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Ras-mediated activation of the TORC2-PKB
pathway is critical for chemotaxis
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n chemotactic cells, G protein—coupled receptors acti-

vate Ras proteins, but it is unclear how Ras-associated

pathways link extracellular signaling to cell migra-
tion. We show that, in Dictyostelium discoideum, acti-
vated forms of RasC prolong the time course of TORC2
(target of rapamycin [Tor] complex 2)-mediated activa-
tion of a myristoylated protein kinase B (PKB; PKBR1) and
the phosphorylation of PKB substrates, independently of
phosphatidylinositol-(3,4,5)-trisphosphate. Paralleling these
changes, the kinetics of chemoattractant-induced adenylyl
cyclase activation and actin polymerization are extended,
pseudopodial activity is increased and mislocalized, and

Introduction

Chemotaxis, the capacity of cells to migrate directionally in
response to gradients of extracellular chemical cues, plays an
important role in many biological processes, including embryo-
genesis, neuronal patterning, wound healing, and immune cell
trafficking. Conversely, improper chemotaxis underlies various
pathological conditions, including many chronic inflammatory
diseases. Altered cell motility is a hallmark of transformed cells,
and chemotactic homing assists in the migration of cancer cells
from primary tumors to metastatic sites.

Studies of the model organism Dictyostelium discoideum
have greatly contributed to our understanding of eukaryotic
chemotaxis. In D. discoideum, chemoattractant gradients detected
by G protein—coupled receptors are converted into localized
intracellular signals to direct cell migration (Franca-Koh et al.,
2006; Iglesias and Devreotes, 2008; King and Insall, 2009).
For example, phosphatidylinositol-(3,4,5)-trisphosphate (PIP3)
at the leading edge of chemotaxing cells promotes cytoskeleton
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chemotaxis is impaired. The effects of activated RasC
are suppressed by deletion of the TORC2 subunit PiaA.
In vitro RasC?-dependent PKB phosphorylation can be
rapidly initiated by the addition of a PiaA-associated
immunocomplex to membranes of TORC2-deficient cells
and blocked by TOR-specific inhibitor PP242. Furthermore,
TORC2 binds specifically to the activated form of RasC.
These results demonstrate that RasC is an upstream regu-
lator of TORC2 and that the TORC2-PKB signaling medi-
ates effects of activated Ras proteins on the cytoskeleton
and cell migration.

rearrangements possibly by recruiting pleckstrin homology
(PH) domain—containing proteins such as PKB A (PKBA;
Parent et al., 1998; Meili et al., 1999). We have recently de-
scribed a circuit involving TORC?2 (target of rapamycin [Tor]
complex 2) and its substrate PKBR1 that functions in parallel
with the PIP3 pathway to regulate chemotaxis (Kamimura
et al., 2008). Unlike PKBA, PKBR1 is tethered to the plasma
membrane via the N-terminal myristoylation (Meili et al., 2000).
With uniform chemoattractant stimulation, both PKBA and
PKBRI1 are transiently phosphorylated within their hydrophobic
motifs (HMs) via TORC2 and subsequently phosphorylated
within their activation loops (ALs) by phosphoinositide-
dependent kinases (PDKs; Fig. 1 A; Kamimura et al., 2008;
Kamimura and Devreotes, 2010). The HM phosphorylation is
essential for the activation of PKBR1 and also contributes to
the activation of PKBA. In migrating cells, these phosphoryla-
tion events are restricted to the cell’s leading edge (Kamimura
et al., 2008).
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These observations suggest that the activity of TORC2 is Results

both temporally and spatially regulated in chemotactic cells,
and similarly, the catalytic activity of mammalian TORC2 is re-
ported to be stimulated by growth factors (Sarbassov et al., 2005;
Frias et al., 2006; Huang et al., 2008). Although the TORC2
regulators are unidentified, several lines of evidence have sug-
gested that the Ras family small GTPases may play a role. Ras
proteins are activated by chemoattractant in D. discoideum with
time courses that parallel TORC2 activation (Kae et al., 2004;
Zhang et al., 2008). The D. discoideum TORC2 subunit Rip3
and its yeast and mammalian homologues all contain a putative
Ras-binding domain (RBD). Rip3 interacts with the GTP-bound
form of D. discoideum RasG and human H-Ras in yeast two-
hybrid assays (Lee et al., 1999, 2005). In a cell-free system that
we previously developed, GTP-yS is able to trigger TORC2-
mediated activation of PKBR1 (Kamimura et al., 2008). Though
suggestive, these observations do not prove that Ras proteins
directly regulate TORC?2, and indeed, there are several inconsis-
tencies. For example, disruption of RasG has little or no effect
on PKB phosphorylation or chemotaxis (Sasaki et al., 2004;
Kamimura et al., 2008).

In this study, we use a combination of genetic interaction
strategies and in vitro reconstitution assays to determine whether
Ras family proteins activate TORC2 and to examine the effects
of this putative pathway on directed cell migration and chemo-
tactic responsiveness. We report that a specific Ras protein, RasC,
activates TORC2 and exerts temporal and spatial control on the
TORC2-PKBRI1 pathway to regulate chemotaxis.

JCB « VOLUME 190 « NUMBER 2 « 2010

RasC is required for TORC2-mediated
activation of PKB

Pursuing our earlier observation suggesting that Ras proteins
may regulate the two PKBs (Kamimura et al., 2008), we exam-
ined PKB activity in cells in which different Ras genes were
disrupted. In wild-type cells, cAMP triggered rapid phosphory-
lation of the HM of PKBR1 and the ALs of PKBR1 and PKBA,
which peaked at 30-60 s and declined to the prestimulus level
by 2-3 min (Fig. 1 B). Consequently, a series of PKB substrates
were also transiently phosphorylated (Fig. 1 B). We previously
found that these phosphorylations were reduced in rasC™ /rasG~
but not in rasG™~ cells, suggesting that either RasC or both Ras
proteins are needed (Fig. S1 A; Kamimura et al., 2008). In this
study, we show that, compared with wild-type cells, phosphory-
lations of the HM of PKBR1 and the ALs of PKBR1 and PKBA
were reduced by 60-70% by deleting RasC alone (Fig. 1,
B and C; and Fig. S1 B). There was also a significant reduc-
tion in the phosphorylation of many PKB substrates (Fig. 1 D).
Expression of Flag-tagged RasC in rasC™ cells restored all of these
phosphorylation events (data described in the next paragraph).
These results suggest that RasC is a regulator of the PKB path-
way. However, because of the residual phosphorylation of the
PKBs and PKB substrates present in rasC~ cells, which may
be due to the presence of other chemoattractant-activated Ras
proteins (Fig. S1 C), and the fact that rasC™ cells display better
chemotaxis compared with cells lacking the two PKBs (Meili
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Figure 2. Persistently activated RasC alters the time course of PKBR1 and PKB substrate phosphorylation. (A) Flag-RasC or -RasC%? was expressed under
the control of a doxycycline-inducible promoter in rasC™ cells. Cells developed in the presence or absence of doxycycline were stimulated with cAMP,
sampled at the indicated time points, and probed with phospho-specific antibodies or anti-Flag antibody. The protein-transferred membrane was stained
with Coomassie brilliant blue (CBB) and shown as loading control. (B) Quantitative densitometry of the first and second panels of A, showing the mean
intensity + SD of the respective bands from four independent experiments. (C) Samples were probed with anti-phospho-substrate antibody (top). Densito-
mefric scans of the 240-s lanes are shown in bottom panel (FlagRasC, gray line; Flag-RasC%%, black line).

et al., 1999, 2000; Lim et al., 2001; Kamimura et al., 2008),
further evidence is needed to prove this hypothesis.

We reasoned that if RasC indeed regulates the PKB path-
way, the kinetics of PKB phosphorylation might be changed
by altering the lifetime of RasC activation. To assess this pos-
sibility, we expressed Flag-tagged wild-type or activated form
of RasC (RasC?™) in rasC~ cells under the control of a doxy-
cycline-inducible promoter. An equivalent mutation (Q61L) in
human H-Ras was reported to have both increased nucleotide
exchange and decreased GTPase activity (Feig and Cooper,
1988), and indeed, we found RasC?*" to be persistently acti-
vated (unpublished data). The expression of Flag-RasC or
-RasC?" was not detectable before doxycycline induction
(Fig. 2 A). Consequently, the Flag-RasC/rasC~ and -RasC?®*/
rasC~ cells exhibited reduced PKB phosphorylation similar to
rasC~ cells (compare Fig. 2 [A and B] with Fig. 1 [B and C]).
2-3 h after induction, the levels of Flag-RasC and -RasC?%*"
reached 3.9 + 0.9- and 2.6 + 0.4—fold of the level of endoge-
nous RasC in wild-type cells (Fig. 2 A and not depicted). The
expression of Flag-RasC restored the phosphorylation of
PKBR1 and PKBA to near wild-type patterns (compare Fig. 2
[A and B] with Fig. 1 [B and C]). The expression of Flag-
RasC?%" also restored the phosphorylation events, but for the
HM and AL of PKBRI1, it elevated the basal level and greatly

extended the kinetics (Fig. 2, A and B). The half-life of HM
phosphorylation of PKBR1 was ~40 s in cells expressing
Flag-RasC but was extended to ~140 s in cells expressing
Flag-RasC?%", The half-life of AL phosphorylation of PKBR1
was similarly prolonged. In contrast, AL phosphorylation of
PKBA was negligibly changed in the presence of Flag-
RasC?? although the profile sometimes remained slightly
elevated at later time points (Fig. 2, A and B). Consistent with
our previous finding that PKBR1 provides the primary PKB
activity (Kamimura et al., 2008), many PKB substrates re-
mained in their phosphorylated state at later time points in
Flag-RasC®®—expressing cells (Fig. 2 C). Similar results
were obtained when Flag-RasC or -RasC?®*" was expressed
in rasC"~ cells using a noninducible promoter (Fig. S2, A-C).
We also found that the expression of Flag-tagged RasC®'?Y,
another activated form of RasC, modestly lengthened the acti-
vation of PKBR1 (Fig. S2 D). The extended kinetics of PKBR1
phosphorylation correlated with the slow turn-off of RasC
caused by Q62L and G13V mutations, indicating that the tran-
sient activation of RasC sets the time course of the PKB path-
way. In contrast, the expression of activated form of RasG
(RasG®'") did not affect PKB phosphorylation (Fig. S1 D),
again suggesting a specific role for RasC in regulating the
PKB pathway.
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Figure 3. Chemotactic responses are al-
tered in cells with prolonged PKBR1 signaling.
(A) ACA activation upon uniform cAMP stimula-
tion was measured in rasC™ cells or rasC™ cells
induced to express Flag-RasC or RasC%. The
data represent the range (mean = standard
error) of two independent experiments. The
basal activities ranged from 1.9 pmol/min/mg
protein for rasC™ to 2.5 pmol/min/mg protein
for FlagRasC/rasC~ and 3.8 pmol/min/mg
profein for FlagRasC®?/rasC~ cells. (B) Actin
polymerization was measured in wildtype (WT)
cells or rasC cells expressing Flag-RasC or
RasC2, Cells were stimulated with cAMP and
lysed with Triton X-100 buffer. The Triton-insoluble
pellet fraction was analyzed by SDS-PAGE
and Coomassie blue staining. The amount of
actin in the pellet was quantified by densitom-
efry. The data represent mean + SD of three
independent experiments. A.U., arbitrary unit.
(C) The translocation of LimEAcoilRFP was
recorded by fluorescence microscopy with im-
ages faken every 3 s. Frames from the indi-
cated time points after the addition of cAMP
are shown. (D) The chemotactic movements to
a micropipette releasing 1 pM cAMP (black
dot) were recorded by time-lapse microscopy.
Images from frames at 2.5-min infervals were
processed fo outline the cells, color coded for
each time point, and overlaid. (E) The expres-
sion of cAR1 is comparable in rasC~ cells in-
duced to express Flag-RasC or RasC®2. At
the indicated time points affer initiation of de-
velopment, CHAPS-insoluble membrane frac-
tions were prepared as described previously
(Xiao et al., 1997) and probed with anti-cAR1
antibody. Bar, 10 pm.

To assess the effect of prolonged activation of RasC and PKB
signaling, we analyzed a series of chemotactic responses as
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well as chemotaxis in rasC~ cells induced to express Flag-
RasC or -RasC?%?". We first measured the cells’ capacity to ac-
tivate adenylyl cyclase (ACA) in response to chemoattractant

stimulation because RasC (Lim et al., 2001), TORC2 (Chen
et al.,, 1997; Lee et al., 2005), and the two PKBs (Fig. S3)
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Table I.  Quantification of cellular behavior
Strain Motility speed Chemotax motility Chemotax index Persistency
wm/min wm/min

Wild type 7.13 £0.53 6.04 £ 1.07 0.81 +0.09 0.87 +0.08
Flag-RasC/rasC™ + doxycycline 7.75+1.39 6.30 = 1.22 0.79 = 0.05 0.83 = 0.01
Flag-RasC®?/rasC~ — doxycycline 6.55+0.98 5.20 £ 0.91 0.69 = 0.02 0.79 + 0.05
Flag-RasC®?/rasC~ + doxycycline 5.10+1.78 1.06 £ 0.52 0.09 £ 0.25 0.31+0.15
Flag-RasC/aca™ + doxycycline 4.62 £ 0.47 3.94£0.53 0.82 + 0.07 0.84 £ 0.06
Flag-RasC®?/aca™ + doxycycline 3.94 + 0.49 0.77 £ 0.24 0.14+0.14 0.46 + 0.04
Flag-RasC/piaA™ + doxycycline 568+ 1.14 2.92 £0.71 0.46 + 0.03 0.60 + 0.08
Flag-RasC®?/piaA~ + doxycycline 5.24+037 279 £0.16 0.44 £ 0.07 0.56 +0.01
Flag-RasC®?/piaA~ — doxycycline 5.59 +0.65 3.04+0.45 0.53 + 0.04 0.62 + 0.04

Quantitation of the chemotactic behavior of at least 10 cells from at least three independent experiments. Motility and chemotactic parameters are calculated as

described in Materials and methods. The data represent mean + SD.

are all required for the activation of the enzyme. Similar to wild-
type cells, the Flag-RasC—expressing cells displayed a rapid
rise in ACA activity, peaking at 30 s after the addition of cAMP,
followed by a return to the prestimulus level with a half-time of
~1.8 min (Fig. 3 A). In contrast, the half-time of decline was
prolonged to ~5 min in cells expressing Flag-RasC%" (Fig. 3 A).
As a control, in the absence doxycycline, the Flag-RasC/rasC~
and -RasC®?"/rasC~ cells showed greatly reduced ACA activa-
tion (not depicted) similar to rasC~ cells (Fig. 3 A).

We next monitored chemoattractant-induced changes in
actin polymerization and the distribution of the actin-binding
protein LimEAcoil, which labels newly formed F-actin (Schneider
etal., 2003). In wild-type cells and rasC~ cells expressing Flag-
RasC, uniform exposure to chemoattractant triggered two phases
of actin polymerization (Fig. 3 B). An initial large peak oc-
curred within a few seconds, followed by a rapid decrease and a
subsequent lower peak centered around 2 min. Paralleling these
changes, LimEAcoil-RFP first translocated uniformly to the cell
cortex, then returned to the cytosol as cells rounded up, and
finally localized to regions of newly formed pseudopods during
the second phase (Fig. 3 C and Video 1). Compared with these
two cell lines, cells expressing Flag-RasC?%?F exhibited elevated
F-actin polymerization, especially in the second phase (Fig. 3 B).
When observed under the microscope, the cells were less polar-
ized and displayed an increased number of F-actin—rich mem-
brane protrusions (Fig. 3 C and Video 2).

We then compared the chemotactic behavior of wild-type
cells and cells expressing Flag-RasC or -RasC%*" (Fig. 3 D and
Table I). When placed in chemoattractant gradients generated
by a micropipette releasing cAMP, wild-type cells rapidly
polarized and migrated toward the higher concentrations with
a focused leading edge (Video 3). Without doxycycline, the
chemotactic responses of Flag-RasC/rasC™ (not depicted) and
-RasC%?/rasC™ cells were slightly affected compared with
wild-type cells (Video 4). After induction with doxycycline,
Flag-RasC—expressing cells migrated robustly toward the micro-
pipette with motility and chemotactic parameters equivalent to
wild-type cells (Video 5). In contrast, cells expressing Flag-
RasC%?" showed reduced directionality to the chemoattractant
source. They displayed selective defects in chemotactic index,
chemotactic motility, and persistency compared with the other cell
lines (Video 6). The chemotaxis defect in these cells was not

caused by a delay in cell differentiation, as the expression of the
cAMP receptor, cAR1, was not impacted (Fig. 3 E). A chemotaxis
defect was also observed when Flag-RasC?%?" was expressed in
the rasC™ cells using a noninducible promoter (Fig. S2, E and F),
although cAR1 expression was partially impaired in these cells
(not depicted). Collectively, these results imply that the failure
to temporally control PKBRI1 activation alters the chemotactic
responsiveness of cells expressing RasC2*" and prevents them
from performing directional migration efficiently.

The effects of activated RasC on
chemotactic responses and chemotaxis

are suppressed in piaA™ cells

If the aberrant chemotactic behavior displayed in RasC®%*-
expressing cells results from the unregulated PKBR1 activity,
these responses should be suppressed in cells in which the pro-
longed PKBR1 activation is blocked. To test this, we expressed
Flag-RasC or -RasC®" in cells lacking the essential TORC2
component PiaA and compared the chemotactic responses of
these cells with wild-type controls. Deletion of PiaA did not im-
pair the activation of RasC (Fig. S4). Wild-type cells induced to
express Flag-RasC?%" exhibited prolonged phosphorylation of
PKBRI1 (Fig. 4 A). In contrast, in piaA~ or piaA~ cells induced
to express Flag-RasC or -RasC??", chemoattractant-triggered
phosphorylation of PKBR1 was abolished, and phosphoryla-
tions of PKBA and PKB substrates were reduced (Fig. 4 B).
Consistent with our hypothesis, deletion of PiaA prevented
the extended ACA activation and actin polymerization re-
sponses observed in wild-type controls expressing Flag-
RasC%?" (Fig. 5, A and B).

We then performed the micropipette assay on these cells.
Because ACA activity was dramatically reduced in piaA~ cells
(Fig. 5 A), we chose aca™ cells, which have been reported to
display robust chemotaxis (Kriebel et al., 2003), as controls.
Similar to rasC~ cells, expressing Flag-RasC?%?" in aca™ cells
disrupted the normal transient kinetics of phosphorylation of
PKBRI1 (Fig. 4 C), and the cells displayed greatly reduced
chemotaxis compared with aca™ cells expressing Flag-RasC
(Fig. 5 C, Table I, and Videos 7 and 8). This result incidentally
shows that the deleterious effects of RasC?*?" on chemotaxis are
not mediated through elevated cAMP. Deletion of PiaA suppressed
the chemotaxis defects caused by RasC?*. Although partially

RasC-TORC2-PKB pathway regulates chemotaxis ¢ Cai et al.
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Figure 4. Deletion of the TORC2 component A
PiaA suppresses the prolonged phosphoryla-
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impaired, piaA~ cells expressing Flag-RasC?®*" showed com-
parable motility and chemotactic parameters compared with
piaA~ cells expressing Flag-RasC (Fig. 5 C, Table I, and Videos
9 and 10). These results present a strong genetic link between
RasC and TORC?2 and imply that RasC acts through TORC2 to
control PKBR1 and chemotaxis.

PIP3 is not required for RasC-mediated
activation of PKBR1

In many systems, phosphoinositide 3-kinases (PI3Ks) are
effectors of Ras proteins, and PIP3 recruits Akt/PKB to the
plasma membrane and facilitates its activation (Cantley, 2002;
Karnoub and Weinberg, 2008). However, only PKBA, but not
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PKBRI, contains a PIP3-responsive PH domain. Therefore,
we investigated whether the prolonged activation of PKBRI in
Flag-RasC®—expressing cells depends on PI3K. As shown in
Fig. 6 A, the time course of PIP3 production upon chemoattractant
stimulation was essentially identical in cells expressing Flag-
RasC or -RasC?? | indicating that RasC%?" does not activate
PI3K. Next, we expressed Flag-RasC or -RasC®* in pi3kl /2~
cells. Because these cells contain no detectable PIP3 (Huang et al.,
2003), AL phosphorylation of PKBA was completely abolished
(Fig. 6 B). In contrast, Flag-RasC?" increased the basal level
and prolonged the time course of HM and AL phosphorylation
of PKBRI1 (Fig. 6 B), as it did in wild-type cells (Fig. 4 A).
In addition, we compared the kinetics of PKBR1 phosphorylation
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Figure 5. Deletion of PiaA suppresses the unregulated
chemotactic responses caused by RasC*2. (A and B) ACA
activation and actin polymerization were measured in
wildtype (WT) or piaA~ cells induced to express Flag-RasC
or -RasC®? ACA data represent the range (mean =
standard error) of two independent experiments. The
basal activities ranged from 15.2 pmol/min/mg protein
for Flag-RasC/piaA~ and RasC%?/piaA~ cells to 17.9
pmol/min/mg protein for Flag-RasC/WT and 19.2 pmol/
min/mg protein for Flag-RasC®?/WT cells. For the actin
polymerization assay, the data represent mean = SD
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in wild-type cells and cells lacking the phosphoinositide 3-
phosphatase PTEN (phosphatase and tensin homologue on
chromosome 10), in which the chemoattractant-triggered
production of PIP3 is greatly extended (Iijima and Devreotes,
2002; Zhang et al., 2008), and found no significant difference
(Fig. 6 C). In contrast, AL phosphorylation of PKBA was in-
creased in pten~ cells (Fig. 6 C). Together, these results demon-
strate that PIP3 is not required for the prolonged activation of
PKBRI1 triggered by RasC?%",

RasC activates TORCZ2 to phosphorylate
PKBR1 in in vitro reconstitution assays

We used a cell-free system to further elucidate the role of RasC
in activation of the TORC2-PKB pathway. The HM of PKBR1
and ALs of both PKBR1 and PKBA were rapidly phosphorylated
after the application of GTP-yS to lysates of wild-type cells
(Fig. 7 A). The addition of excess GST-tagged RBD but not GST
inhibited these GTP-yS—induced phosphorylation events (Fig. 7 A),
suggesting that GTP-yS functions through Ras proteins to acti-
vate TORC?2. To test whether RasC specifically activates TORC2,
we also examined PKB phosphorylation in unstimulated lysates
(with no chemoattractant or GTP-yS added) from wild-type
cells (Fig. 7 B, lane 1), piaA~ cells expressing Flag-RasC%*

(Fig. 7 B, lane 2), and their mixture (Fig. 7 B, lane 5). We reasoned
that if RasC is responsible for TORC2 activation, RasC2%*"
from the Flag-RasC%?"/piaA~ cell lysates should be able to ac-
tivate TORC2 from the wild-type cell lysates to phosphorylate
the PKBs. Indeed, recapitulation of PKB phosphorylation was
only achieved by mixing the two lysates (Fig. 7 C). The recon-
stitution of PKB phosphorylation could be inhibited by the
addition of GST-RBD (Fig. 7 B, lane 7) but not GST (Fig. 7 B,
lane 6). Moreover, PKB phosphorylation could not be reconsti-
tuted by the combination of Flag-RasC/piaA~ and wild-type
cell lysates (Fig. 7, B [lane 3] and C) or Flag-RasC?**“/piaA~
and piaA~ cell lysates (Fig. 7, B [lane 4] and C). As a control,
we also performed the reconstitution assay in the presence of
excessive GDP-BS, which would prevent the activation of any
other GTPases if present in the system, and found no significant
effect (Fig. 7 D). Together, these results indicate that activated
RasC is sufficient to trigger PKB phosphorylation via TORC2.
The in vitro system allowed us to further investigate the
mechanism of RasC-mediated activation of TORC2. When lysates
from wild-type as well as piaA~ cells expressing Flag-PiaA
were fractionated, the high-speed supernatant (HSS) fractions
were found to be able to reconstitute PKB phosphorylation in
the presence of RasC?®?" (Fig. 8 A, lanes 1 and 2). Reconstitution
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Figure 6. PIP3 is not required for RasC-mediated A
activation of the TORC2-PKBR1 pathway. (A) PHc-

rac-GFP translocation assay, which measures PIP3 +doxycycline

Flag-RasC/rasC™ FIag—RasCQGZL/rasC'
+doxycycline

content on the membrane, was performed in rasC™

S S
Q0o PO o PO (s)

cells induced to express FlagRasC or -RasC%2,
(B) Phosphorylation of PKB was measured in wild-type
(WT), pi8k1~/2", and pi3k1 /2" cells expressing

S AR S s o S A s e | PH-crac (40 kD)

Flag-RasC or -RasC%?. The proteintransferred mem-

brane was stained with Coomassie brilliant blue (CBB) B T

pisk112” Flag-RasC/pi3k17/2” Flag-RasC®**/pi3k17/2°

and shown as loading control. (C) Phosphorylation of
PKB was measured in wildtype and pten™ cells. The

S S o S o S
6 02 R PP DS PP o8 S PP o o ® O

proteinransferred membrane was stained with Coo- |

- PKBR1(T"470)

- — - . — _—
massie brilliant blue and shown as loading control.
(B and C) Vertical black lines indicate that intervening P
lanes have been spliced out. - - . — | - — -— - - - a» e es e —PKBR1(T 309)

- | PKBA(T"278)

X T ¥ § X W B B B R R R B B A R .B.
| ces
c WT pten—

S © S ©
() 0 D P o 0P O

[ ———

—PKBR1(T7470)

- PKBR1(T7309)

L PKBA(TT278)

=2
gey-1-

could also be achieved with Flag immunoprecipitate from
Flag-PiaA/piaA~ HSS (Fig. 8 A, lane 4) but not Flag/piaA~ HSS
(Fig. 8 A, lane 3). However, the Flag-PiaA immunoprecipitate
was not sufficient to phosphorylate the two PKBs when added to
lysates from piaA~ cells expressing Flag-RasC (Fig. 8 A, lane 5).
Collectively, these results suggest that the Flag-PiaA immuno-
precipitate is likely to contain a TORC2 complex that can be
activated by RasC",

To further substantiate this conclusion, we tested the re-
constituting activity of the Flag-PiaA immunoprecipitate against
membrane fractions prepared from piaA~ cells as well as total
lysates from rip3~ cells expressing Flag-RasC or -RasC?", all
of which are depleted of intact TORC2 complex. We found that
the Flag-PiaA immunoprecipitate was able to specifically re-
constitute PKB phosphorylation when mixed with membranes
isolated from Flag-RasC%?"/piaA~ cells (Fig. 8 B) as well as
with lysates from Flag-RasC®*/rip3~ cells (Fig. 8 C), indicating
that the Flag-PiaA immunoprecipitate contains a functional
TORC2 complex. Consistent with this finding, we found that
Flag-PiaA immunoprecipitated from rip3~ cells lacks the re-
constituting activity (Fig. 8 D). Furthermore, we found that the
ability of the Flag-PiaA immunocomplex to reconstitute PKB
phosphorylation depends on TOR activity because it could be
blocked by the TOR-specific ATP-competitive inhibitor PP242
(Feldman et al., 2009) with an ICsy of ~4 nM (Fig. 8 E).
Together, these results demonstrate that the RasC-TORC2-PKB
pathway can be reconstituted in vitro.

Finally, we performed a coimmunoprecipitation experi-
ment to examine the physical interaction between TORC?2 and
RasC. To this end, we expressed T7-tagged Rip3 in rip3~ cells,
which restored the defects of PKB phosphorylation in these
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cells (unpublished data). We then coexpressed T7-Rip3 with
Flag-RasC or -RasC%?" and performed immunoprecipitation
with anti-T7 antibody. As shown in Fig. 8 F, Flag-RasC and
-RasC¥" were expressed at comparable levels. However, only
Flag-RasC®" was specifically immunoprecipitated with T7-Rip3
(Fig. 8 F), indicating that activated RasC interacts either directly
with Rip3 or with another component of the TORC2 complex
that links to Rip3. This result shows that RasC and TORC?2 inter-
act in a regulated fashion and further supports the conclusion
that activated RasC is able to stimulate TORC2 activity.

Discussion

Compared with their widely known function in cell growth, dif-
ferentiation, and tumorigenesis, the role of Ras proteins in cell
motility has been relatively unexplored. In the current work, we
performed a series of experiments to investigate how RasC reg-
ulates chemotaxis via TORC2. Based on our results, we propose
a network of signaling events centered around Ras-mediated
activation of TORC?2 that controls cytoskeletal activity and
chemotaxis. As illustrated in Fig. 9, chemoattractants activate RasC
through the G protein—coupled receptor cAR1, leading to TORC2-
mediated activation of PKBR1 and PKBA, which phosphory-
late PKB substrates and regulate chemotactic responses of the
cell. This model is supported by several findings. First, we show
that gain of function in RasC results in prolonged phosphoryla-
tion of PKBR1 and PKB substrates (Fig. 2), which in turn leads
to extended ACA activation, elevated actin polymerization, and
impaired chemotaxis (Fig. 3). Second, disruption of TORC2 ac-
tivity specifically suppresses the aberrant chemotactic responses
caused by persistently activated RasC (Figs. 4 and 5). Third,
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RasC is required for activation of the PKBs in vivo (Fig. 1) and
stimulates TORC2-dependent phosphorylation of the PKBs
in vitro (Figs. 7 and 8). Fourth, we show that RasC does not acti-
vate PI3Ks and that the activation of the TORC2 pathway by
RasC does not require PIP3 (Fig. 6). We conclude that there is a
RasC-TORC2-PKB pathway in D. discoideum that plays a major
role in temporal and spatial regulation of chemotactic responses.
This finding has several implications in our understanding of
chemotaxis and TORC2 signaling.

Our results provide new insights about the negative regu-
lators in the chemotactic signaling pathways. Many G protein—
coupled signaling events rapidly subside when cells are exposed
to a step increase in chemoattractant. The time courses of RasC
activation, PKB phosphorylation, and downstream chemotactic
responses all reflect this rapid shutoff (Figs. 2 and 3). When
the activation of RasC is prolonged, as in cells expressing the
QO62L or G13V mutation, the kinetics of all of the downstream
responses are similarly extended, suggesting that RasC inactiva-
tion is a rate-limiting step for the shutoff. Previous experiments
of G protein signaling showed that o and 3y subunits of G protein
remain dissociated (i.e., activated) as long as chemoattractant
receptors are occupied (Janetopoulos et al., 2001). Together,
these results argue that the site of shutoff lies between G pro-
teins and the Ras regulators (Fig. 9).

Why does prolonged activation of RasC impair chemo-
taxis? Chemotaxis involves the interaction between spontaneous
motility and directional sensing. In the absence of a chemo-
attractant gradient, actin-based membrane protrusions are formed
along the cell perimeter, propelling the cell in random directions.
Inagradient, directional sensing generates intracellular asymme-
tries that bias motility. Activation of Ras proteins and TORC2-
mediated PKB phosphorylation have been shown to occur
selectively at the leading edge of chemotaxing cells as well as at
the tips of pseudopodia and are thus in a position to bias motil-
ity (Sasaki et al., 2004, 2007; Kamimura et al., 2008). We spec-
ulate that extending RasC activation interferes with chemotaxis
in multiple ways. First, pseudopodia extension and retraction
that underlie random migration as well as chemotaxis likely
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Figure 7. RasC®2 activates TORC2-mediated phosphorylation of
PKB in vitro. (A) Wild-type cell lysates were stimulated with GTP-yS
alone or in the presence of GST or GSTRBD and then probed with
phospho-specific antibodies. The protein-transferred membrane was
stained with Coomassie brilliant blue (CBB) and shown as loading
control. (B) The indicated cell lines were mixed, lysed, incubated in
the presence or absence of GST or GSTRBD for 12 min, and then
probed with phospho-specific antibodies. The proteintransferred
membrane was stained with Coomassie brilliant blue and shown as
loading control. Cells were not stimulated with chemoattractant, nor
was GTP-yS added to the reaction. WT, wild type. (C) Quantitative
densitometry of the time courses of reactions 3, 4, and 5 of B. The
data represent mean = SD of three independent experiments. A.U.,
arbitrary unit. (D) piaA~ cells expressing Flag-RasC%? were mixed
with wild-type cells in the presence of increasing concentrations of
GDP-BS, filter lysed, incubated on ice for 12 min, and then probed
with anti-phospho-HM antibody.

depend on the timely activation and inactivation of Ras proteins.
Indeed, we have observed that both basal motility and responses
to chemotactic stimuli are altered in cells expressing RasC?%",
The character and distribution of pseudopods in cells express-
ing RasC®®*" appear to be different from those in wild-type cells
(Fig. 3). Second, because the dispersion length of a protein is
proportional to its half-life, the constitutively activated form of
RasC?%?" is expected to have a broader spatial distribution than
that of wild-type RasC. As RasC?%" diffuses further before being
inactivated, the downstream responses it controls will be de-
localized as well, impairing cells’ ability to interpret the direc-
tional signal. Therefore, the rapid inactivation of RasC is critical
for localizing downstream responses and directional sensing.

Our results provide the first substantial evidence that TORC2
is under the control of a Ras protein and open the possibility for
further study of the regulatory mechanism of TORC2. Loss of
function in RasC greatly reduces PKB phosphorylation (Fig. 1),
and the effects of RasC?®*" on PKBR1 phosphorylation are sup-
pressed by deleting PiaA (Fig. 4). These in vivo results indicate
that the major effects of RasC on chemotaxis are mediated
through TORC2 and PKBR1. The active form of RasC pro-
motes TORC2-dependent phosphorylation of the two PKBs
in vitro in the absence of any stimulus (Figs. 7 and 8). This reaction
exhibits several characteristics that are consistent with a RasC—
TORC2-PKB pathway. It is blocked by exogenous RBD and
does not occur in lysates lacking the TORC2 component PiaA
or Rip3 but can be rapidly initiated by adding Flag immuno-
precipitate from piaA~ cells expressing Flag-PiaA. Further ex-
periments indicate that the reconstituting activity associated with
the Flag immunoprecipitate likely contains a functional TOR
complex (Fig. 8, B-D). Importantly, TORC?2 binds specifically
to RasC?%%" but not to inactivated wild-type RasC (Fig. 8 F),
suggesting that a regulated interaction may contribute to the stim-
ulation of TORC2 activity by RasC?®?", Interestingly, we found
that RasC" Jacking the C-terminal CAAX motif is not able to
extend the kinetics of PKB phosphorylation (unpublished data),
indicating that the membrane localization of RasC is critical for
its in vivo function in activating TORC2.
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Figure 8. Reconstitution of PKB activation in vitro with immunopurified TORC2. (A) Cell lysates from piaA~ cells expressing FlagRasC or RasC%2 were
mixed with HSS made from wildtype (WT) cells or piaA~ cells expressing Flag-PiaA or with Flag-eluted immunoprecipitate from Flag/piaA™ cells or
Flag-PiaA/piaA~ cells. (B) Membrane fractions (MF) prepared from Flag-RasC/piaA~ or FlagRasC®? /piaA~ cells were mixed with Flag-eluted immuno-

precipitate from Flag/piaA~ cells or Flag-PiaA/piaA™ cells. (C) Cell lysates from rip3~ cells expressing Flag-RasC or Ras

CO2 were mixed with Flag-eluted

immunoprecipitate from Flag/piaA~ cells or Flag-PiaA/piaA~ cells. (D) Cell lysates from piaA~ cells expressing Flag-RasC?" were mixed with Flag-eluted
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A role for a Ras protein in PKB activation and cell migra-
tion may not seem surprising, as it has been shown that Ras
proteins bind to both D. discoideum and mammalian PI3Ks
(Rodriguez-Viciana et al., 1994; Pacold et al., 2000; Funamoto
et al., 2002; Kae et al., 2004). However, our data show that the
effects of RasC%2- on chemotactic responses and the cytoskeletal
activity are primarily mediated through TORC2. Furthermore,
we found that disruption of PKBA but not PKBR1 in pten™ cells
suppresses its chemotaxis defects (unpublished data). Therefore,
although expressing RasC??" and deleting PTEN both result in
hyperstimulation of the PKB signaling, their effects appear to be
mediated through different PKB isoforms. Our finding that
TORC2 is a critical effector in Ras-mediated cell migration may
serve as a stepping stone to understand cell motility in other
organisms. PIP3-independent chemotaxis and chemoattractant-
stimulated Ras activation have also been observed in human
neutrophils (Worthen et al., 1994; Zheng et al., 1997). In many
cancer cells that display altered cell migration, Ras proteins are
found to be persistently activated (Oxford and Theodorescu,
2003). In addition, TORC2 has been suggested to regulate cyto-
skeletal-based events in various systems (Jacinto et al., 2004;
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Sarbassov et al., 2004; Kamada et al., 2005). It will be of great
interest to learn whether the Ras—TORC?2 pathway plays a similar
role in the cytoskeleton organization and migration of these cells.

Materials and methods

Cell growth and differentiation

Cells were cultured axenically in HL5 medium at 22°C. Cells carrying ex-
pression constructs were maintained in HL5 medium containing 10-20
pg/ml G418 or 30-40 pg/ml hygromycin, or both as required. For differ-
entiation, cells grown in HL5 were washed with development buffer (DB;
5 mM Na,HPO,, 5 mM KH,PO,4, 2 mM MgSQy, and 0.2 mM CaCly),
starved in DB for 1 h at 2 x 107 cells/ml, and then pulsed with 50 nM
cAMP every 6 min for 4.5 h. To induce the expression of Flag-RasC or
RasC2, doxycycline was added during the last 2 h of differentiation at
a concentration of 40 pg/ml.

Gene disruption and plasmid construction

rasC~ cells were constructed in an AX2 background. A disruption cassette,
consisting of a genomic DNA fragment amplified by PCR using primers
5'-CATTCGATTGTATAATACACAACTAAATCA-3" and 5-GGGGTTGGATCAT-
ATTCAGCAATGAATTGA-3’, the Blasticidin S resistant (BSR) cassette from
pLPBLP (Faix et al., 2004), followed by a genomic DNA fragment amplified
by PCR using primers 5'-GAGCAAGGATGTTCTAATTGAATTGATTTC-3" and
5"-GGGCATCAGCCAAATCTAGAGTAAACGTT-3', was used to target the
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Figure 9. Schematic diagram of RasC-mediated signaling pathways
that control chemotaxis. The chemoattractant cAMP signals through the
G protein—coupled receptor cAR1 to RasC, leading to TORC2-mediated
activation of PKBR1 and PKBA. The activation of PKBA also depends on
recruitment to PIP3. Together, the two PKBs phosphorylate a series of sub-
strates and play a critical role in ACA activation, actin polymerization, and
chemotaxis. The graphs to the left schematically illustrate the kinetics of
G protein a and By subunits dissociation, RasC activation, PKB phosphory-
lation, PKB substrate phosphorylation, and chemotactic responses. The red
line shows the typical wildtype responses that are rapidly shut off during
persistent stimulation. The green line shows the responses in cells in which
the inhibitory signal indicated by (+) is bypassed by RasC%2.

gene for deletion by homologous recombination. Knockouts were screened
by PCR and confirmed by Southern blotting. Flag-RasC was amplified by PCR
using primers 5'-AAATAAAAATGGATTATAAAGATGATGATGATAAAT-
CAAAATTATTAAAATTAG-3’ and 5'-TTACAATATAATACATCCCCT-3' from
rasC cDNA plasmid. The resulting PCR fragment was cloned info the Bglll
site of pPDM359 (Veltman et al., 2009) for doxycycline-inducible expression or
the Bglll site of pJK1 for constitutive expression. To create activated RasC, the
conserved glycine at position 13 or glutamine at position 62 was mutated to
valine or leucine, respectively, by quick change sitedirected mutagenesis.

Immunoblotting

Differentiated cells were shaken at 200 rpm in DB with 5 mM caffeine for
20 min, washed with PM buffer (5 mM Na,HPO,, 5 mM KH,PO,, and 2 mM
MgSOy,) twice, resuspended to 2 x 107 cells/ml in PM, and kept on ice be-
fore assay. Cells were stimulated with 1 pM cAMP, lysed in SDS sample buffer
at various time points, and boiled for 5 min. Immunoblotting was performed
as described previously (Kamimura et al., 2009). Antibodies recognizing
specific phosphorylated sites were purchased from Cell Signaling Technology.
Anti—phospho-PKB substrate antibody (rabbit monoclonal antibody) was
used to detect the phosphorylation of the substrates of PKBA and PKBRI1.
Anti—phospho-PDK docking motif antibody (mouse monoclonal antibody)
was used detect the phosphorylation of the HM of PKBR1. Anti-phospho-PKC
(pan) antibody (rabbit monoclonal antibody) was used to detect the phos-
phorylation of the ALs of both PKBA and PKBR1. Monoclonal antibody from
Sigma-Aldrich was used to detect the Flag tag. Anti-pan-Ras mouse mono-
clonal antibody from EMD was used to detect D. discoideum Ras proteins.
Anti-T7 tag monoclonal antibody from EMD was used to detect the T/ tag.

In vitro PKB phosphorylation assay
For GTP-yS-stimulated PKB phosphorylation, cells were pretreated with caf-
feine as described in the previous section, resuspended in PM at a density of

8 x 107 cells/ml, and kept on ice before assay. 100 pl of cell suspension
was mixed with equal volume of TM buffer (20 mM Tris, pH 8.0, and
2 mM MgSQy) in the presence or absence of 40 yM GTP+yS (Roche) and
then immediately lysed through two layers of 5-pm filter membranes. Lysate
samples were incubated on ice for 8-12 min before being stopped by the
addition of SDS sample buffer. To test whether Ras proteins mediate the
effects of GTP-yS, 10 pg GST-RBD or an equal amount of GST purified from
bacteria was added together with GTP-yS.

To reconstitute PKB phosphorylation in vitro with lysates from wild-
type cells and piaA~ cells expressing Flag-RasC%?, 50 pl of cell suspen-
sion from each cell line was mixed together with 100 pl TM and 1 pl of
60 mM ATP and then filter lysed. Reactions were incubated on ice for
8-12 min and stopped by the addition of SDS sample buffer.

To make HSS, caffeinetreated cells were washed with PM twice,
resuspended in glycerol lysis buffer (20 mM Tris, pH 8.0, 2 mM MgSQ,,
0.2 mM EGTA, 10% glycerol, and complete EDTA-free protease inhibitor
[Roche]) at a density of 8 x 107 cells/ml, and filter lysed. Cell lysates were
centrifuged at 53,000 rpm in a TLA55 rotor (Beckman Coulter) at 4°C for
1 h, and the supernatant was collected. 100 pl of the supernatant was
used in one reaction.

To prepare membrane fractions from piaA™ cells expressing Flag-
RasC or Flag-RasC%?, differentiated cells were resuspended in PM at a
density of 8 x 107 cells/ml and filter lysed. Cell extracts were centrifuged
at 16,000 g for 2 min. The membrane pellet was washed once with PM,
resuspended with 100 pl PM, and used in one reaction.

To obtain Flag-PiaA immunocomplex used for experiments presented
in Fig. 8 (B-E), Flag-PiaA was immunoprecipitated as follows: 20 pl anfi-
Flag M2 affinity gel (Sigma-Aldrich) was incubated with 1.2 ml HSS at 4°C
for 3 h, washed with glycerol lysis buffer for three times and a total of
15 min, and then eluted with 100 pl of 500 ng/pl 3xFlag peptide (Sigma-
Aldrich) at 4°C for 30 min. 100 pl of the eluate was used in one reaction.
For experiments illustrated in Fig. 8 A, 200 ng/pl 3xFlag peptide was used
to elute the complex. For PP242 treatment, the Flag-PiaA eluate was incu-
bated with PP242 for 15 min on ice before 0.1 mM ATP and lysates from
FlagRasC®?/piaA~ cells were added. The reaction was continued on
ice for another 12 min before being stopped by the addition of SDS
sample buffer.

Coimmunoprecipitation assay

rip3~ cell was cotransformed with constructs expressing T7Rip3 and Flag-
RasC, or T7-Rip3 and Flag-RasC%?, or Flag-RasC%? only. Cells were dif-
ferentiated, washed twice with PM, and lysed with immunoprecipitation
buffer (20 mM Tris, pH 8.0, 20 mM MgCl,, 0.2 mM EGTA, 10% glycerol,
complete EDTAfree protease inhibitor, 2 mM Na3VOy,, and 0.3% CHAPS)
for 10 min on ice. Cell extracts were centrifuged at 16,000 g for 2 min.
Supernatant fraction was collected and incubated with 3 pl anti-T7 anti-
body at 4°C for 3 h. The immunocomplex was recovered by protein G-
Sepharose beads (GE Healthcare) during a 1-h incubation at 4°C. Beads
were washed four times with immunoprecipitation buffer, and proteins
were eluted by boiling the beads in SDS sample buffer.

Micropipette assay and image acquisition
Differentiated cells were plated on coverslip chambers (NalgenNunc;
LabTek) filled with DB and allowed to adhere to the surface for ~15-20 min.
A micropipette filled with 1 pM cAMP was placed into the field of view.
Chemotaxis was recorded by time-lapse video using an inverted micro-
scope (CKX41; Olympus) with a 20x NA 0.4 objective lens. Images were
captured with Image) software (National Institutes of Health). Motility
speed was calculated as the total distance traveled by the cell divided by
time. To calculate chemotactic index, the cosine of the angle between the
direction of movement and the direction of chemoattractant gradient was
determined for each frame. The values were weighted according to the
length of the step and averaged. The distances between the start (d1) and
the end (d2) point of the migration path to the needle were measured, and
chemotactic motility was calculated as (d1 — d2) divided by the time the
cell travels from the start to the end point. Persistency was calculated as the
shortest linear distance between the start point and end point of the migra-
tion path divided by the total distance traveled by the cell.

1 pM cAMP was used to stimulate the translocation of LimEAcoil-RFP.
Cells were observed with a spinning disk confocal microscope (UltraVIEW
DM16000; PerkinElmer) using a 40x NA 1.25-0.75 oil immersion objec-
tive. Images were captured with a cooled 12-bit charge-coupled device
camera (LSI) and the Slidebook 4.0 software (Intelligent Imaging Innova-
tions, Inc.) and processed using Photoshop 7.0 and lllustrator 10.0 (Adobe).
All experiments were performed at RT.
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PH domain translocation assay

The assay was performed as described previously (Lilly and Devreotes,
1995). In brief, differentiated cells were treated with caffeine and resus-
pended in PM at a density of 8 x 107 cells/ml. At specific time points after
stimulation with 1 yM cAMP, 100-pl aliquots of cells were filter lysed. Cell
lysates were immediately mixed with equal volumes of supernatant contain-
ing PHcrac-GFP. Reactions were incubated on ice for 30 s before being
stopped by the addition of 1 ml icecold PM. Membrane fractions were col-
lected and blotted with anti-GFP antibody.

Actin polymerization assay

Cells were pretreated with 3 mM caffeine for 20 min, washed with PM,
resuspended in PM plus 1 mM caffeine at a density of 2 x 107 cells/ml,
and kept on ice before assay. Cells were warmed by shaking at RT for
10 min and then stimulated with T yM cAMP. At specific time points after
stimulation, aliquots of cells were lysed by the addition of equal volumes
of cold 2x assay buffer (2% Triton X-100, 20 mM KCI, 20 mM EGTA,
20 mM imidazole, and 0.1 mg/ml NaN;). Cell lysates were incubated at
RT for 10 min with occasional agitation. The Triton-insoluble cytoskeletal
fraction was collected by centrifugation at 8,000 g for 4 min, washed
once with 1x assay buffer, dissolved in 2x SDS sample buffer, and sub-
jected to SDS-PAGE. The amount of actin was determined by densitometric
analysis of scanned Coomassie-stained gels.

ACA assay

Cells were grown to ~5 x 10° cells/ml in HL5 medium and were allowed
to differentiate to the chemotaxis competent stage by resuspending them
in DB and providing exogenous pulses of 75 nM cAMP for 5.5 h. The
cAMP receptor-mediated activation of ACA was performed as previously
described (Kriebel and Parent, 2009). In brief, differentiated cells were
treated with 2 mM caffeine for 30 min, washed and resuspended in
ice-cold PM buffer, and stimulated with 10 pM cAMP at RT, except that
the basal activity was measured on ice. Cells were withdrawn at the
indicated time points into the reaction mix containing «-[*?P]ATP diluted
with unlabeled ATP to a final concentration of 100 nM. The reaction
was allowed to proceed for 1 min and stopped with SDS/ATP, and the
[32P]cAMP was purified by sequential Dowex AG 50W X-4 and alumina
column chromatography.

Online supplemental material

Fig. S1 shows that RasC but not RasG is required for the activation of the
PKB pathway. Fig. S2 shows that constitutive expression of activated forms
of RasC in rasC~ cells results in prolonged activation of PKBR1 and defects
in chemotaxis. Fig. S3 shows that PKBR1 and PKBA are required for ACA
activation. Fig. S4 shows that RasC is activated in piaA~ cells. Videos 1
and 2 show the translocation of LimEAcoil-RFP in rasC™ D. discoideum cells
induced to express Flag-RasC or RasC?. Videos 3-10 show different
lines of D. discoideum cells migrating in a gradient of cCAMP generated by
a micropipette. Online supplemental material is available at http://www

.jcb.org/cgi/content/full/jcb.201001129/DC1.
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