L T

/

1\

=y

Rho GTPases orient directional sensing in chemotaxis
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During chemotaxis, cells sense extracellular chemical gradients and
position Ras GTPase activation and phosphatidylinositol (3,4,5)-
triphosphate (PIP3) production toward chemoattractants. These
two major signaling events are visualized by biosensors in a cres-
cent-like zone at the plasma membrane. Here, we show that a
Dictyostelium Rho GTPase, RacE, and a guanine nucleotide exchange
factor, GxcT, stabilize the orientation of Ras activation and PIP3 pro-
duction in response to chemoattractant gradients, and this regula-
tion occurred independently of the actin cytoskeleton and cell
polarity. Cells lacking RacE or GxcT fail to persistently direct Ras
activation and PIP3 production toward chemoattractants, leading
to lateral pseudopod extension and impaired chemotaxis. Constitu-
tively active forms of RacE and human RhoA are located on the
portion of the plasma membrane that faces lower concentrations
of chemoattractants, opposite of PIP3 production. Mechanisms that
control the localization of the constitutively active form of RacE re-
quire its effector domain, but not PIP3. Our findings reveal a critical
role for Rho GTPases in positioning Ras activation and thereby
establishing the accuracy of directional sensing.

hemotaxis plays an important role in many biological pro-

cesses, including pattern formation during development,
wiring of the neural network, and immune responses (1-4). In
addition to its physiological roles, alterations in chemotaxis con-
tribute to the pathophysiology of cancer metastasis, inflammation,
and allergies. During chemotaxis, cells sense shallow, extracellular
chemical gradients and persistently move toward higher concen-
trations of chemoattractants through the localized activation of
intracellular signaling cascades and the extension of pseudopods
at the leading edge (5, 6).

The accuracy of chemotaxis is remarkably high, and cells can
migrate with tremendous persistence in shallow chemical gra-
dients, even when the concentration difference is as low as 2%
across the length of the cell (7, 8). Such extreme precision
requires directional sensing and polarization: Directional sensing
is the ability of a cell to detect a chemoattractant gradient and
produce amplified intracellular responses, whereas polarization
establishes an elongated, polarized cell morphology, which is
characterized by distinct posterior and anterior regions that
contain different molecular components (9). Directional sensing
and polarization are interconnected, but they are separable: Di-
rectional sensing can be observed in cells treated with Latrunculin
A (LatA), which disrupts the actin cytoskeleton, whereas polarity
can be formed in response to global chemoattractant stimulation
without concentration gradients. During chemotaxis, the actin
cytoskeleton stabilizes cell polarity and the asymmetric distribution
of molecules to the front and back of cells, creating positive feed-
back systems that maintain directional persistence (10). However,
whether cells control the spatial and temporal accuracy of chemo-
tactic signaling at the step of directional sensing remains unknown.

The molecular mechanisms underlying chemotaxis are evolu-
tionarily conserved and have been studied extensively using the
single-celled amoeba Dictyostelium discoideum as a model system
(8, 11). During Dictyostelium development, which is initiated
upon starvation, free-moving amoeboid cells chemotax toward
aggregation centers that release the chemoattractant cAMP,
resulting in the formation of stress-resistant, multicellular
structures called fruiting bodies that contain spore cells. cAMP
binds to seven-transmembrane domain receptors on the plasma
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membrane and activates the associated underlying hetero-
trimeric G proteins. cCAMP receptors are uniformly distributed
along the plasma membrane, whereas heterotrimeric G protein
activation reflects the receptor occupancy by the ligand without
any signal amplification (12-14). However, the activation of
heterotrimeric G proteins leads to the robust, local activation of
Ras GTPases, as shown by the recruitment of a biosensor for
activated Ras GTPase to the leading edge of chemotaxing cells
(15). Similarly, a biosensor for the short-lived, lipid second
messenger phosphatidylinositol (3,4,5)-triphosphate (PIP3) is
also highly localized to the leading edge upon heterotrimeric G
protein activation (16, 17). Ras activation and PIP3 production
appear to act in parallel but are interconnected, as Ras GTPases
modulate the accumulation of PIP3 by regulating the activity of
PI3-kinase, likely through direct protein interactions (18). Ras
activation and PIP3 production lead to remodeling of the actin
cytoskeleton by promoting the polymerization of actin at the
leading edge (17, 19). Directional sensing converts extracellular
chemical gradients into the local activation of signaling events
and functions as a central step of chemotaxis (20-22). Because
their restriction to the portion of the plasma membrane facing
higher concentrations of chemoattractants occurs independently
of the actin cytoskeleton, biosensors for Ras activation and PIP3
production have been used to directly measure directional
sensing without feedback from cytoskeletal-mediated events (13,
15, 20, 21, 23-25).

In mammals, it has been shown that Rho family GTPases,
including Rho, Rac, and Cdc42, act as downstream effectors of
Ras GTPases and PIP3 to control distinct types of actin cyto-
skeleton remodeling (26, 27). Like many other small GTPases,
the activation of Rho, Rac, and Cdc42 is meditated by the
binding of GTP, whereas their inactivation is mediated by the
hydrolysis of GTP to GDP. Therefore, guanine nucleotide ex-
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change factors (GEFs), which facilitate the exchange of GDP for
GTP, stimulate these GTPases, whereas GTPase activating
proteins (GAPs) turn them off. Many GEFs and GAPs contain
pleckstrin homology (PH) domains, some of which bind to
phosphatidylinositol lipids, such as PIP3 (28, 29). RhoA is acti-
vated at the front, where it promotes membrane protrusion, as
well as at the rear of cells, where it facilitates contraction of the
actin cytoskeleton to move the cytoplasm forward in migrating
fibroblasts (30). In amoeboid cells such as neutrophils, RhoA
activity is preferentially observed at the rear of polarized cells
(31). In contrast, Racl is activated at the leading edge of both
fibroblasts and neutrophils and promotes actin polymerization,
causing lamellipodia formation (32, 33). Similar to Racl, Cdc42
is also activated at the leading edge of fibroblasts and forms
filopodia (34). These Rho family proteins are essential for di-
rected cell migration as regulators of the actin cytoskeleton.
However, it is unknown whether these proteins are required for
directional sensing during chemotaxis.

Here, we have systematically deleted the individual genes that
encode Rho GTPases and its potential GEFs in Dictyostelium to
understand their function in chemotaxis. We found chemotactic
defects in cells lacking the Rho GTPase RacE or a GEF, called
GxcT. Further analyses of racE™ and gxcT™ cells showed that
RacE and GxcT stabilize the orientation of Ras activation and
PIP3 production in response to chemoattractant gradients, and
this regulation occurred independently of the actin cytoskeleton.
As a consequence of unstable directional sensing, racE~ and

gxeT™ cells abnormally extended pseudopods from the lateral
sides of cells, leading to decreased chemotactic efficiency. Con-
stitutively active mutants of RacE and human RhoA were located
at the side of cells facing away from the source of chemoat-
tractants in the absence of the actin cytoskeleton. Our findings
define a unique mechanism that regulates directional sensing and
reveal a molecular function for Rho GTPases in intracellular
signaling upstream of Ras activation and PIP3 production.

Results

GxcT, a Putative RhoGEF, Is Required for Growth and Development.
There are 46 potential RhoGEFs that contain a Dbl-homologous
domain (RhoGEF domain) in the Dictyostelium genome (35). To
study the role of these GEFs in chemotaxis, we systematically
deleted the corresponding individual genes by homologous re-
combination. So far, 20 GEFs have been disrupted (SI Appendix,
Table S1). None of the knockout strains showed noticeable
impairments in cell growth or development except for gxcT™
cells, which exhibited dramatic growth defects both on bacterial
lawns and in synthetic media (Fig. 1 A-D). Growth defects in
synthetic media appear to be due to impaired cytokinesis as
geeT cells are multinucleated under the same conditions (S7
Appendix, Fig. S1 A and B). GxcT is a previously uncharacterized
177-kDa protein (1,574 amino acids) that contains RhoGEF, 1Q
calmodulin-binding, and PH domains (Fig. 14). In addition to
their slow-growth phenotype, grcT™ cells also displayed abnormal
development upon starvation. When WT cells were placed on
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enzymes and analyzed by Southern blotting with a DNA
fragment corresponding to the region designated as the
probe in A. After digestion with Ndel, WT cells showed
a 2.5-kb band as expected, whereas gxcT~ cells showed
a 4.8-kb band. After digestion with Scal and Spel, WT and
gxcT~ cells showed the expected 3.5- and 7-kb bands, re-
spectively. (C) gxcT~ cells formed smaller plaques when
grown clonally on bacterial lawns. Expressing a plasmid
carrying GFP-GxcT in gxcT~ cells nearly restored the WT
phenotype (GFP-GxcT/gxcT"). Relative diameter of plaques
was quantified (n = 22). (D) WT and gxcT~ cells expressing
the indicated proteins were cultured in HL5 medium and
counted daily with a hemocytometer. Values represent the
mean + SEM (n 2 3). (E) WT and gxcT~ cells were plated on

GFP-GxcT (kpy PHorac GxeT Lipid strip nonnutrient DB agar and examined over time for de-
250 LPA|[O O | sIP velopment. (F) gxcT~ cells expressing GFP-GxcT were ob-
B LPC 88 PI(3,4)P, served by fluorescence microscopy. (G) Whole cell lysates
100 g}?:;')‘; oo g:gg;gz were prepared from Dictyostelium cells expressing PHcrac-
° PI(4)P|O @ p|(3:4'5)2P3 GFP or GFP-GxcT and immunoblotted using anti-GFP anti-
L 50 PI(5)P [O O | PA bodies (Left). Similar whole cell lysates were used for lipid
| ew PE 8 8 PS dot blot assays, which showed that GFP-GxcT did not bind
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nonnutrient agar, they aggregated within 12 h and formed
fruiting bodies by 24 h (Fig. 1E). In contrast, gxeT cells failed to
normally aggregate and formed smaller fruiting bodies. Exoge-
nous expression of a GFP-GxcT fusion protein rescued the
growth and developmental defects of gxeT ™ cells, suggesting that
GFP-GxcT is functional (Fig. 1 C and D and SI Appendix, Fig.
S1C). Fluorescence microscopy showed that GFP-GxcT was
present in the cytosol of cells in the presence or absence of
cAMP stimulation (Fig. 1F). Similarly, GFP, fused to the PH
domain of GxcT, was found in the cytosol (SI Appendix, Fig.
S1D). Although some PH domains are known to bind to phos-
phatidylinositols (36, 37), GFP-GxcT did not interact with any
such lipids in dot blot assays (Fig. 1G), consistent with its cyto-
solic localization in cells. As a positive control, GFP, fused to the
PH domain from Crac (PHcrac-GFP), showed strong binding to
PIP3 (Fig. 1G) as previously reported (38, 39).

gxcT~ Cells Are Defective in Chemotaxis. The impaired aggregation
during development of gxcT™ cells suggested a defect in che-
motaxis toward cAMP. To test this possibility, WT and gxcT™
cells were developed for 5 h and placed in a gradient of cAMP,
which was continuously released from a micropipette. WT cells
moved toward the tip of the micropipette, but grcT™ cells failed
to do so (Fig. 24). To exclude the possibility of a developmental
delay in gxcT cells, we developed gxcT cells for 8 h and ob-
served similar chemotactic defects (SI Appendix, Fig. S2A).
Quantitative analyses of the resulting chemotactic behaviors
showed that gxcT™ cells had significant reductions in both che-
motactic speed (the rate of cell movement along the direction of
the cAMP gradient) and motility speed (the rate of cell move-
ment regardless of the direction) compared with WT cells (Fig. 2
B and C and SI Appendix, Fig. S2 B and C). The chemotactic
index, which indicates the directional accuracy of cell migration,
was also decreased in gxeT— cells (Fig. 2D). In addition, gxcT—
cells were less polarized and rounder than the WT controls (Fig.
2E and SI Appendix, Fig. S2D). These chemotaxis defects were
not simply due to impaired expression of developmentally reg-
ulated genes, because cAMP receptor 1 was present at normal
abundances in grcT~ cells during development (SI Appendix,
Fig. S2E).

Normal Ras Activation and PIP3 Production upon Uniform cAMP
Stimulation Occur in gxcT~ Cells. PIP3, one of the signaling mole-
cules that regulate actin polymerization, is transiently generated
in the plasma membrane upon cAMP stimulation (16, 17). We
examined the production of PIP3 by live cell imaging using the
PIP3 biosensor PHcrac-GFP. In response to a uniform cAMP
stimulus, PHcrac-GFP was recruited to the plasma membrane
with similar kinetics in WT and gxeT™ cells, suggesting that PIP3
was produced normally in the mutant strain (Fig. 34). It has been
reported that cAMP-stimulated PIP3 production is independent
of the actin cytoskeleton (13). The kinetics of PIP3 production
upon stimulation with uniform cAMP were similar for WT and
gxeT cells in the presence of Latrunculin A, which disrupts the
actin cytoskeleton (Fig. 34, +LatA). Furthermore, the normal
production of PIP3 in gxcT™ cells was confirmed biochemically by
quantifying the amount of cAMP-induced PHcrac-GFP that was
associated with the membrane fraction (Fig. 3B).

Ras GTPases are activated by cAMP downstream of hetero-
trimeric G protein activation. Activated Ras in turn stimulates
both PIP3 production and TORC?2 activation (19). To examine
the activation of Ras GTPases, the biosensor Ras binding do-
main (RBD)-GFP, which binds to GTP-bound, active forms of
Ras (15), was expressed in WT and gxeT™ cells. As previously
reported (15, 23), RBD-GFP was located at the leading edge of
developed, unstimulated WT cells, and was further recruited to
the plasma membrane upon uniform cAMP stimulation (Fig.
3C). Similar to PIP3 production, cAMP-stimulated membrane
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Fig. 2. Chemotaxis requires GxcT. (A) Developed WT and gxcT cells were
placed in a chemoattractant gradient, established by a micropipette re-
leasing cAMP, and observed for 20 min by phase contrast microscopy. The
trajectories of cell migration are shown. These chemotaxis assays were then
quantified (B-E). (B) Chemotactic speed was calculated as the distance
traveled toward the micropipette divided by the elapsed time (20 min). (C)
Motility speed, defined as the total distance traveled divided by the elapsed
time, was determined by measuring the position of the centroid every 30 s
for a period of 20 min. (D) Chemotactic index was defined as the distance
traveled in the direction of the gradient divided by the total distance trav-
eled in 20 min. (E) Roundness was determined by calculating the ratio of the
short (As) and long (Al) axes of cells (As/Al). For B—E, values represent the
mean + SEM (n = 3). At least 20 cells were analyzed for each experiment.
***p < 0.001.

recruitment of RBD-GFP is independent of the actin cytoskel-
eton (Fig. 3C, +LatA). RBD-GFP behaved similarly in WT and
gxcT cells, both in the presence or absence of Latrunculin A
(Fig. 3C). Consistent with the normal activation of both the Ras
and PIP3 pathways, cCAMP-stimulated actin polymerization was
comparable in WT and gxeT™ cells (Fig. 3D), suggesting that it
may be the spatial regulation of actin polymerization that caused
the observed polarity and migration phenotypes in grcT™ cells.

The Spatial Distribution of PIP3 Production and Ras Activation Is
Unstable in gxcT~ Cells. To further examine the chemotactic de-
fects of gxcT™ cells, PHcrac-GFP was used to analyze PIP3
production in cells that were chemotaxing toward a micropipette
releasing cAMP. Pseudopods were labeled by coexpressing the
F-actin biosensor LimEAcoil-RFP (39, 40). In WT cells, PHcrac-
GFP was concentrated at pseudopods, marked by LimEAcoil-
RFP, which were extended mostly in the direction of the higher
concentrations of cCAMP coming from the micropipette (Fig.
4A4). In contrast, PHcrac-GFP was less oriented toward the
cAMP gradient in grcT~ cells, which were less polarized and
displayed wider pseudopods than WT cells (Fig. 44). In addition,
these pseudopods were often extended from the lateral sides of
the cell, consistent with the increase in roundness described
above in Fig. 2E. Similarly, Ras activation, as revealed by RBD-
GFP, was not well directed toward the cCAMP gradient in gxcT™
cells (Fig. 4B).

To address why PIP3 production and Ras activation in re-
sponse to a cCAMP gradient were less oriented in gxeT ™ cells than
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in WT cells, directional sensing was examined more straight-
forwardly using an established directional sensing assay (13, 15,
20, 21, 23, 24). In this assay, cells expressing PHcrac-GFP and
RBD-GFP were treated with Latrunculin A and then observed
by live cell imaging 1 min after being placed in a cAMP gradient.
Because Latrunculin A inhibits actin polymerization, this treat-
ment would suppress any effects that feedback from the actin
cytoskeleton has on gradient sensing. PHcrac-GFP and RBD-
GFP have been shown to localize to the plasma membrane in
a crescent-like pattern facing higher concentrations of cAMP in
WT cells that have been treated with Latrunculin A (Fig. 54)
(13, 15, 20, 21, 23, 24). Consistent with these previous observa-
tions, PIP3 production was localized to the edge of the mem-
brane that faced the tip of a micropipette releasing cAMP,
resulting in a crescent-like PHcrac-GFP distribution (Fig. 5B).
To quantify the position of PHcrac-GFP crescents, ® was cal-
culated as the angle formed between two lines: the line drawn
between the centroid of the cell and the center of the PHcrac-
GFP crescent, and the line drawn between the centroid of the
cell and the tip of the micropipette (Fig. 54). Quantification of
the angle (@) showed that, in almost all WT cells, the center of
the PHcrac-GFP crescent was located within 45° of the micro-
pipette tip position (Fig. 5C). In contrast, only about 70% of
gxcT™ cells had PHcrac-GFP crescents that were centered within
45° of the micropipette position; the remaining 30% of cells
showed angles ranging from 45° to 135°. Similar to the distri-
bution of PHcrac-GFP, the localization of the RBD-GFP cres-
cents was not as spatially targeted toward high cAMP concen-
trations in gxcT~ cells as in WT cells. Almost 100% of WT,
Latrunculin A-treated cells positioned the center of the RBD-
GFP crescent to within a 45° angle () from the source of the
cAMP gradient (Fig. 5 D and E). However, only ~50% of gxcT™
cells had RBD-GFP crescents centered within this range. The
difference between RBD and PHcrac in gxcT™ cells was not
statistically significant. Without cAMP gradients, PHcrac-GFP
remained in the cytosol in WT and gxcT™ cells. Consistent with
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Fig. 3. GxcT is dispensible for PIP3 production and Ras

T activation in response to global chemoattractant stimula-

tion. (A) WT and gxcT~ cells expressing the PIP3 biosensor
PHcrac-GFP were uniformly stimulated with 1 pM cAMP in
the presence or absence of 5 uM Latrunculin A (LatA). Cells
were observed by fluorescence microscopy at the indicated
time points, relative to the addition of cAMP. (B) At the
indicated time points after uniform cAMP stimulation, WT
and gxcT cells expressing PHcrac-GFP were collected and
filter lysed. The membrane fraction was isolated and
immunoblotted using anti-GFP antibodies (Upper). The
total amount of PHcrac-GFP in whole cell lysates is also
shown. Band intensity was quantified by densitometry and
plotted over time (Lower). Values represent the mean +
& SEM (n = 3). (C) Cells expressing a biosensor, RBD-GFP, for
Ras activation were uniformly simulated with cAMP in the
presence or absence of Latrunculin A (LatA) and observed
by fluorescence microscopy as in A. Images are shown for
the indicated time points after cAMP addition. (D) At the
indicated time points after cAMP stimulation, WT and
gxcT~ cells were lysed, and the cortical actin was isolated
and quantified as described in Experimental Procedures.
Values represent the mean + SEM (n = 3). There are no
significant differences between WT and gxcT~ cells.

90 120

the function of Ras activation upstream of PIP3 production, we
found that the localization of RBD-GFP was independent of
PIP3 in Latrunculin A-treated WT cells (SI Appendix, Fig. S3).

When PHcrac-GFP crescents were observed using time-lapse
fluorescence microscopy, we found that their position moved
around the axis originating from the tip of the micropipette. The
average fluctuation in the angle (@) over time was ~20° in WT
cells, whereas this fluctuation increased to ~40° in grcT~ cells,
suggesting that the position of the PHcrac-GFP crescent was
significantly less stable in these mutants (Fig. 5 F and H).
However, the relative length and intensity of the PHcrac-GFP
crescent were indistinguishable in WT and gxeT™ cells (Fig. 51).
The localization of RBD-GFP in gxcT™ cells was also unstable,
with an average angle (®) fluctuation of ~30°, compared with
a fluctuation of ~15° in WT cells (Fig. 5 G and H). These
results suggest that GxcT is required for the orientation of
chemical sensing.

RBD-GFP BF

A PHcrac-GFP  LimEAcoil-RFP BF B

CcAMP

H\g-hﬁLow High
Fig. 4. GxcT is required for normal distribution of PIP3 production and Ras
activation in chemotactic cells. (A) WT and gxcT~ cells coexpressing PHcrac-
GFP and the F-actin biosensor LimEAcoil-RFP were observed in a cCAMP gra-
dient using fluorescence and bright field (BF) microscopy. The direction of
the gradient is indicated by the arrow. (B) Cells expressing RBD-GFP were
examined in a cCAMP gradient as in A.
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(®), as described in A. The distribution of the resulting angles for individual cells is shown. Values represent the mean + SEM (n > 3). More than 25 cells were
analyzed in each experiment. ***P < 0.001. (F and G) Time-lapse analyses of PHcrac-GFP (F) and RBD-GFP (G) localization were performed in the presence of
a cAMP gradient and Latrunculin A. Images were taken every 30 s for 270 s. The position of the resulting fluorescent crescents was quantified by calculating
the angle @ at the indicated time points. Examples of plots from a single cell are shown. (H) The average of the absolute value of ® for PHcrac-GFP and RBD-
GFP crescents was calculated from the time-lapse analyses in F and G. The average value of ® was determined from 10 time points for each cell. Values
represent the mean + SEM. N indicates the number of cells analyzed. (/) The length of PHcrac-GFP crescents on the plasma membrane was determined as

a percentage of the whole cell perimeter. Values represent the mean + SEM (n = 10).

RacE Is Required for Chemotaxis and the Stable Distribution of Ras
GTPase Activation. In addition to the GEF genes, we have also
individually deleted the Rho GTPase genes in Dictyostelium (13
of 20 genes) (SI Appendix, Table S2 and Fig. S4) (35). Previous
studies have shown that most Rho GTPases that have been
named Rac in the Dictyostelium genome cannot be grouped into
well-defined subfamilies in terms of sequence similarity except
that Dictyostelium RaclA-RaclC, RacF1, and RacF2 are part of
the human Rac subfamily (35, 41). During the characterization
of the 13 Rho GTPase knockout strains, only racE™ cells showed
impaired growth both on bacterial lawns and in culture medium
(8I Appendix, Fig. S5 A, D, and E). racE™ cells also failed to
aggregate normally during development (SI Appendix, Fig. S6).
Furthermore, consistent with previous reports that RacE is re-
quired for cell division (42, 43), these mutant cells were multi-
nucleated in shaking culture similar to those in grcT cells (S/
Appendix, Fig. S5 B and C). Exogenous expression of a GFP-
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RacE fusion protein rescued the growth defects of racE™ cells,
suggesting that GFP-RacE is functional (SI Appendix, Fig. S7A4).
Because they were the only Rho GTPase mutants that phe-
nocopied the original GxcT deletion strain, racE™ cells were
further characterized. When placed in a gradient of cAMP,
racE™ cells were defective in normal chemotaxis (Fig. 64), with
reduced chemotactic speed (Fig. 6B), motility speed (Fig. 6C),
and chemotactic index (Fig. 6D). GFP-RacE rescued the che-
motaxis defects of racE™ cells (SI Appendix, Fig. S7B). Cell
morphology was also abnormal in racE™ cells, which had in-
creased roundness compared with WT cells (Fig. 6E). cAMP
receptor 1 was normally expressed in racE~ cells during de-
velopment (ST Appendix, Fig. S2E) and their chemotaxis defects
were persistent after longer starvation (8 h) (SI Appendix, Fig. S2
A-D). Upon uniform stimulation, cAMP-induced actin poly-
merization occurred normally in racE™ cells, as with gxeT™ cells
(Fig. 6F). To examine the localization of Ras activation and PIP3
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production in racE™ cells, WT and mutant cells expressing RBD-
GFP or PHcrac-RFP were treated with Latrunculin A and
placed in a cAMP gradient. Similar to gxcT™ cells, we observed
that the position of both RBD-GFP crescents (Fig. 6 G and H)
and PHcrac-RFP crescents (SI Appendix, Fig. S84) was unstable
in racE™ cells.

RacE Binds to GxcT. We examined interactions between GxcT and
RacE using a GST pull-down assay. Purified GST fused to the

was pulled down using glutathione beads, and the resulting pellet
fraction was analyzed by immunoblotting with anti-GFP anti-
bodies. GFP-RacE, but not GFP, was precipitated along with
GST-GxcT in the presence of EDTA (Fig. 6]). Previous studies
have shown that the interactions between Rho GTPases and
their GEFs are increased by EDTA, which removes magnesium
ions from the GTPase, thus causing the release of the bound
guanine nucleotide (44). Our data suggest that nucleotide-free
RacE preferentially associates with GxcT (Fig. 6I). As another

RhoGEF and PH domains of GxcT (GST-GxcT) was isolated
from Escherichia coli and mixed with whole cell lysates that were
prepared from Dictyostelium cells expressing either GFP-RacE
or GFP alone. After incubation with these lysates, GST-GxcT

control, GFP-RacE did not precipitate when GST was pulled
down. Moreover, we compared interactions of GxcT with the
dominant negative mutant of RacE [RacE(T25N)] and the
constitutively active mutant [RacE(G20V)] (45). We found that
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Fig. 6. RacE is important for chemotaxis and binds to GxcT. (A) Developed WT and racE™ cells were placed in a cAMP gradient and observed for 20 min. The
trajectories of cell migration are shown (Right). (B-E) Chemotactic behaviors including chemotactic speed (B), motility speed (C), chemotactic index (D), and
roundness (E) were quantified as described in Fig. 2 B-E. Values represent the mean + SEM (n = 3). More than 20 cells were analyzed in each experiment. ***P <
0.001. (F) At the indicated time points after uniform cAMP stimulation, WT and racE~ cells were lysed, and the cortical actin was isolated and quantified as
described in Experimental Procedures. Values represent the mean + SEM (n = 3). There are no significant differences between WT and racE™ cells. (G) Time-lapse
analyses of RBD-GFP localization were performed in the presence of a cAMP gradient and Latrunculin A. The position of the RBD-GFP crescents was quantified by
calculating the angle ® over time as described in Fig. 4 D-H. (H) The average value of ® for RBD-GFP crescents was calculated from the time-lapse analyses in
G. Values represent the mean + SEM. N indicates the number of cells analyzed. ***P < 0.001. (/) Recombinant GST-GxcT was purified from E. coli and incubated, in
the presence or absence of EDTA, with whole cell lysates prepared from Dictyostelium cells that were expressing either GFP-RacE or GFP. GST-GxcT was
precipitated using glutathione beads, and the bound fraction was analyzed by immunoblotting using anti-GFP antibodies. GST was purified and pre-
cipitated as a negative control. (J) GST-GxcT was incubated with cell lysates expressing either GFP-RacE, GFP-RacE(G20V), or GFP-RacE(T25N) and pre-
cipitated using glutathione beads. The lysates (input) and bound fractions (coimmunoprecipitation, co-IP) were analyzed by immunoblotting using anti-
GFP antibodies.
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GxcT strongly binds to RacE(T25N) and weakly binds to RacE
(G20V), compared with the WT form of RacE (Fig. 6J), sug-
gesting that GxcT is a potential GEF for RacE.

Overexpression of WT or a Constitutively Active Form of RacE, but Not
a Dominant Negative Form, Stabilizes PHcrac Crescents. To de-
termine whether overexpression of RacE can stabilize the posi-
tion of PHcrac crescents, WT cells were cotransfected with
PHcrac-RFP and GFP that was fused to different versions of
RacE, including WT, RacE(G20V), and RacE(T25N). As shown
in Fig. 74, exogenous expression of either RacE or RacE(G20V)
stabilized PHcrac-RFP crescent localization in response to
a cAMP gradient by reducing the fluctuation in the angle ® over
time. Furthermore, quantification of these PHcrac-RFP cres-
cents showed that the average value of @ was significantly re-
duced from 20° in WT cells to 15° in cells expressing RacE or
RacE(G20V) (Fig. 7B). This effect was dependent on RacE
activity, as the expression of RacE(T25N) did not enhance the
directional accuracy or stability of PHcrac-RFP crescent locali-
zation. In addition, the effect of RacE(G20V) required endogenous
RacE as RacE(G20V) expression in racE™ cells did not stabilize
PHcrac-RFP crescents (SI Appendix, Fig. S84). Finally, we also
expressed RacE(G20V) in greT ™ cells and found that its expression
does not rescue gradient-sending defects in this mutant (SI Ap-
pendix, Fig. S8B), suggesting that GxcT may have other targets in
addition to RacE. Consistent with this notion, we found that GxcT
binds to RaclC, RacC, and RacF1, in addition to RacE (SI Ap-
pendix, Fig. S9).
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RacE(G20V) Is Located at the Back of Cells in a CAMP Gradient When
the Actin Cytoskeleton Is Disrupted. RacE has a CAAX motif and
undergoes posttranslational lipid modifications for targeting to
the plasma membrane (46). It has been reported that RacE,
RacE(G20V), and RacE(T25N) are located uniformly on the
plasma membrane in migrating cells (45). Consistent with pre-
vious findings, these RacE proteins, fused to GFP, were evenly
distributed along the plasma membrane in cells undergoing
chemotaxis to cAMP (Fig. 7C and SI Appendix, Fig. S104).
Remarkably, when cells were placed in a cAMP gradient after
treatment with Latrunculin A, GFP-RacE(G20V) was located at
the side facing away from the tip of the micropipette (Fig. 7D).
When cells were treated with different concentrations of
Latrunculin A, the localization of GFP-RacE(G20V) became
polarized as the cell shape became less polarized (SI Appendix,
Fig. S10B). In contrast, GFP-RacE and GFP-RacE(T25N) were
uniformly distributed on the plasma membrane under the same
conditions (Fig. 7D). Quantification of the fluorescence intensity
showed a significant increase in the amount of GFP-RacE(G20V)
at the side facing away from the micropipette relative to the side
facing toward the micropipette, whereas the amount of GFP-
RacE, as well as GFP-RacE(T25N), was equivalent at both ends
of the cell (Fig. 7 E and F). Additionally, the localizations of GFP-
RacE(G20V) and PHcrac-RFP appeared to be mutually exclusive
when these proteins were coexpressed in Latrunculin A-treated
cells (Fig. 84). The localization of PHcrac is known to be highly
dynamic and it responds to changes in the direction of a chemical
gradient by reorienting toward the new chemoattractant source
(13, 20). To determine whether the localization of GFP-RacE
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RacE orients the localization of PHcrac-RFP crescents. (A) The localization of PHcrac-RFP in WT cells coexpressing GFP-RacE, GFP-RacE(G20V), or GFP-

RacE(T25N) was analyzed by time-lapse fluorescence microscopy in the presence of a cAMP gradient and Latrunculin A. The position of the PHcrac-RFP
crescents was quantified by calculating the angle @ over time as described in Fig. 4 D-H. (B) The average value of ® for PHcrac-GFP crescents was calculated
from the time-lapse analyses in A, as described in SI Appendix, Fig. S3. Values represent the mean + SEM. N indicates the number of cells analyzed. ***P <
0.001. (C) WT cells expressing GFP-RacE, GFP-RacE(G20V), or GFP-RacE(T25N) were placed in chemoattractant gradients and assayed by fluorescence mi-
croscopy for protein localization. The concentration of cCAMP was higher on the left side of each image, as indicated by the arrow. (D) The localizations of GFP-
RacE, GFP-RacE(G20V), and GFP-RacE(T25N) were examined by fluorescence microscopy in WT cells that were treated with Latrunculin A and placed in a cAMP
gradient. White dots indicate the position of the cCAMP releasing micropipette tips. (E and F) The ratio of GFP fluorescence on the plasma membrane facing
lower (F.) and higher (Fy) concentrations of cAMP was determined (F/Fy) for cells imaged as in D. Values represent the mean + SEM. More than 25 cells were
examined for each. ***P < 0.001.
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(G20V) is also dynamic and responsive to changes in cAMP gra-
dients, a micropipette releasing cAMP was moved to different
positions around the perimeter of Latrunculin A-treated cells
expressing this protein. Under these conditions, GFP-RacE(G20V)
consistently relocalized, keeping its position against the cAMP
gradient (Fig. 8B).

To determine mechanisms that control the localization of GFP-
RacE(G20V) in a cAMP gradient in the presence of Latrunculin
A, we tested whether PIP3 regulates the dynamics of GFP-RacE
(G20V) localization using the PI3 kinase inhibitor L'Y294002. For
Latrunculin A-treated cells in a cCAMP gradient, LY294002 addi-

the distribution of GFP-RacE(G20V) (Fig. 8C), suggesting that
the regulation of the active Rho GTPase occurs upstream of PIP3
signaling. Moreover, we replaced a conserved residue in the ef-
fector loop of RacE (threonine at residue 43 was changed to al-
anine), creating GFP-RacE(G20V, T43A) (47). The amino acid
sequence of this domain is highly specific to each type of Rho
GTPases and identical between human RhoA and Dictyostelium
RacE. An equivalent mutation in RhoA blocks interactions with
its effectors (47). Strikingly, this mutation abolished the biased
localization of GFP-RacE(G20V), as GFP-RacE(G20V, T43A)
was uniformly distributed along the plasma membrane in a

tion abolished the localization of PHcrac-RFP, but did not affect =~ cAMP gradient in the presence of Latrunculin A (Fig. 8E and
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Fig. 8. The localization of RacE(G20V) is regulated by chemoattractant gradients in the absence of the actin cytoskeleton. (A) WT cells coexpressing GFP-RacE
(G20V) and PHcrac-RFP were treated with Latrunculin A and placed in a cAMP gradient. The arrow indicates the direction of the gradient. (B) WT cells
expressing GFP-RacE(G20V) were treated with Latrunculin A, placed in a cAMP gradient, and observed by fluorescence microscopy at the indicated time
points. The direction of the gradient was changed at 1 and 3.5 min by repositioning a micropipette filled with cAMP. White dots indicate the position of the
micropipette tip. (C) WT cells coexpressing GFP-RacE(G20V) and PHcrac-RFP were treated with Latrunculin A and placed in a cCAMP gradient. Images were
taken before (Upper) and ~2 min after (Lower) the addition of the PI3 kinase inhibitor LY294002 (20 pM). White dots indicate the position of the cAMP
source. (D) WT cells expressing GFP-RacE(G20V) or GFP-RacE(G20V, T43A) were observed by fluorescence microscopy in a cAMP gradient in the absence of
Latrunculin A. The concentration of cCAMP was higher on the upper side of each image. (E) The ratio of GFP fluorescence on the plasma membrane facing
lower (F.) and higher (Fy) concentrations of cAMP was determined (F./Fy) in WT cells expressing GFP-RacE(G20V) or GFP-RacE(G20V, T43A) in the presence of
Latrunculin A. Values represent the mean + SEM. More than 12 cells were examined for each. ***P < 0.001. (F) WT cells expressing GFP-RhoA or GFP-RhoA
(Q63L) were placed in chemoattractant gradients in the absence of Latrunculin A. The concentration of cAMP was higher on the left side of each image. (G)
The ratio of GFP fluorescence on the plasma membrane (Fpy) and in the cytoplasm (Fcyt) was determined (Fpw/Fcyt). Values represent the mean + SEM. More
than five cells were examined for each. *P < 0.05. (H) WT cells expressing GFP-human RhoA or GFP-human RhoA(Q63L) were placed in a cAMP gradient in the
presence of Latrunculin A. F /F was determined as described above. Values represent the mean + SEM. Twelve cells were examined for each. **P < 0.01.
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SI Appendix, Fig. S11). In contrast, this mutation did not affect
the localization of GFP-RacE(G20V, T43A) in a cAMP gradi-
ent in the absence of Latrunculin A (Fig. 8D).

When WT RhoA and its constitutively active mutant, RhoA
(Q63L), were expressed as GFP fusions in Dictyostelium cells,
GFP-RhoA was mainly located in the cytosol of chemotaxing
cells in the absence of Latrunculin A, whereas GFP-RhoA
(Q63L) was slightly recruited to the plasma membrane (Fig. 8 F
and G). Similar to RacE, GFP-RhoA(Q63L), but not GFP-
RhoA, was located away from the cAMP gradient in the pres-
ence of Latrunculin A (Fig. 8H). These data suggest that the
mechanism underlying the localization of Rho GTPases is evo-
lutionarily conserved in chemical gradient sensing.

Discussion

In the current study, we showed that the Rho GTPase RacE and
its potential GEF, GxcT, regulate the directional sensing mech-
anism independently of morphological polarity and the actin
cytoskeleton. In both racE™ and gxcT~ cells, the accuracy of di-
rectional sensing was reduced, and pseudopods were abnormally
extended from the lateral sides of migrating cells. RacE and
GxcT were necessary for the spatial, but not temporal, accuracy
of chemoattractant-induced Ras activation and PIP3 production.
When chemoattractant stimuli were applied uniformly, thereby
eliminating any spatial information, racE™ and gxcT cells ex-
hibited normal Ras activation and PIP3 production. Further-
more, overexpression of RacE or RacE(G20V) (a constitutively
active form), but not RacE(T25N) (a dominant negative form)
further stabilized the accuracy of directional sensing in WT cells,
suggesting that the activation of RacE is critical for this process.
These data indicate the specific requirement for RacE and GxcT
in regulating the stability of spatial sensing during chemotaxis.
Our data also suggest that RacE and GxcT do not participate in
restricting the localization of Ras and PIP3 signals to a crescent
because the size and shape of PHcrac or RBD crescents are
unaltered in racE™ and gxcT™ cells. Instead, it is the localization
of the entire given crescent toward the gradient, which is stabi-
lized by these proteins. Therefore, RacE and GxcT determine
the orientation of the signal crescent.

Previous studies have shown that PTEN and a RasGAP called
“NfaA” are involved in directional sensing. The roles of these
proteins in directional sensing are distinct from that of RacE.
PTEN dephosphorylates PIP3 and turns off PIP3 signaling (15,
17). Thus, pten™ cells maintain increased amounts of PIP3 and
the length of PHcrac crescents become longer in directional
sensing studies. nfaA~ cells fail to normally shut off Ras activa-
tion, leading to sustained activation of Ras GTPase and PIP3
signaling (25). In mammals, Leukemia-associated RhoGEF
(LARG)-related GEFs, which contain the regulator of G protein
signaling (RGS) domain, play roles in the activation of RhoA
(48). In contrast, the Dictyostelium genome does not have LARG-
related GEFs (35); therefore, it would be important to define
mechanisms underlying the activation of GEFs for Rho GTPases
in Dictyostelium cells in future studies.

The role of RacE has been studied during cytokinesis (49, 50).
These studies have shown that RacE regulates the cell cortex via
14-3-3 and myosin II. Although our current study shows that cells
lacking RacE are defective in spatial Ras and PIP3 activation
independently of the cytoskeleton, we do not rule out the pos-
sibility that RacE also plays additional roles for chemotaxis
through regulation of the cell cortex and myosin II assembly.

Rho GTPases contain a CAAX motif and are subjected to
lipid modifications that anchor these proteins to the membrane;
this membrane targeting is essential for GTPase function (46,
51). We showed that, in the absence of the actin cytoskeleton,
RacE(G20V) and human RhoA(Q63L) were located on the
portion of the plasma membrane that faced lower concentrations
of chemoattractant in a gradient. The localization of RacE
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(G20V) depends on an intact effector domain, which is highly
conserved in RacE and human RhoA. It would be important to
identify components that bind to RacE(G20V) through the ef-
fector domain in future studies. In contrast, in the presence of
the actin cytoskeleton, RacE was uniformly distributed along the
plasma membrane, regardless of its activation status (Fig. 7C)
(45, 52). The actin cytoskeleton either inhibits this recruitment
or continuously redistributes the active form of RacE from the
rear of the cell to other regions of the membrane, possibly
through either active lateral movement or endocytosis- and
exocytosis-based membrane trafficking. Such redistribution may
be part of a feedback mechanism that amplifies the signaling
response induced by chemical gradients. We speculate that ac-
tive RacE at the front and back of Dictyostelium cells may play
distinct roles in cell migration. RacE stabilizes directional sensing
at the rear, whereas RacE may control the extension of pseu-
dopods at the front. Supporting this notion, previous studies have
shown that RhoA is active in the leading edge and retracting tail
of fibroblasts and neurtrophils (30, 53, 54). RhoA also regulates
PIP3 signaling by both activating and anchoring PTEN to the
back of migrating neutrophils (55). These studies have suggested
that RhoA is activated at different subcellular locations, where it
exerts distinct functions through its specific interactions with
different upstream and downstream components (56).

As GxcT was uniformly distributed in the cytoplasm, RacE
signaling might convey spatial information by one of two possible
mechanisms: GxcT may be locally activated, or RacE may trans-
locate to the rear of cells once it is activated. As discussed above,
our observation that the constitutively active mutant RacE
(G20V), which does not rely on GxcT for activation, was enriched
at the rear of cells supports the latter possibility. Because RacE
(G20V) and PHcrac have opposing intracellular localizations un-
der certain conditions, we propose that RacE inhibits the activa-
tion of Ras GTPases, thereby preventing the production of PIP3 at
the rear of cells. In summary, our findings describe a unique
function of RacE acting upstream of Ras/PIP3 signaling and actin
cytoskeleton remodeling to regulate directional sensing. We pro-
pose that Rho GTPases play a critical role in persistent chemo-
tactic migration by establishing accurate directional sensing.

Experimental Procedures

Details of all experimental procedures for lipid dot blot, actin polymerization,
and GST pull-down assays are described in S/ Appendix, SI Methods.

Cell Culture, Gene Knockout, and Plasmids. All D. discoideum cell lines were
cultured in Dictyostelium standard culture medium (HL5) medium at 22 °C. Genes
were disrupted by homologous recombination using the blasticidin resistance
cassette (39). Gene disruption was confirmed by PCR and a Southern blot. The
primers used for the construction of the gene targeting vectors are listed in S/
Appendix, Tables S2 and S3. The protein expression plasmids and primes used for
plasmid construction are listed in S/ Appendix, Tables S3 and S5, respectively.

Cell Growth and Development. To examine cell growth, 25 mL of cells (4 x 10°
cells/mL) were cultured in a 250-mL flask on a rotary shaker at 180 rpm at
22 °C and cells were counted daily with a hemocytometer. To assess de-
velopmental phenotypes, cells growing exponentially were washed twice in
developmental buffer (DB) (10 mM phosphate buffer, 2 mM MgSO,, 0.2 mM
CaCl,) and plated on 1% nonnutrient DB agar (5 x 10° cells/cm?).

Chemotaxis. A chemotaxis assay was performed as described (17, 38, 39, 57).
Cells were cultured in HL5 medium on Petri dishes, washed twice with DB,
resuspended to 2 x 107 cells/mL, and shaken for 1 h before being induced to
differentiate with 100 nM cAMP pulses at 6-min intervals for 4 h. Differen-
tiated cells were plated on a chambered coverslip (Lab-Tek; Nalgen Nunc). A
cAMP gradient was generated by a micropipette (Femtotips; Eppendorf)
containing 1 pM cAMP and a microinjector with a compensation pressure of
100 hPa (FemtoJet; Eppendorf). Images of moving cells were recorded at 30-s
intervals for 20 min using an Olympus CKX41 inverted microscope equipped
with a 10x objective connected to a digital camera (CFW-1308M). Image)
software was used to collect and process data.
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Directional Sensing Assay. Directional sensing was assessed as described (13,
15, 20, 23, 24, 58). After developed for 5 h, cells expressing PHcrac-GFP,
PHcrac-RFP, or RBD-GFP were plated on a chambered coverslip and treated
with 5 pM Latrunculin A for 10 min. A cAMP gradient was generated by
a micropipette containing 1 uM cAMP. Cells were observed through a mi-
croscope consisting of a fully automated DMI6000 (Leica) and a Yokogawa
CSU10 spinning disk confocal.
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