Molecular Biology of the Cell
Vol. 14, 1727-1743, April 2003

A Regulator of G Protein Signaling-containing Kinase
Is Important for Chemotaxis and Multicellular
Development in Dictyostelium

Binggang Sun and Richard A. Firtel*

Section of Cell and Developmental Biology, Division of Biological Sciences and Center for Molecular
Genetics, University of California, San Diego, La Jolla California 92093-0634

Submitted September 3, 2002; November 6, 2002; Accepted November 27, 2002
Monitoring Editor: Peter N. Devreotes

We have identified a gene encoding RGS domain-containing protein kinase (RCK1), a novel
regulator of G protein signaling domain-containing protein kinase. RCK1 mutant strains exhibit
strong aggregation and chemotaxis defects. rck1 null cells chemotax ~50% faster than wild-type
cells, suggesting RCK1 plays a negative regulatory role in chemotaxis. Consistent with this
finding, overexpression of wild-type RCK1 reduces chemotaxis speed by ~40%. On cAMP
stimulation, RCK1 transiently translocates to the membrane/cortex region with membrane local-
ization peaking at ~10 s, similar to the kinetics of membrane localization of the pleckstrin
homology domain-containing proteins CRAC, Akt/PKB, and PhdA. RCK1 kinase activity also
increases dramatically. The RCK1 kinase activity does not rapidly adapt, but decreases after the
cAMP stimulus is removed. This is particularly novel considering that most other chemoattrac-
tant-activated kinases (e.g., Akt/PKB, ERK1, ERK2, and PAKa) rapidly adapt after activation.
Using site-directed mutagenesis, we further show that both the RGS and kinase domains are
required for RCK1 function and that RCK1 kinase activity is required for the delocalization of
RCK1 from the plasma membrane. Genetic evidence suggests RCK1 function lies downstream
from Ga2, the heterotrimeric G protein that couples to the cAMP chemoattractant receptors. We
suggest that RCK1 might be part of an adaptation pathway that regulates aspects of chemotaxis

in Dictyostelium.

INTRODUCTION

G protein-coupled receptors (GPCRs) mediate the signal
transduction of diverse extracellular stimuli, including hor-
mones, chemokines, neurotransmitters, light, and odorants
(Carman and Benovic, 1998; Marinissen and Gutkind, 2001).
Binding of an agonist to its GPCR results in the dissociation
of a heterotrimeric G protein into the Ga and Gy subunits,
which in turn regulate downstream effector molecules
(Hamm, 1998). The GPCR-mediated signaling then rapidly
adapts. This adaptation is achieved at the level of GPCR by
receptor desensitization, at the level of the G protein by its
inactivation, or through the independent adaptation of the
downstream effector pathways.

Regulators of G protein signaling (RGS) proteins bind to
the GTP form of the Ga subunit of heterotrimeric G proteins
and can act as Ga subunit GTPase-activating proteins
(GAPs), in which case they increase the intrinsic Ga subunit
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GTPase activity, thus attenuating signaling (Hepler, 1999;
Sierra et al., 2000). Although most of the RGS proteins tested
are GAPs for Ga proteins, in some cases RGS proteins carry
other effector domains (Zhong and Neubig, 2001) that pro-
vide additional functions. In such proteins, the RGS domain
can serve as a Ga recognition domain with or without GAP
activity. For example, the RGS domains in p115-Rho-GEF
and Axin play active roles in transmitting receptor signals to
downstream effectors (Kozasa et al., 1998; Spink et al., 2000).
D-AKAP2, a protein kinase A (PKA)-anchoring protein con-
taining a putative RGS domain, may provide a link between
PKA and the plasma membrane signaling machinery
(Huang et al., 1997). Seven G protein receptor kinase (GRK)
family members contain an N-terminal atypical RGS domain
(Siderovski et al., 1996; Penn et al., 2000). Although very little
is known about the function of the RGS domain in most of
these proteins, it has been shown that the RGS domain of
GRK2 binds to Ga, 1, and inhibits Ga-mediated activation
of phospholipase C-B (Carman et al., 1999).

In Dictyostelium, the transition from vegetative growth to
multicellular development is triggered by starvation and
subsequent production of the chemoattractant and morpho-
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gen extracellular cAMP (Aubry and Firtel, 1999). cAMP
binds to and activates the G protein-coupled serpentine
receptors (cARs) that initiate a series of integrated G protein-
dependent and -independent signal transduction events that
control developmental responses, including chemotaxis of
cells toward the chemoattractant cAMP (Chen ef al., 1996;
Parent and Devreotes, 1996; Aubry and Firtel, 1999; Chung
and Firtel, 1999). cAR1 is the major cAR that mediates che-
motaxis to cAMP and the activation of adenylyl cyclase
during aggregation and is coupled to the heterotrimeric G
protein containing the Ga protein subunit Go2.

Our understanding of chemotaxis in Dictyostelium derives
from careful genetic and biochemical analysis of signaling
components regulating this pathway combined with the
ability to perform single-cell chemotaxis assays. Recent stud-
ies have focused on phosphatidylinositol 3-kinase (PI3K)
and its downstream effector pathways that are required for
regulating cell polarity and motility (Parent and Devreotes,
1999; Firtel and Chung, 2000; Chung et al., 2001a; Comer and
Parent, 2002; Funamoto et al., 2002; lijima et al., 2002; lijima
and Devreotes, 2002). Through the use of gene knockouts
and green fluorescent protein (GFP) fusions, the function
and changes in the subcellular localization have provided
key insights into the pathways controlling chemotaxis. In
addition to PI3K and its effectors, other pathways important
for chemotaxis include the mitogen-activated protein kinase
kinase 1/extracellular signal-regulated kinase 1 (ERK1) mi-
togen-activated protein (MAP) kinase cascade and interact-
ing proteins; Ras; PAKa; and myosin heavy chain kinases
that regulate myosin II assembly; the PKA regulatory path-
way; guanylyl cyclase; Rac family GTPases; and the actin
polymerization machinery and actin binding proteins (Par-
ent and Devreotes, 1999; van Es and Devreotes, 1999; Firtel
and Chung, 2000; Chung et al., 2001a). In addition to the
pathways controlling chemotaxis, Dictyostelium cells must
integrate other chemoattractant-mediated pathways such as
those controlling the activation of adenylyl cyclase.

The adaptation of signaling pathways plays an equally
essential role in the regulation of cellular responses. All of
the previously examined cAR1/Ga-mediated pathways rap-
idly adapt, often with very different kinetics. For example,
chemoattractant-stimulated adenylyl cyclase activity peaks
at 60-90 s, whereas the first peak of actin polymerization is
at ~5 s; ERK1 activation is at ~15 s; ERK2 activation is at
~50 s; PI3K-dependent pleckstrin homology (PH) domain
localization and cGMP accumulation are maximal at ~8 and
10 s, respectively; and Akt/PKB and PAKa activities are
maximal at 15 and 30 s after stimulation, respectively (van
Es and Devreotes, 1999; Firtel and Chung, 2000). Except for
the role of the phosphatidylinositol 3’ lipid phosphatase
PTEN, which is required for the adaptation of the chemoat-
tractant-mediated PI3K pathways, little is known about the
adaptation pathways for any of the responses (Funamoto et
al., 2002; lijima and Devreotes, 2002). As in other systems,
the C-terminal tail of the G protein-coupled receptor cAR1 is
phosphorylated; however, this seems to have little impact on
the overall adaptation of cAR1-mediated pathways (Cate-
rina et al., 1995). Cells expressing a cAR1 receptor lacking the
tail phosphorylation sites do not exhibit a ligand-mediated
reduction in ligand affinity and are partially defective in the
activation of STATa, but show a normal adaptation of ad-
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enylyl and guanylyl cyclase (Vaughan and Devreotes, 1988;
Caterina et al., 1995; Kim et al., 1997).

Herein, we describe RGS domain-containing protein ki-
nase (RCK1), a novel kinase containing an RGS domain. We
demonstrate that rck1 null cells chemotax more rapidly than
wild-type cells, whereas overexpression of RCK1 leads to
reduced chemotaxis, suggesting that RCK1 plays a negative
regulatory role in controlling chemotaxis. Furthermore, we
show that RCK1 kinase activity is stimulated in response to
cAMP. Unlike other kinases and signaling pathways acti-
vated by chemoattractant stimulation, RCK1 activity re-
mains elevated unless the stimulus is removed. These find-
ings suggest that RCK1 might be a candidate for controlling
the adaptation of some chemoattractant-mediated path-
ways.

MATERIALS AND METHODS

Materials

The cAR1 antibody was a gift from the Devreotes laboratory (John
Hopkins University School of Medicine, Baltimore, MD). Sodium
orthovanadate, §-glycerophosphate, aprotinin, and leupeptin were
purchased from Sigma-Aldrich (St. Louis, MO). Histone H2B and
myelin basic protein (MBP) were purchased from Roche Diagnostics
(Indianapolis, IN). [®2P]y-ATP was from ICN Pharmaceuticals
(Costa Mesa, CA). Protein A-Sepharose CL-4B was from Amersham
Biosciences (Piscataway, NJ. Protein G plus agarose was from Santa
Cruz Biotechnology (Santa Cruz, CA).

Cell Culture and Development of Dictyostelium
Cells

Wild-type Dictyostelium strain Kax-3 was used to generate various
mutant strains. Cells were grown in nutrient medium (Watts and
Ashworth, 1970) at 23°C either in shaking culture or on a Petri dish.
For the developmental study, cells were washed twice in 12 mM
Na™/K* phosphate buffer and plated at various densities on agar
plates.

Library Construction and Screening

The C-terminal half of RCK1 was obtained by screening a 12- to 16-h
developmental AZAP library using a cDNA fragment correspond-
ing to the kinase domain of a putative Dictyostelium kinase as a
probe (Dictyostelium database sequence IICCP2E13713). To obtain
the N terminus of RCK1, a mini-genomic library was constructed.
Briefly, the genomic DNA from Kax-3 cells was digested with
HindIIl, which cuts upstream of RCK1, and Spel, which cuts imme-
diately after the RGS domain. The DNA was size fractionated on an
agarose gel. DNA fragments of the right size were recovered, li-
gated into a vector, and transformed into Escherichia coli. All library
screenings were done using standard protocols (Sambrook et al.,
1989) with slight modifications that reduced the stringency by low-
ering the concentration of formamide to 40% and by performing the
hybridizations at 37°C.

Generation of rck1 Null Cells and Cells Expressing
Wild-Type and Mutant RCK1s

The rck1 null mutant was obtained by a gene replacement technique
based on that of Manstein ef al. (1989) but with a blasticidin resis-
tance cassette (Sutoh, 1993). The targeting construct was made by
inserting a Bsr cassette in the second BglII site of RCKI.

To make wild-type RCK1 expression constructs, RCK1 was
tagged at the N terminus with either the myc epitope or the myris-
toylation signal of chicken c-Src. Myristoylation-site-tagged RCK1
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was made by cloning the RCK1 coding region in-frame downstream
of the myristoylation signal in premade vectors containing this tag
(Medili et al., 1999). The myc-tagged RCK1 was made similarly except
that a myc tag instead of myristoylation-site tag was incorporated in
the linker. The primers used to amplify the RCK1 coding region are
5-GTTTTTGATATCTGAAATGAAAACATCAAAGGATAGT and
5-GTTTTCTCGAGTATTAT TATTTATTTTTTGGCTGTGC. For
making RCK1 mutations, site-directed mutagenesis was done by a
two-step polymerase chain reaction approach by using overlapping
primers containing the desired mutations (Li and Wilkinson, 1997).
The DNA fragments containing mutations were used to replace the
corresponding fragments in the wild-type RCK1 constructs. All
constructs were sequenced and subcloned into Exp4 (+) expression
vectors and transformed KAx-3 or rck1 null cells.

All transformations were done as described previously (Nellen et
al., 1987). Transformants were selected with 10-20 ug/ml G418, and
clones were isolated by plating cells on DM agar (12 mM Na* /K™
phosphate buffer pH 6.1, 1% Bacto peptone, 0.2% p-glucose, 1.5%
agar) containing 40 ug/ml G418. In the case of making rck1 null
cells, cells were selected with 7.5 pug/ml blasticidin.

Chemotaxis Assay

Aggregation-competent cells were made by pulsing cells with
cAMP as described previously (Meili et al., 1999) except that cells
were pulsed at 6-min intervals. Pulsed cells of 4 X 10°cells/ml were
plated onto a small dish with a hole covered by a 0.17-mm glass
coverslip at 40 ul/dish and allowed to adhere for 15 min. A mi-
cropipette filled with 150 uM cAMP was positioned close to cells by
using a micromanipulator (Eppendorf Patchman, Fisher Scientific,
Pittsburgh, PA), and the response of cells was recorded at 6-s
intervals with a time-lapse video recorder and NIH Image software.
Cell movement was analyzed using the DIAS program (Wessels et
al., 1998).

Immunofluorescence Microscopy

Pulsed cells were allowed to settle onto glass coverslips for 30 min
and stimulated for different time periods by submerging the cover-
slips into 20 uM cAMP solution. Cells were quickly fixed and
permeabilized in 100% cold methanol for 20 min at —20°C. Cells
were then washed and incubated with 0.5 pug/ml anti-myc mono-
clonal antibody (Invitrogen, Carlsbad, CA) in phosphate-buffered
saline containing 0.5% bovine serum albumin and 0.05% Tween 20
for 1 h. Cells were incubated with fluorescein isothiocyanate-labeled
anti-mouse IgG antibody for 1 h, washed, and mounted for obser-
vation with a 60X oil immersion lens on a Microphot-FX microscope
(Nikon, Tokyo, Japan).

Kinase Assay

Log phase cells were pulsed as usual. After pulsing, cells were
collected by centrifugation and resuspended at a density of 2-3 X
107cells/ml. Cells were resensitized by bubbling air through the cell
suspension for 10 min (Devreotes et al., 1987; Ma et al., 1997). The
kinase assay was performed similarly to the assay for chemoattrac-
tant-stimulated Akt/PKB activity described previously (Meili et al.,
1999). Cells were then stimulated with 100 ul of cAMP and 500 ul of
cells were taken at each time point and lysed immediately by mixing
with an equal volume of 2X lysis buffer containing 50 mM Tris, pH
7.6, 200 mM NaCl, 20 mM NaF, 2 mM vanadate, 50 mM B-glycer-
ophosphate, 6 mM sodium pyrophosphate, 2 mM EDTA, 2 mM
EGTA, 4 pg/ml leupeptin, 4 pg/ml aprotinin, 2% NP-40, 20%
glycerol, and 2 mM dithiothreitol. The lysate was precleared by
centrifugation. One microliter of antibody (1 wg/ul) was added and
incubated with agitation in a cold room for 1 h. The formed immune
complexes were collected with 50 ul of a 1:1 slurry of either protein
A or protein G beads in lysis buffer by incubation under agitation
for 1 h at 4°C. The beads were washed twice with lysis buffer and
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twice with kinase buffer (25 mM MOPS pH 7.4 at room temperature,
25 mM glycerophosphate, 20 mM magnesium chloride, and 1 mM
dithiothreitol). The kinase activity was measured using either MBP
or Histone H2B protein as substrate in a reaction in 60 ul of kinase
buffer containing 5 pCi of [**P]y-ATP, 5 uM cold ATP, and 5 ug of
MBP. The reactions were stopped by adding 20 ul of 4X SDS buffer
and boiling for 5 min. Samples were then resolved by SDS-PAGE
(12.5%), blotted onto polyvinylidene difluoride membrane (Milli-
pore, Bedford, MA), and exposed to film.

RESULTS

Identification of RCK1

RCK1 was identified by a low-stringency hybridization
screen as described in MATERIALS AND METHODS. The
RCK1 open reading frame encodes a protein of 1123 amino
acids (Figure 1A; GenBank accession no. AY163574). Struc-
ture analysis using SMART predicted an RGS domain in the
middle of the open reading frame and a dual-specificity
kinase at the C terminus of the protein (Figure 1B). The long
N-terminal domain does not show homology to any other
proteins in the databases. The RGS domain of the Dictyoste-
lium RCK1 exhibits a moderate homology of ~40-50% to
known RGS domains, with highest homology to that of
Xenopus RGS4 (25% identity and 49% homology; Figure 2A).
The RCK1 kinase domain exhibits considerable homology to
a family of mitogen-activated protein kinase kinase kinases
that includes MAP3KA-1, murine Raf-1, and Arabidopsis
CTR1 (Figure 2B). Some GRKs, which are important players
in receptor desensitization and adaptation (Ferguson and
Caron, 1998; Penn et al., 2000), contain an RGS domain in
addition to the receptor kinase domain; however, these ki-
nase domains are not homologous to that of RCK1.

To examine the timing of RCK1 expression during the
Dictyostelium developmental cycle, we performed RNA blot
analysis. As depicted in Figure 1C, RCK1 shows a very low
level of mRNA expression in vegetative cells, which in-
creases dramatically at 4 h after starvation and then rapidly
falls to very low levels throughout the remainder of devel-
opment.

Analysis of the Phenotype of rck1 Null Cells

rckl null strains were generated by gene disruption via
homologous recombination as described in MATERIALS
AND METHODS and confirmed by Southern blot analysis
(our unpublished data). Northern blot analysis of rckInull
cells revealed no detectable RCK1 mRNA (our unpublished
data). Seven independent rck1 null strains were identified,
and initial studies indicated that all strains had an indistin-
guishable developmental phenotype. A single clone was
selected for subsequent analysis.

Compared with wild-type cells, rck1 null cells formed
multicellular aggregates slightly faster when the cells were
plated on a nonnutrient agar surface. In addition, the
mounds were larger than those of wild-type cells at a num-
ber of plating densities (Figure 4A; other densities not
shown). By 5 h after starvation, rckl null cells had already
formed loose mounds; however, the development of rckl
null cells was significantly delayed after mound formation
and slugs were identified only at ~24 h. Normally shaped
fruiting bodies formed at ~30 h. Expression of RCK1 from
the constitutive Actin 15 promoter in wild-type cells resulted
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Figure 1. Sequence analysis of Dictyostelium RCK1. (A) Deduced amino acid sequence of RCK1 from the 3990 base pairs DNA clone. The
underlined region in the middle is the RGS domain. The kinase domain at the C terminus is also underlined. (B) Schematic diagram of RCK1
domain structure. (C) Northern blot showing the developmental time course of RCK1 expression. Total RNA of 8 ug/sample was resolved on a
1.0% denaturing agarose gel, blotted, and probed as described previously (Datta and Firtel, 1987). The 0-h time point is for vegetative cells.

in significantly delayed development. Aggregation and
mound formation occurred more slowly than in wild-type
cells, and slugs were not formed until ~24 h in develop-
ment. Normally shaped fruiting bodies developed at 30-36
h. Expression of this construct in rckInull cells resulted in a
similar although slightly less severe phenotype. Because
Dictyostelium transformants obtained using G418 selection
have a high copy number of the vector, levels of expression
of the exogenous protein from the Actin 15 promoter are
usually higher than those of the endogenous protein. This
probably accounts for the similarity of the phenotypes of
rck1 null and wild-type strains expressing exogenous RCK1.
We cannot rule out the possibility that differences in the
temporal pattern of expression of exogenous RCK1 from the
constitutive Actin 15 promoter compared with the highly
regulated developmental pattern of expression of endoge-
nous RCKI, rather than the expression level of the protein,
account for the observed developmental defect of RCK1©E
cells. We also cannot discount that the myc tag may result in
abnormal protein function, although we expect that it is
unlikely that the myc tag is responsible for the defects, as the
kinase activity of myc-RCK1 is rigorously activated in re-
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sponse to cAMP stimulation (see below). These analyses
indicated that both the lack of expression and the overex-
pression of RCK1 lead to developmental defects.

To better understand the temporal delay exhibited by rck1
null cells, we examined the expression of a series of devel-
opmental markers that are expressed during the aggregation
and multicellular stages in development. Figure 3A shows
the expression of the cAR1 protein. The protein is visibly
induced by 4 h of development and is maximal at 6-8 h. In
rckl null cells, cAR1 expression is similar to that in the
wild-type cells.

We also examined cell-type-specific markers, including
the prespore-specific gene SP60/CotC, the spore-specific
gene SpiA, and two prestalk-specific genes, ecmA and ecmB
(Figure 3B). SP60/CotC exhibits a delay of induction of ex-
pression by ~4 h in rck1 null cells compared with the time of
expression in wild-type cells. In rckInull cells, SP60/CotC
RNA levels do not decrease rapidly at 16 h, as they do in
wild-type cells, but remain at high levels through 28 h in
development. The prestalk-specific genes ecmA and ecmB
also have delayed developmental expression. This delay is
also exhibited by SpiA, a spore-specific marker. These find-
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Figure 2. Sequence comparison of RCK1 with other proteins. (A) Alignment of the RGS domain of RCK1 with that of Xenopus RGS4, human
RGS5, mouse RGS1, human RGS10, and mouse GRK4. The GenBank accession numbers for these genes are Xenopus RGS4, AF263451; human RGS5,
XM_002185; mouse RGS1, NM_015811; human RGS10, XM_049798; and mouse GRK4, AF040745. The positions marked by “*” are those mutated
in RCK1 in this study. (B) Comparison of the kinase domain of RCK1 with that of other kinases including mouse v-raf-1, chick C-MIL, Arabidopsis
CTR1, Arabidopsis MAP3K Delta-1 (MAP3K in the figure), and human MAP3K12. The GenBank accession numbers for these genes are mouse
v-raf-1, NM_029780; chick C-MIL, X07017; Arabidopsis CTR1, L08790; Arabidopsis MAP3K Delta-1, Y14199; and human MAP3K12, XM_006800.
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Figure 3. Expression of developmental markers in wild-type
KAx-3 and rck1 null cells. (A) Western blot analysis of cAR1 expres-
sion in response to pulsing. Cells were pulsed with 30 nM cAMP
and samples were taken at indicated time points, lysed, and sub-
jected to Western blot analysis by using polyclonal cAR1 antibodies.
(B) Northern blot analysis of total RNA prepared from wild-type
KAx-3 and rckl null cells at different stages of development as
indicated. Blots were hybridized with probes for ecmA (prestalk
specific), ecmB (pstB and ALC specific), spiA (spore specific), and
SP60/CotC (prespore specific).

ings are consistent with the observed delays in the morpho-
genesis of this strain.

Effect of Point Mutations within RGS and Kinase
Domains on Morphogenesis

To better understand the potential role of the subdomains of
RCK1 in regulating RCK1 function, we made a series of
amino acid substitutions in the RGS domain in residues
known to interact with Ga subunits in RGS family members
and the kinase domain. The mutant proteins were expressed
as myc-tagged proteins in both wild-type and rckl null cells
and the effects on RCK1 translocation to the plasma mem-
brane, RCK1 kinase activity, chemotaxis, and multicellular
development were measured. Western blot analysis of
clones showed that all expressed similar levels of RCK1
protein (our unpublished data; Figure 7). Expression of ki-
nase-dead RCK1 (RCK1¥8674) in wild-type cells resulted in a
phenotype that was very similar to that of rckl null cells.
Aggregation occurred slightly more rapidly than in wild-
type cells, but the cells arrested temporarily at the mound
stage, with fruiting bodies appearing at ~30 h (Figure 4A,
30-h time point is not shown). Expression of the kinase-dead
RCKT1 in rck1 null cells produced an even more severe phe-
notype than that of rck1 null cell (Figure 4A). Cells formed
aggregates more slowly than wild-type cells and remained
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arrested at the mound stage with no formation of slugs and
fruiting bodies within the time course of the experiments.
Our results suggest that RCK1¥8674 functions as a dominant
interfering (negative) protein. The stronger phenotype ob-
served from the expression of RCK1¥8674 in rck1 null cells
suggests that the kinase-dead RCK1 may interfere with a
binding partner. The results also indicate that the RCK1
kinase domain is essential for RCK1 function.

To obtain insight into the role of the RGS domain, we
made mutations of residues previously demonstrated to
play a central role in the interactions of other RGS domains
with Ga subunits and/or RGS GAP activity. The crystal
structure of the RGS4-Gey;; complex shows that Glu®”, Asn®8,
and Asn'?® in RGS4 are involved in the interaction with Ge;,
(Tesmer et al., 1997). Cysteine 551 (Cys®®!) is present in a
highly conserved domain and corresponds in position to a
conserved Asn/Ser residue in mammalian RGS proteins
(Asn'® in RGS4 and Asn130 in RGS16). Mutation of this
residue in RGS4 and RGS16 significantly reduces RGS GAP
activity and Ga binding (Posner et al., 1999; Wieland et al.,
2000). Residue Glu®® in RGS16 (corresponding to Glu®” in
RGS4) interacts with Lys?1° in Gey;. Mutation of Glu®® to Lys
does not affect GAP activity but reduces affinity of RGS16 to
Gay, by ~100-fold, whereas mutating Asn®® to Glu in RGS16
(corresponding to Asn®® in RGS4) strongly attenuates
RGS16’s GAP activity (Wieland et al.,, 2000). A separate
study showed that a double mutation in RGS16 (E89G and
NO90A) eliminates RGS16 binding to several Ga protein sub-
units (Chen ef al., 1997).

To examine the role of the RGS domain, we made the
corresponding substitutions in RCK1 and examined the ef-
fects of expressing the mutant proteins in wild-type and rck1
null cells on development. Western blot analysis shows that
the RCK1 constructs are expressed at similar levels (our
unpublished data; see below). Wild-type cells expressing
RCKI1F510G  or  RCKIFSI0GNSUA - (corresponding  to
RGS16589C andRGS16MN904) exhibited normal kinetics of ag-
gregation, but the cells arrested for a period of time at the
mound stage and were at the slug or early culminant stage
by 24 h, similar to the phenotype of wild-type cells overex-
pressing wild-type RCK1 (Figure 4B). A similar effect was
observed for RCK1<%514, Expression of RCK1¥510C in rckl
null cells seemed to complement, at least at the morpholog-
ical level, normal Dictyostelium morphogenesis. The cells
aggregated with approximately the same kinetics as wild-
type cells and showed only a minimal delay after mound
formation. Slugs were present at 16 h and culminants were
present at 24 h, although these were slightly delayed com-
pared with wild-type cells developed in parallel on the same
plates. The observation that RCK1F51°C expression in rckl
null cells resulted in an almost wild-type phenotype, which
was not seen for wild-type RCK1 expressed at the same
level, suggests that the RCK1F°1°C mutation might have
reduced RCK1 activity. Neither RCKI1ES10GNSIIA  nor
RCK1<%514complemented the rck1 null phenotype; however,
because both mutant proteins exhibited nearly wild-type
activation of kinase activity on cAMP stimulation (see be-
low), we expect that the phenotypes of these strains are due
to overexpression of a functional RCK1 protein, similar to
observations of the overexpression of wild-type RCKI.

Molecular Biology of the Cell



rck1 Null and RCK1 Overexpressing (RCK1°F) Cells
Exhibit Chemotaxis Defects

One possible explanation for the developmental defects ex-
hibited by the RCK1 mutant strains is defects in the ability to
chemotax and/or undergo morphogenesis. We therefore ex-
amined the ability of wild-type and RCK1 mutant strains to
chemotax toward a micropipette containing cAMP. Using
DIAS computer software, we analyzed the cells’ rate of
movement, directional change, and roundness (Soll and
Voss, 1998; Wessels et al., 1998). One way of visualizing these
data is to examine overlapping images of cells that have
moved over an interval of time (Figure 5). A change in the
speed of movement toward the chemoattractant source can
be readily observed by the increase in the distance between
images taken at 1-min intervals and those seen in wild-type
cells. The shape of the cell provides an indication of lateral
pseudopodia and/or loss of cell polarity. As shown in Fig-
ure 5, wild-type cells move in an essentially straight line
toward the chemoattractant source with a speed of ~8.6
pm/min (as measured by the rate of movement of the cell’s
centroid over time). rck1 null cells exhibit an increased rate
of movement to ~12.6 um/min, whereas RCK1-overex-
pressing cells have a significant decrease in speed (5.3 um/
min). These cell movement defects are interesting, consider-
ing rckl null and RCKI®E cells displayed similar
developmental defects. Overexpression of RCK1 carrying
the point mutations in the RGS domain in wild-type cells led
to a loss in chemotaxis speed, although the decrease in speed
was not as great as that caused by the overexpression of
wild-type RCK1, suggesting that the RGS1 point mutants
have decreased activity compared with the wild-type pro-
tein. As expected from the developmental phenotype, over-
expression of the kinase-dead RCK1 (RCK1¥8674) resulted in
reduced speed. It is possible that like RCK1¥867A RCK1
proteins carrying point mutations within the RGS domain
may exhibit similar dominant negative phenotypes. Overex-
pression of RCK1 may also inhibit chemotaxis by affecting
the activation of other downstream pathways through the
RGS domain acting as a GAP for a Ga protein subunit
required during aggregation. Interestingly, expression of the
mutant RCK1 proteins had little effect on directional change,
in contrast to many known signaling proteins that affect
chemotaxis and often cause a decrease in the efficiency (che-
motaxis index) with which cells move toward the needle
(Kitayama et al., 1998; Peracino et al., 1998; Firtel and Chung,
2000; Wessels et al., 2000). There is some increase in round-
ness of the mutant strains compared with the wild type,
suggesting some decrease in cell polarity.

RCK1 Translocates to Plasma Membrane in
Response to Chemoattractant Stimulation

Due to the presence of an RGS domain, it is possible that
RCK1 interacts with a Ga heterotrimeric G protein subunit.
Because many Ga protein subunits are modified by fatty
acid residues in a variety of systems (Wedegaertner, 1998)
and are localized at the plasma membrane, we wanted to
know the subcellular localization of RCK1 and whether this
changes in response to chemoattractant stimulation. To
study RCK1’s subcellular localization, we made two types of
RCK1-tagged fusions. In the first, RCK1 was fused to GFP at
either the N or C terminus of the protein. When we exam-
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ined the localization of RCK1-GFP in unstimulated and
stimulated cells, the majority of the protein was nuclear (our
unpublished data). As this was unexpected, we wanted to
further examine RCK1 localization by using a myc-tagged
RCK1 by examining immunostained cells before or after
cAMP stimulation by indirect immunofluorescence. Figure 6
shows that myc-RCK1 is cytosolic in unstimulated cells and
rapidly translocates to the plasma membrane, with mem-
brane localization peaking at ~10 s. myc-RCK1 then delo-
calizes from the plasma membrane by 30 s. These observa-
tions are similar to previous findings for PI3K and PH
domain-containing proteins such as CRAC, Akt/PKB, and
PhdA, which localized to the plasma membrane in response
to the production of PI3K-dependent lipid binding sites
(Parent et al., 1998; Meili et al., 1999; Funamoto et al., 2001,
2002). However, unlike these proteins, which localize to the
leading edge in chemotaxing cells, we did not observe po-
larized localization of RCK1 in aggregating cells (our un-
published data).

To investigate which domains of RCK1 might be involved
in chemoattractant-mediated RCK1 subcellular localization,
we expressed myc fusions of the region N-terminal to the
RGS domain, the RGS domain, and the kinase domain. All of
these proteins were stably expressed and were cytosolic
before or after stimulation, suggesting the entire protein is
required for localization and/or the fusion proteins do not
fold properly. To further investigate the role of the RGS
domain, we examined the subcellular localization of myc-
RCKI1%51A myc-RCK1E519G, and myc-RCK1ES10GNSTIA “Ag
shown in Figure 6, myc-RCK1FS10GNSIIA and  myc-
RCK1¥510G displayed kinetics of localization and delocaliza-
tion from the plasma membrane similar to those of wild-
type RCK1. In contrast, RCK1<55!4 showed a very weak
membrane localization after cAMP stimulation. The obser-
vation that RCK1<5!4 translocates very weakly suggests the
RGS domain may play a key role in RCK1’s change in
subcellular localization.

We also examined the subcellular localization of the ki-
nase-dead RCK158674_ Although this protein localized to the
plasma membrane with the same kinetics as wild-type
RCK1, the protein remained associated with the plasma
membrane for up to 5 min after chemoattractant stimulation
(Figure 6B). The inability of the kinase-dead mutation to
delocalize suggests that the kinase function of RCK1 is di-
rectly involved in delocalizing RCK1 from the plasma mem-
brane, possibly by affecting its interaction with a Ga protein
subunit.

Because RCK1 is targeted to the plasma membrane, we
tested the developmental consequences of expressing a
myristylated-tagged RCK1 (™Y"RCK1) from the Actin 15 pro-
moter in wild-type cells. These cells exhibited a develop-
mental phenotype similar to that of RCK1°E but with even
more delayed development and ~50% of the aggregates
arrested at the mound stage at 24 h of development (Figure
4A). Wild-type cells expressing ™Y"RCK1 also exhibited che-
motaxis defects with a decrease in speed similar to RCK1°F
cells (Figure 5).

RCK1 Kinase Activity Is Activated in Response to
Chemoattractant Stimulation

We examined whether RCK1 kinase activity changes in re-
sponse to chemoattractant stimulation. Cells expressing
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RCK19F
(KAx-3)

RCK1
(rckd null)

RCK1K867A RCK1K867A
(rckZ null) (KAx-3)

MTRCK1
(KAx-3)

Figure 4. Developmental phenotypes of rckl null cells and cells expressing wild-type and mutant RCK1. Cells grown in axenic medium
were washed twice with Na* /K" phosphate buffer and plated on nonnutrient agar plates. Photographs were taken at various developmental
stages. (A) Development phenotypes of rckl null, RCK19F, ™"RCK1, and RCK1¥8¢7A cells. Wild-type RCK1 and mutant RCK1¥8¢7A were
expressed in both wild-type and null backgrounds. (B) Development phenotypes of RCK1 mutants with mutations in the RGS domain in both
wild-type and null backgrounds. All photographs were taken at the same magnification.

wild-type myc-tagged RCK1 were lysed before and at spe-
cific times after chemoattractant stimulation. myc-RCK1 was
immunoprecipitated and the immune precipitate assayed
using MBP as a substrate as described previously (Meili et
al., 1999). As depicted in Figure 7A, chemoattractant stimu-
lation leads to rapid activation of RCK1 kinase activity. In
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contrast to many pathways that are stimulated in response
to chemoattractants in Dictyostelium, RCK1 activity remains
elevated throughout the time course of the experiment (5
min; see DISCUSSION). RCK1 activity only decreased on
removal of chemoattractant stimulation. A control experi-
ment using myc-tagged kinase-dead RCK1 (RCK1K8674)
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Figure 4 (legend on facing page).

showed no activity, suggesting that the kinase activity in the
immunoprecipitate from wild-type-stimulated cell extracts
is not due to a coimmunoprecipitation of another kinase.
In addition to the band of phosphorylated MBP, we ob-
served a phosphorylated band corresponding to the size of
RCK1 (~130 kDa) and at the same mobility as myc-RCK1 on
the Western blot. As with MBP, the phosphorylation of this
protein increased upon chemoattractant stimulation. Addi-
tional support for the proposition that the labeled ~130-kDa
band is due to RCK1 autophosphorylation comes from the
observation that this band is absent in the kinase-dead RCK1
control experiments. We cannot completely exclude the pos-
sibility that a kinase associated only with wild-type RCK1 is
responsible for this phosphorylation. As with MBP, RCK1
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phosphorylation remains elevated throughout the time
course of the experiment and rapidly decreases upon re-
moval of cAMP.

To examine the effect of mutations in the RGS domain on
activation of RCK1 kinase activity, myc-tagged RCK1<%54 and
RCKI1FS10GN51IA were also assayed. All proteins exhibited a
similar increase in the phosphorylation of kinase activity
against MBP in response to chemoattractant stimulation, with
the level of activity of the kinases appearing to be proportional
to the level of expression of the protein, as determined by
Western blot analysis. The results with RCK1<%514 suggest that
membrane localization of RCK1 is not essential for RCK1 ki-
nase activation or that the weak membrane localization that is
observed is sufficient for activation.
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A.

¥,

KAx-3 rckl- RCKIOF (5514 ES10G E5106 Myr-RCK1 K867A C551A ESI0G ESI0G K867A
/KAx-3 /KAx-3 N511A  /KAx-3 KAX-3 jpok1=  jrekl- NSUA  opg-
/KAx-3 Ireki-
B Figure 5. Chemotaxis analysis of
. Parameters | Direction change . rck1 null cells and cells expressing
Cells Speed (um/min) - (Degree) Roandnear (36) wild-type or mutant RCK1. Cells
were washed and pulsed every 6
KAx-3 8,65 +/- 0,63 2245 +/-2.12 44.49 +/- 5.50 min with 30 nM cAMP (see MA-
_ TERIALS AND METHODS; Meili
i 1261 +H-103 | 1965+-3.44 0184322 et al., 1999). Cells were plated on a
58.08 +-4.16 Petri dish specifically made for
5.33 +-0.63 25.08 +-5.45 . : .
RCK19E/ KAx-3 observing cells with an inverted
C551A/KAX-3 G044 135 23,59 +/-2.91 57.73 +- 836 microscope anfi placef:l close to a
micropipette filled with 150 uM
ES10G/KAx-3 6.98 +/- 1.25 2243 +/-3.25 66.58 +/-7.22 cAMP. Cell movement was re-
ES10G 61.49 +- 975 corded with NIH Image software
- 337 4-2. ; - :
N511A/KAx-3 ki SR and analyzed using the DIAS pro-
Myr-RCKUKAx-] 542+-130 | 3308+-1039 | 5775+ 581 gram. A comparison of cell shape,
direction change, and speed of
KS6TA/KAX-3 | 5204093 | 23.68+-8.11 56.62 +- 6.53 movement of different cells is de-
picted. (A) A representative cell
CS51A/rckl” 6.28 4/-0.82 2911 +-5.22 5736 +/-5.41 from each type of cells is shown.
The image was obtained by super-
ES10G/rekl” 4234-1.10 3108 +/-6.57 58,69 +/-3.95 imposing nine frames with 1-min
ESIG _— intervals between frames. (B)
| NS11A/ck]” == : 25.93+-2.47 66.92 +-2.20 Computed data indicate the
K867A/rcki- 539 +-126 | 31.504-927 61.89 +-5.37 speed, direction change, and po-

Effect of RCK1 Mutations on Aggregation-stage
Signaling Pathways

We investigated the effect of RCK1 mutations on several
signal transduction pathways known to be important for
signal perception, adaptation, and chemotaxis. PI3K and its
downstream effector Akt/PKB are important for cell polar-
ization and directional movement (Meili et al., 1999; Chung
et al., 2001b; Funamoto et al., 2001, 2002; Iijima and Dev-
reotes, 2002). To investigate whether PI3K lies upstream
from the activation of the RCK1 kinase, RCK1 was expressed
in pi3k1/pi3k2 double knockout cells and we examined the
RCK1 activity. As shown in Figure 8A, RCK1 kinase activity
was indistinguishable from RCK1 activity expressed in rckl
null cells. Similarly, the activation of Akt/PKB in rckl null
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larity of cells.

and RCK1 overexpressing cells was very similar to that of
wild-type cells (Figure 8B). Cells expressing the dominant
negative, kinase-dead RCK1 exhibit a slightly elevated level
of PKB activation compared with the other cell types. Over-
all, the results suggest that RCK1 does not directly interact
with the PI3K pathways.

The cAR1 is a receptor for the chemoattractant cAMP and
plays a major part in controlling aggregation responses in
Dictyostelium, including chemotaxis toward cAMP. cAR1 is
phosphorylated in response to cAMP stimulation, which is
detected by a mobility shift change on SDS-PAGE (Vaughan
and Devreotes, 1988). This phosphorylation has been linked
to a decrease in affinity of the receptor for cAMP (Caterina et
al., 1995). Although the RCK1 kinase domain does not ex-
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Figure 6. Translocalization of
RCK1 after cAMP stimulation. (A)
Localization of wild-type RCK1 and
mutants C551A, E510G, and EN510-
511GA before (0") and after cAMP
stimulation. Cells expressing myc-
tagged RCK1 or its mutants were
pulsed for 4.5 h, stimulated with 20 uM
cAMP, fixed at the time indicated, and
stained for myc-RCK1 as described in
MATERIALS AND METHODS. (B) Lo-
calization of the RCK1 kinase-dead mu-
tant RCK1K867A before (0”) and after
cAMP stimulation.
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hibit high homology to the receptor kinase of the RGS-
domain-containing receptor kinases, we wanted to examine
whether RCK1 might be responsible for cAR1 phosphoryla-
tion and/or have an effect on the kinetics or level of cAR1
phosphorylation. The results shown in Figure 8A indicate
that cAR1 is phosphorylated in rck1 null cells, although the
kinetics of phosphorylation is slightly delayed compared
with those of cAR1 in wild-type cells.

Possible Genetic Interactions of RCK1 with Ga
Subunits

We imagine that the RCK1 RGS domain interacts with one
or more Ga subunits. To examine this possibility, we deter-
mined whether RCK1 membrane localization and activation
in response to chemoattractant stimulation were altered af-
ter cAMP stimulation in various Ga mutant backgrounds.
Ga2 is the Ga subunit that interacts with cARs to mediate G
protein-dependent, cAMP-stimulated pathways (Parent and
Devreotes, 1996, Aubry and Firtel, 1999). As shown in Figure
9A, myc-RCK1 does not translocate to the membrane in ga2
null cells expressing exogenous cAR1. (Because endogenous
cAR1 expression is dependent upon Ga2 function, cells are
cotransformed with a cAR1 expression vector to provide
necessary receptor levels.) We also examined RCK1 subcel-
lular localization in ga2 null and wild-type cells expressing
constitutively active Ga2?2%8L. Wild-type cells expressing
Ga2R?98L exhibited weaker RCK1 translocation, whereas
ga2 null cells expressing Ga2?2%" showed no translocation.
Gab is also potentially involved in the chemoattractant-
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mediated signaling pathway, because it affects the develop-
mental timing of morphogenesis. In contrast to observations
in ga2null cells, RCK1 translocated normally in gab null
cells.

RCK1 kinase activation was also examined in several Ga
mutant strains. As shown in Figure 9, B and C, RCK1 kinase
activation was normal in gab cells but was not activated in
ga2 null cells expressing exogenous cAR1. In contrast, RCK1
kinase activity exhibited a very high basal activity (activity
in the absence of cAMP stimulation) in KAx-3 cells express-
ing Ga2R208L Activity increased an additional twofold in
response to cAMP stimulation in contrast to the 6- to 10-fold
activation in KAx-3 expressing wild-type Ga2 from the ex-
ogenous Actin 15 promoter. ga2 null cells expressing
Ga2R208L exhibited the high basal activity, but the activity
did not increase upon cAMP stimulation, suggesting the
increase observed in wild-type cells expressing Ga2%208L
may be due to the activation of the endogenous Ga protein.
Our results with ga2 null cells and wild-type and ga2 null
cells expressing Ga2<??%L suggest that Ga2 may interact
directly with RCK1 and regulate its function.

DISCUSSION

RCK1 Is Required for Chemotaxis and
Morphogenesis

We have identified a novel kinase, RCK1, that contains an
RGS and a kinase domain. RCK1 is preferentially expressed
during the aggregation stage in development and our anal-
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Figure 7. Activation of RCK1 by cAMP stimulation. Aggregation-
competent cells made by pulsing (see MATERIALS AND METH-
ODS) were stimulated with cAMP and aliquots were taken at the
time points indicated. Cells were lysed, RCK1 or its mutant was
immunoprecipated with anti-myc monoclonal antibody, and kinase
activity was measured as described in MATERIALS AND METH-
ODS. (A) RCK1 kinase activity using MBP as a substrate before (0")
and after stimulation (10"-5"). The kinase-dead mutant RCK1 K867A
was used as a control and no activation was observed in these cells.
To test the activity of RCK1 after the removal of cAMP, a sample
was taken at the 1-min time point and 0.05 unit of PDE (phospho-
diesterase; Sigma-Aldrich) was added. Cells were quickly washed
twice with 12 mM Na* /K" phosphate buffer and lysed at 5 min
after addition of cAMP. The RCK1 kinase activity was assayed in
the same experiment (marked —cAMP). Top, autophosphorylated
RCK1. Middle, RCK1-phosphorylated MBP. To examine the immu-
noprecipitated RCK1 protein level, a Western blot was carried out
on the same blot used for the kinase assay (bottom). (B) Kinase assay
on RCK1 with mutations in the RGS domain including C551A and
EN510-511GA. Top, autophosphorylated RCK1. Middle, RCK1-
phosphorylated MBP. Bottom, immunoprecipitated RCK1 protein
level. Wild-type RCK1 was used as a control.

yses of the rck1 null strain demonstrated that RCK1 plays a
critical role controlling chemotaxis and morphogenesis. rck1
null cells exhibit an ~50% increase in the speed of direc-
tional movement during chemotaxis, whereas RCK1-over-
expressing (RCK1©F) cells show an ~40% decrease in the
speed of cell movement. This finding is particularly novel
because other chemotaxis/motility null mutants described
in the literature for Dictyostelium exhibit a decrease in che-
motaxis. The observations of an increase in the speed of
chemotaxis of the rckl null strain combined with a decrease
in the speed of chemotaxis in the RCK1°F strain suggest that
RCK1 plays a negative role in controlling chemotaxis and/or
motility. We also found that expression of RCK1 in rck1 null
cells leads to a phenotype similar to that observed for
RCKI1©E cells. However, this observation was not unex-
pected, considering RCK1©E cells are presumed to have an
elevated level of expression of RCK1 compared with wild-
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Figure 8. (A) SDS-PAGE mobility shift assay on cAR1 phosphor-
ylation in rck1 null cells. Cells were pulsed every 6 min for 4.5 h with
30 nM cAMP and stimulated with 100 uM of cAMP. Aliquots of
cells were taken at indicated time points after adding cAMP and
lysed in the same lysis buffer used for the kinase assay except that
the 200 mM NaCl was omitted. SDS sample buffer was added and
samples were loaded on a 12% Low-Bis SDS-PAGE gel (0.6% Bis)
without boiling. Western blotting was performed using cAR1 anti-
bodies at 1:1000 dilution. (B) PKB kinase assay in rck1 null cells and
cells overexpressing wild-type and kinase-dead RCK1. Cells were
pulsed with 30 nM cAMP for 4.5 h at 6-min intervals and stimulated
with 100 nM cAMP. Aliquots of cells were taken at indicated time
points and the PKB assay was performed as described in the Mate-
rials and Methods. For Western blotting, the same blot was probed
with a rabbit polyclonal anti-PKB antibody and detected using an
alkaline phosphatase-conjugated secondary antibody. (C) RCK1 ac-
tivation in pi3k1/2 null cells. The RCK1 kinase activity assay was
performed in pi3k1/2 null cells expressing myc-RCK1 the same way
described above.

type cells because of higher levels of RCK1 RNA transcripts.
Although we think it is unlikely, we cannot exclude the
possibility that the temporally altered expression of RCK1
from the Actin 15 promoter may account for the RCK1°¥
phenotypes. We found that the rck1 null and RCK1°E strains
exhibit a similar multicellular morphogenesis defect after
the formation of the multicellular aggregate. The rck1 null
strains exhibited slightly faster aggregation and produced
larger amounts, but had a significant delay of development
with a prolonged mound stage. Time-lapse video analysis of
the rck1 null cell development revealed normal cAMP wave
patterns compared with those of wild-type cells (our unpub-
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Figure 9. (A) RCK1 translocation in various Ga
backgrounds. Myc-tagged RCK1 or its mutant was
either transfected alone or cotransfected with wild-
type or constitutively active Ga2 (Ga2 Q208L) into
various ga null cells. After establishment of positive
clones, cells were pulsed for 4.5 h, stimulated with
20 uM cAMP, fixed at the time indicated, and
stained for myc-RCK1 as described in MATERIALS
AND METHODS. (B and C) Kinase assay of RCK1
in various Ga backgrounds as indicated. Top, auto-
phosphorylated RCK1. Middle, RCK1-phosphory-
lated MBP. The immunoprecipitated RCK1 protein
levels were examined by Western blot analysis on
the same blot used for the kinase assay (bottom).
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lished observation), suggesting that the production and
propagation of cAMP is probably not affected in this strain.
Because morphogenesis is partially mediated by the differ-
ential sorting of prestalk cells within the multicellular ag-
gregate to apical cAMP signals (Weijer, 1999; Clow et al.,
2000), we expect that the observed chemotaxis defects of the
RCKI1©E and rck1 null strains are the basis of the inability of
these cells to properly undergo morphogenesis. It is unex-
pected that cells exhibiting a faster than wild-type speed of
chemotaxis experience a delay in morphogenesis. It is pos-
sible that the morphogenesis defect is due to an effect of
RCKT1 on cytoskeletal processes distinct from those control-
ling leading edge responses.

Cells expressing ™Y"RCK1 exhibited a similar develop-
mental phenotype to RCK19F cells but with an even longer
delay. The chemotaxis analysis showed that these two types
of cells showed very similar chemotaxis defects with the
only noticeable difference being that ™Y*RCK1 cells exhibit a
greater directional change (33.08 = 10.39 vs. 25.08 + 5.45). It
is possible that the difference in direction change may be due
to the constitutive localization of ™Y"RCK1 on the plasma
membrane and that this difference may account for the
difference in developmental phenotype between these two
cell lines.

The strongest morphogenesis defects are exhibited by ex-
pressing the kinase-dead RCK1 (RCK1¥#¢74) in an rck1 null
background. We expect these defects are due to a dominant
negative effect of expressing a protein that may interact with
some effectors through its RGS or kinase domain but is
unable to properly phosphorylate its substrates. Because
RCK1 kinase activity is necessary for the release of RCK1
from the plasma membrane/cortex, we propose that this
inability to delocalize from the plasma membrane may lead
to the strong chemotaxis and morphogenesis phenotypes in
this strain. We expect that the RGS domain interacts with
one or more of the Ga protein subunits found in Dictyoste-
lium and that the kinase-dead protein may continue to in-
teract with a particular « subunit and either block other
effectors or rapidly down-regulate Ga protein function by
acting as a GTPase-activating enzyme.

RCK1 Translocates to Plasma Membrane in
Response to Chemoattractant Stimulation

We demonstrate that RCK1 rapidly and transiently translo-
cates to the plasma membrane in response to chemoattrac-
tant stimulation. We show that this translocation does not
require a functional kinase domain, but seems to require a
functional RGS domain. We tested several RGS domain
mutants that had been previously demonstrated in other
systems to affect RGS protein function. One of these mu-
tants, RCK1<5514, shows a significant reduction in chemoat-
tractant-mediated membrane translocation. Because a muta-
tion of a conserved Asn/Ser residue in another RGS domain,
which corresponds to C551 in the RGS domain of RCK1,
affects the interaction of the RGS domain with Ga protein
subunits, we suggest that RGS domain interaction with a Ga
protein mediates RCK1 membrane translocation. We tested
the ability of the various subdomains of RCK1, including the
RGS domain, to translocate to the plasma membrane in
response to chemoattractant stimulation. All of these con-
structs remain cytosolic. We cannot distinguish between the
RGS domain alone being insufficient for the translocation
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and potential problems with the folding of the deleted pro-
tein.

Ga2 is known to mediate G protein-dependent functions
downstream from the cAMP receptors. RCK1 does not trans-
locate in ga2 null cells, suggesting that RCK1 translocation
may be mediated through RCK1’s binding to Ga2™, al-
though we do not have any direct evidence that RCK1 binds
to Ga2TP. cAMP-mediated chemotaxis requires the expres-
sion of a variety of gene products whose expression is de-
pendent on cAMP signaling and Ga2 function. Although we
use a ga2 null strain coexpressing exogenous cAR1 (Insall et
al., 1994), it is possible that this strain may not be fully
competent to respond to cARl-mediated pathways even if
they are Ga2 dependent. Thus, the absence of RCK1 trans-
location to the plasma membrane in this strain may be due
to secondary effects. These data suggest involvement of Ga2
in mediating RCK1 function, but we do not have any data
indicating whether the RCK1 RGS domain has any GAP
activity against Ga2S™F or another Ga subunit.

Previous studies revealed that a variety of signaling mol-
ecules, including PH domain-containing proteins that bind
to the PI3K products phosphatidylinositol 3,4,5-triphosphate
and phosphatidylinositol 4,5-triphosphate as well as PI3K1
and PI3K2, also localize to the plasma membrane in re-
sponse to global stimulation (Parent et al., 1998; Meili et al.,
1999; Funamoto et al., 2001, 2002; Iijima and Devreotes,
2002). In contrast to these proteins, RCK1 does not localize to
the leading edge in chemotaxing cells (cells responding to a
directional chemoattractant gradient) but is found more uni-
formly distributed along the plasma membrane. Presently,
the mechanism by which PI3K1 and PI3K2 localize to the
leading edge in chemotaxing cells is unknown. We know,
however, that PI3K is uniformly localized along the plasma
membrane. Through the use of a myristoylation membrane-
targeting sequence and through the analysis of pten null cells
in Dictyostelium, it was discovered PI3K function is activated
along the lateral sides as well as the leading edge, indicating
that chemoattractant-mediated pathways can be activated
along the lateral sides as well as the leading edge of cells
(Funamoto et al., 2002; lijima and Devreotes, 2002). The
presence of RCK1 along the perimeter of chemotaxing cells
suggests that the signaling pathway that mediates RCK1
membrane localization, possibly the activation of Ga2, is
activated along the entire perimeter of cells in a chemoat-
tractant gradient.

RCK1 Is Activated in Response to Chemoattractant
Stimulation

RCK1 kinase activity is also rapidly activated in response to
chemoattractant stimulation, with activity levels plateauing
by 10 s. This kinetics is very similar to that of the activation
of Akt/PKB and guanylyl cyclase. However, in contrast to
these pathways and all other previously examined chemoat-
tractant-mediated pathways in Dictyostelium, RCK1 activity
does not rapidly adapt, but remains high throughout the
time course of the experiment and only decreases after the
removal of cAMP (Parent and Devreotes, 1996; Aubry and
Firtel, 1999). The cARI1 receptor is phosphorylated in re-
sponse to cAMP stimulation and, like RCK1 kinase activity,
remains phosphorylated as long as the ligand is present. In
this regard, the continued elevated RCK1 kinase activity is
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similar to the levels of the phosphorylated form of the cAR1
receptor.

Interestingly, RCK1 kinase activity may not require con-
tinuous localization of RCK1 on the plasma membrane. In
fact, RCK1 kinase activity is required for the delocalization
of RCK1 from the membrane. Studies with RCK15514,
which localizes poorly to the plasma membrane in response
to global stimulation, result in the same level of “autophos-
phorylation” and kinase activity against MBP obtained with
wild-type protein expressed at the same level. This finding
suggests that either membrane localization of RCK1 is not
required for its activation or the low level of association
observed in our studies is sufficient to mediate the activation
response. If RCK1’s translocation were required for kinase
activation, we would have expected this mutant to exhibit
some decrease in the level of kinase activity. It is possible
that the membrane localization targets RCK1 to its putative
substrate. Furthermore, we expect that the rapid delocaliza-
tion of the RCK1 protein from the plasma membrane, pos-
sibly due to its interaction with a Ga protein effector, may be
critical in controlling RGS1 function.

Regulation of RCK1

The heterotrimeric G protein containing the Ga2 subunit
couples to the cAMP chemoattractant subunits and controls
all known cAMP-mediated, G protein-dependent signaling
pathways. We found that RCK1 neither is activated nor
translocated to the plasma membrane in ga2 null cells. Be-
cause RCK1 translocation seems to be dependent on the RGS
domain (with the caveats discussed above), these data sug-
gest that Ga2S™ may interact with the RGS domain, al-
though we have no evidence from binding studies to sup-
port this suggestion. We found that RCK1 cells expressing
constitutively active Ga2, which should be in the GTP-
bound state, have a very elevated basal kinase activity as
determined by the kinase assay using MBP as a substrate
and RCK1 autophosphorylation activity (in the absence of
chemoattractant stimulation). However, we do not observe
constitutive localization of RCK1 to the plasma membrane.
Rather, the translocation of RCK1 was reduced in wild-type
cells expressing constitutively active Ga2 and absent in rck1
null cells expressing constitutively active Ga2. This might be
expected, considering our data suggest that RCK1 kinase
activity mediates or is required for the delocalization of
RCK1 from the membrane. Previous studies showed that
many cAMP-stimulated pathways are constitutively
adapted in cells expressing Ga22?%8L and cannot be further
stimulated by cAMP, and these cells are unable to aggregate
(Okaichi et al., 1992). Similarly, activation of pathways rang-
ing from guanylyl and adenylyl cyclase to Akt/PKB all
rapidly adapt when cells are stimulated by cAMP, even in
the continued presence of ligand (Parent and Devreotes,
1996; Firtel and Chung, 2000). However, in wild-type cells
expressing constitutively active Ga2 (Ga222°8), which also
express endogenous Ga2, cAMP stimulation results in an
additional increase in RCK1 kinase activity. This is not ob-
served in ga2 null cells expressing constitutively active Ga2
(Ga2?2%8L) possibly because these cells are generally not
very responsive. We suggest that Ga2?2%L leads to the
constitutive stimulation of RCK1 kinase activity and this
pathway does not adapt, consistent with our observation
that RCK1 kinase activity remains elevated as long as the
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cells are being stimulated by a chemoattractant. In contrast,
RCK1 protein translocation may be constitutively adapted,
as are some other signaling pathways. We also examined
another Ga subunit, Ga5. We observed no effect on RCK1
membrane localization or kinase activity.

Our results indicate that RCK1 plays a key role in control-
ling cAMP-mediated chemotaxis. RCK1 may function as a
“governor,” controlling the rate of chemotaxis or acting as
part of the adaptation pathway. The idea of a possible func-
tion of RCK1 in adaptation is consistent with some of our
observations. First, rckI null cells chemotax faster than wild-
type cells. This could be the due to extended signaling if
RCK1 is involved in adaptation. Second, RCK1 activation
does not adapt in the presence of a continuous signal. The
kinase activity of RCK1 peaks after 10 s and only decreases
when cAMP is removed. The continuous stimulated RCK1
kinase activity might be the signal to block stimulation of
some cAMP-induced pathways. RCK1 might function with
or in parallel with Ga9, which was recently demonstrated to
be important for regulating adaptation of some signaling
pathways during aggregation (Brzostowski et al., 2002). Al-
though individual rckI null cells seem to chemotax more
efficiently in a micropipette chemotaxis assay, the cells ex-
hibit aggregation defects, suggesting that RCK1 plays an
important part in controlling a physiological response that is
more closely related to the natural biology of the organism.
We have examined a number of chemoattractant-mediated
signaling pathways, but none of these were detectably af-
fected in our assays. The identification of the RCK1 sub-
strates should elucidate the pathway by which RCK1 func-
tions.
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