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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. 
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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).

B

A

C

0

5

10

15

20

25

*

W
id

th
 o

f 
c
re

s
c
e
n
t 
(µ

m
)

Crescent width

0

1000

2000

3000 *

In
te

n
s
it
y
 x

 c
re

s
c
e
n
t 
w

id
th

Total Ras activation

AX2                     LrrA KO              LrrA OE

AX2

LrrA
KO

LrrA
OE

AX2

LrrA
KO

LrrA
OE

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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