Coupled excitable Ras and F-actin activation
mediates spontaneous pseudopod formation
and directed cell movement
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ABSTRACT Many eukaryotic cells regulate their mobility by external cues. Genetic studies
have identified >100 components that participate in chemotaxis, which hinders the identifica-
tion of the conceptual framework of how cells sense and respond to shallow chemical gradi-
ents. The activation of Ras occurs during basal locomotion and is an essential connector
between receptor and cytoskeleton during chemotaxis. Using a sensitive assay for activated
Ras, we show here that activation of Ras and F-actin forms two excitable systems that are
coupled through mutual positive feedback and memory. This coupled excitable system leads
to short-lived patches of activated Ras and associated F-actin that precede the extension of
protrusions. In buffer, excitability starts frequently with Ras activation in the back/side of the
cell or with F-actin in the front of the cell. In a shallow gradient of chemoattractant, local Ras
activation triggers full excitation of Ras and subsequently F-actin at the side of the cell facing
the chemoattractant, leading to directed pseudopod extension and chemotaxis. A computa-
tional model shows that the coupled excitable Ras/F-actin system forms the driving heart for
the ordered-stochastic extension of pseudopods in buffer and for efficient directional exten-
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sion of pseudopods in chemotactic gradients.

INTRODUCTION

Chemotaxis, the capacity of cells to move directionally in gradients
of chemicals, is critical for many biological processes, including the
finding of food and sources of inflammation, but also during em-
bryogenesis and wound healing (Artemenko et al., 2014). Cells in
the absence of external cues extend protrusions in different direc-
tions, whereas in a gradient of chemoattractant, many protrusions
are extended in the direction of the highest concentration of the
chemical cues (Bosgraaf and Van Haastert, 2009a; Van Haastert,
2010; Insall, 2013). Protrusions in buffer and a gradient of chemoat-
tractant are formed by local reshaping of the dendritic filamentous
actin cytoskeleton (Krause and Gautreau, 2014). Key to understand-
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ing the molecular mechanism of chemotaxis is to determine how
cells make protrusions and how chemoattractants bias the place
and time where protrusions are formed.

Why do chemotactic cells make protrusions and move when
there is no chemoattractant? Dennis Bray argued in his seminal per-
spective that “the high intrinsic activity serves to anticipate incom-
ing stimuli” (Bray, 2014). An amoeboid cell is always moving, thereby
constantly being responsive to internal and external signals that can
bias this basal cell movement. With this concept, we proposed that
basal cell movement is “prepared” to be biased by chemotactic
signals. The molecular circuits that regulate basal pseudopod for-
mation are constructed in such a way that they are easily biased by
small spatial fluctuation of incoming signals. To understand chemo-
taxis at the lower limit of chemotactic detection, it is therefore es-
sential to delineate the molecular mechanisms of how cells move in
the absence of external stimuli and how tiny signals from activated
chemoattractant receptors mix with this basal signaling, leading to a
more localized response. Amoeboid cells move by extending pseu-
dopodia. Cells in buffer do not extend pseudopodia in random
directions but exhibit a rich repertoire of characteristic behavior
(Andrew and Insall, 2007; Li et al., 2008; Bosgraaf and Van Haastert,
2009b). Most pseudopods are made at the side of an existing pseu-
dopod (splitting), with a strong bias to do this alternatingly to the
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right and the left, leading to zigzag trajectories with persistence of
direction. Alternatively, cells may extend pseudopods de novo from
areas of the cell that have not extended pseudopodia in the recent
past. These de novo pseudopodia are extended in random direc-
tions and interrupt the persistent zigzag trajectories of splittings
(Li et al., 2008; Van Haastert and Bosgraaf, 2009a). Mutants in the
cGMP/myosin pathway have been isolated that exhibit strongly en-
hanced de novo pseudopodia, and these cells move with nearly
Brownian motion. On the other hand, starvation of wild-type cells
strongly suppresses de novo pseudopodia, and these cells show
very strong persistence, exploring large areas (Van Haastert and
Bosgraaf, 2009a). In a shallow cAMP gradient, cells exhibit fewer de
novo pseudopods, and splitting pseudopods have a small posi-
tional bias such that they are slightly better oriented toward the
direction of the gradient than they would be in buffer (Andrew and
Insall, 2007; Bosgraaf and Van Haastert, 2009a). At a molecular
level, two circuits have been identified (Bretschneider et al., 2004,
2009; Ryan et al., 2012; Huang et al., 2013; Gerhardt et al., 2014;
Tang et al., 2014; Bement et al., 2015; Gerisch and Ecke, 2016; Yang
et al., 2016). The first circuit, called the cytoskeletal oscillatory net-
work, is an excitable, actin-based cytoskeleton that can operate
largely independently of external signals. This intrinsic network,
consisting of kinases, GTP-binding proteins, and other regulatory
molecules, modulates the actin-based cytoskeleton. Together these
proteins determine how cells move in the absence of external stim-
uli. The second circuit, called the signal transduction excitable net-
work, is the molecular network by which internal (myosin filaments
for polarity) or external stimuli (chemoattractants) couple directly or
indirectly to the cytoskeleton.

We estimate from genetic and biochemical studies that a few
hundred proteins somehow are involved in chemotaxis or lead to
altered chemotactic behavior when deleted or overexpressed (Fey
et al., 2013; Basu et al., 2015). It will be difficult to completely dis-
sect this complicated network. Uncovering these interactions and
understanding details of chemotaxis will be facilitated if we can
identify the signaling molecules that play a pivotal role at the inter-
face of pseudopod formation and chemotactic signaling. Which
signaling molecule is the critical component for basal pseudopod
formation and receives spatial information from chemoattractant re-
ceptors? In Dictyostelium, Ras and Rac small GTP-binding proteins
play a crucial role in chemotaxis. In the signaling cascade from che-
moattractant receptor to F-actin, Ras is one of the first molecules
that is activated much more strongly at the side of the cell facing the
highest chemoattractant concentration than at the other side of the
cell (Kae et al., 2004; Bolourani et al., 2006; Kortholt et al., 2011,
2013). Ras-GTP is frequently found in protrusions (Hecht et al., 2011;
Kortholt et al., 2013). In addition, cells expressing an activated Ras
in the absence of chemoattractants exhibit an increased number of
F-actin-filled protrusions (Cai et al., 2010). This suggests that Ras is
at a critical position, being part of both the basal and the chemoat-
tractant-stimulated actin-regulated circuit. However, using the sen-
sor Raf—Ras binding domain (RBD)-green fluorescent protein (GFP)
to detect Ras activation, Huang et al. (2013) observed that cells in
buffer make far fewer new Ras-GTP patches than pseudopods—
only 0.6 Raf-RBD-GFP patch versus 3.8 pseudopods/min (Bosgraaf
and Van Haastert, 2009b; Van Haastert and Bosgraaf, 2009a)—
which argues against a fundamental role of Ras in basal pseudopod
formation.

To address this discrepancy and investigate the role of Ras in
basal cell movement in more detail, here we use a recently devel-
oped 10-fold-more-sensitive assay for the detection of activated
Ras in live cells (Kortholt et al., 2013). Our data reveal as many as
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nine new Raf-RBD-GFP patches per minute. Simultaneously, detec-
tion of Ras activation, F-actin formation, and pseudopod extension
in Dictyostelium cells in buffer and shallow gradients of cAMP show
that all protrusions have strongly elevated levels of Ras-GTP, sug-
gesting that Ras is part of both basal pseudopod formation and
chemotactic signaling. Furthermore, we demonstrate that Ras acti-
vation and F-actin form excitable systems that are coupled through
mutual positive feedback and memory. In buffer, this coupled excit-
able system induces the ordered-stochastic extension of pseudo-
pods. In a shallow cAMP gradient, local Ras activation triggers
full excitation of Ras and F-actin at the side of the highest cAMP
concentration, leading to directed pseudopod extension and
chemotaxis.

RESULTS

Cells in buffer contain multiple patches of active Ras

The RBD domain of mammalian Raf binds with high affinity to the
active, GTP-bound state of Dictyostelium Ras but does not bind to
the inactive, GDP-bound state. On Ras activation, the sensor RBD-
Raf-GFP translocates from the cytoplasm to the plasma membrane.
Although RBD-Raf-GFP has a high affinity for Ras-GTP, the transloca-
tion assay is not very sensitive because RBD-Raf-GFP in a boundary
pixel not only is bound to active Ras at the membrane but is also
present as soluble protein in the small cytosolic volume of the
boundary pixels (Kortholt et al., 2013). Previously we showed that
the sensitivity of this assay can be increased about 10-fold by coex-
pressing RBD-Raf-GFP and cytosolic red fluorescent protein (RFP;
Bosgraaf et al., 2008). Cytosolic RFP in these boundary pixels is
used to estimate the amount of cytosol in boundary pixels. Subtract-
ing the RFP signal from the GFP signal gives a highly sensitive assay
for active Ras. Data for each pixel are normalized by dividing by the
average GFP signal in the cytosol and are presented as ‘¥(i), which is
directly proportional to the amount of activated Ras in that pixel (i;
see Materials and Methods). Figure 1A shows a cell in buffer ex-
pressing both markers. In the green channel, two or three faint
patches are visible at the boundary. However, after subtraction of
the RFP signal, multiple patches are detectable. The fluorescence
intensity at the boundary (Figure 1B) reveals at least five areas with
increased Ras activation. Note that details on Ras activation in the
green minus red signal at ¥ < 0.5 are undetectable in the GFP chan-
nel (see Materials and Methods).

The kymograph of activated Ras at the boundary of an unpolar-
ized cell moving in buffer reveals multiple small and large patches of
activated Ras (Figure 1C). We define the minimal requirements for a
patch of activated Ras as a group of pixels with an intensity of ¥ >
0.2, a width of at least 5 adjacent pixels (1 pm), and a duration of at
least 2 pixels (8 s). According to this definition, the 372-s-long kymo-
graph of Figure 1C shows 53 patches that have an average seize of
4.0 ym and an average lifetime of 24 s. On average, a cell has 3.6 +
1.4 Ras-GTP patches (mean and SD, eight cells recorded for 5 min);
with a lifetime of 24 s, cells extend a new Ras-GTP patch on average
every ~7 s (9.1 £ 1.0 new patches/min). About 90% of these patches
have a relative fluorescence intensity W < 0.5, because of which they
were not easily detectable previously with less sensitive assays
(Figure 1D). Indeed, previous experiments reported only 0.6 new
Raf-RBD-GFP patch/min (Huang et al., 2013), consistent with pres-
ent data showing ~0.9 intense patch/min with ¥ > 0.5 (Figure 1D).

Many properties of a Raf-RBD-GFP patch appear to be indepen-
dent of nearby patches (Figure 2). The lifetime, size, or intensity of a
patch is indifferent to whether the two adjacent patches are very
near or far away (Figure 2B) or whether the intensity of the adjacent
patches is very high or very low (Supplemental Figure S1). In
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FIGURE 1: Ras-GTP patches in unpolarized Dictyostelium cells.
Movies were made of cells in buffer expressing RBD-Raf-GFP and
cytosolic (cyt) RFP (Supplemental Movies S1-53). (A) Images of frame
67 in the green channel, the red channel, and the calculated GFP
minus RFP signal ‘¥, which is proportional to Ras-GTP (see Materials
and Methods); scale bar, 5 um. (B) Values of ¥ recorded in a line scan
at a boundary 3 pixels wide (0.6 pm), starting at the arrow indicated in
A. The dashed line at ¥ = 0.5 indicates that details below this line are
not visible in the GFP channel. (C) Kymograph of the values of ¥ for
the entire movie. This cell formed ~53 Ras-GTP patches and extended
16 protrusions in the period of the movie. (D) Cumulative probability
distribution of RAS-GTP patches in unpolarized cells with increasing
intensity. The data represent 63 patches in buffer and 55 in LatA.
Dashed line at ¥ = 0.5 indicates that only 10% of the patches in buffer
and 5% of those in LatA are detectable in the GFP channel.

addition, the size of a patch is not affected by the number or inten-
sity of other patches that are present simultaneously (Figure 2C). On
the other hand, when a new patch appears between two existing
patches, its location is not random but is more localized in the mid-
dle between the existing patches (Figure 2D). This may suggest that
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the existing patches produce a short-range inhibitor that reduces
the probability that a new patch can arise near existing patches.

Patches of active Ras are associated with protruding activity
The cell presented in the kymograph of Figure 1B exhibits 53 Ras-
GTP patches and has extended 16 protrusions during the 372 s of
the recording. The average level of activated Ras at the entire
boundary of the cell is ¥ = 0.28 + 0.03 (eight cells); local patches
have an intensity up to ¥ = 1.4. It appears that the membrane areas
with protruding activity are highly associated with Ras-GTP patches.
First, all protrusions occur in areas with Ras-GTP patches and never
in Ras-GTP—free areas. Second, membrane areas with protruding
activity contain Ras-GTP patches that are much larger, last longer,
and have higher intensity than Ras-GTP patches that are not associ-
ated with protruding activity (Figure 3A). Third, when a cell has mul-
tiple Ras-GTP patches, a new protrusion starts at the patch with the
highest intensity (Figure 3B). Fourth, occasionally an existing protru-
sion splits into two extending protrusions, which both contain a Ras-
GTP patch. After 10-20 s, one protrusion dies, whereas the other
survives; at the original moment of pseudopod splitting, the later
winner already contains more Ras-GTP than the later loser protru-
sion (Figure 3C).

Feedback loops between filamentous actin and Ras activation
Unpolarized cells have an irregular shape with multiple Ras-GTP
patches. On addition of the actin-polymerizing inhibitor latrunculin
A (LatA), cells round up and protrusions disappear (Figure 4A). Ras
activation in patches is still detectable but is reduced (Figure 4B);
the mean Ras activation is <> = 0.31 + 0.03 before LatA and <¥>
=0.13 £ 0.04 after addition of LatA (eight cells). The lifetime of Ras-
GTP patches of control cells is 42 + 11 s in protrusions and 16 £5 s
outside protrusions; the lifetime of all Ras-GTP patches in LatA-
treated cells is short, 16 + 6 s (Figure 4C). In addition, the width and
intensity of the Ras-GTP patches in LatA are essentially identical to
the width and intensity of the subfraction of small Ras-GTP patches
in control AX3 cells that are not associated to pseudopods (Supple-
mental Figure S2). The pronounced Ras-GTP patches that are
associated with protrusions of control cells are not detectable in
LatA-treated cells. On average, LatA-treated AX3 cells contains
2.2 + 0.8 Ras-GTP patches/cell; with a lifetime of 16 s, this implies
that cells extend a new Ras-GTP patch on average every ~8s (8.3 +
1.5 in LatA vs. 9.1 + 1.0 new patches/min without LatA, mean and
SD; eight cells; not significantly different). Of importance, only 5% of
the Ras-GTP patches have intensity ¥ > 0.5 (Figure 1D), consistent
with the very scarce occurrence of 0.3 patch/min reported previ-
ously with the less sensitive assay (Huang et al., 2013).

The results suggest that F-actin stimulates Ras activation in pro-
trusions of unpolarized cells in buffer. Because active Ras is known to
induce the formation of F-actin (Cai et al., 2010), the combined data
imply the presence of a positive feedback loop from F-actin to Ras-
GTP and back to F-actin. In LatA, this positive feedback loop is inter-
rupted, suggesting that the Ras-GTP patches observed in LatA are
small, autonomous Ras-GTP patches formed in an excitable me-
dium of Ras activation. To investigate the autonomous Ras activator
further, we recorded the number of Ras-GTP patches per cell during
several minutes in LatA-treated cells (inset, Figure 4D). Autocorrela-
tion analysis of the variation in the number of Ras-GTP patches re-
veals that the autocorrelation time of Ras-GTP patches (the time
period in which the autocorrelation decreases to zero) is much
shorter for cells in LatA than for control cells (Figure 4D). This
corresponds well with the measured shorter average lifetimes of 17
and 24 s for LatA and control cells, respectively. Of importance,
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FIGURE 2: Ras-GTP patches are not strongly influenced by neighboring patches. (A) Schematic
of measurements. Left, a patch has a width w, lifetime t, intensity i, and given times of birth and
death. Right, a patch is embedded by adjacent patches and has distances x and y to the
adjacent patch to the right and left, respectively; these are measured at the times of birth

(xp and yp) during life (x; and y}) and at the times of death (x4 and y,) for the patch. (B) Lack of
correlation between lifetime, width, or intensity of a patch and the distance to the adjacent
patch (n = 23). All R? values are very low and do not support a significant correlation. (C) A cell
may have one or multiple Ras-GTP patches and patch-free spaces. The width of a Ras-GTP
patch is independent of the number of other patches present; instead, patch-free spaces
become smaller when more patches are present. Data are means and SEM from 50 patches.

(D) Probability distribution of the appearance of a new Ras-GTP patch relative to the position of
the two adjacent patches; at the moment of birth of a new patch, we measured distances x;, and
Y5 to the adjacent patches (data from 90 experimental Ras-GTP patches and 124 model R
patches). The results show that a new Ras-GTP patch frequently starts somewhere in the middle
of the open space between two patches. The data include cells with a single existing patch,
where x}, and y}, represent the distances of the new patch to the right and left sides of that
existing patch; the new patch preferentially appears at the opposite side of the existing patch.
See Supplemental Figure S1 for other properties of Ras-GTP patches.

Ras-GTP patches with lower intensity are
present at the sides of the cell (Figure 5).
Polarized Dictyostelium cells predominantly
make protrusions by splitting of an existing
protrusion at the front of the cell (Figure 5A).
These splittings are very frequently alternat-
ing to the right and left, by which cells have
a strong tendency to follow a persistent zig-
zag pattern (Li et al., 2008; Bosgraaf and
Van Haastert, 2009b). Figure 5B shows Ras-
GTP levels at the boundary of a subset of
polarized cells that are all extending a pro-
trusion to the left. In addition to the strong
patch of activated Ras in the extending pro-
trusion, a patch of activated Ras is present at
the right of this protrusion, where the previ-
ous pseudopod was extended and the next
protrusion is expected to be formed. The
experiments thus reveal that moving polar-
ized cells have a memory of pseudopod ex-
tension and Ras-GTP patches.

Memory plays a critical role in persistent
cell movement and efficient chemotaxis (Li
et al., 2008; Bosgraaf and Van Haastert,
2009a,b; Cooper et al., 2012; Skoge et al.,
2014). Does the basic excitable system for
Ras activation has memory leading to mem-
ory of protrusions, or is the memory of Ras-
GTP patches the consequence of memory
in F-actin/protrusions? Control cells exhibit
a strong left (L)/right (R) bias (Figure 5C; (RL
+ LR)/(LL + RR) = 3.1; random would be 1.0).
We measured in LatA-treated cells the posi-
tion where a new Ras-GTP patch started in
relation to the position where the previous
patch disappeared. A new Ras-GTP patch
appears equally probable at the left or right
side of the previous Ras-GTP patch, leading
to a very low /R bias (Figure 5C; (RL + LR)/
(LL + RR) = 1.2). We also measured the ac-
tual distance where a new Ras-GTP patch
starts relative to where previous Ras-GTP
patches extinguish. With a circumference of
32 pm of LatA-treated cells, the expected
random distance is 8 pm to the left or right
of the previous Ras-GTP patch; if memory is

autocorrelation of the number of Ras-GTP patches in LatA-treated
cells exhibits very pronounced oscillations with a periodicity of 27
3 s. This periodicity is consistent with the observation that about
every 8 s, a LatA-treated cell makes a new Ras-GTP patch that has a
lifetime of 17 s. Such a strong oscillatory behavior is not observed in
control cells without LatA, probably because control cells have a
mixture of small, short-lasting (16 s) Ras-GTP patches and large,
long-lasting (42 s) Ras-GTP patches that are associated with
protrusions.

Left/right asymmetry of pseudopod formation

and Ras activation in polarized cells

Starved cells become elongated and polarized (Figure 5). The mean
that Ras activation of polarized cells (<¥>=0.31+ 0.03) is not differ-
ent from that for unpolarized cells (<¥>=0.30 £ 0.02), but Ras-GTP
is enriched in a strong patch at the leading edge, and several smaller
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present, the distance is expected to be 8 pm. We observed that the
distance between a new and old patch is 7.8 £ 1.2 pm (mean and
SEM, n = 31), which is statistically not different from random. These
data thus suggest that the basic Ras-excitable system has no detect-
able memory.

Either F-actin or Ras-GTP can be the trigger for a new
protrusion

Our data show that relatively high levels of activated Ras are present
locally at the membrane where a protrusion starts (Figure 3), sup-
porting current models that Ras-GTP acts upstream of the machin-
ery that induces local F-actin polymerization (Sasaki et al., 2004;
Bolourani et al., 2006). However, our data also show that F-actin
strongly enhances excitable Ras activation (Figure 4; Sasaki et al.,
2007). This suggests that Ras activation and F-actin form a positive
feedback loop in extending protrusions. With such a positive
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pseudopod that just stopped its extension, and a new pseudopod starts at the second-largest Ras-GTP patch b.

(C) Ras-GFP levels in protrusions at the start of extension. De novo protrusions have more Ras-GTP than splitting
protrusions. When a protrusion splits into two extending protrusions, a cell must retract one protrusion to prevent
snapping; the data show that the winner protrusion had more Ras-GTP than the loser when they were formed. Data are
means and SD of 12 determinations each; significant at *p < 0.05 or **p < 0.01.

feedback loop, activated Ras may induce F-actin/protrusions, F-
actin/protrusions may induce Ras activation, or both may occur.
What is the trigger for protrusions, Ras-GTP or F-actin?

To untangle this F-actin/Ras positive-feedback loop, we made
careful kinetic analysis of the local activation of Ras and formation of
F-actin in individual protrusions. We performed experiments in wild-
type cells expressing RBD-Raf-GFP and LifeAct-RFP, which exhibit
similar rate constants of dissociation from Ras-GTP and F-actin, re-
spectively (see Materials and Methods). We recorded the moment
and position at the membrane where a protrusion started. Subse-
quently we determined back in time when F-actin and activated Ras
were beginning to increase at that location (see Supplemental Figure
S3 for the procedure). The analysis of seven de novo pseudopods
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revealed that RBD-Raf-GFP started 2.0 £ 0.3 s and LifeAct-RFP 0.8 £
0.3 s before the protrusion. In all seven de novo pseudopods, Ras
activation started first, ~1.3 s before F-actin formation (Figure 6). Of
interest, the analysis of 21 splitting pseudopods revealed the oppo-
site: in 76% of the cases, F-actin started before Ras activation. The
increase of LifeAct-RFP preceded the protrusion by 1.9 + 0.5 s,
whereas RBD-Raf-GFP started to increase 0.7 + 0.4 s before the pro-
trusion; thus Ras activation started 1.2 s after F-actin formation (mean
and SD of all 21 splitting pseudopods).

The chemoattractant induces pseudopods by Ras activation

The chemoattractant cAMP induces Ras activation, which is stron-
gest at the side of the cell facing the highest concentration of

Molecular Biology of the Cell
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ously published models on patches, cou-
pled oscillators, local excitation global inhi-
bition (LEGI) for stimulation by cAMP, and
memory for alternating right/left extension
of pseudopods (Hecht et al., 2010, 2011;
Cooper et al., 2012; Yan et al., 2012; Huang
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does not include deformable cells (Hecht
et al., 2011; Neilson et al., 2011; Shi et al.,
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LatA,; scale bar, 5 um. (B) Line scan at the boundary of these cells. showing the levels of
Ras-GTP; the control cell has approximately five Ras-GTP patches with ¥ = 0.6, whereas the
LatA-treated cell has only three Ras-GTP patches with ¥ = 0.3. (C) Lifetime of Ras-GTP patches.
In control cells, Ras-GTP patches in pseudopods live much longer than Ras-GTP patches in other
areas of the cell. All Ras-GTP patches of LatA-treated cells have a short lifetime. Data show
means and SEM with 16, 35, and 28 patches, respectively; significant at **p < 0.01; ns, not
significant. (D) Autocorrelation analysis showing periodic Ras-GTP formation in LatA. Inset,
number of Ras-GTP patches present in a typical control cell or a cell in LatA. Main graph,
autocorrelation of this number at different lag times. Control cells have a relatively long
autocorrelation time (time constant of exponential decay of autocorrelation at short lag times;
t1/2 = 10.7 s) and no strong oscillations. Cells in LatA have a very short autocorrelation time of
t12 = 3.4 s, and exhibit very strong oscillations with a periodicity of ~28 + 3 s. Data are derived

from four cells for each condition.

chemoattractant (Sasaki et al., 2004; Kortholt et al., 2013). We ana-
lyzed the position and kinetics of Ras activation and F-actin formation
in shallow cAMP gradients (Figure 6). As mentioned, splitting pseu-
dopods in buffer begin with F-actin formation, followed after ~1 s by
Ras activation, and still 1 s later, the extension of the protrusion starts.
In contrast, in cells moving in a shallow cAMP gradient, nearly all
protrusions are preceded by Ras activation, which is followed after
~2 s by both F-actin formation and the extension of the protrusion.
This strongly suggests that in a cAMP gradient, the splitting pseudo-
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2013) and polarity other than by memory,
such as a front—rear gradient of myosin fila-
ments in starved elongated cells (Nakajima
etal., 2014).

A simple reaction-diffusion model for ex-
citable Ras-GTP patches consists of a local
activator and a global inhibitor that are both
enhanced by active Ras-GTP (R). Because
new patches are not likely being formed
close to existing patches but are otherwise
independent of other Ras-GTP patches, we
included a short-range local inhibitor that is
induced by activated Ras (Figure 7A). We
formulated a similar model for a hypothetical
excitable molecule (P) that induces protru-
sions. The molecular identity of P is not spec-
ified; it is not the protrusion itself, but it in-
cludes molecules such as Rac-GTP, activated
Scar, Arp2/3, and F-actin, which induce the
beginning of a protrusion. These two excitable loops are coupled to
each other by two reactions, R stimulating the formation of P, and P
inhibiting the degradation of R. Furthermore, the chemoattractant
regulates the formation of Ras-GTP in a LEGI-type scheme by stimu-
lating both the formation of R and, somewhat more slowly, the for-
mation of the global inhibitor of R. Finally, we include memory (M);
experiments reveal memory in pseudopod formation but not in basic
Ras activation (Figure 4). Therefore the formation of M is stimulated
by P; M degrades slowly and stimulates the formation of new P
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FIGURE 5: Left-right asymmetry of Ras activation and pseudopod
formation. (A) Ras activation in a polarized cell moving to the upper
left corner and then extending a splitting to the right. (B) Ras
activation at the boundary of 19 cells all extending a pseudopod to
the left. The cells have a pronounced Ras-GTP patch at the leading
pseudopod but also elevated Ras-GTP levels at the right half of the
cell at ~55°, where the previous and the next pseudopod form. The
data are means and SEM with n=19. (C) Right/left bias. The
formation of protrusions (control) or Ras-GTP patches (LatA) was
recorded as being to the right or left relative to the previous one. For
each triplet of protrusions or Ras-GTP patches, its configuration was
identified as RR, RL, LR, or LL. In random movement, (RL + LR)/(RR +
LL) is expected to be 1.0, whereas a value >1 indicates a preference
for alternating R/L zigzag movement. The data are presented as
means and SD of 12 cells each with a track of at least 20 protrusions.
The gray bars represent the zigzag bias of P patches in model
simulations, either the full model or no memory (ks = 0). Data are
means and SD with 20 simulations during 20 min.

patches (Figure 7A). In the equations describing this model, we in-
clude Gaussian white noise for R and P (Materials and Methods).
Parameters for diffusion rate constants and kinetic reactions were
chosen to yield the multiple patches of R matching experimental
properties with respect to number, width, and duration of activated
Ras and to yield patches of P matching the number and duration of
protrusions (see Supplemental Figure S4 for details on parameter
selection). Simulations were performed in one dimension with 120
grid points on a circle with radius 6.25 ym; the model does not in-
clude cell deformation.

Figure 7B shows the outcome of a 5-min simulation in buffer,
revealing multiple patches of (R) with a range of sizes and durations
and only a few patches of P. The noise in R and P generates a new
outcome of the model for each simulation. We varied parameter
settings and analyzed ~100 simulations for each condition. The
model successfully predicts many experimental observations: new
patches of R start preferentially in the middle between existing
patches (Figure 2D), and patches of P are formed alternating to the
right and left, depending on M (Figure 5C).

We investigated the properties of the model with respect to the
coupling between R and P and how this is biased by a gradient of
cAMP. We identified the grid point where a new P patch begins and
then identified for that grid point the times t1 and t2 that the previ-
ous or next R patch started, respectively (Figure 7C). The results re-
veal that R and P patches are strongly coupled; with the chosen
settings of the coupling constants ks and k3, ~40% of the P patches
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start just after an R patch, and 45% of the P patches start just before
an R patch (Figure 7D). When the coupling constants ks and k13 are
set to zero, P patches start any time relative to R patches, essentially
as expected for random uncoupled formation of P patches (Figure
7D, bottom). In a gradient of cAMP, which induces the activation of
R patches, significantly more P patches start immediately after R
than in buffer, as also observed experimentally (Figure 6C).

As mentioned earlier, the model parameter settings were chosen
to produce more R patches than P patches, as observed experimen-
tally. Thus, although R and P patches are coupled, only a fraction of
the R patches overlap with a P patch. This was also observed experi-
mentally; only about half of the Ras-GTP-patches are associated
with protrusions, whereas other Ras-GTP patches are formed in
pseudopod-free areas of the cell. It appears that the width, lifetime,
and intensity are significantly larger in R patches associated with a P
patch than in R patches not associated with a P patch, as observed
experimentally (Supplemental Figure S2). We modeled LatA-treated
cells by setting the coupling constant k, between P and R to zero
(i.e., the protrusion does not stimulate Ras-GTP formation). The re-
sults reveal that all R patches are small with respect to size, lifetime,
and intensity, exactly as observed experimentally (Supplemental
Figure S2). We conclude that the coupled excitable R-P model suc-
cessfully describes many observations on Ras activation, F-actin for-
mation, and cell movement in buffer.

Next we investigated chemotaxis in the model cell; we kept all
parameters the same, except for a small stimulation of R by cAMP.
In a gradient of cAMP, more R patches are formed at the side of the
model cell facing the highest cAMP concentration, and conse-
quently also more P patches are formed at that side. To model cell
movement, we assume that a protrusion starts at the position of the
first grid point of an new patch of P and that this protrusion is 5 pm
long and perpendicular to the cell surface (Van Haastert and
Bosgraaf, 2009b; Supplemental Figure S5A). The derived tracks
show that cells in buffer move in all directions. In a cAMP gradient,
the P patches are formed mainly at the side of the cell facing the
highest cAMP concentration (Figure 7E). As a consequence, the
protrusions point in the direction of cAMP (Supplemental Figure
S5E). From these model tracks, a chemotaxis index can be calcu-
lated and compared with experimentally observed data (Figure 7F).
The results reveal that experimental data are only slightly better
than the chemotaxis index predicted by the model.

Finally, we investigated the role of memory on the model cell.
Living cells exhibit a right/left bias of pseudopod extension with ap-
proximately threefold preference for alternating LR + LR extensions
relative to consecutive RR or LL extensions (Figure 5C). The tracks of
the model cell (Supplemental Figure S5) show many alternating zig-
zag segments with a right/left bias of 2.8 + 0.7. Deletion of M from
the model (i.e., k5 = 0) yields tracks with a right/left bias of 1.1£0.3,
which is statistically not different from 1.0 for random (Figure 5C).
Cell movement of amoeboid cells is characterized by a correlated
random walk (CRW): the direction of the next pseudopod is not ran-
dom but correlated with the direction of the previous step, leading
to persistence of movement. The analysis of the mean square dis-
placement as a function of the number of steps provides a very
sensitive method to uncover the mode of movement. Dictyostelium
cells exhibit a persistence of 3.4 min, equivalent to approxi-
mately seven protrusions (Bosgraaf and Van Haastert, 2009b). The
model cells also exhibits a CRW with a persistence of 6.1 steps
(Supplemental Figure S5D). Removing M from the model does not
alter the speed of the model cell but strongly reduces the persis-
tence to 1.2 steps. Finally, in a gradient of cAMP, the trajectories
of model cells are relatively straight in the direction of cAMP, but
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FIGURE 6: Kinetics of Ras activation, F-actin formation, and the
extension of pseudopods. Confocal movies of cells expressing
RBD-Raf-GFP and LifeAct-RFP to detect Ras-GTP and F-actin,
respectively, were recorded at 1.18 s/frame. For seven de novo
pseudopods and 22 splitting pseudopods, the frame number was
identified when the extension of the protrusions started, and then in
several frames before and after that moment the exact position of the
tip of the pseudopod and the fluorescence intensity of RBD-Raf-GFP
and LifeAct-RFP around that position were determined. (A) Raw data
of one splitting pseudopod; three data sets with initially low values
that increase and then level off at a high level. Each data set was
fitted with two linear regression lines—a horizontal line for the data
points before the increase and a line for the increasing data points.
The selection of the data points belonging to these two lines was
optimized using the lowest sum of residual squares of the two
regression lines. The intersection of these two lines represents the
time point (t,) where the data set started its increase. The increase of
LifeAct-RFP (t,) and RBD-Raf-GFP (t,) started 3.11 and 1.17 s,
respectively, before the start of the moving pseudopod (t,)). Raw
data and its analysis for a de novo pseudopod are presented in
Supplemental Figure S3. (B) Combined means and SD of seven de
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this is less obvious in model cells without memory (Supplemental
Figure S5F), leading to a strongly reduced chemotaxis index (Figure
7F). Thus memory contributes to alternating right/left pseudopod
extensions, persistence of cell movement, and improvement of
chemotaxis.

DISCUSSION

Our new data provide detailed information on the role of Ras in
basal pseudopod formation. First, the guanine exchange factors
(GEFs) and GTPase-activating proteins (GAPs) form an excitable
medium for Ras activation to produce Ras-GTP patches at a high
frequency. Second, Ras-GTP and F-actin form a positive feedback
loop by which Ras activation is amplified in protrusions. Third, pro-
trusions are initiated by Ras activation or F-actin formation.

The data strongly suggest that the F-actin/Ras coupled excitable
system is a critical component in buffer to induce protrusions and
that it receives information from the signaling pathways to induce
chemotaxis. Previously it was difficult to define the role of activated
Ras for excitable F-actin and basal pseudopod formation because
the less sensitive assay for activated Ras could detect only the stron-
gest Ras-GTP patches, which prevented the characterization of the
high-frequency excitable Ras system (Hecht et al., 2011; Huang
et al., 2013; Kortholt et al., 2013). Our data now show that Ras is at
the heart of chemotaxis, being part of both a coupled F-actin/Ras
excitable system for basal pseudopod formation and a receptor-
stimulated signaling pathway mediating directional information.

Excitable Ras activation

Cells form Ras-GTP patches at a high frequency of approximately
nine new patches per minute. This is about 15 times faster than
could be observed previously with less sensitive methods. Of impor-
tance, cells make approximately two to three times more Ras-GTP
patches than pseudopods. Because hyperactivation of Ras induces
pseudopods (Cai et al., 2010), and in wild-type cells, all pseudopods
contain elevated levels of Ras-GTP (Figure 3), we conclude that ac-
tivated Ras is a critical component of basal pseudopod formation.
The strong correlation between size, intensity, and lifetime strongly
suggests that the Ras-GTP patches are self-amplifying, a critical
property of excitability. We observed that existing patches do not
influence each other, suggesting that the self-amplification within a
patch does not extend to adjacent patches. Ras excitability for new
Ras patches is not uniform at the membrane but low close to exist-
ing patches and maximal in the middle between existing patches.
The model with a local inhibitor produced by Ras-GTP patches suc-
cessfully reproduces the observed landscape of excitability.

Coupled excitable Ras and F-actin

In the absence of F-actin, the intrinsic Ras module leads to small Ras
patches. In the presence of F-actin, Ras activation is strongly en-
hanced in F-actin filled protrusions, and, conversely, activated Ras

novo and 22 splitting pseudopods in buffer. Movies were also
recorded in a gradient of 0.1 nM/pm cAMP. Chemotaxis cells extend
mainly splitting pseudopods (Bosgraaf and Van Haastert, 2009a).

The data show the means and SD of 12 splitting pseudopods.

(C) Percentage of pseudopods in which RBD-Raf-GFP (green) or
LifeAct-RFP (red) started at least 1 s before the other; the gray bar
represents cases in which this difference is <1 s. The data are derived
from the same experiment as in B. The data for the model present the
percentage of cases in which R (green) or P (red) started at least 1 s
before the other; the gray bar represents cases in which this
difference is <1 s (Figure 7D).
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slightly larger for R than for P, and by which patches of R are formed more frequently than
patches of P. Simulations are performed on a circle with 120 grid points. (B) Kymograph of R and
P for a typical simulation in buffer. (C, D) Coupling of R and P. The schematic shows a red patch
of P. At the grid point of the start of P, the time intervals t1 and t2 were determined at which in
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cases; the upper P patch is closely preceded by an R patch, and the next R patch follows much
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bottom, coupling constants kg and kq3 are set to zero. (E) Kymograph of R and P for typical
simulations in a shallow (left) and steep (right) gradient of cAMP. (F) The chemotactic index was
calculated using the position where each P patch started relative to the highest cAMP
concentration (Supplemental Figure S5). Data are means and SD of 100 simulations for each
cAMP gradient for the full model and the model lacking the memory (ki5 = 0). The experimental
data were collected before using micropipettes (Kortholt et al., 2013).

enhances the formation of F-actin; together
these lead to a crucial positive feedback
loop between F-actin and Ras. Several path-
ways, including TORC2, phosphatidylinosi-
tol 3-kinase, and the small GTP-binding
proteins Rap1 and Rac, may contribute to
Ras-stimulated actin polymerization (Sasaki
et al, 2004; Charest and Firtel, 2007,
Charest et al., 2010; Cai et al., 2010; Kortholt
et al.,, 2011; Liu et al., 2016). The second
component of the positive feedback loop—
the molecular mechanism by which F-actin
regulates Ras activation—is not well known.
Filamentous actin is present in the entire
cortex of the Dictyostelium cells as relatively
stable parallel bundles, whereas in protru-
sion, F-actin is present more as a dynamic
dendritic network (Gerisch and Ecke, 2016).
Most likely, the dendritic bundles are instru-
mental in both Ras activation and pseu-
dopod formation. Ras activation may be
mediated by F-actin-binding RasGEFs
(Kortholt et al., 2013; Liu et al., 2016; Senoo
et al., 2016). Alternatively, Ras activation by
F-actin polymers could be indirect (e.g., a
F-actin-binding protein stimulates a Ras-
GEF), or it could be through coincidental
activation (e.g., TORC2 regulates both Ras
and F-actin; Charest et al., 2010; Kortholt
et al., 2011). In addition, cytoskeletal com-
ponents such as myosin filaments and
IQGAP/cortexillin may inhibit Ras activation
indirectly (Lee et al., 2010) because they in-
hibit the formation of dendritic F-actin in the
rear and at the sides of the cell. Many
reports have shown that actin filament for-
mation occurs in an excitable medium
(Bretschneider et al., 2004, 2009; Ryan
et al., 2012; Huang et al., 2013; Gerhardt
etal.,, 2014; Tang et al., 2014; Bement et al.,
2015; Gerisch and Ecke, 2016; Yang et al.,
2016). Of importance, the Ras and F-actin
excitable systems are coupled because den-
dritic F-actin stimulates Ras activation, and
active Ras leads to F-actin polymerization.
Coupled excitable systems are very sensi-
tive to small fluctuations of internal or exter-
nal regulators. Such internal factors could
be cell shape, membrane tension, local dif-
ferences in diffusion, position of the nucleus,
or some form of memory.

Protrusions are triggered by activation
of Ras or F-actin

In a coupled excitable system, stochastic
variation in the concentration of one of the
components (noise) can bring the coupled
system easily to an excited state. Dictyoste-
lium cells can extend either of two types of
pseudopod: splitting of an existing pseudo-
pod or formation of a de novo pseudopod
in an area that was devoid of pseudopod
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activity for some time. De novo pseudopodia are formed at the side
of the cell where the formation of dendritic F-actin is suppressed by
myosin filaments and IQGap/cortexillin (Bosgraaf and Van Haastert,
2009b; Lee et al., 2010). Therefore the probability that the coupled
system can start a de novo protrusion with F-actin is low. Indeed, we
observed that all de novo protrusions started with an increase of
Ras-GTP. On the other hand, pseudopod splitting occurs in an envi-
ronment of existing dendritic F-actin, and we saw new protrusions
triggered by F-actin rather than activated Ras.

Coupled excitable systems are also very sensitive to small fluc-
tuations of an external regulator, such as a chemoattractant gradient
that stimulates one of the components of the coupled system. In
Dictyostelium, the chemoattractant cAMP stimulates Ras activation.
Of importance, almost all protrusions in a cAMP gradient start with
a local patch of activated Ras, whereas F-actin is formed later, simul-
taneous with the extension of the pseudopod. Thus the cAMP-
induced local Ras activation increases the probability that the
coupled excitable system starts amplification to a full-grown Ras-
GTP patch at the place of the initial cAMP-induced Ras activation,
and this leads subsequently to an F-actin patch making protrusion in
the direction of the cAMP gradient. Our model of this coupled excit-
able module successfully explains many experimental observations
on cell movement in both the absence and presence of chemoat-
tractants. The coupled excitable system is not only very efficient for
chemotaxis, but also may allow other forms of coordinated move-
ment, such as collective movement, by which cell-cell contact may
trigger Ras activation, or electrotaxis, by which an electric field may
trigger mobility or activation of Ras.

Although Ras and F-actin are entangled in a positive feedback
loop, and therefore all pseudopods have elevated levels of activated
Ras, note that pseudopod formation is still possible in the absence of
Ras activation (Bolourani et al., 2006) with the F-actin excitable sys-
tem alone. Thus rasC/G-null cells can form protrusions and move in
buffer, but they cannot chemotax efficiently to cAMP because Ras is
an important intermediate between receptor and the cytoskeleton.

Memory

In addition to the coupled Ras/F-actin-excitable system, the system
contains memory: cells exhibit a bias toward alternating right/left
extension of pseudopods. Our experiment reveal that the basal ex-
citable Ras activation has no memory, suggesting that memory of
directional movement is located in some component of the pseudo-
pod cytoskeleton that slowly fades away after the pseudopod has
stopped. The role of the memory can be deduced from experiments
with mutant cells, revealing two main functions. In buffer, alternating
right/left movement allows the cell to move in a persistent manner,
thereby exploring a much larger area in the same amount of time
(Van Haastert and Bosgraaf, 2009a). During chemotaxis, memory
serves as an integrator of directional information by which cells che-
motax much more efficiently in shallow gradients (Bosgraaf and Van
Haastert, 2009a). The proposed roles for right/left memory is well
replicated by M in the computational model, showing that model
cells without memory lose the right/left bias, lose persistence in
buffer, and exhibit impaired chemotaxis. Our computer model was
designed to investigate the kinetic interaction between Ras and
pseudopod-inducing activity and its activation by chemoattractant
gradients. The model did not incorporate components that could
further improve gradient sensing and directional movement. Cell
deformation will lead to a cell that is elongated in the direction of
the gradient, thereby sensing a larger difference between front and
rear (Tweedy et al., 2013). Starved cells are polarized due to myosin
filaments in the rear that inhibit pseudopods in the rear, thereby in-
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creasing the accuracy of movement in gradients (Bosgraaf and Van
Haastert, 2009a; Shi et al., 2013).

A model for chemotaxis

In our present view of chemotaxis, the coupled excitable Ras/F-actin
module forms the beating heart of basal and directed cell locomo-
tion. In the absence of external signals, local stochastic fluctuations
of Ras-GTP, F-actin, or one of their regulators triggers excitation and
pseudopod formation. In a chemoattractant gradient, local stimula-
tion by chemoattractant receptors is easily sufficient to trigger local
excitation of Ras. In this view, a simple signaling pathway from che-
moattractant receptors to Ras activation is essential and sufficient
for chemotaxis, as we reported previously (Kortholt et al., 2011).
However, nature is not simple, and many additional signaling path-
ways have been reported that improve chemotaxis, none of them
being essential. For Dictyostelium, these pathways include phos-
phoinositide 3-kinase , PLA2, TORC2, and guanylyl cyclase, which
probably enhance signaling efficiency between Ras and F-actin
(Veltman et al., 2008; Bosgraaf and Van Haastert, 2009a; Kortholt
et al., 2013). Besides enhancing chemotaxis in shallower gradients,
the additional signaling pathways may also contribute to improved
directed cell movement in complex environment with irregular che-
moattractant gradients and complex three-dimensional surfaces
(Skoge et al., 2016).

Basal cell movement and chemotaxis of mammalian cells may be
regulated by a similar coupled excitable system composed of a
small GTP-binding protein and F-actin. In neutrophils, the GTP-
binding protein is most likely cdc42, which possesses excitable
properties in buffer and is stimulated by the chemoattractant (Yang
et al., 2016), similar to excitable Ras in Dictyostelium. Therefore the
coupled excitable model presented here for Dictyostelium is likely
to be applicable for mammalian cells as well but with different iden-
tities of the excitable R and P.

Why do chemotactic cells move when there is no chemoattrac-
tant? We showed here that the central Ras/F-actin excitable module
is so sensitive to shallow gradients of chemoattractants because the
module is active in the absence of chemoattractants. Because cells
move in the absence of chemoattractant, there is no threshold of
chemoattractant for movement or chemotaxis. Thus each cAMP
molecule that binds to the receptor induces some Ras activation
and contributes to a positional bias of excitable Ras activation. At
the lower limit of chemotaxis, the cell does not need a compass for
navigation that determines where it is to go. Instead, the protrusion
formed by the coupled excitable system in buffer is also formed in a
shallow gradient but with a small positional bias. The limit for direc-
tional movement then depends only on the statistical probability
that more chemoattractant receptors are activated at the side of the
cell facing the highest concentration (Van Haastert and Postma,
2007). Some cells, such as human neutrophils and Dictyostelium,
need optimal chemotaxis for survival of the species and operate at
the physical limit of chemotaxis. We postulate that these cells have
a machinery for movement in buffer that is optimized for chemo-
taxis. In such cells, the characterization of cell behavior in buffer is
instrumental for understanding how these cells sense and respond
to external cues (Bray, 2014).

MATERIALS AND METHODS

Cell culture and preparation

To study Ras activation, we coexpressed RBD-Raf-GFP (amino acids
50-134 of RAF1) with cytosolic mRFP in wild-type AX3 cells from a
single plasmid as described (Bosgraaf et al., 2008; Veltman et al.,
2009; Kortholt et al., 2013). To visualize simultaneously F-actin and
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Ras-GTP, we replaced mRFP of the foregoing vector by LifeAct-RFP.
Cells were grown in HL5-C medium including glucose (Formedium)
containing 50 ug/ml hygromycin B (Invitrogen) for selection. Cells
were collected and starved on nonnutrient agar for 2 h (unpolarized
cells) or 5 h (polarized cells). Cells were then harvested, suspended
in 10 mM KH,PO4/NayHPOy, pH 6.5 (PB), and used in experiments.
Confocal images were recorded using a Zeiss LSM 510 META-NLO
confocal laser scanning microscope equipped with a Zeiss Plan-
Apochromatic 63x/ numerical aperture 1.4 objective.

A sensitive assay for Ras activation at the cell boundary

In Dictyostelium, Ras is located uniformly at the plasma membrane,
where it can shuttle between an inactive, GDP-bound state and an
active, GTP-bound state. GEFs activate Ras proteins, whereas GAPs
catalyze the inactivation of Ras-GTP (Kortholt and van Haastert,
2008). Stimulation of cells with cAMP does not change the localiza-
tion of Ras but converts Ras from the inactive, Ras-GDP state to the
active, Ras-GTP state (Sasaki et al., 2004; Sasaki and Firtel, 2009).
The RBD domain or mammalian Raf binds specifically to the GTP
form of Ras. On cAMP stimulation, RBD-Raf-GFP translocates from
the cytoplasm to the cell boundary. Assays measuring the activation
of a membrane protein using the translocation of a cytosolic marker
to the cell boundary are fundamentally insensitive because a bound-
ary pixel contains membrane and an unknown amount of cytosol. By
coexpressing RBD-Raf-GFP and cytosolic RFP from one plasmid, we
use the RFP signal to estimate the cytosolic volume, which allows us
to calculate the amount of RBD-Raf-GFP that specifically binds to
Ras-GTP at the membrane (Bosgraaf et al., 2008; Kortholt et al.,
2013). Calculations used the following steps. First, the images of the
movie are corrected if needed for bleaching using the EMBL ImageJ
plug-in Bleach corrector; usually, the RFP signal shows 10-30%
bleaching during 5 min. Then the mean background fluorescence
intensity in the red and green channels outside the cells is deter-
mined and subtracted from all pixels of the movie. Subsequently
individual cells are analyzed. To correct for the difference in expres-
sion levels of the two markers within one cell, large areas of the cy-
toplasm are selected (excluding nucleus and vacuoles), yielding the
mean fluorescence intensity in the cytoplasm of the red (<R>) and
green channels (<G), respectively. This provides the correction
factor, c= <G>/<R:>, and all pixels in the red channel are multiplied
by c. Then, for each pixel i of that cell, we calculate the difference of
green and corrected red signals and normalize this by dividing by
the average fluorescence intensity of GFP in the cytoplasm. Thus
the amount of RBD-Raf-GFP that specifically binds to Ras-GTP at the
membrane in pixel iis given by ¥(i) = (G; - cR)/<Gz>. Previous analy-
ses with a PIP3 detector (Bosgraaf et al., 2008) and the current Ras-
GTP detector (Kortholt et al., 2013) reveal that this method provides
an ~10-fold increase of sensitivity for detecting local activated Ras.
Note that a value of ¥ = 0.4 is highly significant and easily detect-
able using the information from the green and red channels but is
nearly undetectable as an increase RBD-Raf-GFP at the cell bound-
ary in the green channel only. Thus all experiments yielding values
of ¥ between 0 and ~0.5 give new information on Ras activation
not found previously. The value of ¥ is a direct indicator for the
amount of RBD-Raf-GFP bound to Ras-GTP at the membrane and is
therefore proportional to the fraction of Ras at the membrane in the
activated state. We can estimate the proportionality p between ¥
and the fraction of Ras only in the activated state (Ras-GTP/total-Ras
= p'¥). The highest values of ¥ frequently observed is ~3; because
Ras-GTP/total Ras is maximally 1, this means that p is maximally
0.33. Unstimulated Dictyostelium cells have <¥>=0.31 £ 0.03; with
p = 0.33, this would mean that in unstimulated cells, ~10% of Ras is
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in the activated, Ras-GTP state, which is consistent with the ob-
served fraction of Ras activation in many cell types (Markevich et al.,
2004).

Chemotaxis assays

To investigate how Ras and/or F-actin are locally activated during
chemotaxis, we stimulated cells expressing RBD-Raf-GFP and cRFP
or cells expressing RBD-Raf-GFP and LifeAct-RFP with a micropi-
pette releasing cAMP. Using pipettes with different cAMP concen-
trations and recordings at different distances from the pipette, we
exposed cells to shallow or steep cAMP gradients (Postma and van
Haastert, 2009). The chemotaxis index is the distance moved in the
direction of the gradient divided by the total distance moved during
intervals of 30 s.

Kinetics of Ras activation F-actin formation

and pseudopod extension

We used the sensor pair RBD-Raf-GFP and LifeAct-RFP to detect
the relative kinetics of Ras activation and F-actin formation. Of im-
portance, these sensors have similar off-rates: single-molecule ex-
periments show that the interaction between RBD-Raf and Ras-GTP
has an off-rate of ~3 57 (Hibino et al., 2009). FRAP experiments of
LifeAct-GFP bound to F-actin show half-maximal recovery after 0.2—
0.3 s, indicating an off-rate between 2 and 3 s7" (Ried| et al., 2008;
Riedl, 2010). Movies of cells coexpressing RBD-Raf-GFP and Life-
Act-RFP from one plasmid were recorded on a confocal microscope
at 1.18 s/frame. The extension of a new pseudopod was deter-
mined using Quimp3 as described (Bosgraaf and Van Haastert,
2010). This provided the first frame (t) and starting position at the
cell boundary of a new protrusion. A line scan (width 660 nm) was
drawn perpendicular to the cell surface at this position (Supplemen-
tal Figure S3B), and several frames before and after ty were analyzed
using this line segment. The tip of the pseudopod was identified as
the x, y-position along this line segment with the half-maximal in-
crease of the GFP signal; the distance of this tip position in a specific
frame relative to the tip position in the previous frame, divided by
the frame interval, represents the speed of movement of the pseu-
dopod in this frame. Using the fluorescence intensities along the
line segment, we determined the time of onset of the increase of
the intensity of RBD-Raf-GFP (t)) and LifeAct-RFP (t,) as follows (Sup-
plemental Figure S3). For the GFP signal, we first subtracted the
intensity value of cytosolic pixels and then determined the sum of
the intensities of those pixels at the cell boundary that have an in-
tensity above the intensity of cytosolic pixels. For the RFP signal, we
used a similar procedure to determine the sum of intensities in the
cortex. GFP data were analyzed by linear regression using a model
in which the level of Ras-GTP is low and constant before t, and in-
creases linearly after t.. Thus t, is the time coordinate of the intersec-
tion point of the two regression lines. The values of t, and t,, (start
point of movement) were estimated in the same way, using data
from the RFP channel and data on movement of the protrusion,
respectively.

Computational model for coupled excitable Ras activation
and pseudopod extension
The model consists of four parts: stimulation of Ras activation by
cAMP (S), excitable Ras activation (R), excitable pseudopod inducer
(P), and pseudopod memory (M). The cell is described as a circle
with a radius of 6.25 um (circumference 39.3 um). Simulations were
performed in a one-dimensional model with 120 grid points.

The cAMP concentration (A in nM) is zero, uniform at the
specified concentration, or a linear gradient with the highest
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concentration at grid point 60. cAMP binds to the receptor with dis-
sociation constant 30 nM to provide the stimulus (S),

S=A/(A+30) (1)

Ras activation and pseudopod initiation contain a noise term,
which was calculated in the numerical simulations as follows:

R (t+At)= R(t)+ Nk (0,0%) + 35 At
2
P (t+At)= P(t)+Np(0,05)+ 2L At

Jat

where N(O, o) is Gaussian white noise with mean 0 and variance 62
and At is the integration time.
The partial differential equations are

%’: (1- )(ko+k15+kz Km —k3Gg —kalg)
, )
—ksR k P+DRV R
%=k7 <R>+k8 <S>—k9GR (4
aaLf (1-Lg) k1oR — kq1iLg + DirV2Lg 5
oP Pn2 Mn3
E=(1_P)(k12+k13R+k14P”2+K‘Q2+k15M”3+K,\V}’3
(6)
—k16Gp — k17Lp) — k1gP + DpV 2P
dG
dtP ki <P>_kZOGP )
aaLtP (1-Lp) ka1P —kaolp + D1pV3Lp (8)
aa,\:’ I(23P I(24M+DMV2M (9)

See Supplemental Table S| for the meaning and value of the pa-
rameters and constants and Supplemental Figure S4 for parameter
sensitivity, selection, and optimization.
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