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A chemorepellent inhibits local Ras activation 
to inhibit pseudopod formation to bias cell 
movement away from the chemorepellent

ABSTRACT  The ability of cells to sense chemical gradients is essential during development, 
morphogenesis, and immune responses. Although much is known about chemoattraction, 
chemorepulsion remains poorly understood. Proliferating Dictyostelium cells secrete a che-
morepellent protein called AprA. AprA prevents pseudopod formation at the region of the 
cell closest to the source of AprA, causing the random movement of cells to be biased away 
from the AprA. Activation of Ras proteins in a localized sector of a cell cortex helps to induce 
pseudopod formation, and Ras proteins are needed for AprA chemorepulsion. Here we show 
that AprA locally inhibits Ras cortical activation through the G protein–coupled receptor 
GrlH, the G protein subunits Gβ and Gα8, Ras protein RasG, protein kinase B, the p21-acti-
vated kinase PakD, and the extracellular signal–regulated kinase Erk1. Diffusion calculations 
and experiments indicate that in a colony of cells, high extracellular concentrations of AprA 
in the center can globally inhibit Ras activation, while a gradient of AprA that naturally forms 
at the edge of the colony allows cells to activate Ras at sectors of the cell other than the sec-
tor of the cell closest to the center of the colony, effectively inducing both repulsion from the 
colony and cell differentiation. Together, these results suggest that a pathway that inhibits 
local Ras activation can mediate chemorepulsion.

INTRODUCTION
Chemotaxis, the movement of a cell toward or away from an exter-
nal signal, is a fundamental process in developmental biology and 
immune function (Schwartz and Horwitz, 2006; Bagorda and Parent, 

2008; King and Insall, 2009; Rappel and Loomis, 2009; Petri and 
Sanz, 2018; Thomas et  al., 2018). Work in the model eukaryote 
Dictyostelium discoideum has elucidated many aspects of chemoat-
traction, the movement of cells toward a signal. Like many motile 
eukaryotic cells, Dictyostelium can move by extending a pseudo-
pod, allowing the pseudopod to adhere, and then contracting the 
trailing edge of the cell to push the cell forward (Devreotes and 
Zigmond, 1988; Uchida and Yumura, 2004; Ananthakrishnan and 
Ehrlicher, 2007; Cooper et al., 2012; Eidi, 2017). During develop-
ment, Dictyostelium cells aggregate using chemoattraction to cyclic 
adenosine monophosphate (cAMP) (Saran et al., 2002; Garcia and 
Parent, 2008; De Palo et al., 2017; Singer et al., 2019). Five major 
pathways downstream of the cAR1 cAMP receptor, including target 
of rapamycin complex 2 (mTORC2), guanylyl cyclase, the mitogen-
activated protein kinase (MAPK) cascade, phosphatidylinositol 3 ki-
nase (PI3K)/phosphatidylinositol triphosphate (PIP3), and phospho-
lipase A appear to act synergistically to promote the formation of 
new pseudopods on the side of cells closest to the source of the 
cAMP to drive chemoattraction (Kim et  al., 1998; Postma et  al., 
2003; Stepanovic et  al., 2005; Chen et  al., 2007; Veltman et  al., 
2008; Van Haastert, 2010; Bretschneider et al., 2016; Nichols et al., 
2019).
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Chemorepulsion is the movement of cells away from a signal. 
Signals such as ephrin and slit cause repulsion of neuronal growth 
cones and dendritic spines (Hu, 1999; Nguyen-Ba-Charvet et  al., 
1999; Havlioglu et al., 2002; Goldberg et al., 2013; Lisabeth et al., 
2013; Pilling et al., 2019; Adhikari et al., 2020). For amoeboid cells 
such as neutrophils, compared with chemoattraction, relatively little 
is known about chemorepulsion (Herlihy et al., 2013, 2015, 2017; 
White et al., 2018; Pilling et al., 2019). We previously found an en-
dogenous chemorepellent that is secreted by proliferating Dictyo-
stelium cells called autocrine proliferation repressor protein A (AprA) 
(Phillips and Gomer, 2012) and has structural and functional similar-
ity to human dipeptidyl peptidase IV (DPPIV) (Herlihy et al., 2013, 
2015, 2017; White et al., 2018). In a colony of growing cells, the 
extracellular AprA concentration will be high in the colony and low 
outside the colony, creating a gradient. This AprA gradient causes 
cells at the edge of a colony to move away from the colony, possibly 
to find new sources of food (Phillips and Gomer, 2012).

Rather than inducing new pseudopods, AprA simply inhibits 
pseudopod formation at the region of the cell closest to the source 
of the AprA, causing the normal random cell motility to be biased 
away from the AprA source (Rijal et al., 2019). Major proteins in-
volved in the AprA-induced chemorepulsion pathway include the G 
protein–coupled receptor GrlH, the Gβ and Gα8 G protein subunits, 
protein kinase A, components of the mTOR2, phospholipase A, 
Erk1, PakD, and the Ras proteins RasC and RasG (Wu et al., 1995; 
Bakthavatsalam et al., 2009; Phillips and Gomer, 2014; Tang et al., 
2018; Rijal et al., 2019). Unlike chemoattraction toward cAMP, the 
PI3K/Akt/protein kinase B and guanylyl cyclase pathways are not 
vital to induce biased movement away from AprA (Ma et al., 1997; 
Kortholt et al., 2011; Rijal et al., 2019).

Some of the key regulators of the AprA-induced chemorepulsion 
pathway are Ras proteins (Rijal et al., 2019). Ras proteins function as 
molecular switches that activate downstream pathways such as the 
PI3K/Akt/mTOR and the MAPK cascade to promote cytoskeletal 
rearrangement for cell polarization and motility (Kyriakis et al., 1992; 
Suire et al., 2006). Ras proteins also regulate processes such as pro-
liferation, phagocytosis, and migration (Wennerberg et al., 2005; Pal 
et al., 2019). Ras proteins cycle between an active state, where the 
Ras is bound to guanosine triphosphate (GTP), and an inactive state, 
where the GTP on the Ras has been hydrolyzed to guanosine di-
phosphate (GDP) (Bourne et al., 1991). Ras activation can be regu-
lated by proteins such as Rho GTPases (Wang et  al., 2013) and 
Erk1/2 through negative feedback loops (Lake et al., 2016). In Dic-
tyostelium, the Ras proteins RasC and RasG are both needed for 
chemoattraction to cAMP (Kae et al., 2004; Sasaki et al., 2004; Bo-
lourani et al., 2006; Kortholt et al., 2011). We previously found that 
rasC¯ and rasG¯ null mutants are repelled in an AprA gradient, but 
rasC¯/rasG¯ double mutants fail to repel (Rijal et al., 2019), suggest-
ing that RasC and RasG have overlapping functions needed for che-
morepulsion (Artemenko et al., 2014).

In a cAMP gradient, to initiate cell polarity and pseudopod for-
mation, Ras activation has three phases (Kortholt et al., 2013). The 
first phase is Ras activation at the entire boundary of the cell (Kor-
tholt et al., 2013). The second and third phases are symmetry break-
ing in which Ras activation is localized at the leading edge of the cell 
toward the chemoattractant (Kortholt et al., 2013). When Ras-GTP is 
localized at the leading edge, downstream pathways such as 
TORC2-PKB and key proteins such as WAVE/SCAR and Arp2/3 
complex are activated to induce actin filament formation and pseu-
dopod formation (Ridley, 2001; Charest et al., 2010). Ras activation 
at the leading edge of a Dictyostelium cell in a cAMP gradient re-
cruits PI3 kinases to the leading edge of the cell (Heid et al., 2005; 

Bosgraaf and Van Haastert, 2009). The recruited PI3 kinases increase 
levels of PIP3 at the inner face of the plasma membrane at the lead-
ing edge of the cell, and this leads to actin polymerization and pseu-
dopod formation (Sasaki et  al., 2004; Janetopoulos and Firtel, 
2008). Conversely, the Ras GTPase-activating proteins RasGAP2 
and RasGAP3 as well as phosphatidylinositol bisphosphate (PIP2) 
show higher concentrations at the trailing edge of the cell and ren-
der Ras in an inactive state (Ras-GDP), reducing actin polymerization 
(Li et al., 2018). The activation of Ras at the leading edge of the cell 
thus causes directed migration of amoeboid cells (Cai et al., 2010; 
Rappel and Edelstein-Keshet, 2017; Cheng et al., 2020).

Because AprA inhibits pseudopod formation at the region of a 
cell closest to the source of the AprA, and because active Ras is in-
volved in pseudopod formation and is required for AprA-induced 
chemorepulsion, in this report we examined the effect of AprA on 
Ras activation. We find that AprA inhibits local Ras activation at the 
side of a cell closest to the source of the AprA using a pathway in-
volving GrlH, Gβ, Gα8, PKB, PakD, Erk1, and RasG, helping to ex-
plain how AprA inhibits pseudopod formation.

RESULTS
A gradient of AprA causes a redistribution of GTP-Ras
We have previously shown that, compared with cells in buffer, 
neutrophils exposed to a DPPIV gradient and Dictyostelium cells 
exposed to a recombinant AprA (rAprA) gradient in an Insall 
chamber showed a biased movement away from the chemorepel-
lent (Phillips and Gomer, 2012; Herlihy et al., 2013) (Supplemental 
Videos 1 and 2). For unknown reasons, ∼17% of both neutrophils 
and Dictyostelium cells showed movement toward the source of 
chemorepellent (Phillips and Gomer, 2012; Herlihy et  al., 2013) 
(Supplemental Videos 1 and 2). To image cells in a gradient of 
AprA in an eight-well slide, we cultured cells in eight-well slides 
and added rAprA to the corner of the well. Diffusion calculations 
indicated that AprA should diffuse more slowly than a small-mol-
ecule dye (Supplemental Figure 1A). When dye was added to the 
corner of the well and then imaged, the dye spread across the 
well faster than expected for diffusion, indicating that convection 
in the well plays a significant role in causing the dye to spread 
across the well (Supplemental Figure 1, A and B). Because con-
vection will move a soluble protein approximately as much as a 
dye, the data in Supplemental Figure 1 indicate that there will be 
a gradient of rAprA in the center of the well at 20 min after adding 
rAprA to the corner of the well. Raf1-RBD-GFP is a chimeric pro-
tein containing the Ras-binding domain of Raf1 fused to the fluo-
rescent protein GFP and preferentially binds to GTP-Ras com-
pared with GDP-Ras, allowing localization of active Ras (Sasaki 
et  al., 2004). In a cAMP gradient, in starved wild-type cells ex-
pressing Raf1-RBD-GFP, as previously observed (Sasaki et  al., 
2004; Zhang et al., 2008; Kortholt et al., 2013), Raf1-RBD-GFP was 
localized at the front of the cell, the region of the cell that is to-
ward the source of cAMP (Figure 1, A and B). We previously found 
that cells at high density accumulate 300 ng/ml extracellular AprA 
(Choe et al., 2009). To test the hypothesis that AprA inhibits pseu-
dopod formation by inhibiting Ras activation, Ax2 cells expressing 
Raf1-RBD-GFP were exposed to a gradient of buffer or buffer with 
300 ng/ml rAprA (Choe et al., 2009) for 20 min (conditions that 
cause no chemorepulsion or chemorepulsion, respectively) (Phil-
lips and Gomer, 2012) and then imaged (Figure 1C). As previously 
observed in Dictyostelium cells (Sasaki et al., 2004; Kortholt and 
Van Haastert, 2008; Rijal et al., 2019), Raf1-RBD-GFP localized at 
part of but not the entire circumference near the cortex of cells 
(Figure 1C). In the absence of a gradient, 50 ± 4% of the cells had 
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discernible Raf1-RBD-GFP localization to some part of the cell 
cortex, while a rAprA gradient caused this to increase to 60 ± 3% 
(mean ± SEM, n = 3 with ∼85 cells assayed in each experiment, p 
= 0.02, t test) (Figure 1D). Compared with control, a decreased 
percentage of cells in an AprA gradient showed detectable Raf1-
RBD-GFP in the cortex at the region toward the source of the 
rAprA (here defined as the back of the cell) and an increased per-
centage of cells showed detectable Raf1-RBD-GFP in the cortex 
at the region away from the source of the rAprA (here defined as 
the front of the cell) (Figure 1D and Supplemental Videos 3 and 4). 
For the videos, we observed that due to the high autofluores-
cence of the HL5 medium, each fluorescence image of cells to 
detect Raf1-RBD-GFP required a high exposure to the excitation 
light and repeated fluorescence imaging of cells caused the Raf1-
RBD-GFP to photobleach. The videos were thus done with cells in 

FIGURE 1:  AprA redistributes Ras cortical activation to the region of the cell away from a 
source of AprA. (A) Live image of a wild-type Ax2 cell transformed with Raf1-RBD-GFP construct 
in a cAMP gradient. * indicates the direction from the cell where cAMP was added. F indicates 
the front of the cell or region of the cell nearest to cAMP. S indicates the sides of the cells. 
B indicates the back of the cell or the region of the cell away from the gradient. The white 
arrows separate the different regions of the cell. Image shows combined fluorescence and DIC. 
Bar is 10 µm. Image is representative of cells from three independent experiments. 
(B) Schematic of wild-type Ax2 cells in a chamber with cAMP gradient at the top left corner of 
the well. The white arrows indicate the different regions of the cell. The green outline on the 
cells indicates where the majority of the Raf1-RBD-GFP is distributed. (C) Live image of a 
wild-type Ax2 cell transformed with Raf1-RBD-GFP construct in a recombinant AprA (rAprA) 
gradient. * indicates the direction from the cell where rAprA was added. F indicates the front of 
the cell or region of the cell farthest from rAprA. S indicates the sides of the cells. B indicates 
the back of the cell or the region of the cell nearest to the gradient. The white arrows separate 
the different regions of the cell. Image shows combined fluorescence and DIC. Bar is 10 µm. 
Image is representative of cells from five independent experiments. (D) Cells were imaged and 
scored for Ras localization. Graph shows the percent of cells with cortical Raf1-RBD-GFP at the 
back (B), at one or both sides (S), or the front (F) of the cell. Values are mean ± SEM of the 
averages from five independent experiments, with at least 30 randomly chosen cells examined 
in each condition in each experiment. *p < 0.05, ***p < 0.001 (two-way ANOVA, Holm–Šídák’s 
test). (E) Schematic of wild-type Ax2 cells in a chamber with rAprA gradient at the top left 
corner of the well. The white arrows separate the different regions of the cell. The green outline 
on the cells indicates where most of the Raf1-RBD-GFP is distributed. (F) Cells were imaged and 
scored for the difference in Raf1-RBD-GFP intensity at the front and sides of the cell and at the 
back of the cell. Graph shows the ratio of ([Raf1-RBD-GFP intensity at the front and sides of the 
cells combined]/3) to (Raf1-RBD-GFP intensity at the back of the cell). (G) Graph shows the 
Raf1-RBD-GFP intensity (in arbitrary units) at the back (B), front and sides (F + S), and entire 
cortical region of the cell (B + (F + S)). For F and G, values are mean ± SEM of the averages from 
four independent experiments, with at least 90 randomly chosen cells examined for each point 
in each experiment. *p < 0.05, ***p < 0.001 (unpaired t tests, Welch’s correction).

a 1:1 mixture of HL5 and SIH (a synthetic 
medium with considerably less autofluo-
rescence). Compared with cells in a buffer 
gradient, cells in a rAprA gradient showed 
less Raf1-RBD-GFP intensity at the back of 
the cell and similar levels at the front and 
sides of the cells (Figure 1, E–G). These 
data suggest that an AprA gradient inhib-
its Ras activation at the back of a cell.

A uniform concentration of AprA 
decreases Ras activation in the cortex
To determine the time needed for rAprA to 
alter Ras activation, Ax2 wild type and cells 
lacking the AprA receptor GrlH (grlH¯ cells) 
expressing Raf1-RBD-GFP were exposed 
to a uniform concentration of 300 ng/ml 
rAprA or buffer and live images were taken 
(Figure 2A and Supplemental Figure 2A). 
Dictyostelium cells show chemorepulsion 
in an AprA gradient after 20 min (Phillips 
and Gomer, 2012), and 5- and 20-min ex-
posures of cells to rAprA increase levels of 
Ras at the cell cortex (Rijal et al., 2019). We 
observed a similar effect at 5, 10, and 20 
min (Figure 2B), but rAprA then reduced 
levels of Raf1-RBD-GFP cortical localization 
after 30 min (Figure 2, A and B). rAprA did 
not decrease levels of active Ras at the cor-
tex in cells lacking the AprA receptor GrlH 
(Figure 2C and Supplemental Figure 2A). A 
pan-specific anti-Ras antibody raised 
against a sequence present in all known 
Dictyostelium Ras proteins showed similar 
levels of Ras in Ax2, rasG¯, rasC¯, rasG¯/C¯, 
and rasD¯ cells, indicating that the antibody 
recognizes one or more Ras proteins in ad-
dition to RasG, RasC, and RasD (Supple-
mental Figure 3). Western blots of whole 
cell lysates stained with the anti-Ras anti-
body indicated that compared with the ad-
dition of buffer, the addition of rAprA to 
cells caused no significant change of total 
Ras levels up to 60 min of AprA treatment 
(Supplemental Figure 2, B and C). Cells ex-
posed to 150 ng/ml or lower concentra-
tions of rAprA for 6 h also had no signifi-

cant change in total Ras levels, whereas at 6 h, 185 ng/ml or higher 
concentrations of rAprA decreased Ras levels (Supplemental 
Figure 2D). To examine levels of GTP-bound Ras, cells were lysed 
and incubated with beads coated with GST-tagged Raf1-RBD pro-
tein, which preferentially binds GTP-bound Ras (Rijal et al., 2019). 
Western blots of material bound to the beads stained with an an-
tibody that detects the Ras antigen indicated that rAprA decreased 
levels of active Ras after 30 min in Ax2 cells (Figure 3). Similar to 
Ax2 cells, cells lacking endogenous AprA (aprA¯ cells) expressing 
Raf1-RBD-GFP showed slightly increased cortical Raf1-RBD-GFP 
localization at 10 and 20 min and decreased cortical localization 
after 30 min in response to rAprA (Supplemental Figure 4A). The 
aprA¯ cells also showed decreased Ras activation in response to 
rAprA in pull-down assays at and after 30 min (Supplemental 
Figure 4B).
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At 60 min, AprA concentrations up to 80 ng/ml did not signifi-
cantly decrease levels of Raf1-RBD-GFP at the cortex, while 115 ng/
ml and higher did decrease levels of Raf1-RBD-GFP at the cortex 
(Figure 4, A and B). To determine whether removing rAprA can re-
store Ras activation at the membrane, cells expressing Raf1-RBD-
GFP were incubated with 300 ng/ml rAprA or buffer in HL5 for 60 
min, and the medium was then replaced with fresh HL5. Live cell 
images were then taken. We previously observed that a uniform 
concentration of 2 μg/ml of rAprA had no significant effect on motil-
ity (Phillips and Gomer, 2012). However, in agreement with the idea 
that AprA inhibits pseudopod formation (Rijal et  al., 2019) com-
pared with cells that were not exposed to rAprA (Supplemental 
Video 5), 300 ng/ml rAprA caused the cells to round up and de-
crease their speed (Figure 5, A–C, and Supplemental Video 6). 
When the medium with rAprA was replaced with fresh HL5, the cells 
regained their amoeboid phenotype, and cortical Ras activation in-
creased after 30 min in fresh media (Figure 5, A and D), indicating 
that AprA does not permanently inhibit Ras activation at the cortex. 
Together, these results suggest that a uniform concentration of 
AprA decreases cortical Ras activation and motility after 30 min, that 
there appears to be a threshold for this effect, that this requires GrlH 

FIGURE 2:  AprA inhibition of Ras cortical activation is time dependent, and rAprA does not 
inhibit Ras cortical activation in grlH¯ cells. (A, B) Live imaging of wild-type Ax2 cells expressing 
Raf1-RBD-GFP in a uniform concentration of rAprA. (A) Image shows combined fluorescence 
and DIC. Bar is 10 µm. Image is representative of cells from five independent experiments. 
(B) Cells were imaged, and the graph shows the Raf1-RBD-GFP intensity at the cortical region of 
the cells, normalized to the 0-min control. (C) grlH¯ cells expressing Raf1-RBD-GFP were 
incubated in 0 (control) or 300 ng/ml rAprA and then imaged at the indicated times. The Graph 
shows the Raf1-RBD-GFP intensity at the cortical region of the cells, normalized to the 0-min 
control. For B and C, values are mean ± SEM of the averages from three independent 
experiments, with at least 40 randomly chosen cells examined in each condition in each 
experiment. *p < 0.05, **p < 0.01, ***p < 0.001 compared with 0 min (unpaired t tests, Welch’s 
correction).

but does not require cells to be expressing 
their own AprA, and that the effect can be 
reversed by removing AprA.

Diffusion calculations predict that 
endogenous AprA forms a gradient at 
the edge of a colony and can 
differentially affect cells at the center 
and edge of the colony
We previously predicted that in a colony of 
cells secreting AprA, a gradient of AprA 
might form at the edge of the colony (Rijal 
et al., 2019). To calculate the local concen-
tration of AprA at different places in an ac-
tual colony of cells, we first need to know 
the extracellular accumulation rate of AprA 
per cell per minute in a colony (φ; the secre-
tion rate if there is no breakdown). A first 
approximation would be to use

NAprA  = φτ

where [AprA] is the amount of extracellular 
AprA at time τ, with cells washed and resus-
pended in fresh medium at time 0, and N is 
the cell density. However, the cells prolifer-
ate during this time, so N is not constant. 
For log-phase cells, with N0 the initial cell 
density, the cell density N(t) will be at time t

( ) =N t N ekt
0 � (1)

Assuming no breakdown of AprA, the 
change in the extracellular AprA concentra-
tion at time t will be

( )  = φN td AprA /dt

The extracellular AprA concentration will 
then be at time τ
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For the Ax2 cells and media used during these experiments, we 
observed that cells would proliferate by a factor of 3.5 ± 1.3 (mean 
± SEM, n = 5) over 24 h, and from Eq. 1 we find that the mean k = 
8.7 × 10–4/min. We then made colonies of cells in eight-well slides 
and measured the extracellular AprA. From Figure 6, a colony of N0 
= 4 × 105 Ax2 cells accumulates 4.0 ng ± 0.8 ng of AprA in 6 h. From 
Eq. 2 we then find that the mean φ = 2.4 × 10–8 ng AprA per cell per 
minute, in approximate agreement with the 2.6 × 10–8 ng AprA per 
cell per minute we previously measured for cells in shaking culture 
(Choe et al., 2009). For cells on glass or plastic in submerged cul-
ture, the local concentration C of AprA at a distance x from a cell 
secreting AprA will be
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FIGURE 3:  AprA inhibition of Ras cortical activation is time 
dependent. Ax2 cells were incubated with or without 300 ng/ml 
rAprA for the indicated times, and an aliquot of the samples was used 
for a Coomassie-stained gel. The remainder of the samples were used 
for Raf1-RBD affinity bead pull downs. These were electrophoresed 
on SDS–polyacrylamide gels, and Western blots were stained with an 
anti-Ras antibody (bottom figure). Band intensities were normalized to 
the corresponding Coomassie gel scans and total Ras. Graph shows 
the levels of GTP-bound Ras normalized to the 0-min control. Values 
are mean ± SEM of three independent experiments. **p < 0.01, 
***p < 0.001 compared with the 0-min control (unpaired t tests, 
Welch’s correction).

(Yuen and Gomer, 1994), where D is the diffusion coefficient of 
the AprA. Extracellular AprA is in a 150 kDa complex with the pro-
tein CfaD (Bakthavatsalam et al., 2008), and the diffusion coefficient 
of a protein of this size is ∼5.0 × 10–7 cm2/s (Bakthavatsalam et al., 
2008). This integral cannot be solved in closed form but can be 
converted to an infinite series (Yuen and Gomer, 1994). Although in 
the diffusion calculations one can correct for the presence of recep-
tors on the cell surface binding to a secreted ligand, effectively 
decreasing the free ligand concentration (Yuen and Gomer, 1994), 

the data from Figure 6 show the free AprA from a colony of cells 
after some AprA has bound to cells, and thus to a first approxima-
tion can be used in the calculations for the free AprA in a colony of 
cells after some AprA has bound to cells. Equation 3 is for cells in an 
infinitely thick layer of medium. The colonies of cells were in 200 µl 
of medium in a 0.9 × 0.7 cm well, yielding an approximate thickness 
of 0.3 cm of medium over the colony. Figure 7A shows the calcu-
lated concentration of AprA after 6 h at different distances from a 
single cell continuously secreting AprA. This indicates that the con-
centration of AprA at 0.3 cm from the cell is 1.4 × 10–4 relative to the 
concentration immediately adjacent to the cell, indicating that the 
calculations for an infinitely thick layer of liquid above the cell will be 
a good approximation to what is happening in the well. As de-
scribed in Gomer (2019), we can then calculate the concentration of 
AprA at different distances from the center of a colony of cells, sum-
ming the contribution from each cell at each distance from the col-
ony center. Because the cells are proliferating, we corrected for cell 
proliferation by increasing the number of cells and the size of the 
colony every hour in the calculation. A colony of 4 × 105 cells, from 
observations, had an initial radius of 0.18 cm and after 6 h a radius 
of 0.21 cm; dividing the cell number by πr2 indicated that the local 
surface density of cells remained constant. In colonies of 2 × 105 
cells or fewer, from the center to the edge of the colony (vertical 
dotted line in Figure 7B), the predicted AprA concentration is below 
the 185 ng/ml threshold (horizontal dotted line in Figure 7B), where 
AprA decreases the levels of the antigen(s) recognized by the anti-
Ras antibody. In a colony of 4 × 105 cells, the calculations predict 
that cells in the center will be exposed to AprA concentrations 
greater than 185 ng/ml, while an annulus of cells near the edge of 
the colony will be exposed to AprA concentrations below 185 ng/
ml. The calculations also predicted that a smaller annulus would 
have AprA concentrations below the 115 ng/ml threshold (dashed 
line in Figure 7B), where AprA inhibits Ras cortical localization 
(Figure 4B). The calculations then predicted that cells from the cen-
ter to the edge in colonies with 8 × 105 cells would be exposed to 
AprA concentrations above 185 ng/ml, thereby decreasing levels of 
the Ras antigen(s).

The predicted AprA gradient at the 
edge of a colony affects Ras activation
Figure 7B predicts that for 4 × 105 cell 
colonies with initial radii of 0.18 cm, at 6 h 
there should be an endogenous gradient 
of AprA. As with cells in a rAprA gradient 
in a gradient chamber, in cells at the mar-
gin of these colonies, levels of cortical 
Raf1-RBD-GFP were decreased at the cor-
tical region of the cell closest to the center 
of a colony compared with the cortical re-
gion of the cell away from the center of 
the colony (Figure 8, A, C, and E). This 
effect was observed for both fixed cells 
(Figure 8A) and live cells (Figure 8C). 
Figure 7B also predicts that for 4 × 105 cell 
colonies with initial radii of 0.18 cm, at 6 h 
there should be sufficient AprA near the 
center of the colony to inhibit Ras activa-
tion at the cell cortex, and we observed 
that this was indeed the case in fixed and 
live colonies (Figure 8, A, C, and F). For 
unknown reasons, whereas live cells at the 
center of the colony showed levels of total 

FIGURE 4:  AprA inhibition of Ras cortical activation is concentration dependent. (A) Ax2 cells 
expressing Raf1-RBD-GFP were incubated with the indicated concentrations of rAprA for 60 min 
and then imaged. Image pairs are fluorescence at left and combined fluorescence and DIC at 
right. Bars are 10 µm. Images are representative of three independent experiments. (B) Graph 
shows Raf1-RBD-GFP (green) fluorescence intensity at the cortical region of cells, normalized to 
the 0 ng/ml rAprA control. Values are mean ± SEM of the averages from three independent 
experiments, with at least 40 randomly chosen cells examined for each point in each 
experiment. **p < 0.01 compared with the 0 ng/ml rAprA control (unpaired t tests, Welch’s 
correction).
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GrlH, Gβ, Gα8, PakD, RasG, Erk1, and PKB are necessary for 
AprA to inhibit Ras activation
We previously identified mutants that have defective chemorepul-
sion from AprA (Bakthavatsalam et al., 2009; Tang et al., 2018; Rijal 
et al., 2019), and in Figure 2C we observed that cells lacking GrlH do 

Raf1-RBD-GFP similar to those of the cells at the edge of a col-
ony (Figure 8, C and D), the Raf1-RBD-GFP levels decreased in 
fixed cells at the center of a colony compared with cells at the 
edge of a colony (Figure 8, A and B). In low-power images of 
fixed colonies, this resulted in a ring of Raf1-RBD-GFP staining 
(Figure 8G). Because levels of AprA above 185 ng/ml decrease 
levels of the antigen detected by the anti-Ras antibody after 6 h 
(Supplemental Figure 2D), in agreement with Figure 7B, a ring of 
the antibody that binds to a Ras antigen was observed in 4 × 105 
cell colonies (Supplemental Figure 5). In agreement with the pre-
diction that colonies with the same size but a lower density of 
cells would have low levels of AprA in the center of the colony, 
we observed that in images at lower magnification, the anti-Ras 
staining was detectable throughout the colony in colonies with 
0.5 and 1 × 105 cells (Supplemental Figure 5). Colonies with 2 × 
105 cells showed a ring, albeit one that extended farther toward 
the center of the colony than the ring seen with 4 × 105 cell colo-
nies (Supplemental Figure 5). In agreement with the calculations, 
8 × 105 cell colonies showed lower antigen detection by the anti-
Ras antibody (Supplemental Figure 5). These data suggest that 
the inhibition of Ras activation at the cell cortex at the higher 
side of an AprA gradient is similar in cells at the margin of a col-
ony to that in cells in a gradient chamber and that the effects of 
high levels of AprA may cause cells at the center of a colony to 
have different properties compared with cells at the edge of a 
colony.

FIGURE 5:  AprA removal can restore amoeboid phenotype and Ras activation at the cortex. (A) Wild-type Ax2 cells 
expressing Raf1-RBD-GFP (green) were incubated with or without 300 ng/ml rAprA in HL5 for 60 min, and the medium 
was then replaced with fresh HL5. DIC images of live cells before adding rAprA (left), at 60 min after adding rAprA 
(center), and at 90 min after removing rAprA (right). Images are representative of three independent experiments. Bars 
are 10 µm. (B) Roundness of cells exposed to rAprA for 60 min was determined by measuring the ratio of the short and 
long axes of the cell (short/long). (C) Graph shows motility speed, defined as the total path distance traveled divided by 
the time elapsed determined by measuring the position of a cell every 15 s for 30 min after adding rAprA. (D) Ax2 cells 
were incubated with or without (Control) rAprA for 1 h, and the medium was then replaced with fresh HL5. Cells were 
imaged at the indicated times after removing rAprA. Graph shows the Raf1-RBD-GFP (green) intensity at the cortical 
region of the cell, normalized to the 0-min control. Values are mean ± SEM of the averages from three independent 
experiments, with at least 40 randomly chosen cells examined for each point in each experiment. *p < 0.05, ***p < 0.001 
compared with the 0-min preincubated with rAprA control (unpaired t tests, Welch’s correction).
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not significantly decrease Ras cortical activation in response to 
AprA. To determine whether other proteins involved in chemorepul-
sion are needed for AprA to inhibit Ras activation, mutants were 
transformed with a Raf1-RBD-GFP construct and were then exposed 
to 300 ng/ml rAprA for 30 min and imaged. The localization of Raf1-

RBD-GFP was examined in live cells. In addition to cells lacking 
GrlH, the loss of Gβ, Gα8, PakD, RasG, Erk1, and PKB blocked the 
ability of rAprA to decrease cortical Ras activation (Figure 9 and 
Supplemental Figure 6), suggesting that these proteins are neces-
sary for, or are part of, the pathway from the AprA receptor to the 
Ras cortical activation inhibition. Although cells lacking Erk2 showed 
defective chemorepulsion from rAprA (Supplemental Figure 7), cells 
lacking Erk2 showed normal AprA-induced Ras deactivation from 
the cortical region (Figure 9 and Supplemental Figure 6). Cells lack-
ing AprA, RasD, RasC, GefA, and ElmoE showed both the ability to 
chemorepel from a source of rAprA (Rijal et al., 2019, and Supple-
mental Figure 7) and rAprA-induced Ras deactivation at the cortex 
(Figure 9 and Supplemental Figure 6).

To identify which proteins required for chemorepulsion are 
needed to affect Ras cortical activation in cells in a rAprA gradient, 
mutant cells were assessed for Raf1-RBD-GFP distribution as in 
Figure 1. As shown in Figure 10, in a rAprA gradient and compared 
with Ax2, there was no redistribution of Raf1-RBD-GFP intensity at 
the front and sides of the cell compared with the back (the region of 
the cell toward the source of rAprA) in cells lacking GrlH, Gβ, Gα8, 
PakD, RasG, Erk1, and PKB, suggesting that these proteins are nec-
essary for, or are part of, the pathway from the AprA receptor to in-
hibit Ras cortical activation at the region of the cell closest to the 
AprA gradient (Figure 10 and Supplemental Figure 8). Cells lacking 
RasD and RasC showed an increase in Raf1-RBD-GFP intensity at the 

FIGURE 7:  Predicted concentrations of AprA from diffusion 
calculations. (A) Theoretical concentration of AprA at the indicated 
distances from a single Ax2 cell on a solid surface continuously 
secreting AprA for 6 h. (B) Theoretical concentration of AprA close to 
the surface at different distances from the center of a colony of Ax2 
cells on a surface after 6 h, with the indicated initial number of cells in 
the colony. The colony sizes match the colonies in Supplemental 
Figure 5. The vertical dotted line indicates the position of the edge of 
the colony at 6 h, the horizontal dotted line indicates 185 ng/ml AprA, 
and the horizontal dashed line indicates 115 ng/ml AprA.

FIGURE 8:  Extracellular accumulation of AprA inhibits Ras activation in cells at the center of a colony and redistributes 
Ras activation in cells at the edge of a colony. (A, C) Colonies of 4 × 105 Ax2 cells expressing Raf1-RBD-GFP (green) were 
incubated in HL5 for 6 h. The cells were then fixed (A) or imaged live (C). Cells at the center (left) and edge of the colony 
(right) were imaged. * indicates direction toward the center of the colony for cells at the edge. Bars are 10 µm. Images 
are representative of three independent experiments. (B) Graph shows the Raf1-RBD-GFP intensity per area (arbitrary 
units) in each cell located in the center and edge of the colony of fixed cells in A. (D) Graph shows the Raf1-RBD-GFP 
intensity per area (arbitrary units) in each cell located in the center and edge of the colony of live cell images (C). 
(E) Fixed cells at the edge of the colony were imaged and scored for the difference in Raf1-RBD-GFP intensity at the 
front and sides of the cell and at the back of the cell. Graph shows the ratio of ([Raf1-RBD-GFP intensity at the front and 
sides of the cells combined]/3) to (Raf1-RBD-GFP intensity at the back of the cell). (F) Graph shows the percent of cells 
with Ras cortical activation in fixed cells at the center and edge of the colony. Values are mean ± SEM of the averages 
from four independent experiments, with at least 90 randomly chosen cells examined for each point in each experiment. 
(G) Stitched images of a colony. Bars are 0.5 mm. Images are representative of three independent experiments. For B 
and F, ***p < 0.001, ****p < 0.0001 (unpaired t tests, Welch’s correction).
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front and sides of the cells compared with the back of the cell, simi-
lar to Ax2 cells (Figure 10). Although required for chemorepulsion, 
cells lacking Erk2 showed Raf1-RBD-GFP intensity at the front and 
sides of the cells compared with the back of the cell similar to that 
of Ax2 cells (Figure 10). This suggests that Erk2 is necessary for, or is 
part of, pathways parallel to or downstream from Ras. Cells lacking 
GefA showed an intermediate phenotype in rAprA gradients; there 
was an enhancement of Raf1-RBD-GFP at the edge of the cell away 
from the source or rAprA, but there was still Raf1-RBD-GFP in other 
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FIGURE 10:  Ras cortical activation in cells in a rAprA gradient. Cells of the indicated genotypes expressing 
Raf1-RBD-GFP were exposed to a buffer or rAprA gradient. Images of live cells were taken. Graph shows the ratio of 
([Raf1-RBD-GFP intensity at the front and sides of the cells combined]/3) to (Raf1-RBD-GFP intensity at the back of the 
cell). Values are mean ± SEM of the averages from four independent experiments, with at least 90 randomly chosen cells 
examined for each point in each experiment. *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired t tests, Welch’s correction).
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FIGURE 9:  AprA does not inhibit Ras cortical activation in some mutants. Wild-type Ax2 and 
mutant cells were incubated in the presence or absence (buffer) of a uniform concentration of 
300 ng/ml of rAprA for 60 min. Live cells expressing Raf1-RBD-GFP were imaged. Graph shows 
Raf1-RBD-GFP expression intensity in arbitrary units at the cortical region of the cells. Values are 
mean ± SEM of the averages from three independent experiments, with at least 36 randomly 
chosen cells examined for each condition in each experiment. *p < 0.05, **p < 0.01, ***p < 0.001 
comparing buffer to AprA for each strain (two-way ANOVA, Holm-Šídák’s test).

parts of the cell. For unknown reasons, in 
cells incubated in a uniform concentration 
of rAprA, Raf1-RBD-GFP seems to localize 
on cytosolic vesicles and pseudopods, 
whereas in cells incubated in a gradient of 
rAprA, Raf1-RBD-GFP seems to localize 
mostly in pseudopods (Supplemental 
Figures 6 and 8). To test whether these mu-
tants accumulate extracellular AprA to gen-
erate an endogenous AprA gradient, the 
extracellular AprA accumulation by colonies 
of cells was measured. Except for aprA¯ 
cells, all the mutants examined accumulated 
extracellular AprA (Figure 6). Compared to 
wild-type Ax2, cells lacking PakD and Erk1 
showed an increase in the percent of cells at 
the edge of the colony with cortical active 
Ras (Supplemental Figure 9), suggesting 
that these proteins inhibit Ras activation at 
the cortex. Conversely, cells lacking GrlH, 
Gβ, Gα8, RasG, PKB, and ElmoE had a de-
creased percentage of cells at the edge of 
the colony with cortical Ras activation (Sup-

plemental Figure 9), suggesting that these proteins potentiate Ras 
activation at the cortex.

DISCUSSION
In a cAMP gradient, Ras activation occurs at the region of the cell 
toward the source of cAMP (Sasaki et al., 2004; Zhang et al., 2008; 
Kortholt et al., 2013). Complementary to previous observations of 
Ras activation in starved Dictyostelium cells exposed to pulses of 
cAMP every 6 min for 5 h (Sasaki et al., 2004), we observed that cells 
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in a nutrient-rich medium exposed to a continuous AprA gradient 
had Ras activation inhibited at the region of the cell toward the 
source of AprA. Similar to our observations, previous work has 
shown other examples of Ras inhibition to induce chemorepulsion. 
In human aortic endothelial cells, stimulation of EphB receptors by 
the growth cone chemorepellent ephrin-B1 increases local GAP lev-
els to inhibit Ras activation (Lu et al., 2001; Tong et al., 2003; Noren 
and Pasquale, 2004; Schubbert et  al., 2007; Kao et  al., 2012; 
Lisabeth et al., 2013). Combined with the work in this report, this 
then suggests that eukaryotes from Dictyostelium to humans have 
mechanisms where an extracellular signal can inhibit Ras activation.

Ras potentiates actin filament formation and pseudopod exten-
sion (Van Haastert et al., 2017). Although the pathways of chemoat-
traction and chemorepulsion have many differences (Rijal et  al., 
2019), for both cAMP and AprA, the redistribution of Ras activation 
thus appears to promote actin filament formation and pseudopod 
extension to allow the cell to have a biased movement. We previ-
ously found that in an AprA gradient, the percent of cells with pseu-
dopods at the front of the cells increased and the percent of cells 
with pseudopod in the back decreased compared with those in con-
trol (Rijal et al., 2019). Although pseudopod formation shifted from 
the rear to the front of the cells in an AprA gradient, pseudopod 
formation frequency did not significantly change compared with 
that in cells in a buffer gradient (Rijal et al., 2019). Overall, Ras acti-
vation redistribution and the shift in pseudopod formation cause the 
cells to move in a biased direction away from the AprA. AprA con-
centrations above 115 ng/ml inhibited Ras activation.

We previously found that a uniform concentration of 2 μg/ml of 
AprA did not significantly affect cell speed (Phillips and Gomer, 
2012), whereas here we observed that 300 ng/ml AprA decreased 
cell speed and increased cell roundness. An explanation for this dif-
ference could be that a saturation of AprA receptors due to the high 
concentration of AprA (2 μg/ml) (Phillips and Gomer, 2012) caused 
the cells to be insensitive to AprA.

In low-density vegetative cells (which will have low levels of ac-
cumulated extracellular AprA), we observed that Raf1-RBD-GFP 
tends to localize at the plasma membrane or on vesicles. One pos-
sibility is that these vesicles are pieces of the plasma membrane that 
have been internalized during macropinocytosis (Bloomfield et al., 
2015; Buckley et al., 2020) and that there is some activation of Ras 
on the plasma membrane, as well as the internalized plasma mem-
brane forming the macropinosomes. The Raf1-RBD-GFP would then 
bind the active Ras on the plasma membrane and in vesicles. The 
global addition of AprA caused the Raf1-RBD-GFP to show a diffuse 
distribution in cells. A possible explanation for this is that some of 
the AprA became engulfed in macropinosomes, the extracellular 
AprA inhibited Ras activation on the plasma membrane, and the 
engulfed AprA inhibited Ras on the macropinosomes. The absence 
of active Ras would then cause the Raf1-RBD-GFP to not have any-
thing to bind to, resulting in a cytosolic distribution.

RasC and RasG are required for AprA-induced chemorepulsion 
(Rijal et al., 2019). Although Raf1-RBD-GFP binds to active Ras, it 
does not bind to RasC (Kae et al., 2004). In Dictyostelium, there are 
14 characterized Ras proteins (Williams et al., 2019). In cells lacking 
RasG and both RasG/C, Raf1-RBD-GFP appears to bind to active 
Ras both at the membrane and on cytosolic vesicles. Therefore, 
Raf1-RBD-GFP may be binding to other Ras proteins. This could in-
dicate that RasG might have a role in regulating the binding of Raf1-
RBD-GFP to other Ras proteins, excluding RasC, to inhibit signaling 
propagation after Ras activation.

GrlH, Gβ, Gα8, PakD, Erk1, RasG, and PKB are required for 
AprA-induced chemorepulsion (Phillips and Gomer, 2014; Rijal 

et al., 2019) and for the ability of a uniform concentration or a gradi-
ent of rAprA to inhibit or redistribute Ras cortical activation. These 
proteins thus either are in the pathway between the AprA receptor 
GrlH and the inhibition of Ras activation or are necessary for the 
pathway. In both human neutrophils and Dictyostelium, several pro-
teins such as Rho GTPases play a role in negatively regulating Ras 
activation (Sahai et al., 2001; Wang et al., 2013) and thus may be 
additional components of the GrlH to Ras pathway. Erk2 is required 
for chemorepulsion but is not required for AprA to inhibit Ras activa-
tion and, therefore, is an example of a protein that is in a pathway 
downstream of, or parallel to, the GrlH to Ras pathway.

In response to a source of cAMP, G proteins locally activate Ras 
proteins at the leading edge of the cell (Liu et al., 2018). In human 
leukocytes, G proteins activate downstream proteins such as phos-
pholipase C and receptor tyrosine kinases that recruit SHC/growth 
factor receptor–bound protein 2 (GRB2) to activate Ras proteins 
(Artemenko et al., 2014). PAKs are regulated by both Rho and Ras 
proteins and play a major role in actin cytoskeleton organization to 
promote cell chemotaxis in human neutrophils and growth axonal 
cone guidance in developing Drosophila neurons (Itakura et  al., 
2013). In Rat-1 fibroblasts, PAKs indirectly increase levels of phos-
phorylated Erk1, leading to the indirect negative regulation of Ras 
activation (Frost et al., 1997; Lu et al., 1997; Tang et al., 1999). In 
human neutrophils, Erk1 plays a critical role during chemoattraction 
toward FMLP (Waki et al., 2003; Zhang et al., 2016). Erk1 can regu-
late Ras activation by initiating a negative feedback loop that pro-
motes the inactivation of Ras proteins by phosphorylating the Grb2/
Son of Sevenless (SOS) complex that activates Ras (Eblen, 2018). 
The pathway between the GrlH receptor and localized inhibition of 
Ras cortical activation thus appears to use components known to 
regulate Ras.

In an AprA gradient, PakD is required for chemorepulsion and 
localizes at the region of the cell closest to the source of AprA (Phil-
lips and Gomer, 2014; Rijal et al., 2019), the same region of the cell 
where AprA inhibits Ras cortical activation. This suggests that PakD 
localization may inhibit Ras activation. PKB is a serine/threonine pro-
tein kinase that contains a plekstrin homology domain allowing it to 
bind to PIP3 at the plasma membrane (Khwaja et al., 1997; Osaki 
et al., 2004). Once bound to PIP3 at the membrane, PKB is phos-
phorylated by phosphoinositide-dependent kinase 1, activating 
downstream proteins to regulate chemotaxis (Sarbassov et  al., 
2005). In a cAMP gradient, PKB is involved in phosphorylating a Ras 
signaling complex that negatively regulates RasC during chemoat-
traction (Charest et al., 2010). PKB may therefore play a similar role 
in the AprA chemorepulsion pathway.

In Dictyostelium and neutrophils, Elmo forms a complex with 
Dock and acts as a guanine nucleotide exchange factor (GEF) to 
mediate GTP loading of Rho GTPases to promote fast cytoskeletal 
rearrangement and cell migration (Brugnera et al., 2002; Erwig and 
Henson, 2008; Yan et  al., 2012; Wang et  al., 2016; Arandjelovic 
et al., 2019; Xu and Jin, 2019). In Dictyostelium, Elmo/Dock inter-
acts with Gβγ, which in turn activates RacB or Rac1 to promote actin 
filament formation and pseudopod extension in a cAMP gradient 
(Laurin and Côté, 2014; Wang et al., 2016; Xu and Jin, 2019). ElmoE 
is not required for AprA-induced chemorepulsion (Rijal et al., 2019) 
and is not required for the ability of a uniform concentration of rA-
prA to inhibit Ras cortical activation. Although ElmoE is required for 
short-term repulsive behavior in a rAprA gradient to alter Ras corti-
cal activation for 1 h, it is not required for cells to move away from 
AprA after 1 h. This suggests that ElmoE is part of a fast mechanism 
that senses a gradient of AprA and is not required for the long-term 
repulsion of cells at the edge of a colony.
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In addition to mediating AprA inhibition of Ras cortical activa-
tion, GrlH, Gβ, Gα8, PKB, and PakD appear to inhibit the extracel-
lular accumulation of AprA (Figure 6). Erk1 and RasG also mediate 
AprA inhibition of Ras cortical activation, and these proteins, along 
with GefA, appear to potentiate extracellular accumulation of AprA 
(Figure 6). Because GrlH and the associated G proteins are the first 
step in sensing AprA, these results suggest that AprA, possibly to 
prevent a global shutdown of Ras activation in cells at the edge of a 
large or dense colony, uses a negative feedback loop to modestly 
inhibit its own extracellular accumulation, either by decreasing AprA 
production and/or secretion or by increasing AprA degradation. 
Erk1, RasG, and GefA thus appear to inhibit components in this 
feedback loop.

Ras proteins play a key role in both cell migration and prolifera-
tion (Bar-Sagi and Hall, 2000; Coleman et al., 2004; Crowe, 2004; 
Sasaki and Firtel, 2009; Kortholt et al., 2013). Mutations that cause 
inappropriate activation of Ras are associated with 27–30% of hu-
man cancers (Schubbert et al., 2007; Hobbs et al., 2016). There are 
many commonalities between components of chemoattraction 
pathways and the AprA chemorepulsion pathway with proteins that 
when mutated can lead to cancer (Fernández-Medarde and Santos, 
2011; Gurung and Bhattacharjee, 2015). In addition to inducing 
chemorepulsion, AprA decreases Dictyostelium cell proliferation 
(Choe et al., 2009). An intriguing possibility is that both effects of 
AprA are caused by AprA inhibition of Ras activation.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell strains and culture
Dictyostelium discoideum strains were purchased from the Dictyo-
stelium stock center (Fey et al., 2013). The strains included Ax2, grlH¯ 
(DBS0350226) (Tang et  al., 2018), gα8¯ (DBS0236107) (Wu et  al., 
1994), gβ¯ (DBS0236531) (Lilly et al., 1993; Wu et al., 1995; Peracino 
et al., 1998), aprA¯ (DBS0235509) (Brock and Gomer, 2005), pakD¯ 
(DBS0350281) (Garcia et  al., 2014), rasD¯ (DBS0236860) (Wilkins 
et al., 2000), rasC¯ (DBS0236853) (Lim et al., 2001), rasG¯ (DBS0236862) 
(Bolourani et al., 2006), rasC¯/rasG¯ (DBS0236858) (Bolourani et al., 
2006), gefA¯ (DBS0236896) (Insall et al., 1996), elmoE¯ (DBS0350065) 
(Yan et al., 2012), erk1¯ (DBS0350622) (Nguyen et al., 2010), erk2¯ 
(DBS0350606) (Nguyen et al., 2010), and pkbA¯ (DBS0349876) (Tang 
et al., 2011). Cells were transformed with a pDm115Raf1-RBD con-
struct (Kortholt and Van Haastert, 2008) by electroporation as previ-
ously described (Kuspa and Loomis, 1992; Rijal et al., 2019). Cells 
were cultured as previously described with G418 or blasticidin as ap-
propriate for transformants in HL5 medium (Formedium, Hunstanton, 
England) (Brock and Gomer, 1999; Rijal et al., 2019).

rAprA and chemorepulsion assays
Recombinant AprA (rAprA) was expressed and purified as previ-
ously described (Bakthavatsalam et al., 2008) and concentrated us-
ing a #431488 10 kDa cutoff Spin-X UF 20 centrifugal concentrator 
(Corning, Corning, NY). The rAprA was stored at 4°C in aliquots of 
∼200 ng/µl in 20 mM sodium phosphate, pH 7.4. Chemorepulsion 
assays using an Insall chamber were performed as previously de-
scribed (Bakthavatsalam et al., 2008; Rijal et al., 2019). For chemore-
pulsion assays in eight-well chamber slides, cells were grown to 1 × 
106 cells/ml in HL5 in shaking culture and collected by centrifugation 
at 500 × g for 3 min. Cells were resuspended in HL5 and washed 
twice more by centrifugation and resuspension. The cells were then 
resuspended in HL5 to 1.0 × 105 cells/ml, and 300 µl was placed in 
a chamber of a #354118 eight-chamber tissue culture–treated glass 

slide (Corning) and allowed to adhere for 30 min at room tempera-
ture. From a 250–300 ng/µl rAprA stock in 20 mM NaPO4, pH 7.4, 
∼0.5–0.8 µl was gently added to the corner of the well as previously 
described to make a rAprA gradient (Rijal et al., 2019). Control wells 
had an equal volume of 20 mM NaPO4, pH 7.4, added to the corner 
of the well. Cells were imaged after 20 min. For videomicroscopy, a 
similar experiment was done with the exception that the cells were 
in a 1:1 mixture of HL5 and SIH (Formedium), and cells in the center 
of the well were imaged every 15 s for 1 h at a low exposure level 
(5 ms of excitation light in the GFP channel every 15 s) to minimize 
photodamage using a Ti2 Eclipse microscope (Nikon, Melville, NY) 
with 10× and a PCO Tech 5.5 m cooled sCMOS microscope camera 
(PCO-Tech, Wilmington, DE). Each batch of rAprA was tested for 
chemorepulsion activity on wild-type cells before further experi-
ments were performed. For each individual experiment, at least 
40 cells were tracked.

Cell speed and roundness assays
The effect of rAprA on cells was done as described in Phillips and 
Gomer (2012) with the exception that cells were exposed to 300 ng/
ml rAprA. Cell roundness and motility speed were measured as de-
scribed in Wang et al. (2013) with the exception that for each indi-
vidual experiment, at least 40 cells were analyzed.

Methylene blue dye diffusion assay
Methylene blue dye was used to assess gradient formation in the 
well of an eight-well slide. A 10× stock solution was made by adding 
0.125 g of methylene blue (Sigma, St. Louis, MO) to 50 ml of dis-
tilled water. This was diluted 1:9 in HL5 and clarified by centrifuga-
tion at 500 × g for 1 min. Diluted dye (2 µl) was then added to the 
corner of a well in a #354118 eight-chamber slide containing 200 µl 
of HL5. The well was then imaged at different times on a Ti2 Eclipse 
microscope with a 10× objective. FIJI ImageJ software (Schindelin 
et al., 2012) was used to analyze and quantify the staining. Diffusion 
from a single added point was calculated as previously described 
(Yuen and Gomer, 1994).

Raf1-RBD localization in cells exposed to rAprA
For live cell imaging of cells in a rAprA gradient, cells were resus-
pended to 1 × 105 cells/ml and exposed to a gradient in the well of 
an eight-well slide for 30 min as described above. Differential inter-
ference contrast (DIC) and fluorescence images of live cells were 
taken with a 20× objective on a Nikon Ti2 Eclipse microscope. For 
live cell imaging of cells in a uniform concentration of rAprA, the 
cells were prepared as above. rAprA in 20 mM NaPO4, pH 7.4, was 
added to a final concentration of 300 ng/ml, and this was mixed 
gently and then allowed to incubate for 30 min. Controls were 
treated similarly, adding an equal concentration of 20 mM NaPO4, 
pH 7.4. For some experiments, the medium was gently removed 
after 1 h and 300 μl of fresh HL5 was added to each well. Images 
were taken with a 40× objective on a Nikon Ti2 Eclipse microscope. 
FIJI ImageJ software (Schindelin et al., 2012) was used to analyze 
and quantify fluorescence. Quantification was done as previously 
described (Mouneimne et al., 2006) with the exception that the ratio 
was ([integrated Raf1-RBD-GFP intensity in the cortical region at the 
front and sides of the cell]/3) divided by (integrated Raf1-RBD-GFP 
intensity in the cortical region at the back of the cell).

Raf1-RBD localization in 6-h-starved cells exposed to cAMP
For live cell imaging of cells expressing Raf1-RBD-GFP in a cAMP 
gradient, cells were grown and collected as described above and 
then resuspended in PBM (20 mM KH2PO4, 0.01 mM CaCl2, 1 mM 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e20-10-0656
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MgCl2, pH adjusted to 6.1 using KOH) to 1 × 106 cells/ ml and al-
lowed to starve for 6 h. The cells were then collected as described 
above and washed twice with PBM and resuspended in PBM to 1.0 
× 105 cells/ml. Three hundred microliters was placed in an eight-well 
slide and allowed to adhere for 30 min. cAMP (0.3 μl) (R8196; Den-
ville Scientific, Metuchen, NJ), from a 1 mM stock in sterile water, 
was gently added to the corner of the well. DIC and fluorescence 
images of live cells were taken with a 20× objective on a Nikon Ti2 
Eclipse microscope.

Ras protein levels
To measure Ras protein levels in cells after treatment with different 
concentrations of rAprA, the cells were grown in HL5 in shaking cul-
ture and collected as described above. Different concentrations of 
rAprA or equal volumes of sodium phosphate buffer were gently 
added to each well and left for 6 h. The medium was gently removed, 
and 200 μl of 1× SDS sample buffer with 1× #1861281 protease and 
phosphatase cocktail inhibitor (Thermo Scientific, Waltham, MA) was 
added to each well. The lysates were then heated to 95°C for 5 min. 
Samples were electrophoresed and blotted as previously described 
(Bakthavatsalam et al., 2008) with the exceptions that the blots were 
blocked in 5% nonfat skim milk (Difco, Franklin Lakes, NJ) in phos-
phate-buffered saline (PBS) with 0.1% Tween 20 (PBST) for 1 h, 
stained as previously described (Rijal et al., 2019) with 1:250 #AESA02 
anti-Ras antibody (Cytoskeleton, Denver, CO), and the secondary an-
tibody was 1:2500 #715-036-150 peroxidase-conjugated donkey 
anti-mouse immunoglobulin G (Jackson ImmunoResearch). Staining 
was detected with a SuperSignal West Pico PLUS Chemiluminescent 
Substrate for 10 min (Cat. #34087, Thermo). Images of the mem-
brane were taken using a BioRad ChemiDoc XRS system and quanti-
fied using Image Lab software (BioRad).

Ras pull-down assays
Ras activation was measured using pull-down assay kits (BK008-S; 
Cytoskeleton) following the manufacturer’s protocol with the excep-
tion that 4 × 106 cells/ml were incubated in HL5 with 1 ml/well in 
24-well plates. After allowing the cells to adhere for 30 min, they 
were treated with 300 ng/ml rAprA, adding the appropriate volume 
of a typically 200 µg/ml stock of rAprA in 20 mM sodium phosphate, 
pH 7.4, or the same volume of sodium phosphate buffer for 0, 5, 10, 
20, 30, 60 min. The supernatant was removed and replaced with 
200 µl of RIPA buffer (Cat. #UG286842; Thermo) to lyse the cells. 
Image Lab software (BioRad) was used for quantitation of the 
immunoblot. Band intensities were normalized to the total lane in-
tensity of Coomassie-stained gels of the corresponding cell sample, 
and this was then normalized to the band intensity of total Ras pro-
tein in Western blots of the cell sample.

Cell colony assays
Cells growing in HL5 were collected at log phase and washed as 
described above, resuspended to 4 × 105 cells/ml in HL5, and cells 
(4 µl) were spotted into the center of a chamber in an eight-chamber 
slide. After 30 min in a humid chamber, 200 µl of HL5 was slowly 
added to the chamber from the corner. The slides were incubated 
for 6 h in a humid chamber, then 100 µl of the medium was gently 
removed, and 200 µl of 4% paraformaldehyde in phosphate-buff-
ered saline (PBS) was added to each well. The cells were fixed and 
stained as described in Rijal et al. (2019) using a 1:500 dilution of a 
primary antibody that stains a Ras antigen (#AESA02; Cytoskeleton) 
followed by a 1:1000 dilution of secondary antibody (#715-546-150 
Alexa Fluor 488 donkey anti-mouse; Jackson ImmunoResearch, 
West Grove, PA). For live images of the colonies, a similar experi-

ment was done with cells expressing Raf1-RBD-GFP. The colonies 
were then imaged using a DM6B confocal microscope (Leica Micro-
systems, Wetzlar, Germany) with a Plan Apo Lambda 10× dry objec-
tive. The images were stitched using LAS X software (Leica Microsys-
tems). Higher-magnification images of the cells at the edge of a 
colony were taken on a Nikon Ti2 Eclipse microscope (Nikon) with a 
40× objective. FIJI ImageJ software (Schindelin et al. 2012) was used 
to analyze and quantify the staining. For each individual experiment, 
Ras antigen and Raf1-RBD-GFP localization were assessed in at least 
40 randomly chosen cells at the edge of a colony.

AprA concentration measurements of cell supernatants
Colonies of cells were made as described above. After 6 h, the me-
dium was collected and clarified by centrifugation at 500 × g for 3 
min. The supernatant was then transferred to a Spin-XR UF 500 30k 
MWCO PES concentrator (Corning) and centrifuged at 12,000 × g 
for 5 min. The retentate in the concentrator was adjusted to 200 μl 
using PBS and was mixed with 1× SDS sample buffer and heated to 
95°C for 5 min. Western blots of samples and known quantities of 
rAprA were stained for Ras as described above.

Statistics
Statistical analyses were done using Prism version 8.4.1 (GraphPad, 
San Diego, CA) for t tests and one-way or two-way analysis of vari-
ance (ANOVA) with appropriate posttests. Significance was defined 
as p < 0.05.
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