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REVIEW

Cell Migration: Regulation of Cytoskeleton by Rap1 in Dictyostelium 
discoideum

Cell movement involves a coordinated regulation of the cy-
toskeleton, F-actin-mediated protrusions at the front and 
myosin-mediated contraction of the posterior of a cell. The 
small GTPase Rap1 functions as a key regulator in the spatial 
and temporal control of cytoskeleton reorganization for cell 
migration. This review outlines the establishment of cell 
polarity by differential localizations of the cytoskeleton and 
discusses the spatial and temporal regulation of cytoskele-
ton reorganization via the Rap1 signaling pathway during 
chemotaxis with a focus on recent advances in the study of 
chemotaxis using a simple eukaryotic model organism, 
Dictyostelium discoideum.
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Introduction

Cell migration is involved in many biological and pathological 
processes, including embryonic development, wound heal-
ing, inflammatory responses, and tumor cell invasion and 
metastasis (Chung et al., 2001; Ridley et al., 2003; Jin et al., 
2009). Thus, there is considerable interest in elucidating 
the fundamental mechanisms underlying cell migration. 
However, understanding cell migration is challenging be-
cause it requires the integration and temporal coordination 
of many different processes that occur in spatially distinct 
locations within the cell. The molecular machinery that con-
trols cell migration is evolutionarily conserved between human 
leukocytes and simpler eukaryotic organisms (Chung et al., 
2001; Stephens et al., 2008). The social amoeba, Dictyostelium 
discoideum, has been used as a powerful model system for 
investigation of chemotaxis, directional cell movement to-
wards chemoattractants, over the past 40 years. Dictyostelium 
is a free-living soil amoeba that feeds on bacteria. These or-

ganisms chase bacteria by chemotaxing towards folic acid, 
which is secreted by the bacteria (Chisholm and Firtel, 2004; 
Williams et al., 2006; Kortholt and van Haastert, 2008). 
This process is very similar to that of macrophages or neu-
trophils chasing bacteria. Upon starvation, Dictyostelium 
undergoes a tightly regulated multicellular developmental 
process in which they secrete cAMP and move toward 
cAMP via chemotaxis, leading to the eventual formation of 
fruiting bodies (Chisholm and Firtel, 2004).
  The first step in chemotaxis is the binding of chemoattrac-
tants to cell surface G-protein coupled receptors (GPCRs). 
Upon ligand binding, GPCRs activate a series of signaling 
pathways and molecules that induce migration toward the 
source of the chemoattractants (Kolsch et al., 2008; Kortholt 
and van Haastert, 2008). The basic migratory cycle includes 
extension of a protrusion in the direction of migration, for-
mation of stable attachments near the leading edge of the 
protrusion, and release of adhesions and retraction of the 
posterior of a cell, leading to translocation of the cell body 
forward. The cell movement is mediated by a coordinated 
regulation of the cytoskeleton, F-actin-mediated protrusions 
at the front of the cell and myosin II-mediated contraction 
of the cell’s posterior (Chung et al., 2001; Ridley et al., 2003).
  Ras activation is one of the early responses upon chemo-
attractant stimulation downstream from the receptors and 
heterotrimeric G proteins. The activated Ras proteins are 
enriched at the leading edge of the chemotaxing cells, where 
they locally activate the signaling molecules including phos-
phatidylinositol 3-kinases (PI3Ks). The reciprocal localization 
and activation of PI3K and PTEN lead to the accumulation 
of phosphatidylinositol (3,4,5) trispohsphate (PIP3) at the 
leading edge, which helps guide the local polymerization of 
F-actin and pseudopod extension possibly by recruiting pleck-
strin homology (PH) domain-containing proteins, such as 
PhdA, CRAC, and PKB (Sasaki et al., 2004; Kortholt and 
van Haastert, 2008; Raaijmakers and Bos, 2009). The small 
GTPase Rap1 has recently been shown to play an important 
role in regulation of the cytoskeleton during cell migration. 
This review outlines the asymmetrical distribution of the 
cytoskeleton during cell migration and summarizes recent 
advances in the spatial and temporal dynamic regulation of 
the cytoskeleton by Rap1, primarily focusing on the studies 
using Dictyostelium as a model system.

Asymmetric distribution of the cytoskeleton
Directional cell movement in response to chemoattractant 
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                              (A)                                           (B) Fig. 1. Asymmetric distribution of the cytoskeleton. (A) 
Differential localization of cytoskeletons during cell migration.
F-actin-mediated protrusion at the leading edge and myosin-
ediated contraction at the posterior of a cell. The arrow in-
dicates the direction of cell movement. (B) Regulation of 
Dictyostelium Myosin II assembly. Each myosin heavy chain 
contains a head domain and a tail domain, and two myosin 
heavy chains consist of a myosin II dimer (Bosgraaf and van 
Haastert, 2006). Phosphorylation on three threonines at the 
tail of the Dictyostelium myosin II by myosin heavy chain 
kinase (MHCK) facilitates disassembly of myosin II at the 
leading edge, while dephosphorylation by phosphatase PP2A
leads to assembly at the posterior and lateral sides of a cell 
(Yumura et al., 2005).

stimulation requires a defined cell polarity in which cytoske-
letal components are differentially localized at two poles of 
a cell. F-actin is polymerized at the front of the cell, leading to 
protrusion of the membrane surface and forward movement. 
This is followed by contraction of the cell’s posterior, which 
results from myosin II-mediated contraction (Chung et al., 
2001; Ridley et al., 2003) (Fig. 1). Regulation of myosin II 
assembly plays an important role in controlling the ability 
of cells to restrict the F-actin assembly site and pseudopod 
formation at the leading edge of moving cells (Chung et al., 
2001; Jeon et al., 2007b; Kolsch et al., 2008; Kortholt and 
van Haastert, 2008).
Assembly of F-actin at the leading edge: The highest concen-
tration of F-actin is found at the leading edge of the cell, 
while a lower concentration is found at the posterior. Rho 
family small GTPases are key regulators of F-acin assembly 
and adhesion and control the formation of lamellipodia and 
filopodia at the leading edge of moving cells. The most well- 
known members of this family are the Rho, Rac, and Cdc42 
proteins, which are present in all mammalian cells. Activated 
Rho proteins interact with their downstream target proteins, 
including protein kinases, lipid-modifying enzymes, and ac-
tivators of the Arp2/3 complex, to drive cell motility. The 
major targets of Rac and Cdc42 that mediate actin polymer-
ization in protrusions are the WASP/WAVE family proteins, 
which are Arp2/3 complex activators. Activated Rac proteins 
bind to WASP/WAVE proteins and stimulate the Arp2/3 
complexes to induce dendritic actin polymerization (Ridley 
et al., 2003; Rodal et al., 2005; Stephens et al., 2008; Firat- 
Karalar and Welch, 2011). Recent studies have demonstrated 
that Rap proteins are interconnected with Rac signaling 
through interaction with the RacGEFs Vav2 and Tiam1 
(Arthur et al., 2004) and the RhoGAPs Arap3 and RA- 
RhoGAP (Yamada et al., 2005; Krugmann et al., 2006). In 
mammalian cells, Rap1 controls cell spreading by media-
ting the functions of integrins and binding to and localizing 
Vav2 and Tiam1 to sites at which the cells are spreading 
(Arthur et al., 2004). Similar mechanisms have been found 
in the control of F-actin polymerization during chemotaxis 
in Dictyostelium, and recent studies have suggested that Rap1 
is involved in the regulation of F-actin polymerization via 

direct binding to RacGEF1 (Mun and Jeon, 2012).
Assembly of Myosin II at the posterior: Assembled myosin 
II is preferentially found in the rear body and along the lateral 
sides of moving cells in a decreasing posterior-to-anterior 
gradient. Assembled myosin II is required to maintain cortical 
tension along the lateral sides of cells, which prevents lateral 
pseudopod formation (Chung et al., 2001; Ridley et al., 2003; 
Stephens et al., 2008). Myosin II is an important negative 
regulator of leading-edge function that restricts the site of 
pseudopod formation to the leading edge of moving cells 
(Lee et al., 2010; Meili et al., 2010). To maintain persistent 
motility, cells must release adhesive contacts from the sub-
stratum at their posterior and retract the rear body or uro-
pod, which occurs via a process that depends on the motor 
activity of myosin II. In myosin II null Dictyostelium cells, 
retraction of the posterior of the cell during chemotaxis is 
defective and there is a loss of normal lateral cortical tension 
that leads to the formation of lateral pseudopodia and in-
efficient chemotaxis (De Lozanne and Spudich, 1987; Pasternak 
et al., 1989; Yumura et al., 2005; Bosgraaf and van Haastert, 
2006). Myosin II is also localized in the uropod and in-
volved in uropod retraction in fibroblasts and neutrophils 
(Worthylake and Burridge, 2003; Xu et al., 2003).
  Dictyostelium myosin II, which is the most thoroughly 
studied conventional non-muscle myosin, has a molecular 
structure very similar to that of mammalian myosin II. The 
C-terminal coiled-coil regions of two myosin II monomers 
associate to form a bipolar dimer (Fig. 1). Assembly of these 
dimers into myosin filaments is regulated, in part, by phos-
phorylation of three threonine residues in the tail region by 
myosin heavy chain kinases (MHCKs), with phosphorylation 
resulting in filament disassembly and dephosphorylation in 
assembly (Bosgraaf and van Haastert, 2006; Kortholt and van 
Haastert, 2008) (Fig. 1B). In addition, regulation of myosin II 
assembly at the posterior of moving cells is mediated through 
PAKa and the cGMP pathway (Kortholt and van Haastert, 
2008). Recent studies have demonstrated that Rap1 plays a 
key role in the spatiotemporal regulation of myosin assembly 
during cell migration in Dictyostelium (Jeon et al., 2007a, 
2007b), and that MHCK-A binds to F-actin and localizes to 
the leading edge of moving cells to help disassemble the 
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Fig. 2. Myosin II disassembly at the leading edge by Rap1/Phg2 
pathway and localization of Rap1 signaling components during 
chemotaxis. The activation of Rap1 is regulated by GEFs and 
GAPs. Activated Rap1 stimulates Ser/Thr kinase Phg2, lead-
ing to phosphorylation of myosin II and disassembly at the 
leading edge. Other downstream effectors of Rap1 might be 
involved in regulation of the cytoskeleton. The localizations 
of Rap1, Rap1-GTP, Phg2, myosin II, F-actin, and RapGAP 
are shown in yellow, red, pink, black, brown, and blue, res-
pectively. The arrow below the drawing of the cell indicates 
the direction of cell movement.

myosin II fibers in this process (Steimle et al., 2001).

Rap1 protein
Rap1 is the closest homologue of the small GTPase Ras and 
cycles between the inactive GDP-bound and active GTP- 
bound forms. A variety of extracellular signals control this 
cycle through regulation of several unique guanine nucleo-
tide exchange factors (GEFs) and GTPase activating proteins 
(GAPs). Similar to Ras, Rap1 proteins function as molecular 
switches to control a wide variety of cellular functions, in-
cluding integrin-meidated cell adhesion, cadherin-based 
cell-cell adhesions, cell polarity, cell proliferation, and cell 
survival (Kooistra et al., 2007; Kortholt and van Haastert, 
2008; Raaijmakers and Bos, 2009). A large number of proteins 
have been identified as effectors of Rap proteins in mam-
malian cells. The MRL family of adaptor proteins, which 
includes Riam and Lamellipodin, contains a Ras association 
(RA) domain that interacts with Rap1-GTP and stimulates 
integrin-mediated cell adhesion and cell spreading (Krause 
et al., 2004; Lee et al., 2009). Other Rap1 effectors include 
the following: AF-6/Afadin, which is an adaptor protein 
that localizes to cell-cell junctions and binds p120 catenin 
in a Rap1-dependent manner to prevent internalization of 
E-cadherin (Hoshino et al., 2005); Krit1, which contains a 
FERM domain and controls endothelial cell-cell junctions 
(Glading et al., 2007); RAPL, which binds Rap1 after stim-
ulation through the T-cell receptor or by chemokines and 
regulates LFA-1 (lymphocyte function-associated antigen 1) 
localization in a Rap1-GTP-dependent manner (Katagiri et 
al., 2006). PKD1 and IQGAP1 function as a scaffold pro-
tein by interacting with F-actin, which leads to the recruit-
ment of Rap1 rather than activation by Rap1-GTP to in-
duce downstream effectors of Rap1 (Medeiros et al., 2005). 
Interestingly, Rho family proteins play an important role in 
the process mediated by Rap1 and are directly linked to 
Rap1 signaling. For example, the RacGEFs Vav2 and Tiam1 
interact with Rap1, resulting in localization of the RacGEFs 
to the sites of cell spreading (Arthur et al., 2004). Moreover, 
Arap3 is a RhoGAP containing five PH domains and an 
RA domain that interacts with Rap1 and affects PDGF-in-

duced lamellipodia formation (Krugmann et al., 2006).

Regulation of cytoskeleton by Rap1 in Dictyostelium
In Dictyostelium, Rap1 has been linked to cytoskeletal reg-
ulation during cell migration, phagocytosis, and the response 
to osmotic stress (Jin et al., 2008; Kolsch et al., 2008; Kortholt 
and van Haastert, 2008). Recent studies using Dictyostelium 
have revealed that Rap1 plays important roles in the con-
trol of cell adhesion and spreading during cAMP-mediated 
chemotaxis. Cells expressing constitutively active Rap1 or 
lacking RapGAP1, which has Rap1-specific GAP activity, 
are highly adhesive and unable to effectively regulate myosin 
II assembly and disassembly. As a result, these cells move 
slowly in chemotaxis and produce lateral pseudopodia more 
often than parental strains. In addition, they exhibit a flat-
tened, spread shape, which is partially caused by an inability 
to spatially and temporally regulate myosin assembly and 
disassembly (Jeon et al., 2007b).
  Rap1 is rapidly and transiently activated in response to 
chemoattractant stimulation with a peak at 5–10 sec. Acti-
vated Rap1 predominantly localizes at the leading edge of 
chemotaxing cells, whereas total Rap1 is primarily found on 
membrane vesicles and along the plasma membrane, sug-
gesting that Rap1 plays some roles at the leading edge of 
chemotaxing cells (Jeon et al., 2007b; Cha et al., 2010) (Fig. 
2). Rap1 has been shown to regulate cell adhesion and help 
establish cell polarity by locally modulating myosin II as-
sembly and disassembly through Phg2, a Rap1-GTP-medi-
ated Ser/Thr kinase that may control myosin heavy chain 
kinases. The Ser/Thr kinase Phg2 contains an N-terminal 
PI(4,5)P2-binding domain, a Ser/Thr kinase domain, and a 
Rap1-GTP-binding RA domain that interacts preferentially 
with Rap1-GTP over Ras-GTP (Gebbie et al., 2004). Upon 
chemoattractant stimulation, Phg2 rapidly and transiently 
translocates to the cell cortex and localizes to the leading 
edge of polarized chemotaxing cells, which is similar to the 
temporal and spatial localization of Rap1-GTP (Fig. 2). An 
in vitro assay demonstrated that the kinase Phg2 is required 
for myosin II phosphorylation, which disassembles myosin 
II and facilitates F-actin-mediated leading edge protrusion. 
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               (A)                                                  (B) Fig. 3. Localization of Rap1-GTP and RapGAP1. (A)
Translocation of the two proteins to the cell cortex 
upon chemoattractant stimulation. Activated Rap1 
and RapGAP1 were labeled by RalGDS-YFP and 
RFP, respectively. The intensity of the fluorescence 
of the protein at the cell cortex was quantified and 
shown in the lower panel. (B) Spatial localization of 
the activated Rap1-GTP and RapGAP1 during che-
motaxis. Localizations of the activated Rap1-GTP 
and RapGAP1 are shown as green and red lines, re-
spectively, on the right [Adapted from Jeon et al. 
(2007a)].

Based on these results, a model in which the recruitment 
and activation of Phg2 at the leading edge by Rap1-GTP are 
required for myosin II phosphorylation and disassembly at 
the newly formed pseudopod has been proposed. Rap1/Phg2 
plays a role in controlling leading edge myosin II disassembly 
while passively allowing myosin II assembly along the lateral 
sides and posterior of the cell (Figs. 1 and 2), providing 
cortical tension along the lateral sides of the cells and in-
hibiting F-actin-mediated protrusions. On the other hand, 
disassembly of myosin II at the leading edge by Rap1/Phg2 
allows the cells to lead to F-actin-mediated protrusions at the 
leading edge (Jeon et al., 2007b; Kortholt and van Haastert, 
2008; Lee et al., 2010; Meili et al., 2010). Regulation of myosin 
II assembly by Rap1 plays an important role in controlling 
the ability of cells to restrict the F-actin assembly site and 
pseudopod formation at the leading edge of moving cells.
  Rap1 also appears to be directly involved in regulation of 
F-actin polymerization through the Rac signaling pathway. 
Our recent study showed that Rap1 interacts with RacGEF1 
in vitro and stimulates F-actin polymerization at the sites at 
which Rap1 is activated upon chemoattractant stimulation 
(Mun and Jeon, 2012). Rac family proteins are crucial regu-
lators in actin cytoskeletal reorganization. Cells expressing 
constitutively active Rap1 or rapGAP1 null cells exhibit 
higher levels of F-actin than parental strains (Jeon et al., 
2007a, 2007b). An in vitro binding assay using truncated 
RacGEF1 proteins revealed that Rap1 interacts with the 
DH domain of RacGEF1 (Mun and Jeon, 2012), suggesting 
that probably Rap1 mediates F-actin polymerization by 
binding RacGEF1 and possibly activating RacB.

Regulation of Rap1 activity during chemotaxis in Dictyoste-
lium
  Rapid and transient activation of Rap1 in response to che-
moattractant stimulation plays an important role in control 
of cell adhesion and cytoskeleton reorganization. Chemo-
attractant-mediated Rap1 activation in Dictyostelium requires 
the G-protein coupled receptors, cAR1/cAR3, and G-proteins. 

Rapid Rap1 activation upon cAMP chemoattractant stim-
ulation was absent in Dictyostelium cells lacking chemo-
attractant cAMP receptors cAR1/cAR3 or a subunit of the 
heterotrimeric G-protein complex, Gα2. Cells that are unable 
to form cGMP have no effect on Rap1 activation, suggesting 
that Rap1 activation upon chemoattractant stimulation is 
independent of cGMP signaling (Jeon et al., 2007a; Cha et 
al., 2010).
Rap1 GEFs: GbpD has been identified as a Rap1-specific 
GEF protein. Cells overexpressing GbpD are flat and exhibit 
strongly increased cell-substrate attachment and severely 
impaired chemotaxis. The phenotypes of cells expressing 
GbpD are similar to those of cells expressing Rap1. GbpD 
has been shown to activate Rap1 both in vivo and in vitro 
and to be involved in the formation of cell polarity. However, 
the mechanism by which GbpD is regulated remains unclear. 
Although GbpD contains two cyclic nucleotide binding 
domains, no binding of cAMP or cGMP to GbpD has been 
detected to date. Additionally, strong phenotypes of GbpD- 
overexpressing cells are independent of the presence of 
cAMP/cGMP, indicating that the activity of GbpD is not 
strictly regulated by cyclic nucleotides (Goldberg et al., 
2002; Bosgraaf et al., 2005; Kortholt et al., 2006). GbpC is a 
homologue of GbpD and the only known cGMP-binding 
protein. GbpC seems to be dispensable to Rap1 activation 
by cAMP chemoattractant stimulation since normal Rap1 
activation kinetics were observed in GbpC deficient cells 
upon stimulation (Cha et al., 2010). The sequencing of Dic-
tyostelium genome was recently completed, and 25 open 
reading frames containing a putative RasGEF domain in 
the Dictyostelium genome were identified (Wilkins et al., 
2005). However, the RasGEFs that have Rap1-specific GEF 
activity have not yet been identified.
Rap1 GAPs: The Dictyostelium genome contains nine ORFs 
that possess the Rap1 GAP domain (Jeon et al., 2007a). 
RapGAP1 is the first identified GAP protein specific to 
Rap1, and is required for regulation of cell adhesion by 
controlling Rap1 activity at the leading edge of chemo-
taxing cells. For a cell to keep moving, repeated cycles and 
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Fig. 4. The Rap1 signaling pathway involved in Dictyostelium chemotaxis.

coordinated regulation of cell adhesion and detachment are 
required. Rap1 is activated at the leading edge of moving 
cells and contributes to adhesion of the cell’s front. Activated 
Rap1 is subsequently deactivated and the attached region 
of the cell is detached to enable the cell to move forward. 
RapGAP1 plays a key role in regulating Rap1-mediated ad-
hesion at the leading edge of a cell during chemotaxis in 
Dictyostelium. Spatial and temporal regulation of Rap1 ac-
tivity by RapGAP1 was examined using the Rap1-GTP re-
porter RalGDS-YFP and RFP-RapGAP1 (Jeon et al., 2007a) 
(Fig. 3). RapGAP1 transiently translocates to the cell cortex 
with a peak at ~10 sec upon chemoattractant stimulation, 
which is 2–4 sec slower than the translocation of RalGDS-YFP 
(Fig. 3A). The slightly delayed RapGAP1 cortical localization 
relative to that of Rap1 activation suggests that the kinetics 
of RapGAP1 localization may provide a timing mechanism 
that limits Rap1 activity. In chemotaxing cells, RapGAP1 
preferentially localizes to the leading edge, which is similar 
to Rap1-GTP and consistent with its involvement in regu-
lation of adhesion at the anterior of moving cells. Further 
examination has revealed that the localization of RalGDS- 
YFP differs slightly from that of RapGAP1 (Fig. 3B). Speci-
fically, RalGDS is always found at the leading edge plasma 
membrane, whereas RapGAP1 predominantly localizes to 
the region overlapping with and slightly posterior to this at 
sites of F-actin accumulation, providing a spatial mechanism 
for limiting Rap1 activity by RapGAP1. The localization of 
RapGAP1 in chemotaxing cells is mediated by F-actin and 
actin-bundling proteins cortexillins (Jeon et al., 2007a, 2007b). 
Cortexillins play an inhibitory role in producing pseudo-
podia along the lateral sides of the cell. The localization of 
Cortexillin I at the lateral sides of moving cells is related to 
inhibited production of lateral pseudopodia, and cortex-
illins are linked to the translocation of Arp2/3 complex to 
the cell cortex upon chemoattractant stimulation (Lee et al., 
2010; Cha and Jeon, 2011).
  Defects in spatial and temporal regulation of Rap1 activity 
and cell attachment at the leading edge in rapGAP1 null cells 
or cells expressing RapGAP1 lead to defective chemotaxis. 
Cells lacking RapGAP1 have extended chemoattractant- 
mediated Rap1 activation kinetics and decreased myosin II 
assembly, whereas those overexpressing RapGAP1 show 
reciprocal phenotypes. GFP-RapGAP1 overexpressing cells 
are unable to temporally and spatially regulate substratum 
attachments near the anterior of the cell immediately after 
pseudopod extension. In cells expressing GFP-RapGAP1, 
an extended anterior remains off of the substratum for a 
longer time, during which it randomly shifts direction rela-
tive to the chemoattractant gradient (Jeon et al., 2007a).
  RapGAPB and RapGAP3 have also been identified as Rap1 
GTPase activating proteins in Dictyostelium and shown to 
be involved in the multicellular developmental process of 
Dictyostelium. RapGAPB is required for the correct sorting 
behavior of different cell types during development, but not 
cell motility or chemotaxis. Defects in RapGAPB affect pre-
stalk and prespore cell adhesion, leading to abnormal mor-
phogenesis of the multicellular organisms and misregulation 
of cell-type patterning during development in Dictyostelium 
(Parkinson et al., 2009). RapGAP3 mediates the deactivation 
of Rap1 during the late mound stage of development and 

plays an important role in regulation of cell sorting during 
apical tip formation by controlling cell-cell adhesion and 
cell migration. Direct measurement of cell motility within 
the multicellular organism mound shows that rapGAP3 null 
cells have a reduced motility toward the apex, resulting in 
severely altered morphogenesis during development (Jeon 
et al., 2009).

Conclusion

Cell movement is a coordinated process of F-actin medi-
ated protrusions at the leading edge and myosin-mediated 
contraction of the rear of a cell. Rap1 is emerging as a major 
regulator of cytoskeleton reorganization and cell adhesion 
in Dictyostelium chemotaxis. Upon chemoattractant stim-
ulation, Rap1 is rapidly and transiently activated through 
GPCRs cAR1/cAR3 and G-proteins predominantly at the 
leading edge, and contribute to the adhesion of the front of 
the cell. The activated Rap1 also stimulates phosphorylation 
and disassembly of myosin II by activation of the Ser/Thr 
kinase Phg2 at the leading edge of moving cells. Rap1/Phg2- 
mediated myosin II disassembly at the leading edge of 
moving cells facilitates F-actin-mediated protrusion of the 
leading edge, and in part passively allowing myosin II as-
sembly along the lateral sides and posterior of the cell. Rap1 
is also involved in stimulation of F-actin polymerization 
through interconnection with the Rac signaling pathway. 
The assembled F-actin at the leading edge subsequently re-
cruits Rap1 deactivating proteins such as RapGAP1 to the 
cell cortex at the front of a cell, leading to deactivation of 
Rap1 and release of cell adhesion. The deactivated Rap1 is 
then ready for a new cycle of cytoskeleton reorganization 
and cell attachment for cell movement (Fig. 4). Overall, Rap1 
plays important roles in the dynamic control of cell adhe-
sion by regulating the cytoskeleton during cell migration. 
Identification and characterization of Rap1-specific GEFs 
and GAPs and further insight into the molecular mecha-
nisms through which Rap1 controls cell adhesion during 
chemotaxis should be accomplished in the near future.



560  Lee and Jeon

Acknowledgements

This research was supported by Basic Science Research 
Program through the National Research Foundation of 
Korea (NRF) funded by the Ministry of Education, Science 
and Technology (2009-0065992 and 2011-0022220).

References

Arthur, W.T., Quilliam, L.A., and Cooper, J.A. 2004. Rap1 promotes 
cell spreading by localizing Rac guanine nucleotide exchange 
factors. J. Cell Biol. 167, 111–122.

Bosgraaf, L. and van Haastert, P.J. 2006. The regulation of myosin 
II in Dictyostelium. Eur. J. Cell Biol. 85, 969–979.

Bosgraaf, L., Waijer, A., Engel, R., Visser, A.J., Wessels, D., Soll, 
D., and van Haastert, P.J. 2005. RasGEF-containing proteins 
GbpC and GbpD have differential effects on cell polarity and 
chemotaxis in Dictyostelium. J. Cell Sci. 118, 1899–1910.

Cha, I. and Jeon, T.J. 2011. Dynamic localization of the actin-bun-
dling protein cortexillin I during cell migration. Mol. Cells 32, 
281–287.

Cha, I., Lee, S.H., and Jeon, T.J. 2010. Chemoattractant-mediated 
Rap1 activation requires GPCR/G proteins. Mol. Cells 30, 563– 
567.

Chisholm, R.L. and Firtel, R.A. 2004. Insights into morphogenesis 
from a simple developmental system. Nat. Rev. Mol. Cell Biol. 
5, 531–541.

Chung, C.Y., Funamoto, S., and Firtel, R.A. 2001. Signaling path-
ways controlling cell polarity and chemotaxis. Trends Biochem. 
Sci. 26, 557–566.

De Lozanne, A. and Spudich, J.A. 1987. Disruption of the Dictyo-
stelium myosin heavy chain gene by homologous recombination. 
Science 236, 1086–1091.

Firat-Karalar, E.N. and Welch, M.D. 2011. New mechanisms and 
functions of actin nucleation. Curr. Opin. Cell Biol. 23, 4–13.

Gebbie, L., Benghezal, M., Cornillon, S., Froquet, R., Cherix, N., 
Malbouyres, M., Lefkir, Y., Grangeasse, C., Fache, S., Dalous, J., 
and et al. 2004. Phg2, a kinase involved in adhesion and focal 
site modeling in Dictyostelium. Mol. Biol. Cell. 15, 3915–3925.

Glading, A., Han, J., Stockton, R.A., and Ginsberg, M.H. 2007. 
KRIT-1/CCM1 is a Rap1 effector that regulates endothelial cell 
cell junctions. J. Cell Biol. 179, 247–254.

Goldberg, J.M., Bosgraaf, L., Van Haastert, P.J., and Smith, J.L. 
2002. Identification of four candidate cGMP targets in Dictyo-
stelium. Proc. Natl. Acad. Sci. USA 99, 6749–6754.

Hoshino, T., Sakisaka, T., Baba, T., Yamada, T., Kimura, T., and 
Takai, Y. 2005. Regulation of E-cadherin endocytosis by nectin 
through afadin, Rap1, and p120ctn. J. Biol. Chem. 280, 24095– 
24103.

Jeon, T.J., Lee, D.J., Lee, S., Weeks, G., and Firtel, R.A. 2007a. 
Regulation of Rap1 activity by RapGAP1 controls cell adhesion 
at the front of chemotaxing cells. J. Cell Biol. 179, 833–843.

Jeon, T.J., Lee, D.J., Merlot, S., Weeks, G., and Firtel, R.A. 2007b. 
Rap1 controls cell adhesion and cell motility through the regu-
lation of myosin II. J. Cell Biol. 176, 1021–1033.

Jeon, T.J., Lee, S., Weeks, G., and Firtel, R.A. 2009. Regulation of 
Dictyostelium morphogenesis by RapGAP3. Dev. Biol. 328, 210– 
220.

Jin, T., Xu, X., Fang, J., Isik, N., Yan, J., Brzostowski, J.A., and 
Hereld, D. 2009. How human leukocytes track down and de-
stroy pathogens: lessons learned from the model organism 
Dictyostelium discoideum. Immunol. Res. 43, 118–127.

Jin, T., Xu, X., and Hereld, D. 2008. Chemotaxis, chemokine re-
ceptors and human disease. Cytokine 44, 1–8.

Katagiri, K., Imamura, M., and Kinashi, T. 2006. Spatiotemporal 

regulation of the kinase Mst1 by binding protein RAPL is critical 
for lymphocyte polarity and adhesion. Nat. Immunol. 7, 919– 
928.

Kolsch, V., Charest, P.G., and Firtel, R.A. 2008. The regulation of 
cell motility and chemotaxis by phospholipid signaling. J. Cell 
Sci. 121, 551–559.

Kooistra, M.R., Dube, N., and Bos, J.L. 2007. Rap1: a key regulator 
in cell-cell junction formation. J. Cell Sci. 120, 17–22.

Kortholt, A., Rehmann, H., Kae, H., Bosgraaf, L., Keizer-Gunnink, 
I., Weeks, G., Wittinghofer, A., and Van Haastert, P.J. 2006. 
Characterization of the GbpD-activated Rap1 pathway regulat-
ing adhesion and cell polarity in Dictyostelium discoideum. J. 
Biol. Chem. 281, 23367–23376.

Kortholt, A. and van Haastert, P.J. 2008. Highlighting the role of 
Ras and Rap during Dictyostelium chemotaxis. Cell Signal 20, 
1415–1422.

Krause, M., Leslie, J.D., Stewart, M., Lafuente, E.M., Valderrama, 
F., Jagannathan, R., Strasser, G.A., Rubinson, D.A., Liu, H., 
Way, M., and et al. 2004. Lamellipodin, an Ena/VASP ligand, is 
implicated in the regulation of lamellipodial dynamics. Dev. 
Cell 7, 571–583.

Krugmann, S., Andrews, S., Stephens, L., and Hawkins, P.T. 2006. 
ARAP3 is essential for formation of lamellipodia after growth 
factor stimulation. J. Cell Sci. 119, 425–432.

Lee, H.S., Lim, C.J., Puzon-McLaughlin, W., Shattil, S.J., and 
Ginsberg, M.H. 2009. RIAM activates integrins by linking talin 
to ras GTPase membrane-targeting sequences. J. Biol. Chem. 
284, 5119–5127.

Lee, S., Shen, Z., Robinson, D.N., Briggs, S., and Firtel, R.A. 2010. 
Involvement of the cytoskeleton in controlling leading-edge 
function during chemotaxis. Mol. Biol. Cell 21, 1810–1824.

Medeiros, R.B., Dickey, D.M., Chung, H., Quale, A.C., Nagarajan, 
L.R., Billadeau, D.D., and Shimizu, Y. 2005. Protein kinase D1 
and the beta 1 integrin cytoplasmic domain control beta 1 in-
tegrin function via regulation of Rap1 activation. Immunity 23, 
213–226.

Meili, R., Alonso-Latorre, B., del Alamo, J.C., Firtel, R.A., and 
Lasheras, J.C. 2010. Myosin II is essential for the spatiotemporal 
organization of traction forces during cell motility. Mol. Biol. Cell 
21, 405–417.

Mun, H. and Jeon, T.J. 2012. Regulation of actin cytoskeleton by 
Rap1 binding to RacGEF1. Mol. Cells DOI/10.1007/s10059-012- 
0097-Z.

Parkinson, K., Bolourani, P., Traynor, D., Aldren, N.L., Kay, R.R., 
Weeks, G., and Thompson, C.R. 2009. Regulation of Rap1 ac-
tivity is required for differential adhesion, cell-type patterning 
and morphogenesis in Dictyostelium. J. Cell Sci. 122, 335–344.

Pasternak, C., Spudich, J.A., and Elson, E.L. 1989. Capping of surface 
receptors and concomitant cortical tension are generated by 
conventional myosin. Nature 341, 549–551.

Raaijmakers, J.H. and Bos, J.L. 2009. Specificity in Ras and Rap 
signaling. J. Biol. Chem. 284, 10995–10999.

Ridley, A.J., Schwartz, M.A., Burridge, K., Firtel, R.A., Ginsberg, 
M.H., Borisy, G., Parsons, J.T., and Horwitz, A.R. 2003. Cell 
migration: integrating signals from front to back. Science 302, 
1704–1709.

Rodal, A.A., Sokolova, O., Robins, D.B., Daugherty, K.M., Hippen-
meyer, S., Riezman, H., Grigorieff, N., and Goode, B.L. 2005. 
Conformational changes in the Arp2/3 complex leading to actin 
nucleation. Nat. Struct. Mol. Biol. 12, 26–31.

Sasaki, A.T., Chun, C., Takeda, K., and Firtel, R.A. 2004. Localized 
Ras signaling at the leading edge regulates PI3K, cell polarity, 
and directional cell movement. J. Cell Biol. 167, 505–518.

Steimle, P.A., Yumura, S., Cote, G.P., Medley, Q.G., Polyakov, M.V., 
Leppert, B., and Egelhoff, T.T. 2001. Recruitment of a myosin 
heavy chain kinase to actin-rich protrusions in Dictyostelium. 
Curr. Biol. 11, 708–713.



Rap1 control of cytoskeletal reorganization 561

Stephens, L., Milne, L., and Hawkins, P. 2008. Moving towards a 
better understanding of chemotaxis. Curr. Biol. 18, R485–494.

Wilkins, A., Szafranski, K., Fraser, D.J., Bakthavatsalam, D., Muller, 
R., Fisher, P.R., Glockner, G., Eichinger, L., Noegel, A.A., and 
Insall, R.H. 2005. The Dictyostelium genome encodes numer-
ous RasGEFs with multiple biological roles. Genome Biol. 6, 
R68.

Williams, R.S., Boeckeler, K., Graf, R., Muller-Taubenberger, A., 
Li, Z., Isberg, R.R., Wessels, D., Soll, D.R., Alexander, H., and 
Alexander, S. 2006. Towards a molecular understanding of hu-
man diseases using Dictyostelium discoideum. Trends Mol. Med. 
12, 415–424.

Worthylake, R.A. and Burridge, K. 2003. RhoA and ROCK promote 
migration by limiting membrane protrusions. J. Biol. Chem. 

278, 13578–13584.
Xu, J., Wang, F., Van Keymeulen, A., Herzmark, P., Straight, A., 

Kelly, K., Takuwa, Y., Sugimoto, N., Mitchison, T., and Bourne, 
H.R. 2003. Divergent signals and cytoskeletal assemblies regu-
late self-organizing polarity in neutrophils. Cell 114, 201–214.

Yamada, T., Sakisaka, T., Hisata, S., Baba, T., and Takai, Y. 2005. 
RA-RhoGAP, Rap-activated Rho GTPase-activating protein im-
plicated in neurite outgrowth through Rho. J. Biol. Chem. 280, 
33026–33034.

Yumura, S., Yoshida, M., Betapudi, V., Licate, L.S., Iwadate, Y., 
Nagasaki, A., Uyeda, T.Q., and Egelhoff, T.T. 2005. Multiple 
myosin II heavy chain kinases: roles in filament assembly con-
trol and proper cytokinesis in Dictyostelium. Mol. Biol. Cell 16, 
4256–4266.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


