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Recent reports have demonstrated that the importance of Rap1-specific GTPase-activating proteins
(GAPs) in the spatial and temporal regulation of Rap1 activity during cell migration and development
in Dictyostelium. Here, we identified another putative Rap1 GAP-domain containing protein, showing high
sequence homologies with those of human Rap1GAP and Dictyotelium RapGAP3, by bioinformatic search.
Loss of RapGAP9 resulted in some defects in morphogenesis and development in Dicytostelium. rapGAP9
null cells were more flattened and spread, and highly multinucleated. Compared to wild-type cells, cells
lacking RapGAP9 exhibited increased levels of F-actin and more filopodia. These results suggest that Rap-
GAP9 is involved in the regulation of cytoskeleton reorganization and cytokinesis. rapGAP9 null cells
showed a small increase of cell–substratum attachment and slightly lower moving speed and direction-
ality compared to wild-type cells. In addition, the loss of RapGAP9 resulted in an altered morphology of
fruiting body with a shorter length of stalk and spore. Identification and characterization of RapGAP9 in
this study will provide further insights into the molecular mechanism by which Rap1 regulates cytoskel-
eton reorganization and morphogenesis in Dictyostelium.

� 2014 Published by Elsevier Inc.
1. Introduction

Ras proteins have been the subject of intensive research be-
cause of their critical role in human oncogenesis. The Dictyostelium
Ras GTPase subfamily is comprised of 15 proteins; 11 Ras, 3 Rap,
and one Rheb related protein [1]. Rap1 is the closest homolog of
the small GTPase Ras and, like Ras, cycles between an inactive
GDP-bound and an active GTP-bound conformation. Rap1 activa-
tion or deactivation is regulated by guanine nucleotide exchange
factors (GEFs) and GTPase-activating proteins (GAPs), respectively
[2,3]. The Rap1 protein has an essential function in integrin-medi-
ated cell adhesion and cadherin-mediated cell–cell adhesion [4–6],
as well as phagocytosis and cell migration in Dictyostelium [7,8].
Recent reports have demonstrated that Rap1 is rapidly and tran-
siently activated in response to chemoattractant stimulation with
activity peaking at �6 s after chemoattractant stimulation and
the activated Rap1 localizes at the leading edge of chemotaxing
cells [9]. The leading-edge activation of Rap1 regulates cell adhe-
sion and helps establish cell polarity by locally modulating myosin
II (MyoII) assembly and disassembly through the Rap1/Phg2 sig-
naling pathway. Spatial and temporal regulation of cell adhesion
by Rap1 is required for proper cell migration [9].

RapGAP1 was recently identified as a specific GAP protein for
Rap1 and is involved in the temporal and spatial regulation of
Rap1 activity in the anterior of chemotaxing cells to control cell–
substratum adhesion and MyoII assembly during chemotaxis [9].
RapGAP3 regulates the levels of Rap1 activation during morpho-
genesis and, by doing so, mediates the proper sorting of prestalk
and prespore cells within the multicellular aggregate by control-
ling cell–cell adhesion and cell migration [10]. To further examine
the regulatory functions of Rap1, we previously undertook a bioin-
formatics search for potential Rap1 GAPs and identified nine open
reading frames containing a putative RapGAP domain [9]. In this
study, we demonstrate that RapGAP9 is involved in morphogene-
sis, development, and cell adhesion.
2. Material and methods

2.1. Strains and plasmid construction

Dictyostelium KAx-3 strains were grown in HL5 axenic media or in
association with Klebsiella aerogenes at 22 �C. The knock-out strains
and transformants were maintained in 10 lg/ml blasticidin or
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20 lg/ml G418. The full coding sequence of the rapGAP9 was gener-
ated by PCR and cloned into the EcoRI-XhoI site of the expression vec-
tor pEXP-4(+) containing a GFP fragment [11]. For expression of
truncated RapGAP9 proteins, the various deletion rapGAP9 se-
quences were amplified by PCR and cloned into the EcoRI-XhoI site
of a pExp-4(+) vector. We prepared a rapGAP9 knockout construct
by inserting the blasticidin resistance cassette into the BamHI site
created at nucleotide 402 of the rapGAP9 cDNA, and used it for a gene
replacement in the KAx-3 parental strains. Randomly selected
clones were screened for a gene disruption by PCR.

2.2. Development and chemotaxis analysis

Exponentially growing cells were harvested and washed twice
with 12 mM Na/K phosphate buffer (pH 6.1) and plated on Na/K
phosphate agar plates at a density of 3.5 � 107 cells/cm2. The
developmental morphology of the cells was examined by photo-
graphing the developing cells with a phase-contrast microscope.

The chemotaxis towards cAMP and changes in the subcellular
localization of proteins in response to chemoattractant stimulation
were examined as described previously [9,12]. The aggregation-
competent cells were prepared by incubating the cells at a density
of 5 � 106 cells/ml in Na/K phosphate buffer for 10 h. Cell migra-
tion was analyzed using Dunn Chemotaxis Chamber (Hawksley).
The images of chemotaxing cells were taken at time-lapse intervals
of 6 s for 30 min using an inverted microscope. The data were
analyzed by using NIS-elements software (Nikon).
Fig. 1. The cytokinesis defect of rapGAP9 null cells. (A) Morphology of the cells. Exponen
RapGAP9 were photographed. (B) Representative DAPI images of the cells. Correspond
respectively. (C) Quantitative analysis of the number of nucleus in the cells. Mean va
distribution was compared on the lower part. Error bars represent SD. Statistically diffe
2.3. Cell attachment assay

Log-phase growing cells on the plates were washed with
Na/K phosphate buffer and resuspended at a density of
2 � 106 cells/ml. The amount of 4 � 105 cells in 200 ll were plated
onto 13-mm circular nitrocellulose filters (Millipore). After 30 min,
unattached cells were removed by dipping filters into Na/K
phosphate buffer. Filters were transferred to microcentrifuge tubes
filled with 800 ll Na/K phosphate buffer and vortexed for 1 min
with a mixer simultaneously. 150 ll of the detached cells from
the filters were plated onto a 30-mm Petri plate with a hole
covered by a 0.17-mm glass coverslip, and an additional coverslip
was placed on tip. The cells were photographed and counted
(detached cell number). To determine the total cell number,
200 ll of the cells was transferred into microcentrifuge tubes filled
with 600 ll Na/K buffer and counted. Cell adhesion was presented
as a percentage of detached cells compared with total cells. This
experiment was repeated three times or more, each time with four
filters for each strain.

2.4. DAPI staining

Exponentially growing cells were placed on the coverslip and
then fixed with 3.7% formaldehyde for 10 min. The fixed cells were
washed with Na/K phosphate buffer, followed by permeabilizing
with 0.1% Triton X-100, drying, and then staining with 0.5%
Hoechst Dye in 1 ml of mounting solution Fluoromount-G
tially growing wild-type, rapGAP9 null cells, and rapGAP9 null cells expressing GFP-
ing phase-contrast and merged images are shown on the top and bottom panels,
lues of the number of nuclei were graphed on the upper part and the frequency
rent from control at ⁄p < 0.05 by the student’s t-test.
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(SouthernBiotech). Epifluorescence images of random fields of
view were captured by using NIS-elements software (Nikon).

2.5. RT-PCR

The total RNAs from wild-type cells and rapGAP9 null cells were
extracted by using the SV Total RNA Isolation System (Promega),
and the cDNAs were synthesized by reverse transcription with
MMLV reverse transcriptase (Promega) using random hexamers
and 5 lg of total RNAs. 2 ll of the cDNAs were used in the follow-
ing PCR with 35 cycles employing gene-specific primers. The for-
ward primer tj28 is located at nt 1 to 20 and the reverse primers
tj29 and tj30 are located at nt 1084 to 1101 and nt 382 to 399 in
cDNA sequence of RapGAP9, respectively. The universal 18S ribo-
somal RNA specific primers were used as an internal control [9,13].
3. Results

3.1. Identification of the gene encoding RapGAP9 and generation of a
rapGAP9 null cells

To further investigate the pathway leading to Rap1 activation
and deactivation, we undertook a bioinformatic search for
Fig. 2. Cell spreading, cell adhesion and F-actin assembly of rapGAP9 null cells. (A) Analys
(C) Cell–substratum adhesion. Adhesion was measured by the ratio of detached cells t
Kinetics of F-actin polymerization in response to chemoattractant stimulation. Error bars
(E) Spreading morphology of vegetative cells. Wild-type and rapGAP9 null cells expressi
potential Rap1 GAPs and identified nine proteins with a Rap GAP
domain in the Dictyostelium genome sequence database. Here
we studied a protein of these, referred to as RapGAP9
(DDB0233724). Dictyostelium RapGAP9 has 366 amino acids
(expected molecular mass 41 kDa) and a GAP domain at the
C-terminal region (Fig. S1).

To examine the similarity of RapGAP9 with other GAP domain-
containing proteins, the amino acid sequence of the GAP domain of
RapGAP9 was compared with those of other GAP proteins by
multiple alignments. The GAP domain of RapGAP9 shares 45.8%
and 41.1% sequence identities with those of human Rap1GAP and
Dictyostelium RapGAP3, respectively (Fig. S1). The RapGAP9 GAP
domain contains the catalytic Asn251 residue (Asn280 in
Hs-RapGAP1) required for Rap1 GAP activity. The phylogenetic
trees with Dictyostelium RasGAP/RapGAP containing proteins and
GAP proteins from other organisms show that RapGAP9 is more
closely related to the RapGAP family rather than the RasGAP family
(Fig. S1C). These sequence analyses suggest that the GAP domain of
RapGAP9 might have GAP activity for Rap1 but not other Ras
proteins.

To examine the possible roles of RapGAP9 in cell adhesion, cell
motility, and morphogenesis in vivo, we created rapGAP9 null
strains (rapGAP9�cells) by homologous recombination. The rapGAP9
is of the cell area. The mean values were graphed. (B) The frequency of the cell area.
o the total number of cells. Experiments were performed at least three times. (D)
represent SD. Statistically different from control at ⁄p < 0.05 by the student’s t-test.

ng GFP-ABP were imaged (on the right) to observe the filopodia in the cells.
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knockout construct was prepared by inserting the blasticidin resis-
tance cassette into the rapGAP9 cDNA and used for a gene replace-
ment in KAx-3 parental strains. Randomly selected clones were
screened for gene disruption by PCR, and the expression of Rap-
GAP9 in rapGAP9 null cells was confirmed by RT-PCR (Fig. S2A).
The cDNAs were synthesized by reverse transcription with total
RNAs extracted from wild-type cells and rapGAP9 null cells and
then used in the PCR using rapGAP9-specific primer sets. In the
PCR with two sets of primers tj28/tj30 and tj28/tj29, there was
no band in rapGAP9 null cells, whereas a band of approximately
400 bp and 1.1 kb, respectively, in wild-type cells. These data con-
firm that rapGAP9 is not expressed in rapGAP9 null cells. To inves-
tigate the roles of RapGAP9 in biological processes, cells
overexpressing GFP-RapGAP9 fusion proteins were prepared, and
the expression of the protein was confirmed by immunoblotting
with anti-GFP antibodies, showing an expected size (68 kDa) of a
band (Fig. S2B).

3.2. RapGAP9 is involved in the regulation of morphology and
cytokinesis

To address the function of RapGAP9 in cells, we examined the
morphology of rapGAP9 null cells and RapGAP9-overexpressing
cells. Compared to wild-type cells, some of rapGAP9 null cells were
more flat and spread out, and highly multinucleated. Examination
of the number of nucleus showed that rapGAP9 null cells have a
cytokinesis defect. Majority of wild-type cells contained one nu-
cleus, whereas most of rapGAP9 null cells had two nuclei and some
of the cells over eight nuclei (Fig. 1B and C). The introduction of
RapGAP9 into rapGAP9 null cells rescued the cytokinesis defect of
the null cells and the rapGAP9 null cells expressing RapGAP9
Fig. 3. Chemotaxis of rapGAP9 null cells. Aggregation-competent cells from wild-type or
of the cells up a chemoattractant (cAMP) gradient were recorded by time lapse photogr
Dunn chemotaxis chamber. Trajectories were tracked with ImageJ software. Each line rep
chemotaxing cells. The recorded images were analyzed by NIS-element software. Direct
have a directionality of 1.0. It is calculated as the distance moved over the linear dista
directional movement towards an apical region of the organism than rapGAP9 null cells
represent SD. Statistically different from control at ⁄p < 0.05 by the student’s t-test.
showed normal number of nucleus. These results suggest that
RapGAP9 plays an important role in morphogenesis and cytokine-
sis. Next we measured the size of the cells using NIS-element
software. The mean cell size of the rapGAP9 null cells was
approximately 5-fold larger than wild-type cells (Fig. 2A). The
morphological phenotype of rapGAP9 null cells was complemented
by expressing RapGAP9, suggesting a function of RapGAP9’s on the
cell shape formation.

To examine the possible roles of RapGAP9 in cell adhesion, we
measured the fraction of cells that detach from a membrane during
agitation. rapGAP9 null cells showed strong attachment compared
to wild-type cells and this was partially complemented in
GFP-RapGAP9 expressing cells (Fig. 2B). We then investigated the
effect of RapGAP9 on chemoattractant-mediated reorganization
of the cytoskeleton (Fig. 2C). Wild-type cells exhibited a transient
and rapid F-actin polymerization with a peak at 5 s in response
to chemoattractant stimulation. The loss of RapGAP9 resulted in
1.5-fold increase in the basal level of F-actin. However, the kinetics
of the response was similar to those of wild-type cells with the
level of F-actin proportionally higher in rapGAP9 null cells. In
consistent with the increased level of F-actin in rapGAP9 null cells,
when the cells were introduced with F-actin binding protein
GFP-ABP, rapGAP9 null cells displayed more filopodia (Fig. 2D).
These data suggest that RapGAP9 is involved in reorganizing the
cytoskeleton and cell–substratum attachment.

3.3. RapGAP9 is required for proper cell migration and development

The previous sequence analysis showed the homology of
RapGAP9 with RapGAP1 and RapGAP3, which are required for
proper cell migration through the regulation of Rap1 activity in
rapGAP9 null cells were placed in a Dunn chemotaxis chamber, and the movements
aphy for 30 min at 6 s intervals. (A) Trajectories of cells migrating toward cAMP in
resents the track of a single cell chemotaxing toward cAMP (150 lM). (B) Analysis of
ionality is a measure of how straight the cells move. Cells moving in a straight line
nce between the start and the finish. Wild-type cells show a significantly higher
. Speed indicates the speed of the cell’s movement along the total path. Error bars
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Dictyostelium [9,10]. In addition, the phenotypes of rapGAP9 null
cells are very similar to those of cells expressing constitutively
active Rap1. These data raised a possibility of involvement of
RapGAP9 in cell migration and developmental process in
Dictyostelium. Therefore, we examined the ability of rapGAP9 null
cells to polarize and chemotax up a cAMP chemoattractant gradi-
ent using Dunn chemotaxis chamber. rapGAP9 null cells moved to-
ward a higher concentration of cAMP but the moving speed was
slightly lower than that of wild-type cells (Fig. 3). In addition, the
directionality, which is a measure of how straight the cells move,
of rapGAP9 null cells was lower than wild-type cells (Fig. 3). These
data suggest that RapGAP9 is required for proper cell migration
and possibly involved in directional sensing during chemotaxis.

During development in Dictyostelium, cells release cAMP, caus-
ing surrounding cells to migrate and initiate the formation of a
multicellular fruiting body [14]. To examine the possible roles of
RapGAP9 in development, we performed a developmental assay.
rapGAP9 null cells aggregated normally to form a mound at �8 h,
with a timing and morphology similar to wild-type cells
(Fig. 4A). However, the formation of the fruiting body was slightly
delayed in rapGAP9 null cells, and rapGAP9 null cells had spores
40% smaller compared to wild type (Fig. 4B). Expression of
GFP-RapGAP9 in rapGAP9 null cells complemented the
Fig. 4. Development of rapGAP9 null cells and cells overexpressing RapGAP9. (A) Dev
Vegetative cells were washed and plated on non-nutrient agar plates. Photographs were t
rapGAP9 null cells has smaller spores compared to wild type cells. (C) Growth rates of the
from the growing plates into axenic shaking culture medium and then counted at interva
were performed at least three times. Error bars represent SD. Statistically different from
developmental phenotypes of rapGAP9 null cells, with develop-
mental timing and morphologies similar to the parental wild-type
strain. These results indicate RapGAP9 is required for proper
development. The growth rate of the rapGAP9 null strain was
indistinguishable from wild-type cells in suspension (Fig. 4C).

4. Discussion

Our results demonstrate that RapGAP9 is involved in the regula-
tion of morphogenesis and development of Dictyostelium cells
possibly through controlling reorganization of cytoskeleton.
rapGAP9 null cells showed spread morphology and strong adhesion
to the substratum as observed in cells expressing constitutively
active Rap1 [9,21]. These phenotypes of rapGAP9 null cells are
observed in cells with high level of Rap1 activity. Cells expressing
constitutively active Rap1 or GbpD, which is Rap1-specific GEF
protein, and rapGAP1 null cells displayed flatten shapes and strongly
increased cell–substrate attachment [7,1,21], supporting that
rapGAP9 null cells might have a high level of Rap1 activity resulting
in spreading morphology and strong adhesion. The putative Rap1
GAP domain of RapGAP9 showed high sequence homology with
those of other GAP-domain containing proteins in other organisms.
However, RapGAP9 appears to perform some additional functions in
elopmental morphology of rapGAP9 null cells and cells expressing GFP-RapGAP9.
aken at the indicated times after plating. (B) Analysis of the size of the spores at 24 h.
cells. KAx-3, rapGAP9 null, and GFP-RapGAP9/rapGAP9 null strains were transferred

ls thereafter. The plotted values are the means of duplicate cell counts. Experiments
control at ⁄p < 0.05 by the student’s t-test.
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cytokinesis and formation of fruiting body. rapGAP9 null cells were
multinucleated and showed smaller size of spores compared to wild
– type cells. These phenotypes were not observed in other cells with
high level of Rap1 activity such as constitutively active Rap1 or
GbpD-overexpressing cells, suggesting a unique function of
RapGAP9 in cytokinesis and development independently of Rap1
activity.

RapGAP9 might play some roles in the regulation of cytoskele-
ton reorganization. Wild-type cells exhibit a biphasic F-actin poly-
merization profile with a sharp peak at 5 s and a second lower,
broader peak linked to pseudopod extension at �45–60 s [15]. rap-
GAP9 null cells exhibited a slightly elevated basal level of F-actin
and a proportionally elevated second peak. In support of these
data, loss of RapGAP9 caused more filopodia all around the cells
and some problems in cell migration with a slightly lower move-
ment speed and directionality compared to wild-type cells. These
phenotypes are similar to those of rapGAP1 null cells or constitu-
tively active Rap1-expressing cells [7,9,21].

Polymerization of the actin cytoskeletal network drives the
initial extension of the plasma membrane at the cell front during
cell migration. Proteins that regulate actin dynamics and organiza-
tion, such as vasodilator-stimulated phosphoprotein (VASP),
Wiskott–Aldrich syndrome protein (WASP), profilins, and the
Arp2/3 complex, localize to the periphery of protruding lamel-
lipodia [22]. GFP-RapGAP9 was observed at the cortex (unpub-
lished data). Upon uniform chemoattractant stimulation, RapGAP9
transiently and rapidly translocated to the cortex and the
translocation kinetics of the protein to the cortex in response to
chemoattractant stimulation seems to be correlated with F-actin
polymerization.

Cytokinesis in eukaryotic organisms is under the intricate
control of small GTP-binding proteins of the Ras and Rho families
[16–18], even though the underlying molecular mechanisms
remained largely elusive. The Dictyostelium Ras subfamily com-
prises 15 proteins. It has been suggested that RasB is involved in
cytokinesis. Cells expressing constitutively active RasB have been
reported to show abnormal cytokinesis [19]. The phenotype of
the rapGAP9 null cells suggests that RapGAP9 may be involved in
cytokinesis. Present studies demonstrate that RapGAP9 plays a
crucial role in the formation of the fruiting bodies. RapGAPB and
RapGAP3 have been identified to control cell morphology during
multicellular development [10,20]. RapGAP1 plays an important
role in chemotaxis at the leading edge of moving cells but appears
to play no role in development. RapGAP9 is likely to be involved in
the late stage of development (Fruiting body formation stage).
Further studies would be helpful for understanding the functions
of RapGAP9 to determine whether RapGAP9 has GAP activities to
Rap1 and other Ras proteins and to examine the expression profile
of RapGAP9 during development.
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