gradient of 1µM folate released from a micropipette (tip opening 3µm, 4hPa pressure). 
For the cAMP chemotaxis assay aggregation competent cells were subjected to the cAMP 
gradient released from micropipette filled with 100µM cAMP solution (tip opening of 0.5µm, 
0hPa pressure). Chemotaxis was monitored with an inverted light microscope and images 
were recorded every 10 seconds. Chemotaxis index and speed was analysed using ImageJ 
software as described previously (Kortholt et al., 2011).

Fluorescent nucleotide exchange assays
The GEF domain of GefQ (910–1298) was cloned into the BamHI site of pGEX 4T3 (GE 
Heathcare). The resulting GST-GEF domain was expressed in E.coli and subsequently purified 
by GSH affinity and size exclusion chromatography (SEC). 

The indicated small G-proteins were purified as described before (Kortholt et al., 2006) 
(Kortholt et al., 2006). The small G-proteins were loaded with the fluorescent analogue 
mantGDP, 2’-/3’-O-(N’-methylanthraniloyl)-guanosine-diphosphate, by incubating them in 
the presence of 10mM EDTA and a 20-fold excess of mantGDP for 2 h at room temperature. 
Unbound nucleotide was removed by SEC. The fluorescent loaded proteins were incubated 
at 25°C in assay buffer (50 mM Tris-HCL, pH 7.5, 5mM MgCl2, 50 mM NaCl and 5 mM DTE) and 
the exchange reaction was started by adding a 200 fold excess of unlabelled GDP. Experiments 
were performed in the presence or absence of 1μM GefQGEF. The nucleotide exchange 
was measured in real time as decay in fluorescence using a Spex spectrofluorometer (Spex 
Industries), with excitation and emission wave length of 366 and 450 nm, respectively. 

Radioactive guanine nucleotide exchange assays
The GEF domain of GefL (1935-2353) was cloned into the BamHI-NotI sites of pPROEX 
HTb vector (Invitrogen) and expressed in E.coli as an N-terminal His-tagged fusion protein, 
subsequently purified by HisTrap FF affinity chromatography (GE Healthcare) in an assay buffer 
(50mM HEPES pH 7.5, 50mM NaCl, 5mM MgCl2, 8% Glycerol, 20mM imidazole and 2mM 
β-mercaptoethanol). To measure the dissociation rate of guanine nucleotides from Rap1 and 
RasC, 3 µM of purified GST-Rap1 or GST-RasC was incubated overnight at 4°C in assay buffer 
containing 40-fold 3H-labeled GDP (0.925 MBq/assay, Perkin-Elmer). The exchange activity 
was measured at room temperature with and without 6 µM GefL GEF protein. The reaction 
was started by addition of 200-fold excess unlabeled GDP, and samples were taken at the 
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indicated points. Samples were spotted on nitrocellulose filters (BA 85, Millipore), washed 
with 20 mL ice-cold assay buffer, and dried before scintillation counting (Perkin-Elmer).

Adhesion assays
To determine the strength of cellular attachment, we used a previously published protocol 
(Bosgraaf et al., 2005). Briefly, cells were grown overnight in a six-well plate (Nunc) to a 
maximum of 70% confluency. The medium was replaced and cells were incubated on a rotary 
shaker for 1 hour at 150 rpm. Subsequently, the fractions of adhesive and loose cells were 
determined in triplo in Thoma counting chambers. Each experiment was performed at least 
three times.

Phototaxis assay
Phototaxis assays were performed as described previously (Khaire et al., 2007). AX3 and 
mutant strains at a density of 2 × 106 cells/ml were harvested and washed twice with PB 
buffer. A total of 5 × 105 cells were then resuspended in 15 µl of PB buffer and transferred to 
the slit in 5 cm non-nutrient agar plates to obtain migrating slugs. Approximately after 24 h, 
the plates were wrapped in an opaque black plastic box with a slit of ~2 cm in an orientation 
such that cells were placed furthest away from the slit and incubated at 21°C supplied with 
light source. Approximately 48 h after incubation, slime trails and cellular material were 
blotted to polyvinyl chloride sheets by contact of the sheet with the plate for 1 h. Thereafter, 
the sheets were stained with Coomassie blue for 10 min followed by washing with water to 
remove the excess stain and air-dried. The phototaxis index of 5 tracks toward the source of 
light from the point of application were determined using ImageJ. 

Spore viability assay
Dictyostelium cells were allowed to develop for 48 hours on NN agar plates and spores were 
collected in PB buffer. Spores were counted in Thoma chambers and 100 spores were plated 
on 1/3 SM plates with Klebsiella lawns. The plates were incubated for 96 hours at room 
temperature and the amount of plaques was scored. 

Lipid binding dot-blot assay 
Lipid dot-blot assays were performed using PIP strips according to the manufacturer’s 
instructions (Echelon Biosciences Inc.). For the lysate, 108 Dictyostelium cells were harvested, 
washed and resuspended in 1 ml of lysis buffer (50 mM Tris (pH=7.5), 150 mM NaCl, 5 mM 
MgCl2, 5mM DTE, 5% Glycerol, 1% Triton, 1µg/ml crushed EDTA-free protease Inhibitor tablet 
(Roche). Samples were left on ice for 60 min, centrifuged (14,000 x g, 10 min at 4°C) and 
the supernatants were collected. The PIP strips were blocked with TBST containing 3% of 
fatty acid free bovine serum albumin (BSA) (Sigma Aldrich) for 1 hour at RT and incubated 
with 10 ml TBST containing 50 µl lysate of GFP-GEF, GFP-Regulatory and GFP-GbpD (0.5 mg/
ml) for 1 hour at RT. After several washes, the strips were probed with GFP antibody (Santa 
Cruz Biotechnology) and the amount of bound protein was determined by an ECL reaction 
(Roche).

Similarly, PIP strips were incubated with purified proteins GST-CNB1, GST-CNB2 and 
GST-GRAML (0.5 mg/ml) and after several washes, the strips were probed with GST antibody 
(GE Healthcare). 
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Pull down assay
GSH co-immunoprecipitation assay were performed as described previously (Kataria et al., 
2013). Briefly, 25 μg of the indicated purified GST-tagged proteins were incubated with 70 μl 
(slurry) GSH beads (GE Healthcare) at 4 °C for 1 hour. Dictyostelium cells expressing GFP-GefL 
or GFP-GbpD grown in shaking culture were harvested, washed and resuspended in 1 ml 
ice-cold lysis buffer (50 mM Tris pH 7.5, 50 mM NaCl, 5 mM MgCl2, 5 mM dithiothreitol) at 
2 × 107 cells/ml. Cells were lysed by adding an equal volume of cold lysis buffer containing 
2% Triton X-100 supplemented with 1 mg/ml crushed protease inhibitor tablets. The cell 
lysates were placed on ice for 30 min and cleared by centrifugation (16.000 × g, 4°C) for 
10 min. Protein concentrations were determined using the DC protein assay (BioRad). For 
GFP-GefL co-immunoprecipitations, 800 μg of Dictyostelium lysate was incubated for 2 
hours at 4 °C with GST-Ras or GST-Rap1 proteins bound GSH beads and for GFP-GbpD, the 
same amount of lysate was incubated with GST-Rap1 coated GSH beads in the presence or 
absence of 100 µM LY294002. For Ni-NTA agarose beads co-immunoprecipitation assay, 40μg 
purified recombinant His-tagged GefLGEF protein was incubated with Ni-NTA agarose beads 
(Invitrogen) in assay buffer (50mM HEPES pH 7.5, 50mM Nacl, 5mM Mgcl2, 8% Glycerol, 
20mM imidazole and 2mM β-mercaptoethanol) for 1h at 4°C. Thereafter, 25 μg of the 
indicated purified proteins were incubated with His-GefLGEF coated beads for 2 hours at 4 
°C. Beads were precipitated, washed 3 times with ice-cold assay buffers and incubated with 
SDS loading buffer at 95°C for 10 min and separated by SDS-PAGE. Proteins were visualized by 
Western blotting using GST (GE Healthcare) and GFP antibodies (Santa Cruz Biotechnology).
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Figure S1. In vitro GEF activity of GefQ and GefL. (A) and (B) The exchange activity of GefQ on 
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Figure S2. Phenotypes of the different Rap GEFs. (A) Representative images of slug trails of gefQ–null 
and gefQ over expressor slugs and DH1, and gbpD-null and over expressor slugs migrating towards 
a light source indicated by the black arrow and their corresponding phototactic index. None was 
significantly different from their respective parental strain. Student t test. (B) Images of a representative 
cell expressing GFP-GefL and cytosolic RFP moving towards a pipette with 100 µM cAMP. The GFP-GefL 
at the boundary of the cell is represented by Ψ, which is for pixel i the fluorescence intensity of the GFP 
channel minus that of the RFP channel, and normalized for the average GFP intensity in the cytosol. (C) 
Graph shows the calculated GFP-GefL at the membrane (Ψ) at different distances from the extending 
leading front; presented are the means (black line) and standard error of the means of five cells. 
(D) Quantification of the average fluorescence intensities of RalGDS-GFP marker along the half cell 
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GFP in AX3 is used as control. (mean and SEM, n=8). (E) Expression of different GbpD constructs in 
dictyostelium cells quantified by western blot using αGFP.
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Abstract
Rap1 is an important regulator of the cytoskeleton during chemotaxis, and vice versa the 
cytoskeleton regulates Rap1 activity. In this study we investigated how Rap1 mediated F-actin 
formation is regulated by analyzing F-actin dynamics in four RapGEF knock-outs. Our data 
show that GefQ is involved in basal F-actin activity, GbpD and GflB are necessary for a proper 
F-actin response to folate, and GflB is necessary for an F-actin response to cAMP stimulation. 
We also discovered that Rap1 activation is not directly proportional to F-actin polymerization 
in response to chemoattractants. To investigate the F-actin mediated feedback on Rap1 
activity, cells were incubated with the F-actin inhibitor LatA. Upon depletion of F-actin there 
is a uniform Rap1 response, indicating Rap1 is inhibited by F-actin. LatA treatment does not 
induce Rap1 activation in LY treated cells or gbpD- cells, suggesting F-actin inhibits the Rap1, 
PI3K, PIP3 and GbpD amplification loop, nor does it induce Rap1 activation in iqgA- cells. We 
suggest this amplification loop functions as a driving force for F-actin formation and is also 
involved in the basal pseudopod pathway.
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Introduction
Small GTP-binding proteins (G proteins) are monomeric G proteins with molecular masses 
of 20−40 kDa that function as essential molecular switches in various cellular biological 
events, including gene expression, intracellular vesicle trafficking, cytokinesis, microtubule 
organization, and cytoskeletal remodeling (Takai et al., 2001). Small G proteins can rapidly 
shuttle between an inactive GDP-bound and active GTP-bound state. Small G proteins can 
only interact with downstream effectors in the GTP bound state (Bourne et al., 1990). This 
cycle is strictly regulated by two categories of protein: Guanine nucleotide Exchange Factors 
(GEFs) and GTPase Activating Proteins (GAPs). G proteins have approximately equal affinity 
for GDP and GTP, which is in the pM-nM range. GEFs reduce this high nucleotide affinity 
of G proteins by many orders of magnitude and thereby promote nucleotides release. 
Subsequently the small G-protein rapidly binds GTP, which is about 30-fold exceeding over 
GDP concentration in the cell. GAPs inactivate the small G proteins by stimulating the intrinsic 
low GTPase activity to accelerate the hydrolysis from GTP to GDP.

Rap1 belongs to the Ras super family of small G proteins and has important functions 
in almost all eukaryotic cells, including the model organism Dictyostelium and mammalian 
neutrophils. Rap1 is a key regulator of the spatial and temporal control of cytoskeleton 
reorganization during cell migration, development and cytokinesis (Hilbi and Kortholt, 2017; 
Lee and Jeon, 2012). During chemotaxis Rap1 is rapidly activated at the leading edge of 
Dictyostelium cells where it promotes adhesion and cell polarization by coordination of 
cytoskeletal rearrangements. Rap1 induces F-actin remodeling, through pathways that most 
likely include PI3K and Rac proteins, and inhibits myosin assembly at the poles through its 
effector Phg2 (Jeon et al., 2007a, 2007b). At the same time low levels of Rap1 activation 
in the back and side of the cell cause decreased adhesion and allow for myosin filament 
assembly (Kortholt et al., 2006; Jeon et al., 2007a, 2007b; Plak et al., 2016). In addition, 
localization and function of the Rap specific GEF GflB and GAP1 is dependent on the 
cytoskeleton (Jeon et al., 2007b; Liu et al., 2016). Together this thus suggests that Rap1 
not only regulates the cytoskeleton, but vice versa Rap1 activation also is regulated by the 
cytoskeleton. By observing actin dynamics in 4 different RapGEF mutants, and studying the 
Rap1 responses upon disruption of the actin cytoskeleton we shed more light on the complex 
feedback mechanisms between Rap1 and actin. Taken together, our work contributes to a 
better understanding of the coordination between Rap1 and the cytoskeleton during cell 
movement.

Results
Rap1 affects cytoskeletal reorganization
To better understand Rap1-mediated cytoskeleton reorganization, constitutively active 
Rap1G12V was expressed from a doxycycline inducible plasmid system (Veltman et al., 2009a) 
and filamentous actin (F-actin) dynamics were visualized with the reporter LimEΔcoil-GFP 
(Bretschneider et al., 2004). In the absence of doxycycline randomly moving vegetative 
wild-type Dictyostelium cells show actin polymerization at the front of the cell (Fig. 1A upper 
panel). By contrast, after 7 or 21 hours of incubation with doxycycline, which induces the 
expression of constitutively active Rap1 (Rap1G12V), cells have a thick cortical actin layer 
around the entire cell boundary (Fig. 1A middle and lower panel). Expression of Rap1G12V 
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in a mutant lacking myosin II (myoII−) also results in an increase of cortical actin as observed 
in wild-type cells expressing Rap1G12V (Fig. 1B). Together these data support that Rap1 is an 
important upstream regulator of actin dynamics and this actin polymerization is independent 
of myosin in Dictyostelium (Jeon et al., 2007a; Rebstein et al., 1997). 

Figure 1. Rap1 affects F-actin localization. (A) Representative live images of control (-DOX) or 7h 
and 21h induced (+DOX) vegetative wild-type cells co-expressing LimEΔcoil-GFP and Rap1G12V. (B) 
Representative live images of control (-DOX) or 7h and 21h induced (+DOX) vegetative myoII- cells 
co-expressing LimEΔcoil-GFP and Rap1G12V. The scale bars represent 10µm.
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GefQ is a regulator of basal F-actin activation
To explore the regulation of Rap1 mediated actin polymerization further, the F-actin 
localization was studied in more detail in four different Rap GEF mutants. In Dictyostelium, 
four Rap GEFs have been identified that together regulate the various functions of Rap1 
during development (Chapter 3, Plak et al., 2019, MS submitted). GbpD primarily contributes 
to Rap1-mediated substrate adhesion during the vegetative stage (Bosgraaf et al., 2005; 
Kortholt et al., 2006), while GefQ is responsible for both adhesion and Rap1-mediated 
cytokinesis in vegetative cells (Plak et al., 2014; chapter 3). GflB and GefL regulate Rap1 
activation upon cAMP stimulation and in late development (Liu et al., 2016, chapter 3), 
while recently GflB has also been reported to play a role in cytokinesis and macropinocytosis 
(Inaba et al., 2017). 

Activation and localization of F-actin were visualized with the LimEΔcoil-GFP marker, and 
localization was quantified as the ratio of the fluorescent intensity in the cortex relative to 
that of the cytosol. In the starved wild-type cells, AX3 and DH1, LimE-GFP is found in bright 
patches in the cortex with mean cortex cytosol ratios of 2.9 ± 1.38 and 4.1 ± 0.90 respectively 
(means ± SD, n=5) (Fig. 2A-B). Similar F-actin localization compared to their parental strains 
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is observed in gefL- and gbpD- cells with ratios of 2.9 ± 0.98 and 3.9 ±1.31 respectively (Fig. 
2A-B). Although gflB- cells have a similar cortex cytosol ratio compared to AX3 (3.3 ± 0.88) 
(Fig. 2B), the distribution of actin is characterized by a more uniform distribution of LimE-GFP 
across the membrane with less bright patches compared to AX3 (Fig. 2A). GefQ- cells show 
significantly lower actin polymerization at the cortex with a ratio of 1.6 ± 0.20 (Fig. 2A-B), 
indicating that GefQ plays an important role in basal excitability of actin.

Rap1 is a secondary regulator of actin in response to chemo-attractants
Next the F-actin response upon folate and cAMP stimulation was measured in the 
different GEF mutants. Stimulation leads to the translocation of the F-actin binding protein 
LimEΔcoil-GFP from the cytosol to the cortex, which is measured with high sensitivity as 
a decrease of the fluorescence intensity in the cytosol (Diez et al., 2005). The wild-type 
strains AX3 and DH1 have a maximum actin response upon folate stimulation of 43% ± 6.7 
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Figure 2. Actin activation in different RapGEF mutants. (A) Representative live images of starved 
wild-type (WT) and RapGEF knock-out strains expressing the F-actin marker LimEΔcoil-GFP. The scale 
bars represent 10µm. (B) Cortex cytosol ratios of LimEΔcoil-GFP in RapGEF knock-out strains before 
cAMP stimulation. Graphs show mean + SEM of 6 cells across at least two separate experiments. * 
p≤0.05 different from wild-type in a paired students t-test. (C) Intensity of LimEΔcoil-GFP in the cytosol 
was measured upon a uniform cAMP stimulus at t=0. Graphs show mean ± SEM from at least three 
separate experiments and at least 12 individual cells.
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and 49% ± 8.3 decrease in cytosolic intensity, respectively (see supplemental figure Fig. S1). 
Both gefQ- and gefL- cells show similar timing of actin responses compared to AX3, but gefL- 
cells have a significantly stronger response with 50% ± 8.4 (P=0.037) maximum decrease of 
cytosolic LimE-GFP (Fig. S1). Conversely, gflB- and gbpD- cells have a decreased actin response 
upon folate stimulation, with maximum responses of 32% ± 4.6 (P=0.0002) and 32% ± 10.9 
(P=0.00005) respectively (Fig. S1). The responses also started later at approximately, 3.8s and 
3.2s after folate stimulation in gflB- and gbpD- respectively compared to 1.3s in wild-type. The 
recovery was significantly slower in gflB- with a half-time recovery of 10.0s ± 0.79 (P≤ 0.0001) 
compared to 1.01s ± 0.26 in AX3 but eventually returned to 100%, whereas the half-time 
recovery for gbpD- cells was similar to DH1 but without complete recovery of LimE to the 
cytosol. These results indicate that GflB and GbpD play an important role in actin responses 
in vegetative cells. 

Upon stimulation with cAMP, starved wild-type AX3 cells show a fast uniform 
polymerization of F-actin at the cortex which reaches a maximum at 5 seconds with a 
maximum decrease of cytosolic LimE-GFP intensity of 52% ± 9.8 (Fig. 2C). Previously it was 
shown that upon stimulation with cAMP GefL- cells show a very poor activation of Rap1 
(chapter 3). Surprisingly, GefL- cells show a strong actin response (55% ± 11.9) that is similar 
to that of wild-type cells. GefQ- cells have a delayed cAMP response starting approximately 
3.2s after stimulation compared to 0.7s in AX3, and have a stronger actin response compared 
to wild-type with a cytosolic decrease of 62% ± 7.5 (P= 0.003) (Fig. 2C), however, the stronger 
response in gefQ- might be ascribed to the lower actin activation prior to stimulation (Fig. 
2A-B). The half time recovery is significantly longer in gefQ- cells with 5.0s ± 0.36 (P≤ 0.0001) 
compared to 2.1s ± 0.22 in AX3. The largest defect in the actin response is found in the gflB- 
mutant, these cells show a slower and significantly lower response to cAMP with a cytosolic 
decrease of only 23% ± 5.7 (P= 3.9 E-11), and no recovery of LimE to the cytosol (Fig. 2C). This 
is in accordance with the lower Rap1 response reported previously for this mutant (Liu et 
al., 2016). The gbpD- mutant shows similar actin kinetics compared to its parental strain DH1 
with maximum responses of 49% ± 6.6 and 46% ± 8.5 respectively (Fig. 2C). These results 
suggest that while Rap1 activation is coupled to actin polymerization (Jeon et al., 2007a), in 
some mutants strong actin polymerization can occur in the absence of strong Rap1 activation 
(chapter 3). GflB is important for cAMP-induced actin polymerization (Fig. 2C), however GflB 
has also been reported as binding partner of both Ras and Rac and shows increased Ras 
activation in the knock-out, making it unclear through which pathway GflB mediates the 
cAMP response (Liu et al., 2016; Senoo et al., 2016). 

Actin disruption induces uniform activation of Rap1
Previous studies have suggested a possible role for the cytoskeleton in the spatial activation 
of Rap1 (Inaba et al., 2017; Jeon et al., 2007b; Ren et al., 1999). To directly address this we 
analyzed Rap1 activation in starved cells in the presence and absence of Latrunculin A (LatA), 
a toxin that inhibits actin polymerization (Spector et al., 1989). Rap1 activation was studied in 
vivo by co-expressing the reporter for active Rap1 (RalGDS-GFP) with cytosolic RFP (Kortholt 
et al., 2013). In the absence of Rap1-GTP all RalGDS-GFP is cytosolic. Upon formation of 
Rap1-GTP, a small fraction of RalGDS-GFP translocates to the plasma membrane. The pixels 
at the cell boundary then contain some RalGDS-GFP bound to Rap1-GFP and some cytosolic 
RalGDS-GFP. After subtracting cytosolic RFP from RalGDS-GFP in these boundary pixels the 
residual GFP signal represents RalGDS-GFP bound to Rap1-GTP. Data are presented as the 
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intensity of GFP at the membrane relative to the mean intensity of GFP in the cytoplasm 
(Ψ=(GFP-RFP)/<GFPcyt>, see methods).

Starved AX3 cells show low intrinsic Rap1 activation at the cell boundary. Global 
stimulation with cAMP induces rapid and transient Rap1 activation along the whole cell 
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Figure 3. F-actin inhibits Rap1 activation in a GbpD dependent manner. (A) Representative live images 
of RalGDS-GFP expressing AX3 cells in buffer and 4-6 s after uniform stimulation with 0.5µM cAMP, with 
or without treatment with 5µM LatA. (B) Bar diagrams of average (Ψ) RalGDS-GFP at cell membrane in 
AX3 cells in buffer and 4-6 s after uniform stimulation with cAMP, with or without LatA treatment. (C) 
Representative live images of RalGDS-GFP expressing RapGEF knock-out cells treated with LatA, before 
and 4-6 s after uniform stimulation with 0.5µM cAMP. (D) Bar diagrams of average (Ψ) RalGDS-GFP at 
cell membrane in RapGEF knock-outs before treatment with LatA, upon LatA treatment and 4-6s after 
cAMP stimulation. The scale bars represent 10µm. Graphs show mean ± SEM from at least 4 individual 
cells. * p≤0.05, ** p≤0.01, *** p≤0.001 different from untreated cells in a paired students t-test
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membrane (Fig. 3A/B and Fig. S2A), which is consistent with previous studies (Jeon et al., 
2007a). Interestingly, treatment of cells with Latrunculin A (LatA) results in a similarly strong 
and significant increase of active Rap1 at the membrane, and no further significant increase 
of fluorescence at the membrane was detected after global stimulation with cAMP (Fig. 3A/B 
and Fig. S2B). These data show that disruption of actin induces more Rap1 activation at the 
cell membrane and suggest that F-actin has an inhibitory role in Rap1 activation.

Actin mediated Rap1 inhibition is GbpD dependent
To further explore the feedback loop between actin and Rap1 we analysed RalGDS-GFP 
localization upon LatA treatment in mutants lacking RapGEFs. After incubation with LatA, 
gefL−, gefQ− and gflB− cells show uniform Rap1 activation similar to AX3 cells (Fig. 3C) with 
significantly higher RalGDS-GFP concentrations at the membrane (Fig. 3D). Upon subsequent 
stimulation with cAMP a small but significant increase in membrane intensity was observed 
in the gefQ- strain, but not in gefL- or gflB- cells (Fig. 3C-D), this is consistent with literature 
describing a decreased Rap1 response in both gefL- and gflB- strains in response to cAMP 
(Liu et al., 2016b, chapter 3). In contrast, cells lacking gbpD do not show increased Rap1 
activation upon addition of LatA, while addition of cAMP significantly induces translocation 
of RalGDS-GFP to the membrane highly similar to the cAMP response in untreated wild-type 
cells (Fig. 3C-D and Fig. S2C). These results indicate that GbpD is essential for the uniform 
Rap1 activation upon LatA treatment, while it is dispensable for cAMP-mediated Rap1 
activation. 

GbpD is involved in a positive feedback loop with Rap1. Rap1-GTP can activate Phos-
phoinositide 3-kinase (PI3K) which phosphorylates PIP2 to form PIP3 (Kortholt et al., 2010), 
and PIP3 induces GbpD dependent Rap1 activation (chapter 3). Here we propose that 
filamentous actin acts as a natural brake on this positive feedback loop (Fig. 5B). In the 
absence of filamentous actin (by adding LatA) the brake is released and the positive feedback 
loop comes into full activity leading to strongly elevated Rap1-GTP levels. Under conditions 
where the positive feedback loop is interrupted, such as in gbpD-null cells, LatA has no effect 
on Rap1-GTP levels, because removing the brake of a stalled loop is without consequence. 
To confirm this hypothesis we disrupted the feedback loop at the PI3K level by treating cells 
with LY294002 (LY), a PI3K inhibitor, and measured Rap1 activation upon LatA treatment. 
Similar to the gbpD- cells there was no increase of Rap1 activation in LY-treated AX3 cells 
upon incubation with LatA, but the cells still gave a significant response upon addition of 
cAMP (Fig. 3D). These results support the hypothesis that F-actin acts as an inhibitor of the 
positive feedback loop of Rap1 activation that consists of PI3K, PIP3, GbpD and Rap1.

Actin mediated Rap1 inhibition is IQGAP1 dependent
To further understand the F-actin mediated inhibition of the Rap1 activation loop, Rap1 
activation was analyzed in various cytoskeletal mutants in the absence and presence of LatA. 
It was previously reported that the IQGAP/cortexillin complex is a key component of the 
cytoskeleton that functions to cross-link F-actin and modulate cortical tension at the side of 
chemotaxing cells (Ren et al., 2009; Lee et al., 2010). We tested Rap1 activation in the IQGAP 
knock-out mutants iqgA− , iqgB− and the cortexillin double knock-out ctxA−/B, as well as in a 
mutant lacking functional myosin II filaments (myoII-) (Lee et al., 2010).

Although Rap1 activity before LatA treatment varies between the cytoskeletal mutants 
(Fig. 4B), upon treatment with LatA all mutants except iqgA- showed a significant increase 



89

4

F-actin regulates Rap1 activity by inhibiting the Rap1 and GbpD positive feedback loop

in Rap1 activation at the membrane (Fig. 4B). Addition of cAMP did not further increase 
Rap1 activity in these mutants (Fig. 4A-B). In contrast the iqgA- mutant showed no Rap1 
activation upon LatA treatment, but upon addition of cAMP there was a strong and significant 
translocation of RalGDS-GFP to the membrane (Fig. 4A-B). These results suggest that the 
actin mediated inhibition of Rap1 activation depends on IQGAP1, GbpD and PI3K, while 
cAMP mediated Rap1 activation is independent of IQGAP1, GbpD and PI3K. 

Rap1 is part of the basal pseudopod pathway
Basal movement and pseudopod formation in starved Dictyostelium cells is dependent on a 
coupled excitable system of Ras and F-actin, where both can initiate the extension of a new 
pseudopod (van Haastert et al., 2017). Rap1 is activated downstream of Ras, and Rap1 is an 
activator of F-actin and regulated by F-actin; therefore Rap1 is likely involved in this coupled 
excitable system for pseudopod formation. To assess the role of Rap1 in this pathway the 
appearance and timing of Ras and F-actin patches in emerging pseudopods were measured 
in the different RapGEF mutants. 

Ras and actin dynamics in pseudopods were observed in cells co-expressing Life-actin-RFP 
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Figure 4. F-actin inhibits Rap1 activation in a IQGAP1 dependent manner. (A) Representative live 
images of RalGDS-GFP expressing cytoskeleton knock-out cells treated with LatA, before and 4-6 s after 
uniform stimulation with 0.5µM cAMP. (B) Bar diagrams of average (Ψ) RalGDS-GFP at cell membrane 
in cytoskeleton knock-outs before treatment with LatA, upon LatA treatment and 4-6s after cAMP 
stimulation. The scale bars represent 10µm. Graphs show mean ± SEM from at least 4 individual cells. * 
p≤0.05, ** p≤0.01, *** p≤0.001 different from untreated cells in a paired students t-test
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(marker for F-actin) and Raf-RBD-GFP (marker for active Ras). The time of appearance of a 
Ras-GTP or F-actin patch was determined and correlated to the start of pseudopod extension. 
In wild-type cells pseudopods started with either Ras or actin, with Ras appearing on average 
1.6s ± 0.64 and actin 2.7s ± 0.61 before extension of the pseudopod (Fig. 5A). In all four 
Rap GEF mutants every observed pseudopod was initiated by a Ras patch. Furthermore, the 
appearance of an actin patch only appeared simultaneously or slightly after extension of the 
pseudopod, significantly later than in wild-type cells (Fig. 5A). In gefL- and gbpD- cells the Ras 
dynamics are also altered, Ras patches appeared significantly later compared to wild-type 
(Fig. 5A). These data show that disruption of Rap1 activation creates an imbalance in the 
coupled excitable system between Ras and actin, shifting it towards Ras-primed pseudopod 
formation. 
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Figure 5. Rap1 is part of the basic pseudopod pathway (A) Cells containing Raf-RBD-GFP and 
Life-actin-RFP (marker for actin) were harvested at aggregation stage and random movement was 
recorded at a confocal microscope with a framerate of 640ms/frame. The Graphs present the moment 
a Ras or actin patch appeared correlated to the time a pseudopod started to extend. Shown are 
mean ± SEM from multiple pseudopod events in at least 4 cells per strain. * p≤0.05, *** p≤0.001, 
**** p≤0.0001 different from AX2 in a paired students t-test. (B) Schematic overview showing the 
Rap1, PI3K, PIP3, GbpD amplification loop in green. F-actin inhibits the amplification loop in an IQGAP1 
dependent manner. It is still unclear whether IQGAP1 inhibits the loop directly through binding Rap1, 
or through balancing myosin/actin at the side and back of the cell and F-actin at the front of the cell. 
Both Ras and Rap can induce F-actin, and Rap1 is part of the basic pseudopod pathway.
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Discussion
It is well established that Dictyostelium Rap1 has an important role in the regulation 
of cytoskeleton rearrangements both at the leading edge of moving cells and poles of 
dividing cells (Kortholt et al., 2006; Jeon et al., 2007b; Plak et al., 2014). During chemotaxis, 
Rap1 activation is restricted to a broad patch at the leading edge, where it activates the 
Rap1-effector Phg2 that inhibits local myosin filament formation, which allows actin 
polymerization and subsequent movement (Jeon et al., 2007a, 2007b). Interestingly our data 
here show that expression of hyperactive Rap1G12V also induces actin polymerization in 
cells lacking myosin II. This thus suggests that Rap1 does not solely regulate the cytoskeleton 
via myosin II.

To further investigate how actin polymerization is mediated by Rap1 the actin dynamics 
were studied in four different RapGEF knock-out strains. Our data show that GefQ is involved 
in basal actin activity, GbpD and GflB are necessary for a proper actin response to folate, and 
GflB is necessary for a proper actin response to cAMP stimulation. Surprisingly the GefQ- cells 
showed a normal F-actin response to folate, and GefL- cells showed a normal actin response 
to cAMP, whereas the Rap1 responses are severely decreased in these mutants (chapter 
3). Thus the F-actin response to chemo-attractants is not directly proportional to the Rap1 
response, indicating that Rap1 functions as a secondary regulator of F-actin in chemotaxis. 

Branching and polymerization of F-actin is initiated by the ARP2/3 complex, which is 
regulated by the WASP family proteins SCAR/WAVE and WASP. The monomeric G protein Rac 
is the main activator of SCAR/WAVE and WASP and is closely connected to actin dynamics 
(Ibarra et al., 2005; Miki et al., 1998; Pollitt and Robert, 2009; Westphal et al., 2000). 
Regulation of actin by Rap1 is likely mediated through this Rac1 pathway, Rap1 has been 
linked to activation of Rac both indirectly via PI3K-PIP3 signaling (Kortholt et al., 2010) and by 
direct interaction with RacGEF1 and GxcC (Mun and Jeon, 2012; Plak et al., 2013). Although 
Rap1 activation has always been associated with F-actin formation (e.g. Rap1G12V), F-actin 
formation still occurs at low levels of Rap1 activation (e.g. in GefQ- and GefL- upon folate 
and cAMP stimulation respectively), suggesting that active Rap1 is not always the primary 
signal for F-actin formation. The monomeric G proteins RasC and RasG also play an important 
role in actin polymerization during chemotaxis. RasC and RasG can activate the PI3K-PIP3 
pathway resulting in activation of Rac, and the Ras mediated activation of TORC2 and PKB 
pathway is thought to be involved in F-actin formation and chemotaxis, though the exact 
mechanism is unknown (Cai et al., 2010; Charest et al., 2010; Lee et al., 2005; Sasaki et al., 
2004). Furthermore, chemotaxis is completely abolished in the RasC/G double knock-out 
(Bolourani et al., 2006). Based on these data we suggest that RasC and RasG are primary 
regulators of actin in chemotaxis, whereas Rap1 acts as a secondary regulator (Kortholt et 
al., 2011; Krause and Gautreau, 2014). In contrast, Rap1 does act as primary regulator of the 
cytoskeleton during cytokinesis (Plak et al., 2014). 

In addition, we show that Rap1 does not only regulate cytoskeletal reorganization, but 
vice versa the cytoskeleton regulates Rap1 activation. Treatment of unstimulated starved 
wild-type cells with LatA results in uniform Rap1 activation, suggesting a negative-feedback 
loop that signals from F-actin to control Rap1 activation. Importantly, this effect of LatA is 
dependent on the participation of IQGAP1, GbpD and PI3K (Fig. 5B).

GbpD is involved in a positive feedback loop consisting of Rap1, PI3K, PIP3 and GbpD 
(Kortholt et al., 2010, chapter 3Plak et al., 2019, MS submitted) (Fig. 5B). Here we suggest 
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that this activation loop functions as a driving force for Rap1 activation. Similar phenotypes 
were observed in cells where this loop was hyper-activated, either by overexpression of 
GbpD, by expression of constitutively active RapG12V, or by deletion of PTEN, an enzyme 
that dephosphorylates PIP3, all resulting in excessive Rap1 activation and increased adhesion 
(Bosgraaf et al., 2005; Edwards et al., 2018; Kortholt et al., 2006). The phenotype of GbpD 
overexpressing cells is rescued in mutants where the feedback loop is disrupted, such as 
PI3K- cells or PTENOE cells (Kortholt et al., 2010), and the phenotype of RapG12V expressing 
cells is rescued by disrupting the feedback loop by treatment with LY (Edwards et al., 2018). 
Our finding that F-actin does not inhibit Rap1 activation in either the gbpD- cells or in 
LY-treated cells, suggests that F-actin inhibits the entire positive feedback loop, however the 
exact mechanism is not yet fully understood (Fig. 5B).

F-actin mediated inhibition of the feedback loop is dependent on IQGAP1, here we 
suggest two possible non-exclusive options how IQGAP1 might be involved. IQGAP1 is a 
known interactor of Rap1, therefore IQGAP1 might function as an F-actin dependent direct 
inhibitor on Rap1 (Jeong et al., 2007). However, it is also known that IQGAP1 and cortexillin 
are involved in the balance and separation of dendritic actin polymers at the front and 
parallel actin/myosin structures at the side of the cell (Filić et al., 2012, 2014; Haastert et al., 
2018; Kee et al., 2012). Previously it has been shown that the RAP1-specific GAP RapGAP3 
localizes at the trailing edge of the cell in a cytoskeleton dependent manner (Kim et al., 
2017; Lee et al., 2014; Zhang et al., 2010). Thus we suggest that deletion of iqgA shifts the 
balance towards the parallel actin/myosin structures, resulting in inhibition of Rap1 and 
the amplification loop. Treatment of iqgA- cells with LatA, which inhibits all new F-actin 
formation, has no effect in these cells since the balance is already shifted towards the actin/
myosin side, but cAMP can still activate the Rap1/GbpD activation loop in these cells.

Lastly, we showed that Rap1 is part of the basic pseudopod pathway and is essential to 
get actin-primed pseudopods. We propose that the GbpD loop functions as a driving force 
and is necessary to form actin based pseudopods. If there is less Rap1 activation input (GefL-, 
GefQ- and GflB-) to start the loop, or the loop is interrupted in some way (GbpD-) there will 
be less active Rap1. Rap1 is mainly responsible for myosin disassembly at the front, and 
myosin inhibits actin formation (Jeon et al., 2007a, 2007b). The decreased Rap1 activity 
in RapGEF mutant strains is expected to increase myosin filaments distributed across the 
entire cell membrane, thereby preventing the actin patches to grow big enough to form new 
pseudopods.

Mutations in the pseudopod pathway in general, and hyperactivation of the PI3K pathway 
in particular, are known to contribute to metastasis of cancer cells (Liu et al., 2018; Roussos 
et al., 2011). By studying the basal pseudopod signaling pathways and the chemotaxis 
pathways we can contribute in finding alternative drug targets.

Materials and methods
Cell Strains
D. discoideum AX3 and DH1 strains were designated here as wild-type. All Dictyostelium 
strains were maintained in HL5-C medium including glucose on plastic Petri dishes at 21°C 
to a density of no more than 2 × 106 cells/ml. For selection, the medium was supplied 
with the respective antibiotics, either G418, hygromycine, or doxycycline, were added at 
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a concentration of 10 μg/ml. The previously described gbpD− (Bosgraaf et al., 2005), gefQ− 

(Mondal et al., 2008), gefL− (Wilkins et al., 2005), myoII− (Manstein et al., 1989), iqgA− (Lee 
et al., 2010), iqgB− (Lee et al., 2010), ctxA−/B− (Lee et al., 2010) were obtained from the 
Dictyostelium stock center, and gflB− mutant was created in our laboratory. The gbpD- strain 
was made in DH1 cells, all others came from either AX2 or AX3 strains.

Plasmid constructs
The doxycycline inducible plasmid of Rap1G12V was made in our laboratory as described 
previously by using Dicytoselium extrachromosomal Tet-On plasmids pDM310 (Veltman 
et al., 2009; Plak et al., 2014). Actin dynamics were analyzed by insertion of the MB74 
plasmid expressing C-terminally tagged limE-GFP or from the plasmid containing N-terminal 
GFP-tagged LimEΔcoil, created by insertion of a fragment encoding LimEΔcoil into BglII/
SpeI sites of a pDM624 expression vector (N-terminal GFP fusion). To study Ras and actin 
activation in pseudopods both Raf-RBD-GFP and LifeAct-RFP were co-expressed from a 
plasmid described previously (van Haastert et al., 2017). Rap activation was measured in cells 
co-expressing Ral-GDS-GFP and cytosolic mRFP from a modified pDM318 vector (Veltman et 
al., 2009b). 

Live imaging
Confocal images were recorded using a Zeiss LSM 800 confocal laser scanning microscope 
equipped with a Zeiss plan-apochromatic x63 numerical aperture 1.4 objective. Cells 
were starved on non-nutrient agar plates overnight at 6°C and harvested the next day at 
room temperature. For uniform stimulation 0.5 µM cAMP was added. For treatment with 
Latrunculin A (LatA) cells were incubated with 5µM LatA for at least 20 minutes. For treatment 
with LY294002 (LY) cells were incubated with 20µM LY for at least 30 minutes. The cortex 
cytosol ratio of actin activation was measured in 6 separate cells using the line scan tool in 
imageJ tracing the membrane, and dividing the average intensity by the average intensity in 
the cytosol. The quantification of fluorescence intensity depletion in cytoplasm was done as 
previously described (Kortholt et al., 2011), measured in at least 12 cells. To determine the 
half-time recovery, the data during the recovery phase were fitted according to first order 
equations and 5 estimates of the slope were averaged. For the maximum response the three 
lowest cytosolic intensity values were taken for each cell and averaged for at least 12 cells. 
The sensitive method for Rap1 activation at the cell boundary was performed as described in 
detail previously, and described in more detail below (Kortholt et al., 2013). The cross section 
graphs in the supplementary data were created by a straight linescan at the indicated arrows 
in using ImageJ software. Pseudopod dynamics of Ras and actin were analyzed as described 
in detail previously (van Haastert et al., 2017). Experiments were repeated independently 
at least three times, always assaying wild-type cells as a control for comparison in each 
experiment.

A sensitive assay for Rap1 activation at the cell boundary
In Dictyostelium Rap1 proteins are present at the plasma membrane. Stimulation of cells 
with cAMP does not change the localization of Rap1, but converts Rap1 from the inactive 
Rap1-GDP state to active Rap1-GTP. RalGDS-GFP binds specifically to the GTP-form of Rap1. 
Upon cAMP stimulation RalGDS-GFP translocates from the cytoplasm to the cell boundary. 
Assays measuring the activation of a membrane protein using the translocation of a 
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cytosolic marker to the cell boundary are fundamentally insensitive, because a boundary 
pixel contains membrane and an unknown amount of cytosol. By co-expressing RalGDS-GFP 
and cytosolic-RFP from one plasmid we use the RFP signal to estimate the cytosolic volume, 
which allows you to calculate the amount of RalGDS-GFP that specifically binds to Rap1-GTP 
at the membrane (Bosgraaf et al., 2008; Kortholt et al., 2013). For calculations we used the 
following steps for individual cells. To correct for the difference in expression levels of the 
two markers within one cell, large areas of the cytoplasm are selected (excluding nucleus 
and vacuoles), yielding the mean average fluorescent intensity in the cytoplasm of the red 
channel <Rc> and green channel <Gc>, respectively. This provides the correction factor c = 
<Gc>/<Rc>, and all pixels in the red channel are multiplied by c. Then for each pixel (i) of that 
cell we calculated the difference of green and corrected red signal, and this is normalized by 
dividing by the average fluorescent intensity of GFP in the cytoplasm. Thus, the amount of 
RalGDS-GFP that specifically binds to Rap1-GTP at the membrane in pixel (i) is given by Ψ(i) 
= (Gi – cRi)/ <Gc>. 

Author contributions: MEK, AK and PJMH conceived and supervised the project. MEK, YL 
and AK designed the experiments. MEK, YL and AS performed experiments. MEK, YL, AS and 
PJMH analyzed the data. All contributed to writing of the manuscript.
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Figure S1. GflB and GbpD mediate actin reponse upon folate stimulation. Intensity of LimEΔcoil-GFP 
in the cytosol was measured upon a uniform cAMP stimulus at t=0. Graphs show mean ± SEM from at 
least three separate experiments and at least 11 individual cells.
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Figure S2. RalGDS-GFP translocation upon cAMP treatment. (A) Representative live images of 
RalGDS-GFP expressed in starved AX3 cells before and 4-6s after cAMP stimulation, and line-scan 
quantifications corresponding to images. (B-D) Representative live images of RalGDS-GFP expressed in 
LatA-treated starved AX3, gbpD− and iqgA− cells before and 4-6s after cAMP stimulation, and line-scan 
quantifications corresponding to images. Positions of line-scans are indicated by arrows.
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Summary and discussion
Chemotaxis, or regulated cell movement towards a chemical gradient, plays a role in a variety 
of processes in the human body, including wound healing, embryogenesis and metastasis (Jin, 
2013; Zabel et al., 2015). The slime mold Dictyostelium is a commonly used model organism 
to study chemotaxis, for its amoeboid movement is similar to the movement of neutrophils 
and the signal transduction pathway is well conserved (Nichols et al., 2015). Dictyostelium 
cells use chemotaxis when scavenging for bacteria, mediated by the chemoattractant folic 
acid. When food is scarce the Dictyostelium cells will aggregate and form fruiting bodies 
containing spores. The aggregation process is mediated by chemotaxis to the self-produced 
chemo-attractant cAMP (Artemenko et al., 2014).

The chemotaxis pathway can be divided into four main modules consisting of G-protein 
coupled receptors (GPCRs), heterotrimeric G proteins, monomeric G proteins and finally 
myosin and actin from the cytoskeleton (Kortholt et al., 2011). Activation of the pathway 
begins with binding of a chemo-attractant to a GPCR, subsequently intracellular changes 
in the receptor lead to dissociation of the heterotrimeric G proteins Gα and Gβγ (Oldham 
and Hamm, 2008). These heterotrimeric G proteins activate downstream targets including 
Guanidine exchange factors (GEFs) which can activate monomeric G proteins such as Ras, 
Rac and Rap by stimulating the exchange of GDP for GTP. The monomeric G proteins activate 
many downstream signaling pathways which results in polymerization of filamentous actin 
(F-actin) at the front of the cell, and myosin mediated retraction of the back of the cell (Charest 
and Firtel, 2007; Nichols et al., 2015). This thesis has contributed in the understanding of 
regulation of the chemotaxis pathway, focusing on the many different ways of G protein 
regulation. The most important findings are discussed below and summarized in Figure 1.

Chemotaxis receptor regulation
Chapter 1 discusses the regulation of the chemotaxis pathway on receptor and heterotrimeric 
G protein level. Receptor activation is at the very start of the chemotaxis pathway, and 
regulation of both affinity and expression of receptors enables cells to be sensitive to a 
wide range of chemo-attractant concentrations (Fig. 1) (Junger, 2011; Song et al., 2006). 
Expression levels of receptors are regulated by transcription levels and by an internaliza-
tion pathway upon receptor activation resulting in either resensitization by recycling of the 
receptor to the membrane or receptor degradation and desensitization (Dores and Trejo, 
2014; Goodman et al., 1996; Hughes and Nibbs, 2018; Marchese, 2014; Marchese et al., 
2003). Receptor affinity is regulated by phosphorylation of the receptor resulting in desen-
sitization (Ali et al., 1999; Caterina et al., 1995). In human cells many receptors are known 
to bind and respond to more than one chemokine, and cells can express different chemoat-
tractant receptors simultaneously (Hughes and Nibbs, 2018). This adds an extra layer of 
regulation where receptors can display differential responses to different chemoattractants, 
where receptors can be inhibited by antagonist binding, and where there can be a hierarchy 
to which chemoattractant a cell responds more strongly (Lämmermann and Kastenmüller, 
2019; McDonald et al., 2010). Finally cells can accomplish a higher sensitivity range for 
chemo-attractants by degrading extracellular chemoattractants, creating a stronger gradient 
in the direct environment of the cell (Pálsson, 2009).
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Heterotrimeric G protein regulation
Heterotrimeric G proteins consist of a Gα subunit and a Gβγ dimer. Dictyostelium has 8 
different Gα genes and only one Gβγ gene, and of these different Gα proteins Gα4 associates 
with the folic acid receptor (faR) while Gα2 can bind to cAMP receptor 1 (cAR1). Gα exists 
in either an inactive GDP-bound form, or an active GTP-bound form. When Gα-GDP forms 
a heterotrimeric complex with Gβγ both are unable to activate downstream targets. Ligand 
binding to a GPCR results in intracellular conformational changes of the receptor, which 
promote the release of GDP from the Gα subunit. The empty pocket is quickly filled by 
GTP available from the cytosol, promoting disassociation of the Gα-GTP and Gβγ subunits. 
After some time GTP is hydrolyzed to GDP by the intrinsic Gα-associated GTPase activity, 
inactivating the heterotrimeric G proteins and enabling reassembly the Gα-GDPβγ complex 
(Greasley and Clapham, 2006). Heterotrimeric G protein activity is further regulated by GEFs, 
regulator of G protein signaling (RGS) proteins and guanine nucleotide dissociation inhibitors 
(GDIs). Non-receptor GEFs can amplify and extend heterotrimeric G protein signaling 
(Garcia-Marcos et al., 2009; Kataria et al., 2013). RGS proteins inhibit heterotrimeric G 
protein signaling by stimulating the intrinsic GTPase activity of Gα proteins, by antagonistic 
binding preventing binding to effectors and by promoting re-assembly of Gα-GDP and Gβγ 
upon GTP hydrolysis resulting in inactive protein complexes (Druey et al., 1996; Hollinger 
and Hepler, 2002). Lastly GDIs inhibit nucleotide exchange and trap Gα-GDP proteins in their 
inactive state (Fig. 1) (Kimple et al., 2002; Siderovski and Willard, 2005).

Connecting heterotrimeric and monomeric G protein signaling
The activation of heterotrimeric G proteins is proportional to the steepness of the gradient 
(Jin et al., 2000), whereas monomeric G proteins, such as Ras, Rac and Rap, are the first 
proteins in the chemotaxis pathway with significantly more activation at the leading edge 
compared to the back of the cell (de la Roche et al., 2004; Sasaki et al., 2004). Exactly how 
this symmetry breaking is achieved is not yet well understood, partly because only very 
few immediate effectors of Gα and Gβγ are known (Liu et al., 2016; Yan et al., 2012). In 
chapter 2 we identified Leucine rich repeat protein A (LrrA) through a proteomics screen 
as an interactor of both heterotrimeric and monomeric G proteins (Fig. 1). Pull down 
experiments indicate that G protein binding is nucleotide independent. Furthermore, Gα4 
does not compete with Ras for binding to LrrA, indicating that LrrA can bind monomeric and 
heterotrimeric simultaneously. These results, in combination with the lack of any enzymatic 
domains in LrrA, suggest LrrA functions as a scaffold protein that connects monomeric 
and heterotrimeric G protein signaling pathways. LrrA deletion mutants have defects 
on almost all levels of the chemotaxis pathway. LrrA-null cells have less heterotrimeric G 
protein dissociation, elongated monomeric G protein responses, and a reduced F-actin 
polymerization upon cAMP stimulation. The knock-out cells fails to form fruiting bodies and 
lrrA-null is the first mutant known so far where addition of artificial cAMP pulses impedes 
rather than accelerates development. Finally deletion of lrrA results in more and smaller 
pseudopods and less efficient chemotaxis. We conclude that LrrA connects and integrates 
G protein signaling, and deletion results in spatial and temporal misregulation of G proteins 
and their downstream targets.

In future research it would be of great interest to find other interaction partners of LrrA. 
Possible binding partners include GAP proteins for Ras, Rap and Rac, which would explain 
the prolonged activation of these G proteins in the lrrA-null strain. To better understand 
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the pseudopod dynamics one could study the myosin dynamics in the LrrA mutant 
strains. Purification of the LrrA protein would also help with performing more detailed in 
vitro experiments, for example microscale thermophoresis and fluorescent polarization 
experiments to determine binding affinities for different interactors. These experiments 
could help determine whether and which binding partners work synergistically to achieve 
signal amplification, and which binding partners regulate localization. This thus would result 
in a more detailed model on the function of LrrA and may explain why deletion of LrrA leads 
to defects at all levels of chemotaxis signal transduction.

Rap1

PI3K

PIP3

GbpD

Ras

dF-actin
front

Myosin/pF-actin
side/back

IQGAP1

G�B GefLGefQ

Ras

LrrA

Rac

cAMP

cAR1

Gα2 Gβγ

folate

fAR1

Gα4 Gβγ

expression level

receptor a�nity

GEFs

RGS

GDIs

Figure 1. A schematic summary of the different parts of the chemotaxis pathway in Dictyostelium 
discussed within this thesis. In green the regulation of the chemotaxis receptors and heterotrimeric G 
proteins reviewed in chapter 1. In pink the scaffold protein LrrA connected to its interaction partners by 
lines, discussed in detail in chapter 2. In blue all four Rap1 GEFs, three of which have been investigated 
in chapter 3. In yellow the Rap1 amplification loop involving Rap1, PI3K, PIP3 and GbpD, and the IQGAP1 
dependent inhibition of this loop by filamentous actin described in chapter 4. Solid lines represent 
direct interactions while dotted lines represent indirect interactions.
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It is interesting to see that a scaffold protein can cause so many imbalances in a signaling 
pathway, but there are more examples found in literature. Another scaffold protein that is 
involved in the chemotaxis network in Dictyostelium is Sca1. Sca1 recruits two RasGEFs and 
phosphatase 2A (PP2A) to the leading edge in chemotaxing cells, and regulates Ras activation 
and actin dynamics (Charest et al., 2010). In mammalian cells the scaffold protein Scribble 
has been implied with even broader functions, regulating processes as diverse as polarity, 
adhesion, proliferation and neuronal signaling (Bonello and Peifer, 2019). It is becoming 
increasingly clear that scaffold proteins are important for spatial and temporal coordination 
of signaling pathways by assembling specific signaling components, regulating localization of 
signaling components, integrating positive and negative signals and preventing inactivation 
of signaling components (Good et al., 2011; Shaw and Filbert, 2009). Since scaffolds lack a 
clear enzymatic function and are implicated in a lot of protein-protein complexes they are 
often difficult to study. However, my study on LrrA shows that to completely understand 
the regulation of signaling pathways it will be crucial to characterize and identify additional 
scaffolding complexes.

Rap1 function and activation
Chapter 3 and 4 investigated the activation and regulation of the monomeric G protein Rap1. 
Rap1 is an important regulator of the actin cytoskeleton and is involved in many cellular 
processes including substrate adhesion, cytokinesis, phagocytosis and chemotaxis (Hilbi 
and Kortholt, 2017; Parkinson et al., 2009; Rebstein et al., 1993). Activation of G proteins is 
mediated by GEFs, while inactivation is achieved by Guanidine Activating Proteins (GAPs). 
Chapter 3 described the characterization of two new Rap1-specific GEF proteins, GefL and 
GefQ, the regulation of a previous identified GEF GbpD (Kortholt et al., 2006) and summarizes 
the functions of the four known Rap1GEFs including GflB (Fig. 1) (Liu et al., 2016). 

GefQ is mainly involved in Rap1 responses in vegetative cells and during cytokinesis, 
and is important for substrate adhesion. The GefQ knockout strain has a severely decreased 
chemotaxis towards folate, while chemotaxis to cAMP is similar to wildtype cells (Chapter 3). 

Conversely, gefL-null cells show normal folate responses, but have defects in cAMP 
responses and development. GefL-null cells have a normal RasG response, while the 
cAMP-mediated Rap1 response is severely decreased. Considering Rap1 activation requires 
intact RasC/G signaling (Bolourani et al., 2008) and the gefL- cells show a normal Ras response 
we suggest GefL functions downstream of Ras. During development slugs move poorly, and 
the spores from gefL-null fruiting bodies are less viable (chapter 3) (Wilkins et al., 2005). 

GbpD is important for Rap1-mediated substrate adhesion and during vegetative growth 
(chapter 3) (Bosgraaf et al., 2005; Kortholt et al., 2006). Disruption of gbpD results in severely 
decreased adhesion, slightly lower chemotaxis towards a folate source and a lower activation 
of Rap1 at the cleavage furrow in dividing cells. In chapter 3 the regulation of GbpD is further 
elucidated, it describes how the GRAM domain binds the lipid PIP2 and is required for GbpD 
membrane localization. Both the GRAM and CNB1 domain are essential for GbpD function, 
while interaction between Rap1 and GbpD is dependent on PIP3. These results further 
support the previously described positive feedback loop where Rap1 activates PI3K resulting 
in PIP3 production, which activates GbpD which in turn activates Rap1 (Fig. 1) (Kortholt et al., 
2006, 2010). In chapter 4 we suggest that this positive feedback loop functions as a driving 
force for Rap1 activation, while over-activation in any part of this loop results in excessive 
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Rap1 activation. 
GflB is the fourth known GEF of Rap1 which activates Rap1 in a Gα2 dependent manner 

(Liu et al., 2016). GflB is mainly involved in chemotaxis towards cAMP, however recent studies 
suggest GflB also plays a role in cytokinesis and macropinocytosis (Inaba et al., 2017; Senoo 
et al., 2016). 

Together these four GEFs can regulate Rap1 activity throughout the lifecycle of 
Dictyostelium, with GefQ and GbpD mainly regulating Rap1 activity in vegetative cells, and 
GefL and GflB regulating Rap1 during development. Though the regulation mechanism of 
GbpD and GflB are by now quite well understood, the regulation of both GefQ and GefL is 
not yet fully characterized.

Linking G protein activation and actin dynamics
To achieve cell movement Dictyostelium cells produce pseudopods at the front of the cell, 
while the uropod is retracted by myosin-mediated contraction of the back of the cell. A cell 
contains two types of F-actin polymers, the branched dendritic actin filaments (dF-actin) in 
the emerging pseudopod, and parallel actin filaments (pF-actin) that are associated with 
myosin filaments in the cortex at the side and the back of the cell (Beta, 2010; Davidson and 
Wood, 2016). In the cortex the formation of dF-actin is inhibited by pF-actin/myosin (Rotty 
et al., 2015; Suarez et al., 2015), explaining why cells with a weak cortex are less polarized 
and often extend pseudopods from the side and the back of the cell (Cha and Jeon, 2011; Lee 
et al., 2010). Dendritic actin polymerization is dependent on the Arp2/3 complex. Activation 
of Arp2/3 is mediated by the proteins WASP and WAVE/SCAR, which are activated by the 
small G protein Rac (Ibarra et al., 2005; Miki et al., 1998; Pollitt and Robert, 2009; Westphal 
et al., 2000). Both Rap1 and Ras, activated in the front of the cell, are known activators of 
Rac, and probably regulate actin activation through this pathway (Kortholt and van Haastert, 
2008; Kortholt et al., 2010; Mun and Jeon, 2012). Furthermore, Ras and Rap mediated 
activation of the TORC2 and PKB pathway is thought to be involved in F-actin formation and 
chemotaxis, though the exact mechanism is unknown (Charest et al., 2010; Lee et al., 2005). 
Occasionally a new front is induced in the cell cortex by local Ras/Rap activation. At the new 
front disassembly of the pF-actin/myosin cortex is mediated by Rap1 and its downstream 
effector Phg2, which thereby enables branched dF-actin formation at the emerging front 
(Jeon et al., 2007a, 2007b). Interestingly, lrrA- cells generate many more pseudopods in both 
the front and the side of the cells compared to wildtype, suggesting a disruption of pF-actin/
myosin in the cortex in the knock-out cells (chapter 2). 

In chapter 4 we discovered that Rap1 does not only regulate dF-actin polymerization, vice 
versa actin polymers negatively regulate Rap1 activation. Incubation with the general F-actin 
inhibitor LatA results in uniform Rap1 activation. Rap1 inhibition by F-actin is dependent on 
both GbpD and IQGAP1 (Fig. 1). Our finding that F-actin does not inhibit Rap1 activation in 
either gbpD- cells or in cells treated with a PI3K inhibitor suggests that F-actin inhibits the 
entire positive feedback loop described above consisting of Rap1, PI3K, PIP3 and GbpD (Fig. 
1). Therefore, there is an in-build mechanism where the outcome of Rap1 activation, i.e. 
F-actin formation, functions as a natural brake on Rap1.

LatA binds to free actin molecules and thus inhibits both pf-actin and dF-actin formation, 
making it unclear which F-actin mediates the inhibitory effect on Rap1. However, since the 
above described positive feedback loop generates excessive dendritic F-actin at the place of 
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Rap1 activation, it is more likely that dF-actin functions as the brake. 
The inhibition by F-actin is dependent on IQGAP1 through a mechanism that is unknown 

(Fig. 1). IQGAP1 is a protein that is involved in separating the dF-actin pathways at the front 
from the pF-actin/myosin pathways at the side of a chemotaxing cells (Haastert et al., 2018; 
Kothari et al., 2019; Shannon, 2012). To explain the role of IQGAP1 in F-actin mediated 
inhibition of the positive feedback loop we propose two, non-exclusive, models: (1) IQGAP1 
is part of the brake mechanism through direct binding to Rap1, possibly regulating similar 
to the mechanism IQGAP1 regulates Rac, by binding Rap1 and preventing binding to other 
regulators and effectors (Jeong et al., 2007). (2) The balance is shifted towards a myosin/
pF-actin cytoskeleton in iqgA- cells which results in inhibition of Rap1 and the amplification 
loop (chapter 4). In the future it would be of great interest to discover at which point the 
feedback loop is inhibited, for example by investigating binding of actin to GbpD, and GbpD 
subunits. The mechanism of IQGAP1 mediated inhibition could be investigated by checking 
whether IQGAP1 competes for binding to Rap1 with Rap1 interactors using competitive pull 
downs, and by investigating whether myosin and actin dynamics are altered in iqgA- cells. 

Conclusion and outlook
In conclusion it is clear that the chemotaxis pathway is strongly regulated at all levels of signal 
transduction. In this thesis many diverse ways of regulation have been discussed, including 
expression levels, ligand affinity, activation and inactivation of G proteins by GEFs, GAPs and 
GDIs, antagonistic binding by RGS, connecting signal components by scaffold proteins, signal 
amplification by positive feedback loops and natural brakes by negative feedback loops 
(Fig. 1). All these mechanisms can affect the timing and localization of different pathway 
components, ensuring both a robust but flexible signaling system. It is clear that the 
chemotaxis pathway consists of a very complex network with many interconnected feedback 
loops, which can complicate interpreting data. However by asking the right questions and 
performing detailed and dedicated experiments we’re still able to gain more knowledge on 
the pathway.
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English summary
The coordinated movement of cells towards a chemical substance (chemo-attractant) is 
called chemotaxis. Chemotaxis is important for several processes within the human body, 
including wound healing, embryonic development, and the immune response to infections. 
However, chemotaxis is also involved in some diseases like metastasis of cancer cells, asthma 
and Crohn’s disease. Because chemotaxis is involved in so many different things it is useful to 
research this process to better understand it.

Research with human cells, like white blood cells, can be tricky because these cells are 
only viable for a short time outside of the human body. On top of that it can be difficult to 
introduce genetic modifications in human cells. Instead researchers often  use the model 
organism Dictyostelium discoideum to study chemotaxis. Dictyostelium is a unicellular 
amoeba that lives in the soil where it eats bacteria. Whenever there is a shortage of food 
Dictyostelium cells start to secrete a chemical called cyclic AMP (cAMP). cAMP functions as a 
chemo-attractant, triggering surrounding amoeba to chemotax towards the source of cAMP. 
Eventually the cells group together and form a multicellular structure with a stalk and a small 
ball containing spores on top. These spores can be moved by the wind to a spot containing 
more food, where single cells can start growing again. It is easy to grow Dictyostelium cells 
in the laboratory using either petri-dishes or Erlenmeyer flasks containing medium. The 
cells are haploid (they only contain one copy of each chromosome) which makes it easier 
to generate genetic mutations. Importantly the way Dictyostelium cells move toward cAMP 
is very similar to the way white blood cells move. Therefore, studying chemotaxis using the 
model organism Dictyostelium can help us to understand the chemotaxis process in human 
cells.

Chemo-attractants are detected on the outside of the cell by receptors, which are proteins 
that protrude through the cell membrane. In a gradient there will be more receptors that bind 
cAMP at the side of the high concentration, and thus more receptors will be activated on that 
side of the cell. The gradient is translated to cell movement towards the chemo-attractant 
by a signal transduction pathway inside the cell. You can divide this pathway into four steps: 
1) The chemo-attractant (cAMP in the case of Dictyostelium) binds receptors on the outside 
of the cell and activates them. 2) The receptor activation induces a structural change in the 
part of the receptor that is on the inside of the cell, which results in the dissociation of 
the coupled Gαβγ protein complex into Gα and Gβγ. When Gα and Gβγ are separated they 
can activate other proteins, amongst which Guanidine Exchange Factors (GEFs). 3) GEFs 
activate monomeric G proteins such as Ras, Rap and Rac. Activation occurs by exchanging 
the nucleotide GDP for GTP in the monomeric G protein. There is a strong activation of these 
monomeric G proteins at the front of and barely any activation at the back of the cell. 4) 
These active monomeric G proteins trigger many other signal transduction pathways at the 
front of the cell, which subsequently lead to changes in the cytoskeleton (the skeleton of the 
cell). At the front of the cell the cytoskeleton part actin is elongated, leading to the formation 
of pseudopods (protrusions of the cytoskeleton at the front of the cell). The remainder of the 
cell is contracted and dragged along by a co-operative effort of the cytoskeleton parts actin 
and myosin at the side and back of the cell.

Chapter 1 introduces chemotaxis in both human white blood cells and Dictyostelium. It 
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describes how chemotaxis receptors and heterotrimeric G proteins are regulated, based on 
recent literature. The cell has mechanisms to adjust the sensitivity and number of chemotaxis 
receptors. Heterotrimeric G proteins are regulated by three different type of enzymes; GEFs 
(Guanidine Exchange Factors), RGS (Regulator of G proteins Signaling) and GDIs (Guanidine 
Dissociation Inhibitors). GEFs activate heterotrimeric G proteins and extend their activity, RGS 
inactivate and shorten the activity, while GDIs block activation of heterotrimeric G proteins.

The monomeric G proteins Ras, Rap and Rac are the first proteins in the chemotaxis signal 
transduction pathway with a much stronger activation at the front of the cell. Oppositely, the 
activation of the heterotrimeric G proteins Gα and Gβγ is directly proportional the steepness 
of the gradient. It is not yet completely understood how the signal magnification at the front 
of the cell is achieved. This is in part unclear because very few factors are known that can 
bind and connect both heterotrimeric and monomeric G proteins. In chapter 2 a new protein 
is described, Leucine Rich Repeat protein A (LrrA), which can bind both heterotrimeric and 
monomeric G proteins. LrrA does not contain any enzymatic domains and has no preference 
for binding to active or inactive G proteins (enzymes often have a preference). These findings 
in combination with LrrA being able to bind simultaneously to Gα and Ras, strongly suggests 
LrrA functions as a scaffold protein. When the LrrA gene is deleted in Dictyostelium many 
things go wrong in the chemotaxis signal transduction pathway in the mutant. The mutant 
shows less activation of heterotrimeric G proteins, while the activation of monomeric G 
proteins Ras, Rap and Rac is elongated, and more actin filaments are produced in response 
to cAMP. LrrA mutant cells can no longer form spores and chemotax less efficiently towards 
cAMP. Together our results show that LrrA is a connector between heterotrimeric and 
monomeric G proteins and is important for both spatial and temporal regulation of different 
components of the chemotaxis signal transduction pathway.

The activation mechanism of Rap1, a monomeric G protein, is described in chapter 
3. Rap1 plays a role in chemotaxis, but is also involved in cell adhesion and cell division 
processes amongst others. We have identified two new Rap specific GEFs (GefL and GefQ) 
and in chapter 3 we describe their role together with the known RapGEFs (GbpD and GflB). 
GefQ and GbpD are primarily involved in activation of Rap1 during the growth phase (in 
the presence of food), while GefL and GflB are important for starved cells. GefQ plays a 
role in chemotaxis towards folic acid (chemotaxis towards bacteria). GbpD is important for 
cell adhesion and is part of a positive feedback loop together with Rap1. GefL is important 
for chemotaxis towards cAMP and for the development into spores. GflB is activated by 
the heterotrimeric G protein Gα and plays a role in chemotaxis towards cAMP. Chapter 3 
thus gives an overview on how the activation of the monomeric G protein Rap1 is regulated 
throughout the development of Dictyostelium.

Chapter 4 focuses on regulation of the cytoskeleton, and in particular actin polymerization.  
We show that actin filament formation in response to cAMP is partly dependent on 
Rap1. Surprisingly we also found that actin has an inhibitory effect on Rap1 activation. As 
mentioned above Rap1 is part of a positive feedback loop: Rap1 activates the enzyme PI3K, 
PI3K produces the lipid PIP3, PIP3 activates the GEF GbpD and GbpD activates Rap1. This 
loop functions as a driving force for Rap1 activation, resulting in an increasing amount of 
active Rap1. However, Rap1 also induces actin, and actin functions as a break on this positive 
feedback loop. Therefore, too much activation of Rap1 will automatically lead to an inhibition 
on Rap1 activation.
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Chapter 5 summarizes all the results and puts them in a wider context. My thesis 
demonstrates that chemotaxis is strongly regulated at all levels of the signal transduction 
pathway. Both the timing of activation and the localization of proteins is regulated. The many 
layers of regulation result in a robust but flexible system that functions in both low and high 
concentrations of chemo-attractant. It can be difficult to interpret data in this system because 
of the many layers of regulation and different feedback loops. However, by asking clear 
question and by carefully considering experimental set-ups one can gain more knowledge on 
chemotaxis. By comparing the chemotaxis data from Dictyostelium to mammalian cells we 
can create a general model on how chemotaxis works.

Rap1

PI3K

PIP3

GbpD

Ras

actin
IQGAP1

G�B GefLGefQ

Ras
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A schematic summary of the different parts of the chemotaxis pathway in Dictyostelium discussed 
within this thesis. In green the regulation of the chemotaxis receptors and heterotrimeric G proteins 
reviewed in chapter 1. In pink the scaffold protein LrrA connected to its interaction partners by lines, 
discussed in detail in chapter 2. In blue all four Rap1 GEFs, three of which have been investigated 
in chapter 3. In yellow the Rap1 amplification loop involving Rap1, PI3K, PIP3 and GbpD, and the 
IQGAP1 dependent inhibition of this loop by actin described in chapter 4. Solid lines represent direct 
interactions while dotted lines represent indirect interactions.
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De gecoördineerde beweging van cellen richting een chemische stof (chemo-attractant) 
wordt ook wel chemotaxis genoemd. Chemotaxis is belangrijk voor meerdere lichamelijke 
processen, zoals wondgenezing, embryonale ontwikkeling en immuunreacties op infecties. 
Maar chemotaxis speelt ook een rol bij sommige ziektes, zoals het uitzaaien van kankercellen, 
astma en de ziekte van Crohn. Omdat chemotaxis een rol speelt in zoveel verschillende 
processen is het nuttig om dit proces te onderzoeken en beter te begrijpen.

Onderzoek met menselijke cellen, zoals witte bloedcellen, kan lastig zijn omdat deze 
cellen niet lang in leven blijven buiten het lichaam. Bovendien is het lastig om op DNA-niveau 
veranderingen aan te brengen in deze cellen. In plaats daarvan wordt er veel gebruik gemaakt 
van het modelorganisme Dictyostelium discoïdeum.  Dit is een eencellige amoebe die in de 
grond leeft en daar bacteriën eet. Wanneer er te weinig voedsel is voor de amoebe begint hij 
een stof af te scheiden genaamd cyclisch AMP (cAMP). cAMP werkt als een chemo-attractant 
waardoor omliggende amoeben op de stof afkomen door middel van chemotaxis. Uiteindelijk 
komen de cellen samen en vormen een multicellulaire structuur met een steel en bovenop 
een bolletje met sporen. Deze sporen kunnen meegenomen worden door de wind en op een 
andere plek met meer voedsel weer verder groeien. In het laboratorium zijn Dictyostelium 
cellen makkelijk te groeien in petri-schaaltjes of in een erlenmeyer met medium. Daarnaast 
zijn de cellen haploïd (ze hebben maar één exemplaar van ieder chromosoom) waardoor 
het makkelijker is om genetische veranderingen aan te brengen. De manier waarop de 
Dictyostelium cellen richting de stof cAMP bewegen lijkt bovendien sterk op de manier hoe 
witte bloedcellen zich bewegen. Onderzoek naar chemotaxis in Dictyostelium cellen kan 
daarom helpen bij het begrijpen van chemotaxis in menselijke cellen.

Het chemo-attractant wordt aan de buitenkant van de cel gedetecteerd door receptoren, 
dit zijn eiwitten die door de wand van de cel steken. In een gradiënt zullen aan de kant van de 
hoge concentratie meer receptoren cAMP binden, en meer receptoren geactiveerd worden. 
Via een signaaltransductiepad aan de binnenkant van de cel wordt deze gradiënt omgezet 
tot beweging van de cel richting de stof. Dit pad kan je grofweg indelen in 4 stappen: 1) 
De chemo-attractant (cAMP in het geval van Dictyostelium) bindt aan receptoren aan de 
buitenkant van het celmembraan en activeert deze. De activatie van de receptor zorgt voor 
een vormverandering van de receptor aan de binnenkant van de cel. 2) Door deze vorm-
verandering raakt het gekoppelde heterotrimere G-eiwitcomplex Gαβγ los van de receptor 
en splitst zich in Gα en Gβγ. Wanneer Gα en Gβγ los zijn van de receptor kunnen ze andere 
eiwitten activeren, waaronder Guanidine uitwisselings factoren (GEFs). 3) Monomere 
G-eiwitten zoals Ras, Rap en Rac worden geactiveerd door GEFs. Activatie gebeurt door 
het verwisselen van de nucleotide groep GDP met GTP in het monomere G-eiwit. Deze 
monomere G-eiwitten worden aan de voorkant van de cel sterk geactiveerd maar niet aan 
de achterkant. De monomere G-eiwitten zorgen voor de activatie van veel andere transduc-
tiepaden aan de voorkant van de cel. 4) De verschillende paden leiden tot veranderingen in 
het cytoskelet (het skelet van de cel). Aan de voorkant wordt het cytoskelet-onderdeel actine 
verlengd, dit leidt tot vorming van pseudopoden, uitstulpingen aan de voorkant van de cel. 
De rest van de cel wordt samengetrokken en meegetrokken door een samenwerking tussen 
de cytoskelet-onderdelen actine en myosine aan de zij- en achterkant van de cel.
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Hoofdstuk 1 geeft een inleiding over chemotaxis in zowel menselijke witte bloedcellen 
als in Dictyostelium. Het beschrijft hoe chemotaxis-receptoren en heterotrimere G-eiwitten 
gereguleerd worden, gebaseerd op recente literatuur. De cel heeft mechanismen om de 
hoeveelheid en de gevoeligheid van receptoren op de cel aan te passen. De heterotrimere 
G-eiwitten worden gereguleerd door een drietal enzymen, de GEFs (Guanidine uitwisselings 
factoren), RGS (regulator of G protein signaling) en GDIs (guanine nucleotide dissociatie 
remmers). De GEFs activeren heterotrimere G-eiwitten en verlengen de activiteit, RGS 
inactiveren en verkorten de activiteit, terwijl GDIs de activatie blokkeren.

De monomere G-eiwiten Ras, Rap en Rac zijn de eerste eiwitten in het chemotaxis 
transductiepad die een veel sterkere activatie aan de voorkant van de cel hebben. In 
tegenstelling is de activatie van heterotrimere G-eiwitten Gα en Gβγ recht evenredig met 
de sterkte van de gradiënt. Het is nog niet compleet bekend hoe de versterking van het 
signaal aan de voorkant van de cel wordt bereikt. Dit komt onder andere omdat er nog maar 
weinig factoren bekend zijn die zowel de heterotrimere als monomere G-eiwitten binden. In 
hoofdstuk 2 wordt een nieuw eiwit beschreven, Leucine Rich Repeat eiwit A (LrrA), dat aan 
zowel heterotrimere als monomere G-eiwitten kan binden. We denken dat dit eiwit werkt als 
een soort steiger-eiwit die meerdere eiwitten bindt en samenbrengt. Dit vermoeden wordt 
onderbouwd omdat LrrA geen enzymatische domeinen bevat, LrrA geen voorkeur heeft 
voor de actieve of inactieve vorm van G-eiwitten (enzymen hebben vaak een voorkeur), en 
doordat Gα en Ras tegelijkertijd lijken te kunnen binden. Wanneer het LrrA gen verwijderd 
wordt uit Dictyostelium cellen gaan er allerlei dingen in het chemotaxis signaaltransductie-
pad fout in de mutant. Er is minder activatie van heterotrimere G-eiwitten, terwijl de activatie 
van monomere G-eiwitten Ras, Rap en Rac langer duurt, daarnaast worden er minder actine 
draden gevormd na toevoeging van cAMP aan de mutant. Bovendien kunnen deze cellen 
niet langer sporen vormen en is chemotaxis minder efficiënt. LrrA verbindt heterotrimere 
en monomere G-eiwitten, en is belangrijk voor de timing en lokalisatie van verschillende 
componenten in het signaaltransductiepad.

De activatie van Rap1, een monomeer G-eiwit, wordt beschreven in hoofdstuk 3. Rap1 
speelt een rol in chemotaxis, maar is ook belangrijk voor onder andere celadhesie en 
celdeling. In hoofdstuk 3 worden twee nieuwe GEFs geïntroduceerd (GefL en GefQ), naast 
twee GEFs die al bekend waren (GbpD en GflB), welke allemaal Rap1 kunnen activeren. 
GefQ en GbpD spelen vooral een rol bij de activatie van Rap1 voordat cellen gehongerd 
worden, terwijl GefL en GflB belangrijk zijn in gehongerde cellen. GefQ speelt een rol in 
chemotaxis naar foliumzuur (chemotaxis naar bacteriën). GbpD is belangrijk voor celadhesie, 
en zit in een zelfversterkende lus met Rap1. GefL is belangrijk voor chemotaxis naar cAMP en 
voor de ontwikkeling van Dictyostelium cellen tot sporen. GflB wordt geactiveerd door het 
heterotrimere G-eiwit Gα en speelt een rol in chemotaxis naar cAMP. Hoofdstuk 3 geeft een 
overzicht hoe de activatie van het monomere G-eiwit Rap1 gereguleerd wordt gedurende de 
ontwikkeling van Dictyostelium.

In hoofdstuk 4 ligt de focus op het cytoskelet, en met name actine. Allereerst beschrijft 
het dat de cel actine aanmaakt als het in aanraking komt met cAMP, en dat dit gedeeltelijk 
afhankelijk is van Rap1. Maar verassend genoeg hebben we hier ontdekt dat actine een 
remmende werking heeft op Rap1 activatie. Zoals hierboven gemeld bevindt Rap1 zich in 
een zelfversterkende lus: Rap1 activeert het enzym PI3K, PI3K maakt het lipide PIP3, PIP3 
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activeert de GEF GbpD en GbpD activeert Rap1. Deze lus werkt als een soort vliegwiel voor 
Rap1 activatie, waardoor steeds meer Rap1 actief wordt. Maar Rap1 activeert ook actine en 
actine werkt als een rem op dit vliegwiel. Dus te veel Rap1 activatie leidt automatisch tot een 
remming van Rap1 activatie.

In hoofdstuk 5 worden alle resultaten nogmaals samengevat, en in een bredere context 
geplaatst. In z’n geheel laat mijn thesis duidelijk zien dat chemotaxis sterk gereguleerd wordt 
op alle niveaus van het signaaltransductiepad. De timing van activatie en lokalisatie van 
eiwitten wordt gereguleerd. Door de vele lagen van regulatie ontstaat een robuust, maar 
ook flexibel systeem dat werkt in zowel hoge als lage concentraties van chemo-attractant. 
Door de vele lagen van regulatie, en door meerdere lussen in het transductiepad is het soms 
lastig om data te interpreteren. Maar door duidelijke vragen te stellen, en door eerst goed 
na te denken over hoe je een experiment opzet kunnen we nog steeds meer informatie 
verkrijgen over chemotaxis. Door de informatie verkregen met Dictyostelium te vergelijken 
met chemotaxis in zoogdiercellen ontstaat een algemeen beeld hoe chemotaxis werkt.
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Een schematisch overzicht van de verschillende onderdelen van het chemotaxis signaaltransductiepad 
in Dictyostelium beschreven in dit proefschrift. In groen de regulatie van de chemotaxis receptoren 
en heterotrimere G-eiwitten beschreven in hoofdstuk 1. In roze het steiger-eiwit LrrA dat via lijnen is 
verbonden met zijn interactiepartners, beschreven in hoofdstuk 2. In blauw de vier Rap1 GEFs, waarvan 
er drie zijn onderzocht en beschreven in hoofdstuk 3. In geel de zelfversterkende lus bestaande uit 
Rap1, PI3K, PIP3 en GbpD, en de actine-gemedieerde remming van deze lus via IQGAP1, welke zijn 
beschreven in hoofdstuk 4. De ononderbroken lijnen staan voor directe interacties en de onderbroken 
lijnen geven indirecte interacties aan.
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