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Excitable systems of eukaryotic chemotaxis can generate asymmetric signals
of Ras-GTP-enriched domains spontaneously to drive random cell migration
without guidance cues. However, the molecules responsible for the sponta-
neous signal generation remain elusive. Here, we characterized RasGEFs
encoded in Dictyostelium discoideum by live-cell imaging of the spatiotemporal
dynamics of Ras-GTP and hierarchical clustering, finding that RasGEFX is pri-
marily required for the spontaneous generation of Ras-GTP-enriched domains
and is essential for random migration in combination with RasGEFB/M/U in
starved cells, and they are dispensable for chemotaxis to chemoattractant
cAMP. RasGEFX and RasGEFB that co-localize with Ras-GTP regulate the tem-
poral periods and spatial sizes of the oscillatory Ras-GTP waves propagating
along the membrane, respectively, and thus control the protrusions of motile
cells differently, while RasGEFU and RasGEFM regulate adhesion and migration
speed, respectively. Remarkably, RasGEFX is also important for Ras/PIP3-dri-
ven macropinocytosis in proliferating cells, but RasGEFB/M/U are not. These
findings illustrate a specific and coordinated control of the cytoskeletal
dynamics by multiple RasGEFs for spontaneous motility and
macropinocytosis.

Published online: 02 January 2025

M Check for updates

Spontaneous activity is one of the hallmarks of living organisms.
Spontaneous cell migration is a typical example of spontaneous
activity and describes how various cells exhibit motile function in a
random manner without environmental guidance cues, which is a basis
for directed cell migration' . Recent studies have demonstrated that
excitable systems of chemotaxis generate an asymmetric signal to
regulate cell motility spontaneously by breaking symmetry in the
intracellular distribution of various signaling molecules, including Ras,
PI3K, PI(3,4,5)P3, Akt/PKB and Scar/WAVE at the “front” region of
motile cells and PTEN, PI(4,5)P2 and CynA at the “back” region’ "% Such
excitable systems are conserved evolutionarily in the chemotactic
signaling networks of various cell types from the lower eukaryote
Dictyostelium discoideum to human leukocytes™”", However, our
understanding of how spontaneous dynamics emerge from excitable

systems is limited because the molecules that trigger symmetry
breaking have not been identified.

Ras family small GTPases are key molecules for the regulation of
cellular anterior-posterior polarity and motility in various motile cells
as well as macropinocytosis and phagocytosis in proliferating
cells"™®2, In Dictyostelium cells, there are multiple signaling pathways
(RasG/PI3K, RasC/TorC2, Rapl/sGC, PLA2 and ErkB pathways) operat-
ing in parallel for chemotaxis, in which the small GTPases Ras/Rap
proteins work as upstream regulators. The active form of Ras, Ras-GTP,
can generate a Ras-GTP-enriched signaling domain on the plasma
membrane to regulate cytoskeletal dynamics at the front region of
motile cells during early starvation after axenic culture*®*>*. This
signaling domain exhibits stereotypical characteristics of an excitable
system, including spontaneous excitation, stimulation-induced
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excitation and traveling wave generation*>***%, For example, the
Ras-GTP-enriched domain is generated transiently on the membrane in
an all-or-none manner through spontaneous excitatory dynamics
without the extracellular chemoattractant cAMP. Under enhanced
excitability, the domain can exhibit traveling waves propagating con-
tinuously over the membrane as oscillatory dynamics®*%. The transi-
tion from excitatory to oscillatory dynamics can be manipulated
experimentally by enhancing excitability with caffeine in Dictyostelium
cells?®*°32, Further evidence for excitability includes chemoattractant-
induced all-or-none excitation, in which the Ras-GTP-enriched domain
is induced by a uniform stimulation of cAMP or biased spatially under
cAMP gradients toward the higher concentration side”****. The
spontaneous generation of the Ras-GTP-enriched domain does not
require signaling molecules downstream of Ras/Rap in the four major
signaling pathways including PI3K, PTEN, PI(3,4,5)P3, TorC2, sGC and
PLA2%%%37% meaning that the Ras-GTP-enriched domain can be gen-
erated without the intrinsic activities of downstream pathways under
no chemoattractant. Thus, identifying the molecules responsible for
the Ras excitability is key to understanding the spontaneous symmetry
breaking for cell motility.

Ras activity is regulated by guanine nucleotide exchange factors
(RasGEFs) and GTPase-activating proteins (RasGAPs)*"*, So far, 25
genes for RasGEFs have been found in the Dictyostelium discoideum
genome, with several RasGEFs considered potential regulators of
Ras®****. Upon cAMP binding to the receptor cAR1, chemotaxis sig-
naling via the heterotrimeric G protein Ga,fy leads to the activation of
Ras, in which RasGEFA and RasGEFH activate RasC, and RasGEFR and
RasGEFF activate RasG*“****. Additionally, RasGEFQ and RasGEFU
activate RasB and Rapl upon cAMP stimulation, respectively*®*%,
However, the contributions of these and other RasGEFs to the spon-
taneous dynamics of excitable systems are unknown, because a sys-
tematic and comprehensive analysis of RasGEFs on Ras excitability
without chemoattractants has never been performed.

Ras GTPases have been also identified as a key regulator for
macropinocytosis. Macropinocytosis is an evolutionarily conserved
fluid-phase endocytosis, by which extracellular fluid is nonselectively
uptaken into cells, providing diverse functions in a variety of cell
types®. In mammals, macropinocytosis is critical for nutrient acquisi-
tion and immune response*¢. Cancer cells exploit macropinocytosis to
sustain cell proliferation by absorbing extracellular proteins and fatty
acids under nutrient-limited conditions, and macropinocytosis can be
induced by oncogenic Ras'*%. In Dictyostelium discoideum, macro-
pinocytosis facilitates the uptake of nutrients in the growth stage®.
Recent studies using Dictyostelium cells have revealed various signal-
ing molecules including Ras, PI3K, PI(3,4,5)P3 and RasGAPs such as
IqgC, some of which are common for chemotaxis. These molecules
accumulate at the macropinocytic cup, driving macropinocytosis
through the remodeling of the actin cytoskeleton”*°*2, However,
RasGEFs that regulate Ras activity for macropinocytosis have not been
identified in Dictyostelium cells or other cell types.

In this study, we developed a screening method to identify the
RasGEFs responsible for the spontaneous generation of Ras-GTP-
enriched domains in random cell migration. We utilized starved D.
discoideum cells for the screening because they can exhibit enhanced
amoeboid movement with actin cytoskeleton-dependent protrusions
more obviously than vegetative cells, which are remarkable for
macropinocytosis™*°**>%, We identified a specific RasGEF as an
essential component of the pathway that triggers symmetry breaking
in the excitable system to generate internal Ras-GTP-enriched signals.
RasGEFX is primarily required for the asymmetric generation of Ras-
GTP signals and is essential for random cell migration with RasGEFB/
M/U in starved cells. Notably, RasGEFX is also important for macro-
pinocytosis in vegetative cells at the growth stage, but RasGEFB/M/U
are not. From these observations, we propose that multiple RasGEFs
constitute a spontaneous and excitable signal generator to drive

random cell motility and some contribute to Ras regulation in
macropinocytosis.

Results

Comprehensive characterization of RasGEFs in Ras excitability
RBDg,p is a commonly used probe of Ras-GTP in the signaling domain
generated at the front of motile cells during early starvation after
axenic culture’*>*°, Biochemical evidence has revealed that RBDgas
can bind at least to RasG and RasC in vitro™**®, To reveal which Ras
molecules are detected with this probe among those of the multiple
parallel signaling pathways in living cells, we analyzed the membrane
localization of fluorescently labeled RBDg,g in single, double and
triple knockout strains (SKO, DKO, and TKO, respectively) of RasG,
RasC and Rapl. When fluorescently labeled RBDg,s; Was observed in
cells treated with 10 pM latrunculin A, an inhibitor of actin poly-
merization, and also with 4 mM caffeine, which can enhance Ras
excitability'***”, the fraction of cells showing membrane localization
of RBDgran Was significantly reduced in the rasG-/rapA- DKO strain,
although RBDR.g Was obviously localized on the membrane in all SKO
and other DKO strains (Fig. 1a, b and Supplementary Table 1),
showing that RBDgap can localize to the membrane normally when
either RasG or Rapl is expressed. Further reduction was observed in
the rasG-/rasC-/rapA- TKO strain, showing the involvement of RasC in
the membrane localization of RBDg,q. Without caffeine, the Ras-GTP
probe exhibited almost no membrane localization in rasG-/rasC-/
rapA- cells, showing that these three small GTPase are the primary
factors in the membrane localization of RBDg,n (Supplementary
Fig. 1a, b and Supplementary Table 1). Moreover, a small fraction of
cells still exhibited membrane localization when treated with caf-
feine, indicating that RBDgap can detect the activities of other Ras
proteins when excitability is enhanced by caffeine. Fluorescence
tagging, which was prepared with RFP, mScarlet-l or GFP, did not
affect significantly the probe function (Supplementary Fig. 1c, d and
Supplementary Table 2). These observations indicate that a mixture
of Ras molecules is activated in the Ras-GTP-enriched domain. In the
following experiments, we utilized RBDg,q as a probe to observe the
mixed activity of Ras/Rapl.

To identify the RasGEFs responsible for spontaneous Ras excita-
tion, we characterized the spatiotemporal dynamics of the Ras-GTP-
enriched domain when RasGEFs were overexpressed. We prepared a
series of cell strains overexpressing (OE) one of 25 RasGEFs tagged to
GFP and co-expressed them with RBDg,n-RFP?®! (Fig. 1c, d). Three
transformants (RasGEFI/J/Q) were unstable for the expression of
RBDg.si-RFP and thus excluded from the subsequent analysis. To
compare the effects of each OE strain on the spatiotemporal dynamics
of Ras-GTP, the cells were treated with 10 pM latrunculin A to exclude
the effects of the cell shape on the Ras-GTP distribution and treated
with 4 mM caffeine to induce the oscillatory dynamics (Supplementary
Movie 1). Under these conditions, the spatiotemporal dynamics that
can be observed in wild-type (WT) cells showed four patterns: no
generation of the Ras-GTP-enriched domain (no domain), transient
generation of the domain (transient), traveling waves (wave) and uni-
form localization along the whole membrane (uniform), with increas-
ing excitability in this order’®*° (Fig. le and Supplementary Movie 1).
These four patterns exhibited cell-to-cell heterogeneity in Ras
dynamics, probably due to the balance between RasGEFs and RasGAPs
expressed endogenously in a WT cell. The exogenous expression of
each RasGEF modulated the balance differently. In cells of normal size,
a single domain was usually observed in the transient and wave
patterns.

The four patterns were distinguished by kymographs of the
RBDg.n-RFP intensity measured along the cell periphery and by a
hierarchical clustering analysis®® (Supplementary Fig. 2a—f). The frac-
tions of the patterns in WT cells were 25.5+5.4% (no domain),
13.8+6.3% (transient), 57.2+2.5% (wave) and 3.4+1.7% (uniform)
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(Fig. 1f and Supplementary Tables 3, 4). The domain size and the
oscillation period of the traveling waves in WT cells were 139.1 £ 61.0°
and 244.0 +81.8 s, respectively (Supplementary Fig. 2g, h and Sup-
plementary Tables 3, 4). As shown in the subsequent analysis, these
characteristics of the spatiotemporal dynamics of the Ras-GTP-
enriched domain differed depending on the type of RasGEF
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overexpressed, allowing us to screen for the RasGEFs responsible for
spontaneous Ras excitation.

We found that the overexpression of a RasGEF acts either posi-
tively or negatively on Ras excitability. When compared with WT cells,
the fraction of cells showing traveling waves was increased in the
majority of RasGEF OE strains (B/M/X/U/D/O/E/H/N/C/Y/V/W/S/P/F/L)
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Fig. 1| Screening of RasGEFs essential for spontaneous Ras excitability. a, b
RBDgas localization in WT and Ras KO strains in the presence of caffeine. Cells were
starved for 3 h. a Representative images of cells expressing RBDg,s-GFP from 3
independent experiments. Scale bars, 5um. b Fraction of cells showing RBDrap
membrane localization. Data are presented as the mean + SD. n =214, 176, 216, 92,
223,315,336 and 161 cells from 4, 4,4, 5, 4, 6, 4 and 6 independent experiments for
WT, rasC-, rasG-, rapA-, rasC-/G-, rasC- rapA-, rasG- rapA- and rasC-/G- rapA-,
respectively. * p < 0.05, ** p < 0.001; two-sided Welch’s t-test. ¢ Animage of a
Dictyostelium discoideum cell expressing RBDg.s-RFP. The spontaneous dynamics
of Ras-GTP was analyzed by measuring the fluorescence intensity along the cell
membrane over time to generate a kymograph. d Representative kymographs
showing traveling waves of Ras-GTP in RasGEF OE strains. e Four patterns in the
membrane localization of RBDg,s-RFP. The excitability increases from left to right
as the amount of Ras-GTP on the cell membrane increases. Scale bars, 5um.
Representative images from 3 independent experiments are displayed. f Fraction of

cells showing each pattern: no domain (blue), transient domain (green), traveling
wave (magenta), and uniform (yellow) after starvation for 3 h. Data are presented as
the mean + SD. n =217, 168, 276, 209, 170, 119, 118, 222, 195, 116, 148, 178, 134, 200,
167,231,214, 298,143,163,170,184 and 349 cellsfrom 3,2,3,2,2,2,2,2,2,2,2,2,2,
2,2,3,2,3,2,2,2,2 and 3 independent experiments for WT, GEFA OE, GEFB OE,
GEFC OE, GEFD OE, GEFE OE, GEFF OE, GEFG OE, GEFH OE, GEFK OE, GEFL OE,
GEFM OE, GEFN OE, GEFO OE, GEFP OE, GEFR OE, GEFS OE, GEFT OE, GEFU OE,
GEFV OE, GEFW OE, GEFX OE and GEFY OE, respectively. g Hierarchical clustering of
RasGEFs based on the spontaneous dynamics of Ras-GTP in OE cells. Clusters 1
(bottom) through S (top) are arranged in descending Ras excitability. Colored
squares indicate the features of RasGEFs in WT cells: high (red), middle (orange) or
low (yellow) expression levels at the indicated time windows during development;
phosphorylated (blue) or not phosphorylated (pale blue) upon cAMP stimulation;
localized on the cell membrane with traveling waves (violet), uniformly on the cell
membrane (pink) or throughout the cytoplasm (pale pink).

but decreased in the others (A/G/T/K/R) (Fig. 1f), with the fraction
varying from 27.4 + 4.0% to 82.4 +2.6% depending on the type of Ras-
GEF overexpressed. The fraction of cells with no domain was negatively
correlated with the traveling wave fraction, showing that wave gen-
eration is an indicator of the degree of excitability under caffeine-
treated conditions. The mean domain size was larger in only the Ras-
GEFB OE strain but smaller in many more (A/D/G/H/K/L/O/P/R/Y)
compared with WT cells (Supplementary Fig. 2g and Supplementary
Table 4). The mean period was shorter in the RasGEF OE strains (B/C/D/
H/M/N/O/P/S/T/U/V/W/X/Y), and no strains showed a longer period
compared with WT cells (Supplementary Fig. 2h and Supplementary
Table 4).

We classified the 22 RasGEFs by hierarchical clustering into clus-
ters for which overexpression altered the Ras dynamics in a similar
manner. The domain sizes and periods of the Ras-GTP-enriched
domain were determined from individual RasGEF OE cells, and corre-
sponding heatmaps were obtained for each cell population (Supple-
mentary Fig. 3). Based on a hierarchical clustering analysis of the
heatmap, RasGEFs were grouped into five clusters and aligned so that
the sum of the fractions of the traveling wave and uniform domain
subpopulations increased from top to bottom (Fig. 1f, g). Clusters 1 and
5 showed the largest positive and negative effects on Ras excitability,
respectively (Fig. 1g). RasGEFB/M/X/U in cluster 1 enhanced the excit-
ability relatively strongly, while RasGEFT/K/R in cluster 5 suppressed
the excitability (Fig. 1g). In cluster 1, endogenous RasGEFs showed a
peak in their gene expressions at around 4 to 8 hours after starvation®,
Furthermore, they were not phosphorylated by cAMP®, and they
localized to the cell membrane even without cAMP or functional
F-actin, except for RasGEFM, as shown below. In cluster 5, endogenous
RasGEFs also showed a peak in gene expressions at around 4 to 8 hours
after starvation. However, they were phosphorylated by chemoat-
tractant stimulation. RasGEFs in cluster 4 shared similar characteristics
to those in cluster 5, whereas the RasGEFs in clusters 2 and 3 shared few
common characteristics. Considering that Dictyostelium cells can
exhibit random migration without cAMP but chemotaxis with cAMP
extensively after 4 hours of starvation®, we concluded that RasGEFs in
cluster 1likely promote spontaneous excitability, while those in cluster
5 likely suppress spontaneous excitability.

RasGEFX is primarily required for Ras excitability

To elucidate the contributions of RasGEFB/M/X/U in cluster-1 on the
excitable dynamics of Ras, we prepared 4 SKO strains and 6 DKO
stains, in which mScarlet-I-RBDr,s; Was expressed to observe the Ras-
GTP-enriched domain® (Fig. 2a and Supplementary Movie 2). In con-
ditions where excitability was enhanced with caffeine, no gefX- cells
showed traveling waves, while 66.1+ 5.2% of WT cells did (Fig. 2b and
Supplementary Table 5). The fractions of other cells with gefB, gefM or
gefU KO showed traveling waves was 85.2+6.3%, 77.6 £+1.9% and
73.4 + 4.3%, respectively, but they were reduced to almost zero with

the DKO of gefX (Fig. 2b). DKOs with other combinations of RasGEFB/
M/U exhibited significant wave generation, with gefB-/M- and gefB-/U-
cells especially exhibiting enhanced excitability (Fig. 2b). These results
indicate that RasGEFX is required for the generation of traveling waves
and that RasGEFB/M/U are suppressive of Ras excitability even though
their overexpression enhances it (Fig. 1). These apparently inconsistent
observations can be explained by RasGEFB/M/U acting competitively
against RasGEFX in the activation of Ras and having weaker GEF
activity than RasGEFX. Therefore, it is likely that RasGEFX fully
enhances excitability in cells in which competitive gefB, gefM and gefU
are knocked out.

We then observed spontaneous Ras-GTP dynamics in the KO and
OE strains under conditions where excitability is not enhanced by
caffeine. WT cells exhibited transient generations of the Ras-GTP-
enriched domain (33.9 + 9.4%) but little generation of traveling waves
(Fig. 2¢, d, Supplementary Table 6 and Supplementary Movie 2). Ras-
GEFB/M/U/X OE cells enhanced Ras excitability even without caffeine,
showing the excitatory roles of cluster-1 RasGEFs when highly
expressed (Supplementary Fig. 4a, b and Supplementary Table 7). Cells
missing RasGEFX (gefX-, gefB-/X-, gefU-/X- and gefM-/X-) showed
impaired domain generation, consistent with the caffeine observations
(Fig. 2c, d, Supplementary Table 6 and Supplementary Movie 2). On the
other hand, the disruption of RasGEFB/M/U (gefB-, gefM-, gefB-/M-,
gefB-/U- and gefM-/U-), in which RasGEFX is expected to be intact,
tended to increase Ras excitability, in which traveling waves were often
observed even without caffeine. These results indicate that RasGEFX is
required for the spontaneous excitation generating the Ras-GTP-
enriched domain, while RasGEFB/M/U are competitive with RasGEFX
but can enhance the spontaneous excitability with their exogenous
expression. Thus, RasGEFX is primarily responsible for spontaneous
symmetry breaking in the Ras excitable system to generate an asym-
metric Ras-GTP-enriched domain, while RasGEFB/M/U modulate the
spatiotemporal dynamics.

RasGEFX is required for random cell motility in combination
with RasGEFB/M/U

To evaluate the involvement of cluster-1 RasGEFB/M/U/X in sponta-
neous cell motility, we examined the motility of KO and OE cells in the
absence of both caffeine and chemoattractants. In this condition, no
RasGEFB/M/U/X SKO cells showed serious defects in cell motility,
although a sub-population of gefX- cells exhibited almost no migration
and gefM- cells exhibited a relatively low migration speed (Fig. 3a, b,
Supplementary Table 8 and Supplementary Movie 3). The mean
migration speeds were 7.0 + 3.5 um/min for WT cells, 4.4 + 3.5 um/min
for gefX-, 5.5+ 2.9 um/min for gefM-, 10.6 + 4.8 um/min for gefB- and
10.0 + 3.4 um/min for gefU- (Fig. 3b and Supplementary Table 8). Ras-
GEFX DKO cells, including gefB-/X-, gefU-/X- and gefM-/X-, showed
severely impaired spontaneous cell migration, whereas other DKO
cells, including gefB-/M-, gefB-/U- and gefM-/U-, exhibited spontaneous
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migration, albeit with slight defects (Fig. 3a, b). The mean square dis-
placement (MSD) of the migration trajectories confirmed that the
spontaneous cell motility depended on RasGEFX in combination with
RasGEFB/M/U (Fig. 3¢c). The migration speed decreased in all OE strains
compared to WT cells (Fig. 3d-f, Supplementary Table 8 and Supple-
mentary Movie 3) due to the abnormal formation of pseudopods over

the whole cell surface by over-activation of the excitable system. In
addition, the overexpression of RasGEFU enhanced cell adhesion to
substrates, consistent with previous reports of cGMP-binding protein
D (GbpD), which is the same as RasGEFU**“¢ (Supplementary Fig. 4c).
The hierarchical clustering analysis based on the Ras-GTP excitability
with caffeine showed that the genetic disruption of RasGEFX (gefX-,
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Fig. 2 | RasGEFX is primarily required for Ras excitability. a, b Ras-GTP dynamics
in RasGEF KO strains in the presence of caffeine. Cells were starved for 3 h.

a Representative kymographs of mScarlet-I-RBDg.g. b Fraction of cells showing
each pattern: no domain (blue), transient domain and stationary domain (non-
oscillatory domains; green), traveling wave (magenta), uniform (yellow). Data are
presented as the mean +SD. n = 200, 191, 210, 217, 286, 213, 223, 202, 314, 225,
271cells from 3,2,2,2,2,2,2,3,2,2,and 2 independent experiments for WT, gefB-,
gefM-, gefU-, gefX-, gefB/M-, gefB-/U-, gefM-/U-, gefB-/X-, gefM-/X- and gefU-/X-,

respectively. ¢, d Ras-GTP dynamics in RasGEF KO strains in the absence of caffeine.
Cells were starved for 3 h. ¢, Representative kymographs of mScarlet-I-RBDgaf;.

d Fraction of cells showing each pattern: no domain (blue), non-oscillatory domains
(green), traveling wave (magenta), uniform (yellow). Data are presented as the
mean = SD. n=87,105,119, 65,121, 71, 85, 87,166, 123 and 123 cells from 3, 5, 6, 4, 4,
3,3, 6,4, 4 and 4 independent experiments for WT, gefB-, gefM-, gefU-, gefX-, gefB-/
M-, gefB-/U-, gefM-/U-, gefB-/X-, gefM/X- and gefU-/X-, respectively.

gefB-/X-, gefU-/X- and gefM-/X-) significantly reduced the traveling wave
generation (Fig. 3g, and Supplementary Fig. 4d). Even in the absence of
caffeine, the cluster in which RasGEFX gene was disrupted showed
impaired domain generation. Furthermore, the DKO strains in this
cluster exhibited a significant decrease in the migration speed. Con-
versely, the strains in the other cluster with intact RasGEFX exhibited
relatively higher motility. These results indicate that RasGEFX plays a
key role in the spontaneous signal generation for basal cell motility and
RasGEFB/M/U in cluster-1 are required with RasGEFX to achieve normal
cell migration.

RasGEFX and RasGEFB co-localize in the Ras-GTP-enriched
domain to generate traveling waves

To reveal the mechanisms by which cluster-1 RasGEFs underlie Ras
excitability, we examined the subcellular localization of GFP-tagged
RasGEFs. Among the 25 RasGEFs, only RasGEFB/U/X in cluster-1 and
RasGEFW in cluster-3 exhibited obvious localization to the plasma
membrane (Supplementary Fig. 5). RasGEFB/U/X have no transmem-
brane domain, suggesting dynamic shuttling between the membrane
and the cytosol; in contrast, RasGEFW has a transmembrane domain®®,
Among cluster-1 RasGEFs, RasGEFX and RasGEFB exhibited traveling
waves co-localizing with Ras-GTP, and cross-correlation functions
between each RasGEF and Ras-GTP revealed a tight coincidence of
localization and oscillatory dynamics with almost no time lag (Fig. 4a, b
and Supplementary Movie 4), suggesting their direct involvement in
traveling wave generation. Consistently, RasGEFB/X-GFP were
observed in the cytosol but not on the membrane when the cells
had no Ras-GTP-enriched domain. RasGEFU localized almost
uniformly to the membrane and did not exhibit traveling waves, while
RasGEFM was observed throughout the cytoplasm (Fig. 4c, d and
Supplementary Movie 4), suggesting uniform modulation of GEF
activity on the membrane and in the cytosol by RasGEFU and Ras-
GEFM, respectively.

To further examine how cluster-1 RasGEFs regulate the spatio-
temporal dynamics of the Ras-GTP-enriched domain, the oscillation
periods and the spatial sizes of the traveling waves were character-
ized by the expression level of RasGEFB/M/U/X. Increasing the
expression of RasGEFX-GFP shortened the oscillation period of tra-
veling waves but without any obvious correlation with the spatial size
of the Ras-GTP-enriched domain (Fig. 4e-g). On the other hand,
increasing the expression of RasGEFB-GFP resulted in larger domains
with no obvious correlation with the oscillation period (Fig. 4e-g).
Neither the oscillation period nor the size was dependent on the
expression level of RasGEFU-GFP or RasGEFM-GFP (Fig. 4e-g). These
results indicate that RasGEFX and RasGEFB regulate the temporal
and spatial dynamics of Ras excitability, respectively. Because Ras-
GEFX is responsible for the excitable firing and traveling wave gen-
eration without and with caffeine, respectively, RasGEFX triggers
spontaneous symmetry breaking as a temporal regulator in the
excitable system to generate an asymmetric signal for basal cell
motility. RasGEFB, on the other hand, modulates the spatial prop-
erties of the Ras-GTP-enriched domain in the excitable system. Ras-
GEFM and RasGEFU hardly affected the spatiotemporal
characteristics in Ras excitability in the absence of a functional actin
cytoskeleton, but they could increase subpopulations of excited cells
when they were overexpressed (Fig. 1).

RasGEFX and RasGEFB regulate actin cytoskeleton-dependent
protrusion dynamics in a different manner

We further examined the subcellular localization of cluster-1 RasGEFs
under the presence of a functional actin cytoskeleton without caffeine
to reveal how RasGEFs regulate actin cytoskeleton-dependent cellular
processes such as pseudopod formation and macropinocytosis®>*~°.
RasGEFX-GFP and RasGEFB-GFP co-localized in the Ras-GTP-enriched
domain at leading-edge pseudopods, while RasGEFU-GFP and
RasGEFM-GFP showed uniform localization along the whole mem-
brane and in the cytosol, respectively (Fig. 5a and Supplementary
Movie 5). That is, a functional actin cytoskeleton did not cause
remarkable changes in the localization of cluster-1 RasGEFs. However,
a characteristic morphological change was observed due to the
cytoskeletal dynamics, especially in RasGEFX-GFP- and RasGEFB-GFP-
expressing cells. RasGEFX-GFP-expressing cells often showed multiple
pseudopods or macropinocytic cups in which RasGEFX-GFP was
localized (Fig. 5a). RasGEFB-GFP-expressing cells showed macro-
pinocytosis less frequently than RasGEFX-GFP-expressing cells;
instead, they often had multiple lamellipodia-like pseudopods or one
larger pseudopod (Fig. 5a). RasGEFU-GFP-expressing cells showed
increased adhesion to the substrates and thus less motility as their
expression increased (Fig. 5a).

Because RasGEFX and RasGEFB regulate the oscillations tempo-
rally and sizes spatially of Ras-GTP-enriched domains without an actin
cytoskeleton, respectively, we analyzed the frequency and size of the
actin-dependent protrusions in starved cells under physiological
conditions (Fig. Sb, c). Here, lamellipodia-like protrusions and
macropinocytosis-associated protrusions were distinguished. gefX-
cells showed suppressed protrusion formation (Fig. 5d, Supplemen-
tary Table 9 and Supplementary Movie 5). RasGEFX overexpression in
gefX- cells markedly promoted the formation of both pseudopods and
macropinocytic cups but suppressed pseudopod size. In contrast,
RasGEFB/M/U-deficient mutants (gefB-, gefM- and gefU-), in which
RasGEFX is expected to be intact, showed more frequent pseudopod
formation than gefX-, while the macropinocytic cup formation was
hardly changed compared to WT cells. The overexpression of RasGEFB
in gefB- cells significantly expanded the area of the pseudopod without
changing the frequency of the pseudopod formation (Fig. 5d, Sup-
plementary Table 9 and Supplementary Movie 5). These observations
are consistent with the roles of RasGEFX and RasGEFB as temporal and
spatial regulators in the Ras excitable system, respectively. gefU- cells
showed greatly enhanced pseudopod formation due to the increased
motility caused by reduced adhesion, while RasGEFU overexpression
in these cells led to a large pseudopod and also less motility (Fig. 5d
and Supplementary Table 9). RasGEFM overexpression in gefM- cells
enhanced the formation of pseudopods of normal size slightly, while
both gefM- cells and RasGEFM OE in gefM- cells exhibited no obvious
changes in the macropinocytic cup formation (Fig. 5d and Supple-
mentary Table 9). Thus, RasGEFX primarily triggers spontaneous Ras
excitation to generate a signal for pseudopod formation for basic cell
motility under no chemoattractant and to induce macropinocytosis
with increasing expression even when the cells are starved. This
spontaneous symmetry breaking in the Ras excitable system leads to
the anterior-posterior polarity of motile cells. On the other hand,
RasGEFB and RasGEFU modulate the polarity by regulating the sizes of
the Ras-GTP-enriched domain and the cell adhesion, respectively.
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The involvement of RasGEFX in macropinocytosis was further
examined in vegetative cells. RasGEFX-GFP was clearly localized to the
macropinocytic cups when expressed in gefX- cells, where macro-
pinosomes were visualized with the fluid-phase marker tetra-
methylrhodamine isothiocyanate (TRITC)-dextran (Fig. 6a). The rate of
TRITC-dextran uptake was remarkably reduced in gefX- cells, but in
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RasGEFX OE cells it was slightly higher level than in WT cells (Fig. 6b).
The frequency of the macropinocytic cup formation was also
enhanced in RasGEFX OE cells (Fig. 6¢ and Supplementary Table 10). In
contrast, RasGEFB OE cells, which were widely distributed on the
plasma membrane, showed a slight decrease in macropinocytosis
(Fig. 6a—c and Supplementary Table 10). No obvious changes were

Nature Communications | (2025)16:117


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55389-2

Fig. 3 | RasGEFX, RasGEFB, RasGEFU and RasGEFM are important for efficient
spontaneous motility. a-c Statistical analysis of spontaneous motility by RasGEF
KO strains. Cells were starved for 3 h. a Trajectories of spontaneously migrating KO
cells. WT, n=77 cells; gefB-, n= 67 cells; gefM-, n=77 cells; gefU-, n =70 cells; gefX-,
n= 65 cells; gefB-/M-, n = 66 cells; gefB-/U-, n = 66 cells; gefM-/U-, n = 62 cells; gefB-/X-,
n=70 cells; gefM-/X-, n= 65 cells; gefU-/X-, n = 66 cells. Scale bars, 100 um. b Speed
of spontaneous migration using data from 2 independent experiments in (a).
Closed circles in magenta show mean values. The box-and-whisker plots show the
median as horizontal lines, the first and third quartiles as box ends, and the whis-
kers as lower limit and upper limit values. ** p < 0.001; two-sided Dunnett’s test.
¢ MSD calculated for each KO strain. d-f Statistical analysis of spontaneous motility
by RasGEF OE strains. Cells were starved for 3 h. d Trajectories of spontaneously

migrating OE cells. RasGEFB OE, n = 75 cells; RasGEFM OE, n = 39 cells; RasGEFU OE,
n=66 cells; RasGEFX OE, n = 65 cells. Scale bars, 100 um. e Speed of the sponta-
neous migration. using data from 2 independent experiments in (d). Closed circles
in magenta show mean values. The box-and-whisker plots show the median as
horizontal lines, the first and third quartiles as box ends, and the whiskers as lower
limit and upper limit values. ** p < 0.001; two-sided Dunnett’s test. f MSD calcu-
lated for each OE strain. g Hierarchical clustering of RasGEF KO strains based on the
spontaneous dynamics of Ras-GTP with caffeine. Clusters 1 (bottom) and 2 (top)
are arranged in descending Ras excitability. Colored squares indicate the

features of RasGEF KO strains: high (pink), middle (orange), low (cyan) or

very low (blue) fractions of domain patterns; migration speed is referred to

the color bar.

observed in the macropinocytosis of vegetative RasGEFU/M KO or OE
cells (Fig. 6a-c and Supplementary Table 10). The same was true for
pseudopod formation for all four RasGEFs. Additionally, we found that
the growth rate of gefX- cells was reduced compared to WT cells.
Furthermore, we found that the expression level of RasGEFX was not
correlated to the rate of phagocytosis (Supplementary Fig. 6a). Simi-
larly, RasGEFX was not essential for multicellular development
through intercellular signaling with cAMP oscillations (Supplementary
Fig. 6b-d). Other RasGEFs in cluster-1seemed to play only a partial role
in modulating the phagocytosis rate and developmental timing,
although RasGEFM affected the efficiency of phagocytosis (Supple-
mentary Fig. 6a). Thus, RasGEFX predominantly works for the spon-
taneous generation of the Ras-GTP-enriched signaling domain that
directs actin cytoskeleton remodeling, a process effective for macro-
pinocytosis in vegetative cells and for spontaneous migration in
starved cells.

Cluster-1 RasGEFs are dispensable for cAMP-induced Ras acti-
vation and chemotaxis

To explore the possible roles of cluster-1 RasGEFs in cAMP signaling
and chemotaxis, the response dynamics of Ras activity was examined
by applying uniform cAMP stimulations. After stimulation with a suf-
ficiently high concentration (10 uM), a transient membrane transloca-
tion of RBDR,n-RFP was observed, peaking at about 5~7s in the WT
strain (Fig. 7a). Similar responses were observed for gefB-, gefM-, gefU-
and gefX- cells but with slight temporal differences in the cAMP-
induced Ras activation (Fig. 7b). Dose response curves from 1 pM to
10 uM revealed the mutant cells responded similarly to WT cells
(Fig. 7c). Therefore, these RasGEFs are unlikely necessary for cAMP-
induced Ras activation, suggesting the involvement of other RasGEFs
in cAMP signaling. Notably, gefX- cells were significantly less respon-
sive to cAMP at 1nM than the other KO strains, suggesting that the
spontaneous enhancement of Ras excitability by RasGEFX is essential
for a response to low cAMP concentrations, as described later in more
detail.

Chemotaxis toward cAMP was examined by introducing a
micropipette filled with 10uM cAMP (Fig. 7d). Chemotaxis was
observed in all KO strains, as evident by the trajectories of cell
migration (Fig. 7e and Supplementary Movie 6). The migration speeds
for almost all KO strains were faster than those in the absence of cAMP,
showing the chemokinetic effects of cCAMP on cluster-1 RasGEF-defi-
cient mutants, although gefB- and gefU- cells migrated at nearly max-
imal speed without cAMP and thus no obvious enhancement with
cAMP (Fig. 7f, g and Supplementary Table 11). The chemotactic index, a
measure of chemotactic accuracy, showed no severe defects for most
mutants when compared with WT (0.65+0.28) (Fig. 7h, i and Sup-
plementary Table 11). gefB-/M- cells showed enhanced chemotaxis
efficiency (0.73 £ 0.23). Four exceptions for the defective chemotaxis
were gefX- (0.48 + 0.37), gefU- (0.54 + 0.31), gefM-/U- (0.47 + 0.33) and
gefU-/X-(0.34 + 0.31) (Fig. 7h, i and Supplementary Table 11), consistent
with previous reports that RasGEFU is involved in chemotactic sig-
naling via Rap1 activation*®®®, The genetic disruption of RasGEFX, as

seen in gefX-, gefB-/X-, gefU-/X- and gefM-/X- cells, impaired basic and
random cell motility severely without external cAMP (Fig. 3 and
Fig. 7g), but the mobility was recovered in all cases as directional
motility with cAMP stimulation, albeit with defects (Fig. 7f-i). These
results indicate that RasGEFB/M/U/X are not necessary for regulating
the directionality of cell migration under cAMP gradients and that
other RasGEFs may enhance the directional motility instead. Rather,
cluster-1 RasGEFs are essential for the basal cell motility that arises
independently of chemotactic signaling from environmental gui-
dance cues.

We further examined the roles of RasGEFX in chemotaxis because
gefX- cells were less responsive to low cAMP concentrations in Ras
excitability and had inefficient chemotaxis to cAMP as seen in the
chemotactic index (Fig. 7c, h, i). RasGEFX enhanced the response at a
low concentration range of cAMP gradients. Small population assays,
where the cells were allowed to migrate on the agar surface toward
droplets containing known concentrations of cAMP, revealed the
defective response of gefX- cells at low cAMP concentration ranges,
while other single KO cells, including gefB-, gefM- and gefU-, exhibited
wide-range chemotaxis®”*® (Fig. 7j). The chemotactic index was also
reduced in gefX- under a shallow gradient made by a micropipette that
was filled with 10 uM cAMP and located far from the cells (Fig. 7k).
Thus, basal Ras excitability achieved by RasGEFX before chemoat-
tractant stimulation is critical for improving the chemotaxis efficiency
at low cAMP concentration range.

Discussion

Excitable systems have been identified as key signaling networks for
random cell migration™®’. They cause Ras-GTP to self-organize, thus
generating the signaling domain on the membrane for cell
motility”******, Herein, we found that RasGEFX is primarily required
for the spontaneous generation of the Ras-GTP-enriched domain and
for basal cell motility (Figs. 1-3). RasGEFB/M/U work as regulators of
the spontaneous dynamics and are required in combination with
RasGEFX for random cell migration (Figs. 1-3). RasGEFX and RasGEFB
regulate temporally and spatially the Ras excitability and the cytos-
keletal dynamics for cell migration, respectively, while RasGEFU and
RasGEFM regulate cell adhesion and migration speed, respectively
(Figs. 4, 5). RasGEFX also regulates macropinocytosis when the cells
are in the vegetative stage (Fig. 6). Finally, RasGEFB/M/U/X are dis-
pensable for chemotactic signaling (Fig. 7). These findings indicate that
a specific set of RasGEFs constitutes spontaneous signal generators for
driving the random cell motility that operates independently of
external chemotactic signaling.

Based on the different and combinatory roles of RasGEFX and
RasGEFB/M/U determined experimentally (Figs. 2-5), we propose a
model for the spontaneous excitable dynamics of Ras and cell motility
regulation as follows. RasGEFX primarily triggers the spontaneous
excitation, which defines the temporal properties of the Ras-GTP-
enriched domain such as the firing frequency and the oscillation
period. RasGEFB regulates the spatial properties of the Ras-GTP-
enriched domain such as the domain size. RasGEFM and RasGEFU are

Nature Communications | (2025)16:117


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55389-2

RasGEFX

a

RBD-RFP

RasGEFX RBD RasGEFX-RBD

RasGEFX-GFP RBD-RFP Merge CCF 6
1.0 % 160445 s
o
0.5 - 4
0.0 g
E 2
-0.5 3
-1.0| 0
0 100 200 0 100 200 300
Angle Lag (s) Period (s)
RasGEFB
RBD-RFP RasGEFB RBD R EFB-RBD
RasGEFB-GFP RBD-RFP  Merge CCF 226
12}
X 3 18667 s
) ks
- g
€
. p=}
b4
"0 100 200 100 200 300 400
Lag (s) Period (s)
c ] d .
RasGEFU  mScariet!  perge RasGEFU mScarlet]  R@SCEFM - mScarlet] - perge RasGEFM mScarlet-|
-GFP -RBD OFP  -RBD -GFP -RBD -GFP__ -RBD
0 0
5
£
P
£
=
1Qn 0 m-m 0 m

Angle Angle
e RasGEFX RasGEFB RasGEFU RasGEFM
600 600 600
500 i 500 500
@ 400 @ 400 @ 400
“é 300 \ g 300{} °E_’ 300
= 200 i T = 200{ = 200
100 100 100
06 200 400 600 800 1000 06250 500 750 1000 06 160 200 300 400 09300 600 900 1200 1500
Fl (a.u.) Fl (a.u.) Fl (a.u.) Fl (a.u.)
f RasGEFX RasGEFB RasGEFU RasGEFM
360 360 360
g 300 g 300 g 300 . .
D 240 - D 240 S . P 240 AR
S180| 4K e, . Soagof  Laemece S g, s L
B 120{ Sl dkgige oo . 12’, 120 -t’_ﬁ“-‘».:-%« ° . 2 120f8g e 0.0 0 L .
& 60 LI & 60 Poac ce e 60f 2
05 200 400 600 800 1000 06250 500 750 1000 06100 200 300 400 06300 600 900 1200 1500
Fl (a.u.) Fl (a.u.) Fl (a.u.) Fl (a.u.)
g RasGEFX RasGEFB RasGEFU RasGEFM
0 KO Low High 0 KO Low High 0 KO Low High 0 KO Low High
€5 €5 €5 5
£ £ £ £
o 10 o 10 o 10 o 10
£ £ £
F 15 F 15 F 15 F 15
2QTTOT[—TTOTT—TTOTT 2011011-11011-11011 2QTT0TT-TT0TT-'ITOTT 2QT[0TI’-T[O'IT-T[OT[

likely to modulate spontaneous excitability, and they can increase
subpopulations of excited cells with their overexpression. For cell
motility through remodeling of the actin cytoskeleton, RasGEFX and
RasGEFB regulate the frequency of the protrusion formation and
protrusion size, respectively, and thus the spatiotemporal dynamics of
actin cytoskeleton-dependent protrusions are diverse and depend on
the expression levels of these two RasGEFs. For example, RasGEFB
overexpression can cause a transition from amoeboid migration to

Angle Angle

keratocyte-like gliding with a fan-shape (Supplementary Video 5). Such
a transition in the motility mode has been documented with changes in
the spatiotemporal dynamics of the excitable system’. In addition,
RasGEFX overexpression promoted macropinocytosis, but no such
promotion was observed for RasGEFB overexpression, suggesting
their different roles in regulating cytoskeletal dynamics. Because
RasGEFX and RasGEFB share a common RasGEF domain but differ in
other regions, including Ser/Thr protein kinase for RasGEFX
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Fig. 4 | RasGEFX and RasGEFB co-localize with Ras-GTP traveling waves. a-d Co-
localization analysis of RasGEFX (a), RasGEFB (b), RasGEFU (c) and RasGEFM (d)
with Ras-GTP. Cells were starved for 3 h. a, b Representative images of RasGEFX-
GFP (a) and RasGEFB-GFP (b) with RBDg,n-RFP expressed in the respective RasGEF
KO strains (left); representative kymographs (middle left); cross-correlation func-
tions (CCFs) between RasGEF and RBDg,sy (middle right); and the statistical dis-
tributions of the period estimated using the CCFs (right). RasGEFX, n=13 cells;
RasGEFB, n =30 cells. ¢, d, Representative images of RasGEFU-GFP (c) and
RasGEFM-GFP (d) with mScarlet-I-RBDg,s; expressed in the respective RasGEF KO
strains (left) and kymographs (right) from 3 independent experiments. e, f

Relationships between the period (e) and domain size (f) of the Ras-GTP-enriched
domain with the expression level of RasGEF quantified in the RasGEF KO strains
with (fluorescence intensity (FI) > 0) or without (FI=0) RasGEF-GFP expression.
Closed circles represent the quantification in a single cell (gefX-, n =97 cells; GEFB-
GFP/gefB-, n =267 cells; gefB-, n=132 cells; GEFU-GFP/gefU-, n =101 cells; gefU-,
n=160 cells; GEFM-GFP/gefM-, n =132 cells; gefM-, n =163 cells). Open circles
represent the means of KO cells. g Representative kymographs of RBDg,¢-RFP or
mScarlet-I-RBDg,s, without (“KO”), with low (“Low”), or with high expression
(“High”) of RasGEF-GFP in the respective RasGEF KO cells. Scale bars, 5 um.

(Supplementary Fig. 3c), they may share regulatory functions for Ras
excitability but also have other signaling functions for cell migration
and macropinocytosis. As reported previously, RasGEFU (or GbpD) is
involved in Rap1 activation and regulates cell adhesion*’. Consistently,
RasGEFU overexpression induced widely spread pseudopods, which
adhere more strongly to the substrate leading to less efficient cell
migration (Figs. 3 and 5). Given that spontaneous cell migration
requires concerted regulation of the actin cytoskeleton and adhesion
without external guidance cues, RasGEFB/U/X may contribute to the
internal coordination by their common RasGEF functions in the exci-
table Ras system and their differential functions in the motile system.
Previous reports show that RasGEFM is required for the activation of
adenylyl cyclase for cAMP relay and multicellular development™. In our
experimental conditions, neither cAMP relay nor development were
affected by the disruption of RasGEFM (Supplementary Fig. 6). Both
the knockout and overexpression of RasGEFM caused reduced motility
and enhanced phagocytosis (Fig. 3 and Supplementary Fig. 6a), sug-
gesting that RasGEFM may contribute to efficient migration and pha-
gocytosis at appropriate expression levels.

Positive feedback mechanisms are required to amplify signals
for the all-or-none response in excitable systems****’>>, The co-
localization of RasGEFB and RasGEFX with the Ras-GTP-enriched
domain on the membrane suggests that the recruitment of RasGEFB
and RasGEFX to the membrane depends on Ras-GTP and/or some
factors localized in the Ras-GTP-enriched domain (Fig. 4), further
suggesting positive feedback between RasGEFX/B and Ras-GTP.
RasGEFX has a GEF_N domain (REM domain) that is homologous to
that of mammalian SOS in the Ras/MAP kinase pathway’®”” (Supple-
mentary Fig. 4c). Extensive structural and biochemical analyses of
SOS have revealed positive-feedback loops, in which the GEF_N
domain of SOS can bind to Ras-GTP and allosterically enhance the
activity of its GEF domain, leading to modification of the basal GDP/
GTP exchange rate to favor Ras-GDP”*"®', This mechanism can con-
stitute an amplifying mechanism for Ras activation locally on the
membrane. RasGEFX has a Ser/Thr kinase domain that SOS does not,
which may be required for RasGEFX-specific functions that are not
present in SOS. Finally, RasGEFB has a common RasGEF domain but
no other recognizable signaling domains’®. More studies are needed
to understand the positive-feedback mechanisms for the excitable
systems in eukaryotic chemotaxis, especially for the spontaneous
generation of the Ras-GTP-enriched domain.

We found that the same Ras excitable system provides a basis for
the formation of macropinocytic cups and pseudopods (Figs. 5 and 6).
Both are self-organized structures generated locally on the membrane
through remodeling of the actin cytoskeleton without extracellular
asymmetric cues. Previous studies have shown that Ras and its reg-
ulators, including RasG/S, RasGAP, and NFI, regulate fluid uptake by
macropinocytosis, where RasGEFF, RBDg,¢; and PI(3,4,5)P3 accumulate
at the macropinocytic cups®**°°-%?, suggesting some shared molecular
mechanisms with pseudopodia formation. While vigorous macro-
pinocytosis can be observed in the vegetative stage of Dictyostelium
cells, the frequency gradually reduces upon starvation and instead the
cells gain pseudopod-dependent basal motility™**°**%, Therefore,
the Ras excitable system may remodel the actin cytoskeleton

differently depending on the state of the cell: macropinocytic cups and
pseudopods are formed at the Ras-GTP-enriched domain on the
membrane of vegetative and starved cells, respectively, using the
common RasGEFX-dependent mechanisms and the corresponding
molecular mechanisms. RasGEFB can enhance pseudopod formation
but suppress macropinocytic cup formation, suggesting the involve-
ment of RasGEFB in switching between the two structures® (Fig. 5). In
mammalian cells, although small GTPases, such as Racl and Cdc42, are
involved in macropinocytosis, and Racl GEFs, such as DOCK1 and
TIAM1, have been identified®, RasGEFs have not been well
documented.

Our observation that RasGEFB/M/U/X are not required for cAMP-
induced Ras activation or chemotaxis may be explained partly by the
four parallel signaling pathways (RasG/PI3K, RasC/TorC2, Rapl/sGC,
and PLA2) for chemotaxis. Even if RasGEFB/M/U/X mediate directly the
chemotactic signals via these pathways®", SKO and DKO cells can
exhibit chemotaxis if the other pathways maintain their function. In
addition to this robust network structure for chemotaxis, because
RasGEFA/G/K/R/T in clusters 4 and 5 are phosphorylated by che-
moattractant stimulation® and because RasGEFA/C/H/F/R/Q are
involved in Ras/Rap activation upon cAMP stimulation*****, these
RasGEFs may be involved in cAMP-induced Ras activation and che-
motaxis. Thus, a mechanism of signal integration is envisioned by
which different but overlapping sets of RasGEFs activate Ras/Rap for
spontaneous and directed motility. The specificity of RasGEFB/M/U/X
for Ras/Rap is crucial when elucidating the molecular mechanism
underlying Ras excitability for spontaneous cell migration and
chemotaxis.

Excitable systems provide a mechanism to generate a unified
output from multiple input signals. Owing to this property, motile
cells can choose one moving direction in various environmental
cues, such as chemoattractants, electric fields, shear flow, pH, and
0,/C0O,, under the influence of internal states such as cell cycle and
starvation® %, The large number of RasGEFs and RasGAPs expressed
in a single cell may reflect the need to integrate various external and
internal signals to achieve cellular decision-making adaptable to
complex environments with various motile modes®***°. The under-
lying mechanism is worth investigating to understand the cellular
survival strategy. Recent evidence has revealed diverse patterns of
cytoskeletal waves on the cell membrane in various biological sys-
tems that depend on small GTP-binding proteins, such as Ras, Cdc42,
Rac and Rho, suggesting common mechanisms’% Applying the
comprehensive dynamics analysis, we report here to a variety of
excitable and oscillatory systems to clarify the molecular network,
which will provide a novel perspective on the molecular mechanisms
and signal integrations in living cells.

Methods

Cell strains

Dictyostelium discoideum WT Ax2 was used as the parental strain. All
cell lines were grown in HL5 medium (Formedium, UK) supplemented
with penicillin and streptomycin, 100 ng/mL folic acid and 5ng/mL
vitamin B12 at 21°C’, except for those with rapA gene disruption (rapA-,
rasC-/rapA-, rasG-/rapA- and rasG-/C-/rapA-), which were cultured with
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Escherichia coli B/r on a 5LP agar plate (Lactose 5.0 g, Bacto Peptone
5.0 g, Bacto agar 15.0 g)°*. The strains overexpressing one of 25 Ras-
GEFs in GFP-tagged form were generated by the electroporation of
extrachromosomal plasmids for stable expression into the parental
strain cells. The plasmids were generated by cloning RasGEF genes,
which were amplified from WT genomic DNA by PCR using the primers

listed in Supplementary Table 12, into the Bglll site of pHK12neo. The
transformants were selected and maintained under 20 ug/mL G418.
The strains co-overexpressing RBDras-RFP or mScarlet-I-RBDg,; and
RasGEF-GFP were generated by the electroporation of extra-
chromosomal plasmids for the stable expression of the Ras-GTP
probe into RasGEF-GFP OE strains. The generation of the plasmid for
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Fig. 5| RasGEFX and RasGEFB are respectively responsible for the temporal and
spatial dynamics of protrusions. a Representative images of RasGEF KO cells
expressing RasGEF-GFP and RBDg,¢-RFP or mScarlet-I-RBDg,py With intact F-actin
from 3 independent experiments. Scale bars, 5 um. Time, min:sec. b Representative
images of pseudopods (left) and macropinocytic cups (right) observed in WT cells
expressing mScarlet-I-RBDg,s; from 3 independent experiments. Confocal images
(top) and DIC images (bottom) are shown. Scale bars, 10 um. ¢ Schematics for the
quantification of pseudopod size. See Methods for details. d The frequency of the
pseudopod formation (top), macropinocytic cup formation (middle) and the

pseudopod size (bottom) in RasGEF KO and OE cells after 3 h of starvation. Closed
circles represent the quantification in individual cells. n =38, 35, 38, 33, 40, 26, 38,
25and 33 cells from 5, 6, 5, 8, 3, 6, 6, 4 and 5 independent experiments for WT, gefX-,
GEFX-GFP/gefX-, gefB-, GEFB-GFP/gefB-, gefU-, GEFU-GFP/gefU-, gefM- and GEFM-
GFP/gefM-, respectively. Closed circles in magenta show mean values. The box-and-
whisker plots show the median as horizontal lines, the first and third quartiles as
box ends, and the whiskers as lower limit and upper limit values. * p <0.05, **
p<0.01, ** p<0.001; ns, not significant; two-sided Tukey’s test.
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Fig. 6 | RasGEFX positively regulates macropinocytosis in vegetative cells.

a Representative images of RasGEF KO cells expressing RasGEF-GFP and up-taking
TRITC-dextran from 3 independent experiments. Scale bar, 10 um. b Quantification
of the fluorescence intensity of TRITC-dextran internalized in WT, RasGEF KO and
OE cells in the vegetative state. Data are presented as the mean + SD from 3 inde-
pendent experiments. * p < 0.05, * p < 0.01; two-sided Welch’s t-test. ¢ The fre-
quency of the pseudopod formation (top) and macropinocytic cup formation
(bottom) in RasGEF KO and OE cells in the vegetative state. Closed circles represent

the quantification in individual cells n =43, 41, 37,37, 37, 39, 38, 38 and 31 cells from
3,3,4,3,3,2,3,3 and 6 independent experiments for WT, gefX-, GEFX-GFP/gefX-,
gefB-, GEFB-GFP/gefB-, gefU-, GEFU-GFP/gefU-, gefM- and GEFM-GFP/gefM-, respec-
tively. Closed circles in magenta show mean values. The box-and-whisker plots
show the median as horizontal lines, the first and third quartiles as box ends,

and the whiskers as lower limit and upper limit values. * p<0.05, ** p<0.01,

*** p<0.001; ns, not significant; two-sided Tukey’s test.

RBDgan-RFP is described elsewhere®. The plasmid for mScarlet-I-
RBDg.s; pPDM1208 was provided by the National Bio Resource Project
(NBRP). The transformants were selected and maintained under
40 pug/mL Hygromycin B and 20pug/mL G418. The expression of
RBDRari-RFP and mScarlet-I-RBDg,s was unstable, and the cells were
observed microscopically within about 15 days of the electroporation.

The SKO strains gefX-, gefB-, gefU- and gefM- were generated using
CRISPR/Cas9 by introducing extrachromosomal plasmids for the
transient expression of both sgRNA and Cas9-NLS-GFP into the par-
ental strain cells’. The plasmids were generated by cloning the target-
site dsDNA fragments (Supplementary Table 12) into Bpil sites located
between the isoleucine tRNA promoter and tracrRNA sequence in
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pTMI1285 by Golden Gate assembly?®. The transformants were selected
under 20 pg/mL G418 for 1 day and then maintained in the absence of
G418. For cell cloning, we plated the cells on 5LP agar plates with
Escherichia coli B/r and incubated them for 3-4 days until plaque
formation. We transferred the individual plaques to 96-well plates
(Thermo Fisher) containing HLS5 in the absence of G418. The DKO
strains gefB-/M-, gefB-/X- and gefM-/X- were generated by introducing

Distance (um)

the same CRISPR/Cas9 plasmids targeting gefM, gefX and gefM as
described above into the strains of gefB-, gefB- and gefX-, respectively.
The strains gefB-/U-, gefM-/U- and gefU-/X- were generated by homo-
logous recombination targeting gefU’’. Two fragments of RasGEFU
gene, from bases 867 to 1641 and 2106 to 2993, were amplified by PCR
using genomic DNA as a template and the primers listed in Supple-
mentary Table 12, and the blasticidin S resistance (BSR) gene was
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Fig. 7 | Chemotaxis and cAMP-stimulated Ras activation in RasGEF KO strains.
a Time lapse images showing the transient membrane localization of RBDg,s-RFP in
a WT cell in response to uniform 10 uM cAMP stimulation. Scale bar, 5um. Time,
min:sec. b Quantification of the response in WT (n = 67 cells), gefB- (n =44 cells),
gefM- (n =33 cells), gefU- (n=50 cells) and gefX- (n =56 cells) using mScarlet-I-
RBDgas; and 10 uM cAMP. Cells were starved for 3 h. Data are presented as the
mean + SD from 2 independent experiments. ¢ Fraction of responsive cells upon
stimulation with 1 pM to 10 uM cAMP. n>30 cells for each concentration (see
Source Data). Data are presented as the mean + SD from 2 independent experi-
ments. The half-maximum effective concentrations are 1.34 nM (WT), 1.09 nM
(gefB-), 0.69 nM (gefM-), 0.47 nM (gefU-) and 7.29 nM (gefX-). d Chemotaxis assay
using a glass micropipette filled with 10 uM cAMP. Trajectories of WT cells for

20 min are shown. Scale bar, 100 um. A representative image from 3 independent
experiments is displayed. e Trajectories of cells after 5 h of starvation undergoing
chemotaxis in response to 10 uM cAMP for 20 min. WT (n =121 cells), gefB- (n=127
cells), gefM- (n =125 cells), gefU- (n =117 cells), gefX- (n =117 cells), gefB-/M- (n =140
cells), gefB-/U- (n =127 cells), gefB-/X- (n =119 cells), gefM-/U- (n =140 cells), gefM-/X-
(n=129 cells) and gefU-/X- (n =114 cells). Scale bars, 100 um. f Chemotaxis speed
using data from 3 independent experiments in (e). Closed circles in magenta show
mean values. The box-and-whisker plots show the median as horizontal lines, the

first and third quartiles as box ends, and the whiskers as lower limit and upper limit
values. ** p < 0.001; two-sided Dunnett’s test. g Relationships between sponta-
neous motility speed (Fig. 3b) and chemotaxis speed (f) Data are presented as
means + SD. Letters indicate the disrupted genes. h Chemotactic index using data
from 3 independent experiments in (e). Closed circles in magenta show mean
values. The box-and-whisker plots show the median as horizontal lines, the first and
third quartiles as box ends, and the whiskers as lower limit and upper limit values. *
p<0.05,** p<0.001; two-sided Dunnett’s test. i Relationship between chemotaxis
speed (f) and chemotactic index (h). Data are presented as the mean + SD. Letters
indicate the disrupted genes. j The chemotactic response of cell drops to different
cAMP concentrations (1nM to 1 mM) evaluated by the small population assay. Cells
were starved for 5h. n=36 cell drops in each condition from 3 independent
experiments. Data are presented as the mean + SD. * p < 0.05, ** p < 0.01; two-sided
Welch'’s t-test. k Chemotactic index of WT and gefX™ cells undergoing chemotaxis in
response to 10 pM cAMP at different distances (0-350 pm and >350 pm) from the
micropipette tip. Closed circles in magenta show mean values. The box-and-
whisker plots show the median as horizontal lines, the first and third quartiles as
box ends, and the whiskers as lower limit and upper limit values. * p < 0.01, ***
p<0.001; two-sided Welch’s t-test.

inserted between them by fusion PCR. Fusion PCR was performed in
10 L total volume using 1 ng of two fragments of RasGEFU gene, the
fragment of BSR gene and 5 pmol of primerA and primerD (Supple-
mentary Table 12). The fusion PCR conditions were as follows: heating
to 94 °C for 2 min; 30 cycles of 94 °C for 30 s, 50 °C for 20 s and 68 °C
for 4 min; followed by a final extension for 4 min. The transformants
were selected under 10 pg/mL blasticidin S. We performed cloning with
CRISPR-Cas9. rasC-, rasG-, rapA-, rasC-/G-, rasC- rapA-, rasG- rapA- and
rasC-/G- rapA- were generated by CRISPR/Cas9 as described above.
The dsDNA fragments of each target site are shown in Supplementary
Table 12.

Electroporation of Dictyostelium cells

The cultured cells were collected by centrifugation at 500 x g for 2 min
and resuspended at 1 x 107 cells/mL in H50 buffer (50 mM KCI, 20 mM
HEPES, 10 mM NaCl, 5 mM NaHCO;, 1 mM NaH,PO,4, 1 mM MgSO,4, pH
7.0). A 100 mL cell suspension was mixed with 5mg plasmid and
incubated on ice for 5min. The cell suspension was transferred to a
cuvette with a 1-mm gap and set in an electroporator (BTX) to give a
shock of 500 mV for 100 ms repeated 2 times at an interval of 5s. The
cell suspension was kept on ice for 2 min and transferred to a culture
dish. After a 2-min incubation at 21 °C, 10 mL of HL5 medium was
added to grow the cells at 21 °C. The drugs used for the selection were
added 12 -~ 24 hours after the electroporation.

Confirmation of gene knockout

Genomic DNA was isolated from the transformants, and the nucleotide
sequence at the target site was confirmed as follows. Cells were col-
lected from plaques on 5LP agar plates and were resuspended in lysis
buffer (200 mM Tris-HCL pH8.4, 500 mM KCI, 1.75uM MgCl,, 0.5%
NP40, 20 ug/mL proteinase K and 20 ug/mL RNase). The suspension
was incubated at 56 °C for 50 min and 95 °C for 10 min to inactivate
proteinase K. A DNA fragment encompassing the target site was
amplified by PCR using the lysate as a template, the primers listed in
Supplementary Table 12, and SapphireAmp Fast PCR Master Mix
(Takara). The PCR conditions were as follows: heating to 94 °C for
2min; 35 cycles of 94°C for 30s, 50°C for 45s, and 68 °C for
1min/kbp; followed by a final extension for 5min. The amplified
fragment was subjected to gel electrophoresis, where the band shift
due to the insertion of the BSR cassette was confirmed in the case of
homologous recombination and purified using a PCR purification kit
(NEB), in which the nucleotide sequence was determined (Genewiz).
We confirmed that the deletion or insertion of some bases by
CRISPR/Cas9 led to an insertion of the stop codon in the coding
sequence, in which the nucleotide sequence was determined

(Genewiz) using the screening primers listed in Supplementary
Table 12. rapA- prepared in this study exhibited a significant reduction
of Rapl activity, as detected using RalGDS-GFP, a commonly used
reporter for activated Rapl, both before and after cAMP stimulation®®.

Cell preparation for microscopy

Cultured cells were starved as follows. The cells were washed three
times with development buffer without Ca* or Mg* (DB-; 5mM
Na,HPO,4 and 5 mM KH,PO,, pH 6.5) by centrifugation at 500 x g for
2 min. The cells were resuspended at 3.0 x 10° cells/mL in DB+ (5mM
Na,HPO,, 5mM KH,PO,, 2mM MgSO,, 0.2mM CaCl,, pH 6.5), and
1 mL cell suspension was plated on a 35-mm dish (IWAKI). To observe
subcellular localization and spontaneous motility, the cells
were incubated for 3 h at 21 °C. To observe chemotaxis, the cells were
incubated for 5h at 21 °C. After the starvation period, the cells
were washed twice with DB- and resuspended at 3.0 x 10° cells/mL in
DB+ on ice until use. The gene knockout strains rapA-, rasC-/rapA-,
rasG-/rapA- and rasG-/C-/rapA- were observed in the same manner
without starvation.

Fluorescence microscopy

Laser scanning confocal microscopy (Al, Nikon) was performed on the
treated cells described above. RFP and mScarlet-l tagged to RBDgas
were excited with a 561 nm laser (Coherent), and 570-620 nm fluor-
escence light was detected by a detector (A1-DU4, Nikon) equipped
with the microscope. GFP tagged to RBDgr.y and GFP tagged to Ras-
GEFs were excited with a 488 laser (Coherent), and 500-550 nm light
was detected by the detector. An emitted fluorescence was imaged
with a 60x objective lens (CFI Apo TIRF 60X Qil, NA 1.49, Nikon).

To observe Ras-GTP dynamics in the presence of caffeine for
RasGEF screening (Fig. 1), we utilized RBDg.n-RFP as a fluorescent
probe for Ras-GTP. A 150 L cell suspension was mixed with 150 uL DB+
containing 8 mM caffeine (Wako) and 20 uM latrunculin A (Sigma-
Aldrich) and placed on a 35-mm glass bottom dish (12-mm glass in
diameter; Iwaki). After the cells were allowed to adhere to the glass
surface for 20 min, the images were acquired at a time interval of 5 s for
20 min.* To observe Ras-GTP dynamics in the absence of caffeine
(Fig. 2), a 50 L cell suspension was mixed with 100 uL DB+ and 150 uL
DB+ containing 20 uM latrunculin A and placed on a 35-mm glass
bottom dish, in which the cell density was reduced to 1/3 of the sample
containing caffeine to suppress intercellular communication via
secreted CAMP.

To observe Ras-GTP in the knockout strains of RasGEFB/U/M/X,
we utilized mScarlet-I-RBDg.s; since mScarlet-I is more stable and has
higher fluorescence than RFP (Fig. 2). We utilized RBDg,n-RFP or
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mScarlet-1-RBDg,n and RasGEF-GFP to observe Ras-GTP and RasGEF
simultaneously in latrunculin A-treated cells, respectively (Fig. 4). The
cell preparation and image acquisition were the same as described
above. To examine the expression levels of RasGEF-GFP, a snapshot
image of RasGEF-GFP at the beginning of the image acquisition was
used (Fig. 4).

To observe Ras-GTP and RasGEF localization in migrating cells
(Fig. 5), we utilized RBDg.n-RFP or mScarlet-I-RBDg, and RasGEF-GFP,
respectively. A 50 uL cell suspension was mixed with 250 uL DB+ and
placed on a 35-mm glass bottom dish, and the cells were allowed to
adhere to the glass surface for 20 min."* The images were acquired
every 5s for 5 min. To observe the response to cAMP (Fig. 7), the cell
suspension was mixed with DB+ containing latrunculin A at a final
concentration of 10 uM, and a 20 L cell suspension was placed on a 35-
mm glass bottom dish. Again, the cells were allowed to adhere to the
glass surface for 20 min. The images were acquired every 1s for 1 min.
When 5 s passed after starting the image acquisition, 180 uL DB+ con-
taining cCAMP was added at a final concentration of 1 pM-10 uM.

We utilized RBDg,s-GFP to examine the membrane localization of
RBDg.s; in Ras/Rap-gene KO strains since mScarlet-I-RBDg,r and
RBDgasi-RFP were not expressed stably in rapA KO strains (Fig. 1a, b and
Supplementary Fig. 1a, b).

Cell migration imaging

Starved cells were washed twice with DB- and resuspended at 5.0 x 10*
cells/mL in DB +. 300 pL cell suspension was placed on a coverslip
(MATSUNAMI) that was first washed by sonication in 0.1IN KOH for
30 min and then 99.5% ethanol. The cells were allowed to adhere to the
glass surface for 20 min. 1mL DB+ was added, and the cells were
allowed to settle for another 20 min. The cells were observed under an
inverted microscope (IX71, Olympus) with a 20x objective lens
(LCACHN20XPH, NA 0.4, Olympus). Images were acquired with a time-
lapse camera (DS-2MBW, Nikon) every 5s for 30 min. To examine
chemotaxis, the concentration gradient of cAMP was generated using
FemtoJet (Eppendorf): DB+ containing 10 uM cAMP was filled in a glass
micropipette (Femtotips, Eppendorf) and released by applying pres-
sure at 50 hPa.

cAMP oscillation and multicellular development

To analyze the period of cAMP oscillation during the early aggregation
stage, cultured cells were washed three times with DB- and resus-
pended at 5.0 x 10 cells/mL in DB +. A 1 mL cell suspension was plated
on 2% agar plate (Bacto-agar; dissolved in DB +), and excess liquid was
allowed to evaporate. The cells were observed under an inverted
microscope (IX71, Olympus) with a 5x objective lens (UPLFN4XPH, NA
0.13, Olympus). Images were acquired with a time-lapse camera (DS-
2MBW, Nikon) every 30 s for 10 h. To observe morphology in multi-
cellular development, cultured cells were washed twice with DB- and
resuspended at 1.0 x 107 cells/mL in DB +. A 10 pL cell suspension was
placed on a 1.5% agar plate (Bacto-agar; dissolved in DB +), and excess
liquid was allowed to evaporate. Each plate was incubated at 21 °C and
observed at the indicated time points. Images were acquired with a
camera (Moticam1000, SHIMADZU) attached to a stereo microscope
(SZX10, Olympus) with a 1x objective lens (DE PLAPO 1X, Olympus).

Small population assay

Cells after a 4-h starvation were washed twice with DB- and resus-
pended at 3.0 x 10° cells/mL in DB +. At least 84 cell suspensions of
0.8 uL were plated on 1% agar plates (010-08725; Wako Pure Chemical
Industries, Ltd.; dissolved in DB +), and excess liquid was allowed to
evaporate. 0.8 uL DB+ containing cAMP (1 nM-1 uM) was plated next to
the spots of the cell suspensions. The distance between the centers of a
cell spot and a cAMP spot was kept at 2 mm. After incubation for 1h,
the fraction of cell spots in which the cells had accumulated on the
high concentration side was measured.

Macropinocytosis assay

This experiment was performed as follows according to a previous
report®. Cultured cells were resuspended at 5.0 x 10° cells/mL in fresh
HL5 medium. A 2.5mL cell suspension was transferred to a 20-mL
Erlenmeyer flask and incubated for 15 min on a rotary shaker to allow
the cells to recuperate. The assay was started by adding 50 uL TRITC-
dextran solution (100 mg/mL TRITC-dextran 70, TdB Labs) to the cell
suspension. At selected time points (0, 15, 30, 45, 60, 90, 120, 180 min),
250 uL aliquots were collected from the cell suspension on a rotary
shaker and transferred to 2-mL tubes containing 25uL Trypan Blue
solution (2mg/mL Trypan Blue, 20 mM citrate, 150 mM NaCl). The
tubes were inverted once and centrifuged for 2 min at 800 x g. The
supernatant was discarded, and the cells were washed once with
500 L Soerensen buffer (2 mM Na,HPO,, 14.6 mM KH,PO,4, pH 6.0) by
centrifugation. The pellet was resuspended in 500 uL Soerensen buf-
fer, and the fluorescence intensity was measured immediately with a
fluorescence spectrophotometer (F2700, Hitachi-Hightech) (excita-
tion 544 nm; emission 574 nm).

Phagocytosis assay

This experiment was performed as follows according to a previous
report”. To label yeast with TRITC, 5g of yeast (YSC-2, Sigma) was
suspended in 50 mL PBS in a100 mL Erlenmeyer flask and boiled at 100
°C for 30 min. The yeast suspension was centrifuged for 5 min at 3000
x g, and the supernatant was discarded. The yeast pellet was washed
five times with 50 mL PBS and twice with 50 mL Soerensen buffer, and
the density was adjusted to 2 x 10' particles/mL with labeling buffer
(50 mM Na,HPOy, pH 9.2) containing 0.1 mg/mL TRITC (87918, Sigma-
Aldrich). After 30 min of incubation at 37 °C on a rotary shaker, 20 mL
yeast suspension was washed twice with 20 mL labeling buffer and four
times with 20 mL Soerensen buffer, and the density was adjusted to 1 x
10° particles/mL with Soerensen buffer. To quantify the phagocytosis
rate, cultured cells were resuspended at 2.0 x 10° cells/mL in fresh HL5
medium. 5mL of cell suspension was transferred to a 20-mL Erlen-
meyer flask and incubated for 15 min on a rotary shaker to allow the
cells to recuperate. The assay was started by adding 120 uL Soerensen
buffer containing TRITC (87918, sigma)-labeled yeast to the cell sus-
pension. At selected time points (0, 15, 30, 45, 60, 90, 120 min), 500 pL
aliquots were collected from the cell suspension on a rotary shaker and
transferred to 2-mL tubes containing 50 pL Trypan Blue solution. After
3 min of incubation, the cell suspension was centrifuged for 2 min at
800 x g, and the supernatant was discarded. The pellet was resus-
pended in 500 pL Soerensen buffer, and the fluorescence intensity was
measured immediately with a fluorescence spectrophotometer
(F2700, Hitachi-Hightech) (excitation 544 nm; emission 574 nm).

Kymographs of the fluorescence intensity on the cell membrane
The spatiotemporal dynamics of RBDgas-RFP, mScarlet-I-RBDg,n and
RasGEF-GFP in each cell were analyzed using a kymograph obtained as
follows. The fluorescence intensity on the cell membrane was mea-
sured in space along the circumference of the cell divided into
90 sections of 4 degrees each and in time over 241 frames in the movie.
This measurement yielded a two-dimensional matrix data for the i-th
cell(i=1,2,3, ... N)written as mFI,(sAG, f At), where s(s=1,2,3, ...90)
and f(f=0,1,2, ...240) denote the section and frame numbers with
the intervals AG=4 degrees and At =5 s. The data are displayed on the
horizontal and vertical axes as a kymograph of 90 pixels x 241 pixels.

Quantification of domain size and period

The domain size was determined by binarizing the kymograph with the
method of Li. The following process was performed to remove the
influence of noise. In a binary image, each pixel was selected along with
the immediately 5 adjacent left and right pixels (total of 11). If the
majority of these pixels had a pixel value of 255, then the selected pixel
was set to 255. Conversely, if the majority of these pixels had a pixel a
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value of O, then the selected pixel was set to 0. From the obtained
binary images, the angle of the domain was calculated at each time
point, and the angles were then averaged (Supplementary Fig. 3a). For
the period, a temporal autocorrelation function of the fluorescence
intensity at an arbitrary section of the cell circumference was calcu-
lated as,

tACF (sAB, TAt)
% T (mFI(sAG,fAL) — ) (mFI(sA, (f + DAL — ) (D
(240 —1)e?

where p and ¢ denote the mean and SD of the fluorescence intensity,
respectively. tACF; was averaged over 90 sections, in which the lag-
time, TA¢, giving the first peak was quantified as the period.

Classification of Ras-GTP dynamics into four patterns

The spatiotemporal dynamics of the activated form of Ras, Ras-GTP, in
the excitable system showed four patterns: no generation of the Ras-
GTP-enriched domain (no domain), transient generation of the domain
(transient), traveling waves (wave) and uniform localization along the
whole membrane (uniform), with increasing excitability in this order.
Each cell consistently exhibited one of the four patterns during the 20-
min observation. The spatiotemporal dynamics of Ras-GTP that
spontaneously emerged in individual cells of each OE/KO strain was
classified into the four patterns by hierarchical clustering'®®. The spa-
tiotemporal dynamics in each cell was represented by a one-
dimensional vector individually calculated from the kymograph as
described below and subjected to hierarchical clustering using scipy
1.2.1. cluster.hierarchy. An iterative calculation was performed as fol-
lows. The initial condition of a single cell was represented by a com-
ponent of the ensemble to be clustered, in which the centroid was
calculated from the kymograph using the one-dimensional vector
described below. The distance between two components was calcu-
lated for all possible pairs, and those with the nearest distance were
combined as a new component, in which the centroid was calculated
by averaging the two centroids. The calculation was repeated until all
components were combined into one. The distance was calculated by
Ward’s method written as,

_ g 2
Dy = (";m) : ’mj_mk‘ 2)

where n; . and m; , denote the number of combined components and
the centroid of the j/k-th component, respectively. |m; — my|? is the
squared Euclidean distance between the centroids. Each pattern’s
clusters were determined based on the dendrogram by setting a
threshold (Supplementary Fig. 2).

First, the cells were classified into two subgroups, those exhibiting
a traveling wave and those exhibiting other patterns (Supplementary
Fig. 2a, b). For this purpose, the following three quantitative expres-
sions of the kymograph were exploited for the clustering to reveal
periodicity in the dynamics: (1) The kymograph was normalized by the
maximum fluorescence intensity around the cell periphery at each
time point and smoothed with a Gaussian filter of o=1, which is
1<5<90,1<f <241 (2) A temporal
autocorrelation function for up to ¢ =120 s, which is the duration when
the periodicity is remarkable, was calculated from the kymograph
smoothed with a Gaussian filter of o=5, which was described as a

vector, K7 = (tACF i), . .00 1<c<1o @Nd (3) A power spectrum was
obtained by Fourier transforming K? using

described as a vector, K} = (mFI’,-Sf>

121 90

Fa)=Y "> Kis nexp(-2mi(f + o)) 3

r=1s=1

which was written as

P(u,v)= |F(u,v)| 4)

where (u, v) is the coordinates in the frequency domain. The maximum
value, Max(P(u,v)), and its coordinates, Max(u,v), of the power
spectrum were described as a vector, K? =(Max(P,,), Max(u),
Max(v)),<s<00,1<r<1- K}, K} and K; were combined and linearly
transformed into a one-dimensional vector, which was subjected to
hierarchical clustering.

The cells exhibiting other patterns were further classified into two
subgroups, those exhibiting transient domains and those without
domains (Supplementary Fig. 2c, d). For this purpose, the following
two quantitative expressions of the kymograph were exploited for the
clustering to reveal a spatial heterogeneity in the dynamics: (4) The
kymograph was normalized as mentioned above as a vector,

K}= (mFI”,-Sf) ; and (5) A spatial autocorrelation func-
1<5<90,1<sf <241

tion was calculated for up to ¢ =240 s from the kymograph smoothed

i i = 5 = .
with a Gaussian filter of o =1as a vector, K; (SpACF’sf)ISSSQO,lsfszzu’
written as

SACF (sAB, TAL)
o20' (MFI(sA,fAL) — ) (MFI((s+@)A0,fAD) — ) (5)
(89 — 1)e2

K} and K; were combined and linearly transformed into a one-
dimensional matrix that was subjected to hierarchical clustering.

Next, the cells with other patterns were classified into two sub-
groups, those exhibiting a uniform domain and those exhibiting no
domain (Supplementary Fig. 2e, f). For this purpose, the following
quantitative expression of the kymograph was exploited for the clus-
tering to reveal the fluorescence intensity on the plasma membrane.
The fluorescence intensity of the plasma membrane was calculated by
the spatio-temporal average of the kymograph: (mF1,(sA8,fAt)); and
the fluorescence intensity of the of the cytoplasm was calculated by
the temporal average of the kymograph written as (cFl;(fAt)). The
ratio of the fluorescence intensities at the plasma membrane and the
cytoplasm was described as

6 (MFI(sAB,fAt)) 6
L (cFI(fAD) ©)

and K¢ was subjected to hierarchical clustering.

Classification of RasGEFs into clusters

The statistical distributions of the domain size and period of each
RasGEF OE strain were displayed in a single heat map in domain size-
period space (Supplementary Fig. 3). To obtain the heat map, we
determined the domain size and period for each RasGEF OE strain as
described above. We measured more than 100 cells for each RasGEF
OE strain, from which we obtained the heat map with the domain size
on the x-axis and period on the y-axis. The widths of the bins were
determined based on Freedman-Diaconis’ rule to be 30s and 20
degrees assuming the cells showed traveling waves and domains,
respectively. The data of all cells irrespective of the domain pattern
were incorporated into the heat map by setting the summed prob-
ability density in each pattern equal to the fraction. Based on the
extent of the excitability, the period of the cells exhibiting no domain
(domain size = 0 degrees) was approximated as 460 s or the maximum
value of the heat map, and that of the cells exhibiting uniform locali-
zation (domain size = 360 degrees) was approximated as Os or the
minimum value. The period of cells exhibiting a transient domain of
various sizes was approximated as 460s. This approximation was
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based on a previous simulation that showed the period becomes
longer as the excitability decreases®® and the fact that less than 1% of
cells showing a traveling wave had a period of 450 s or longer. These
heat maps were used for hierarchical clustering with Ward’s method
after linearly transforming them into one-dimensional vectors to
classify RasGEFs based on the spatiotemporal characteristics of the
Ras-GTP dynamics. Even if each RasGEF OE strain had the same fraction
showing a travelling wave, this clustering method can analyze the
similarities and differences between strains based on the different
dynamics of Ras-GTP.

Subcellular localization analysis of RasGEFs

Time-lapse movies of RasGEF-GFP-expressing cells in the presence of
latrunculin A acquired by confocal microscopy at 5-s intervals for 5 min
were used for the analysis. After the effect of fluorescence photo-
bleaching was corrected based on an approximation with an expo-
nential function, a maximum projection of the movie stack was per-
formed to obtain a still image to exclude artifacts of transient and
localized reductions in the fluorescence intensity caused by intracel-
lular vesicles that do not contain GFP. An image of the cell was ellip-
tically approximated and divided into 10 regions by concentric
ellipsoids at equal intervals: region 1to region 10 from the inside to the
outside of the cell (Supplementary Fig. 5). The fluorescence intensity
was measured in the h-th region, FI?, and all regions, FI*, in the i-th
cell. An index of localization to the h-th region, L?, was written as.

h
n_ Fli
L

@)

L was averaged over N cells (N > 7). For uniform localization, the index
approximates 1, and for membrane localization it is less than 1 in the
inner regions and greater than 1 in the outer regions.

Co-localization analysis between RasGEFs and Ras-GTP

To examine the co-localization of RasGEFs and Ras-GTP, a cross-
correlation function between the fluorescence intensity time series of
GFP tagged to RasGEF and RFP or mScarlet-] tagged to RBDgap,
mFICtF (sAG,fAL) and mFIR*(sAB,fAt), respectively, simultaneously
observed on the cell membrane in the i-th cell was calculated as

CCF(sAB, TA?)

20 (mFl?fF (sAB,fAL) — ym) (mFlf‘“(sAe, (f +T)AL) — yRaS)
(240 — T)€GrrERas

()

where pger/ras aNd Eger/ras denote the mean and SD of the fluorescence
intensities, respectively. CCF; was averaged over 90 sections, and the
coincidence between two traveling waves was confirmed.

Analysis of cytoskeleton-dependent protrusion dynamics

The frequency of the formation of pseudopods and macropinocytic
cups and the size of the pseudopod were quantified in differential
interference contrast images of RasGEF KO cells and laser confocal
scanning microscopy images of RasGEF-GFP OE cells (Figs. 5 and 6). In
this analysis, pseudopod (lamellipodia-like protrusions) and macro-
pinocytic cup (macropinocytosis-associated protrusions) were dis-
tinguished. Pseudopods were defined as sustained membrane
protrusions for at least 10 s, while macropinocytic cups were defined as
cup-shaped concave structures. In an image of a cell at an arbitrary
time, the pseudopodial region was determined as the region remaining
after subtraction of an image of the same cell acquired 10 s before. If a
pseudopod continued to extend in the same direction, it was con-
sidered a single pseudopod. If a pseudopod formed from a different
region, it was considered a newly formed pseudopod. The number of

newly formed pseudopods and macropinocytic cups over 5min was
counted, and the frequencies of the pseudopod formation and mac-
ropinocytic cup formation were calculated as the number per minute.
Pseudopod size was calculated as the time average ratio in length of
the perimeter section along the pseudopodial region to the entire
perimeter of the cell preceding the image subtraction.

Cell migration analysis
The x- and y-coordinates of the centroid of the cell were obtained using
laboratory-made software>®. The migration trajectory was obtained at
5-s intervals (At=5 s) for 30 min in spontaneous motility assays
(fAt=30 min; f=1,...,360) and 20min in chemotaxis assays
(fAt=20 min; f=1, ..., 240). The migration speed, v;, of the i-th cell
(i=1, ...,N) was quantified by averaging the instantaneous speed
measured in a unit time window of ¢’At =120 s over the trajectory as
v;=(|p(f +€)AD) — pi(fAD)|/ (£'At/60)) ©)
where p;(t) denotes the position at time ¢t. The mean squared dis-
placement (MSD) was defined as

MSD(FAG) = ((pi((f +DAD) - pi(fAD)* ) (10)

IAt,N

where [ is the frame number of the lag time. The chemotactic index,
Cl, of a cell, which indicates the efficiency of the chemotaxis, was
quantified by averaging the cosine of the angle between two
vectors, p, and p., which are the direction vectors from the start to
the end position during an arbitrary 120 s and from the initial posi-
tion, p;.i:iaqr to the micropipette position, respectively, over the tra-
jectory:

Cl=<c059>:<pc.p[’>.r=1,.‘.,23 1)

‘pc| P:,

cAMP response analysis

The fluorescence intensity of RBDg.n-RFP or mScarlet-1-RBDg,s was
measured and averaged across the cell membrane, divided by the
fluorescence intensity averaged in the cytoplasm, and normalized by
the mean value before stimulating individual cells. A maximum
intensity was detected in the time series after the moving average was
taken and compared to a threshold value to evaluate the response of
RBDgasi, Which showed transient translocation to the cell membrane.
Cells that exhibited a larger maximum intensity than the threshold
were regarded as responsive, and a fraction of these cells was exam-
ined across the cAMP concentrations 1 pM to 10 uM. The concentration
which induced a response in 50% of the cells (i.e., ECso) was estimated
by fitting the dose-response plot to the equation

B-A

1+ ()

where A, B, ¢, X and Y denote the minimum value, the maximum value,
Hill coefficient, CAMP concentration, and the fraction of responsive
cells, respectively.

Y=A+ (12)

Quantification of cAMP oscillation period

In the time-lapse movies (800 pixelsx600 pixels; 7.00 mmx5.25 mm)
acquired every 30 s for 1h starting around 4 h after the start of star-
vation, an image subtraction was performed for all neighboring
frames, yielding a movie consisting of 120 frames showing frame-to-
frame differences in brightness. A grid consisting of 81 squares, each
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50 pixelsx50 pixels (0.44 mmx0.44 mm) arranged in a 9 x 9 pattern,
was overlaid onto the center of the movie. The brightness difference
was summed in the square, and the time series was obtained for
81 squares. A temporal autocorrelation function of the brightness
difference in the i-th square was calculated as

120-1 (mFI(fAt) — p) (MFI((f + T)AL) — p)

tACF (tAt)= =L=° (120 — 1)e2 @)

where p and ¢ denote the mean and SD of the brightness difference,
respectively. tACF; was averaged over 81 squares, in which the lag-
time, TA¢, giving the first peak was quantified as the period.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasets generated and analyzed in the current study are available
in the Supplementary Information file and Source data. All other data
that support the findings of this study are available from the corre-
sponding authors upon request. Source data are provided with
this paper.

Code availability
All Python and Image J scripts supporting the findings of this paper are
available upon reasonable request.
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