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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 
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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.



91

4

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

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 
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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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