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ABSTRACT  We identify a new pathway that is required for proper pseudopod formation. We 
show that Roco2, a leucine-rich repeat kinase 2 (LRRK2)-related Roco kinase, is activated in 
response to chemoattractant stimulation and helps mediate cell polarization and chemotaxis 
by regulating cortical F-actin polymerization and pseudopod extension in a pathway that re-
quires Rab1A. We found that Roco2 binds the small GTPase Rab1A as well as the F-actin 
cross-linking protein filamin (actin-binding protein 120, abp120) in vivo. We show that active 
Rab1A (Rab1A-GTP) is required for and regulates Roco2 kinase activity in vivo and that fil-
amin lies downstream from Roco2 and controls pseudopod extension during chemotaxis and 
random cell motility. Therefore our study uncovered a new signaling pathway that involves 
Rab1A and controls the actin cytoskeleton and pseudopod extension, and thereby, cell polar-
ity and motility. These findings also may have implications in the regulation of other Roco ki-
nases, including possibly LRRK2, in metazoans.

INTRODUCTION
Dynamic reorganization of the cytoskeleton underlies a wide range 
of cellular processes that require changes in cell shape, including 
cytokinesis, random cell motility, and chemotaxis. Inherent in these 
major cytoskeletal reorganizations is the ability of the cell to polarize 
the cytoskeleton through an orchestrated redistribution and local-
ized assembly/disassembly of F-actin and myosin II (MyoII). Leading-
edge protrusion during chemotaxis of amoeboid cells is dependent, 

predominantly, on the localized polymerization of F-actin at the site 
on the cortex closest to the chemoattractant source. This requires 
not only new F-actin that pushes the membrane forward, but also 
F-actin cross-linking proteins that stabilize the mesh-like actin net-
work and link it to the cortex (Stossel et al., 2001; Pollard and Borisy, 
2003; Insall and Machesky, 2009; Pollard and Cooper, 2009). During 
the past decade, we have gained significant understanding of initia-
tion of new F-actin polymerization and the signaling pathways and 
the machinery mediating the process of formation of the mesh-like 
network of F-actin that pushes the membrane forward (Kedrin et al., 
2007; van Haastert and Veltman, 2007; Janetopoulos and Firtel, 
2008; Insall and Machesky, 2009; Pollard and Cooper, 2009; Insall, 
2010; Swaney et al., 2010 ). However, the pathways that control ac-
tin cross-linking have not been well defined.

Roco kinases are a novel family of highly conserved proteins, 
some of which regulate the cytoskeleton (Bosgraaf et al., 2002; Bos-
graaf and van Haastert, 2003; Jaleel et al., 2007; van Egmond et al., 
2008; Parisiadou et al., 2009; van Egmond and van Haastert, 2010; 
Zechel et al., 2010). In eukaryotes, Roco kinases share linked ROC 
(Ras of complex proteins), Ras-like GTP-binding/GTPase, and COR 
(C-terminal of Roc) domains, as well as a Ser/Thr kinase domain that 
shares sequence similarity with a mixed-lineage kinase (MLK) sub-
family of MEKKs (mitogen-activated protein kinase kinase kinase) 
that is regulated by GTP binding to the Roc domain (Bosgraaf and 
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and not restricted predominantly to the side closest to the chemoat-
tractant source, occurring over a greater portion of the cortex com-
pared with wild-type cells and resulting in considerably reduced per-
sistence and directionality (Figure 1C and Supplemental Figure S1A). 
We studied vegetative cells, which undergo random cell motility in 
the absence of G protein–coupled receptor signaling (Tuxworth et al., 
1997; Sasaki et al., 2007), and determined that roco2− cells exhibit 
general defects in cell motility: they move with < 60% the speed of 
wild-type cells, do not polarize well, often exhibit F-actin along the 
majority of the cell’s cortex, and lack a prominent pseudopod com-
pared with wild-type cells (Figures 1D and S1B). Expression of wild-
type green fluorescent protein (GFP)- (Figure 1C) or T7-tagged Roco2 
restores the mobility defects of roco2− cells (Figures 1, C and D, and 
S1B) and complements all roco2− cell phenotypes described here 
and below. We also created an inactive (kinase-dead) Roco2 
(Roco2KD) by mutating the conserved Asp in the active site of the ki-
nase domain, which resulted in a Roco2 that lacks kinase activity (as 
shown in Figure 2). As expected, expression of Roco2KD in roco2− 
cells does not complement the null phenotypes (Figures 1C and S1).

Consistent with these chemotaxis and motility defects, roco2− cells 
exhibit aggregation defects when plated on nonnutrient agar, with 
many cells not entering aggregates, particularly when cells are plated 
at lower densities (Supplemental Figure S2A). When cells are pulsed 
with cAMP for 6 h prior to plating on nonnutrient agar, the defect is 
less severe, and at moderate densities the cells start to aggregate but 
remain as streams even after 24 h (Figure S2B). Previous studies in 
strain Ax2 indicated that roco2− cells have delayed aggregation but 
form larger aggregates when plated on nutrient agar (Abe et al., 
2003). We did not observe larger aggregates, but this difference 
could be the result of plating conditions. These aggregation defects 
are not due to an inability to express genes required for chemotaxis to 
cAMP, as the level of mRNA for the cAMP G protein–coupled recep-
tor cAR1 in response to cAMP pulsing is the same as in wild-type cells, 
although the accumulation of cAR1 mRNA is slightly delayed (unpub-
lished data). We found that roco2− cells have the same chemotaxis 
defects whether they are pulsed for either 6 or 8 h (Figure 1C), indicat-
ing that any delay in aggregation-stage gene expression in roco2− 
cells is not responsible for the roco2− chemotaxis phenotypes.

roco2− cells also exhibit a cytokinesis defect, as suggested previ-
ously (Phillips and Gomer, 2010), which, like that of myoII-null 
(mhcA−) cells, is considerably stronger in cells grown in suspension 
than in those attached to a substratum (Figures 1E and S3A; see 
Materials and Methods; De Lozanne and Spudich, 1987). When cell 
shape is examined during cytokinesis, wild-type cells exhibit “classi-
cal” cytoskeletal contraction in the middle of the dividing cell, form-
ing a dumbbell shape with a short (normally <6 μm) cytoplasmic 
bridge that forms before daughter cell separation (Figure 1F; Movie 
M5). In contrast, we found that roco2− prospective daughter cells 
become polarized, often forming lamellipodia-like protrusions on 
the opposing poles, whereupon they begin to move apart and a 
thin cytoplasmic bridge forms that is often multiple cell diameters in 
length (Figures 1F and S3B). In 50% of the cells, this bridge does not 
cleave; instead, the two presumptive daughter cells retract toward 
each other and resolve into a single, binucleate cell (retrocytokine-
sis; Figure S3C; Movie M6). The cells that do complete cytokinesis 
may do so by traction-mediated cytofission (Uyeda et al., 2000).

Roco2 kinase is a regulator of the actin cytoskeleton and is 
activated in response to chemoattractant stimulation
Spinning disk confocal images of phalloidin-stained roco2− cells ex-
pressing a functional Roco2-GFP reveal that Roco2-GFP is enriched in 
local F-actin pseudopodial projections in vegetative cells (Figure 2A). 

van Haastert, 2003). Roco kinases often have distinct protein–protein 
interacting/regulatory domains, such as the leucine-rich repeats 
(LRRs), ankyrin, and WD40 repeats (Bosgraaf and van Haastert, 2003; 
Marin, 2006, 2008; van Egmond and van Haastert, 2010). In humans, 
mutations in LRRK2 (one of the two roco paralogous genes, LRRK1 
and LRRK2), a leucine repeat–containing member of this family, are 
linked to both autosomal dominant and sporadic Parkinson’s disease 
(PD; Paisan-Ruiz et al., 2004; Zimprich et al., 2004; Toft et al., 2005). 
LRRK2 has been proposed as a regulator of the cytoskeleton, neu-
ronal outgrowth, and vesicular trafficking (Jaleel et al., 2007; Shin 
et al., 2008; Parisiadou et al., 2009; Xiong et al., 2010; Meixner et al., 
2011). Dictyostelium encodes 11 Roco family members, and of these, 
5 have been examined to various degrees (van Egmond and van 
Haastert, 2010). The first identified Roco kinase, Dictyostelium GbpC, 
is the sole effector of cGMP in Dictyostelium, an important regulator 
of MyoII in response to chemoattractant stimulation and osmotic 
stress (Goldberg et al., 2002; Bosgraaf and van Haastert, 2003; Bos-
graaf et al., 2005). Roco2 regulates autocrine signaling associated 
with growth. Roco2-null cells grow more rapidly than wild-type cells, 
but also accumulate multinucleate cells, suggesting a possible cy-
tokinesis defect; they have been reported to aggregate more slowly 
than wild-type cells and form larger aggregates (Abe et al., 2003; 
Phillips and Gomer, 2010; van Egmond and van Haastert, 2010). An-
other Roco kinase, Pats1, is required for proper cell cytokinesis 
(Abysalh et al., 2003), while roco4− and roco11− cells exhibit morpho-
genesis defects (van Egmond and van Haastert, 2010). Although sev-
eral Roco kinases have been intensely studied, in part because of the 
linkage of LRRK2 to forms of PD, the mechanisms by which this fam-
ily is regulated are not understood, with the exception of GbpC, 
which has a ligand-binding domain that regulates GTP binding and 
kinase activation (Bosgraaf et al., 2005; van Egmond et al., 2008).

In this article, we identify a regulatory pathway that is required for 
proper pseudopod extension in Dictyostelium. We determine that 
Dictyostelium Roco2 is activated by chemoattractant stimulation 
and is important for cortically localized F-actin polymerization and 
pseudopod extension during chemotaxis, and we present evidence 
that this pathway is mediated through the regulation of filamin by 
Roco2. We further demonstrate that Rab1A binds to Roco2 and 
regulates Roco2 kinase activity in vivo, thereby identifying a novel 
Rab1A effector and a new regulatory mechanism by which the cy-
toskeleton is controlled. Our studies may provide a model by which 
other Roco2 kinases, including possibly LRRK2, are regulated.

RESULTS
roco2− cells exhibit cell motility and cytokinesis defects
We identified Roco2 (QkgA), a member of the Roco family of pro-
tein kinases, as a potential regulator of the cytoskeleton by screen-
ing knockout strains of Dictyostelium Roco family members for de-
fects in cell motility and chemotaxis. Roco2 contains an N-terminal 
LRR motif similar to that of LRRK2, in addition to the Roc (Ras-like), 
COR, and kinase domains present in eukaryotic Roco proteins 
(Figure 1A; Bosgraaf and van Haastert, 2003).

roco2− cells (see Materials and Methods for details) exhibit strong 
polarity and chemotaxis defects when placed in a cAMP chemoat-
tractant gradient, moving at only ∼50% of the speed of wild-type 
cells and being less polarized than wild-type cells (Figure 1, B and C; 
Supplemental Movies M1 and M2). This defect is weaker when cells 
are very close to the needle where the chemoattractant concentra-
tion is highest and the gradient is steepest, as is illustrated in the cell 
labeled “b” in Figure 1C. The roco2− cell chemotaxis defect is even 
stronger when cells are examined in a linear gradient in a Dunn 
chamber (Movies M3 and M4). In roco2− cells, protrusions are smaller 
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FIGURE 1:  (A) Domain structure of the Roco2 protein, the LRRs, a COR, and a ROC (Ras of complex protein) domain as 
defined by Bosgraaf and van Haastert (2003), and a kinase domain sharing similarity to MEKKs. The mutation created is 
indicated. (B) Images of chemotaxing wild-type and roco2− cells. (C) Trajectories of cells migrating to the 
chemoattractant cAMP emitted from a micropipette and images of chemotaxing cells taken at 1-min intervals obtained 
using DIAS software (Wessels et al., 1998). Wild-type, roco2−, GFP-Roco2/roco2−, and GFP-Roco2KD/ roco2− cells are 
analyzed. For roco2− cells, two cells at different distances from the needle are shown: (a) a cell ∼400 μm from the 
needle; (b) a cell ∼10–150 μm from the needle. Table, DIAS computer analysis performed on time-lapse DIC microscopy 
movies with a 40× objective of cells chemotaxing to cAMP. Speed represents movement of a cell’s centroid; change of 
direction (degrees) is a relative measure of the number and frequency of turns made by the cell. Higher numbers 
indicate more turns and a less efficient chemotaxis. Directionality is a measure of straightness of cell movement. 
Persistence is an indirect measure of straightness of cell movement to the chemoattractant source; it is the value 
divided by direction change values. Lower numbers indicate a less efficient chemotaxis. Roundness is an indication of 
the cell polarity. Larger numbers indicate the cells are more round and less polarized. (D) KAx-3 and roco2− cells stained 
with the F-actin marker TRITC-phalloidin. (E) The relative DNA content of DAPI-stained log-phase cells as determined by 
FACS. Scale bars: 10 μm.
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FIGURE 2:  Analysis of roco2− cells. (A) Confocal microscopy images of vegetative GFP-Roco2 /roco2− cells fixed and 
stained with TRITC-phalloidin. (B) Confocal fluorescent images of chemotaxing Roco2-GFP/roco2− cells. Arrows indicate 
an enrichment of roco2-GFP at the cell’s leading edge. (C) Left, confocal fluorescent microscopy images of dividing 
Roco2-GFP/roco2− cells. Arrows indicate Roco2-GFP appearing on cell poles in late cytokinesis. Right, confocal 
fluorescent microscopy images of Roco2-GFP/roco2− cells using the “agar-overlay” method. Arrows indicate the 
cleavage furrow enriched with Roco2-GFP. (D) Kinetics of F-actin polymerization in response to chemoattractant 
stimulation. (E) Basal Roco2 kinase activity in 6 h pulsed cells. Top, immunoblot and autoradiogram of MBP 
phosphorylation by Roco2, as resolved by SDS–PAGE. Roco2 protein levels were determined by Western blot analysis, 
using anti-T7 antibody. Bottom, normalization of incorporated 32P compared with Roco2 protein content. Data are 
representative of at least three independent experiments, in arbitrary units, where wild-type-Roco2 kinase activity is 
defined as 1.0. (F) Kinase activity of Roco2, Roco2KD, and Roco2ΔLRR expressed in roco2− cells upon cAMP stimulation of 
6 h pulsed cells as described in Materials and Methods. Because Roco2ΔLRR is expressed at a much lower level than 
wild-type Roco2, the immunoblot to quantify Roco2 protein was exposed for a longer time than the other Western 
blots. Kinase activity was quantitated using a phosphorimager. (G) Quantitation of kinase activity.
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T7-Roco2, the kinase activity of T7-Roco2ΔLRR remains unchanged 
after cAMP stimulation, indicating that Roco2ΔLRR is a strong gain-of-
function and unregulated Roco2 kinase mutant with high constitu-
tive activity (Figure 2, F and G). (The level of Roco2ΔLRR expression is 
much lower than that of wild-type Roco2. This is observed in all 
clonal isolates, leading us to assume cells must select against a high 
level of expression of this activated form of Roco2.) When Roco2ΔLRR 
is expressed in roco2− cells, we observed that the first F-actin peak 
is severely reduced and that the second peak is both elevated and 
extended (Figure 2D). The increase in the second peak in roco2− 
cells expressing Roco2ΔLRR and the loss of the second F-actin peak in 
roco2− cells suggest that Roco2 kinase activity correlates with, and 
is required for, the second F-actin peak. We also examined whether 
inhibition of PI3K with LY294004 blocked the extended second F-
actin peak in roco2− cells expressing Roco2ΔLRR, and found that 
LY294004 did not have a significant effect on the kinetics of F-actin 
polymerization in Roco2ΔLRR/roco2− cells (unpublished data).

Expression of Roco2ΔLRR in roco2− cells complements the random 
motility speed-of-movement defect, but the cells exhibit a strong, 
dominant chemotaxis phenotype when expressed in roco2− or wild-
type cells (Figures 3, A–D, and S4, A–D; Movie M9; unpublished 
wild-type data). During chemotaxis, these cells extend a long, 
Roco2ΔLRR- and F-actin-containing pseudopod and sporadically ex-
tend multiple, dominant pseudopodia simultaneously in different 
directions (Figure 3E; Movie M9). The extended pseudopod does 
not effectively adhere to the substratum and, while off of the sub-
stratum, the pseudopod shifts its position randomly relative to the 
gradient (“floating” leading edge), resulting in an inability to effec-
tively move up the chemotaxis gradient (Figure 3, A–C; Movie M9). 
Even for cells in which the anterior appears to adhere normally, the 
directionality is considerably reduced. As depicted in Movie M9, the 
posterior of the cell often remains attached for an extended time 
and then abruptly releases, resulting in the cell scooting forward. A 
similar long, GFP-Roco2ΔLRR -containing pseudopod is also observed 
during random cell movement (Figure 3E).

Filamin (abp10) lies downstream from Roco2
To better understand the regulation and function of Roco2, we per-
formed Roco2 pull-downs followed by mass spectrometry (MS) 
analyses to identify putative Roco2-interacting proteins. Figure 4A 
depicts a silver-stained gel of proteins from pull-down experiments 
with T7-Roco2 and from control cells; Figure S5A lists some of the 
proteins identified in the T7-Roco2 (not control) pull-downs. One of 
these is the redox-dependent molecular chaperone DJ-1, mutations 
of which are linked to PD and which also binds LRRK2 in mammalian 
and Drosophila cells (Venderova et al., 2009). Two of the other more 
abundant proteins are Rab1A and filamin (ABP120/ABPc/gelation 
factor). Because of the potential importance of Rab1A and filamin in 
directly controlling cell motility, we focused our analysis on these 
proteins.

Filamin is a conserved, orthogonal F-actin cross-linking protein 
that cross-links F-actin filaments within a meshwork and is involved in 
phagocytosis, cell motility, and morphogenesis required for the sec-
ond peak of cortical F-actin peak and for subsequent pseudopod 
extension (Cox et al., 1992, 1995; Cox, 1995; Stossel et al., 2001; 
Knuth et al., 2004; Khaire et al., 2007; Washington and Knecht, 2008; 
Baldassarre et al., 2009). Figure 4B demonstrates that endogenous 
filamin coimmunoprecipitates with T7-Roco2. The amount of filamin 
that coimmunoprecipitates with the inactive T7-Roco2KD is reduced, 
compared with wild-type T7-Roco2, while the relative amount of fil-
amin coimmunoprecipitating with the highly activated T7-Roco2ΔLRR 
is greatly increased. To examine possible functional interactions 

In chemotaxing cells, Roco2-GFP is found preferentially in the F-ac-
tin-enriched, lamellipodial region and periodically as a tight band at 
the leading-edge cortex (Figure 2B, left and right panels, respec-
tively). To examine this in more detail, we coexpressed Roco2-GFP 
with a red fluorescent protein (RFP) fusion of the F-actin binding 
protein coronin, which helps terminate F-actin polymerization. As 
can be seen in Movie M7, both Roco2 and coronin are enriched in 
the anterior cortex, while coronin, but not Roco2, is also found to a 
lesser extent at the F-actin enriched in the cortex at the posterior of 
the cell. Although many leading-edge markers rapidly and tran-
siently localize to the cell cortex upon rapid, global chemoattractant 
stimulation (van Haastert and Devreotes, 2004), we observed no 
such rapid translocation of Roco2-GFP to the cell cortex (unpub-
lished data). We also found Roco2-GFP at the cleavage furrow dur-
ing cytokinesis and at the poles of daughter cells immediately be-
fore and after cleavage of the cytoplasmic bridge (Figure 2C, left; 
Movie M8), which is more easily observed using “agar-overlay” to 
flatten cells (Figure 2C, right). In some cells, fluorescent dots (pos-
sibly small vesicles) are present near the cytoplasmic bridge before 
daughter cell separation (Figure 2C, left, 0 s frame). This localization 
and the extended cytoplasmic bridge connecting daughter cells in 
roco2− cells suggest that Roco2 is required for fission of the cyto-
plasmic bridge and is necessary for efficient daughter cell 
separation.

The subcellular localization of Roco2 and the phenotypes of 
roco2− cells suggest that Roco2 regulates the actomyosin cytoskel-
eton. In response to chemoattractant stimulation, cortical F-actin 
(F-actin found in the Triton-insoluble fraction) exhibits a biphasic 
curve with a brief peak at ∼5 s, and a decrease in F-actin to near-
basal levels, followed by a lower, broader second peak with a maxi-
mum at 20–40 s, which is linked to pseudopod extension (Condeelis 
et al., 1990). In roco2− cells, the first peak is reduced ∼20% and no 
detectable second peak is observed (Figure 2D). Expression of full-
length Roco2, but not (inactive) Roco2KD, restores these responses 
(Figure 2D). As the second F-actin peak in Dictyostelium is thought 
to require phosphatidylinositol-3 kinase (PI3K) function (Chen et al., 
2003), which is regulated by Ras (Funamoto et al., 2002), we exam-
ined PI3K activity and Ras activation and found that there was little 
difference between roco2− and wild-type cells, suggesting this is 
not the basis for the F-actin defect and roco2− cells are competent 
to activate Ras and PI3K (unpublished data).

To understand a possible linkage between cortical F-actin and 
Roco2 kinase activity, we developed a kinase activity assay in which 
T7-Roco2 expressed in roco2− cells is isolated from cells using anti-
T7 resin, and the immunocomplex is assayed for kinase activity us-
ing [32P]γATP and myelin basic protein (MBP) as a substrate (Materi-
als and Methods). We used pulled-down Roco2KD expressed in 
roco2− cells to determine background kinase activity in the assay, as 
this did not exhibit any activity beyond that of a control pull-down 
(Figure 2, E–G; unpublished data). On chemoattractant stimulation, 
wild-type Roco2 exhibits a small decrease in kinase activity at ∼10 s, 
which is followed by a more than threefold increase, peaking at 
∼40 s. This broad peak roughly overlaps the second peak of cortical 
F-actin. In human LRRK2, deletion of the N-terminal domain, which 
contains the LRRs but retains the Roc and COR domains, results in a 
kinase with elevated in vitro kinase activity (Jaleel et al., 2007; 
Greggio et al., 2008). We created a similar N-terminally truncated 
Roco2 mutant (designated Roco2ΔLRR) by deleting residues 2–424. 
Figure 2E shows that T7-Roco2ΔLRR expressed in and immunopre-
cipitated from roco2− cells has a basal (unstimulated cells) activity 
more than sevenfold higher than that of wild-type Roco2 expressed 
in and isolated from unstimulated roco2− cells. Unlike wild-type 
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between Roco2 and filamin, we expressed 
the dominant, activated Roco2ΔLRR mutant in 
filamin-null (abpC−) cells and studied chemot-
axis of these cells. As previously reported, 
abpC− cells are considerably less polarized 
and move more randomly than wild-type cells 
(Figures 4C and S5B; Cox, 1995; Cox et al., 
1992, 1995; Washington and Knecht, 2008). 
abpC− cells expressing Roco2ΔLRR exhibit the 
same phenotype as abpC− cells but do not 
produce the extended pseudopodial projec-
tions observed in Roco2ΔLRR-expressing 
roco2− or wild-type cells (Figure S5B). Previ-
ous studies indicated that abpC− cells do not 
have a defined second peak of cortical F-ac-
tin, consistent with their defect in pseudopod 
extension (Cox et al., 1995; Figure 4D; see 
Discussion). Although roco2− and wild-
type cells expressing Roco2ΔLRR have an ele-
vated second peak of cortical F-actin, 
Roco2ΔLRR/abpC− cells show a cortical F-actin 
profile similar to that of abpC− cells, a slightly 
elevated basal level of F-actin, normal first F-
actin peak, and no discernible second peak 
(Figure 4D). It is worth emphasizing that 
whereas roco2− cells expressing Roco2ΔLRR 
exhibit a severely reduced first F-actin peak, 
this is not observed in an abpC− cell back-
ground (Roco2ΔLRR/abpC− cells), suggesting 
that the inhibitory effect of Roco2ΔLRR on the 
first peak may be filamin-dependent. To-
gether with findings that Roco2 and filamin 
coimmunoprecipitate, these observations 
suggest that filamin lies downstream from 
and is a possible effector of Roco2 or that the 
Roco2 and filamin pathways are independent 
and the abpC− phenotype is epistatic. We fa-
vor the possibility that filamin lies downstream 
from Roco2 and is probably a Roco2 sub-
strate, because of our finding that filamin and 

FIGURE 3:  Analysis of Roco2ΔLRR chemotaxis. 
(A) DIC images of chemotaxing wild-type and 
Roco2ΔLRR cells and Roco2ΔLRR cells trajectories. 
Asterisk, position of the micropipette; black 
arrows, cell direction; white arrow, nascent 
pseudopod. (B) Time-lapse images of the 
formation of an extended pseudopod in 
Roco2ΔLRR/roco2− cells. (C) Trajectories of 
adhesive Roco2ΔLRR cells, individual cells in 
which the pseudopod is not associated with 
the substrate and is in within the plane of 
focus (designated as “floating” cells). These 
cells are labeled 1, 2, and 3, and DIAS analysis 
of the cells is provided in part (D). (D) DIAS 
computer analysis performed on time-lapse 
DIC microscopy as described previously 
(Wessels et al., 1998). (E) Fluorescent images 
of confocal microscopy of Roco2ΔLRR-GFP/
roco2− cells randomly moving (left panels) or 
migrating toward a chemoattractant source 
(right panels). The arrow points to a cell 
exhibiting a smooth pseudopod.
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et al., 2006), but little information is avail-
able on Dictyostelium Rab1A. Human and 
Dictyostelium Rab1A are highly conserved 
(76% identity; Figure S6A). To confirm the 
potential interaction between Roco2 and 
Rab1A, we examined the ability of recombi-
nant glutathione S-transferase (GST)-
tagged, wild-type Rab1A (GST-Rab1A), 
constitutively active Rab1A (GST-Ra-
b1AQ67L), and a mutant Rab1A with reduced 
affinity for both GDP and GTP (GST-Ra-
b1AN121I; Alvarez et al., 2003; Pind et al., 
1994) to pull down T7-Roco2 from T7-
Roco2/roco2− cell extracts (Figure 5A). We 
found that Roco2 is pulled down using 
Rab1A and Rab1AQ67L but not Rab1AN12I. 
The amount of Roco2 pulled down is more 
than fivefold higher using Rab1AQ67L than 
with Rab1A, suggesting that Roco2 directly 
interacts with Rab1A, and preferentially 
with its active form.

Using a commercial anti-Rab1A antibody 
that we demonstrated recognizes Dictyoste-
lium Rab1A (Figure S6B), we found that 
Rab1A is partly associated with small vesi-
cles that are enriched in the pseudopodial 
region of chemotaxing cells, which overlaps 
with the localization of GFP-Roco2 
(Figure 5B). We also observe background 
staining, suggesting that a portion of 
Rab1A is associated with submicroscopic 
vesicles or membranous structures and/
or is cytosolic, presumably associated with 
RabGDI (http://dictybase.org/gene/DDB 
_G0268034). In addition, we examined 
Rab1A localization using RFP-tagged 
Dictyostelium Rab1A coexpressed with 
GFP-Roco2 in roco2− cells and found that 
RFP-Rab1A exhibits a localization similar to 
that of endogenous Rab1A (Figure 5C).

Because we were unable to create a 
rab1A knockout strain, possibly because 
rab1A is an essential gene, we used (consti-
tutively active) Rab1AQ67L and (dominant 
negative) Rab1AS22N to dissect the poten-
tial roles of Rab1A in regulating chemotaxis 
and Roco2 function. Expression of Ra-
b1AQ67L in wild-type cells results in cells 
producing extended pseudopodia and 
making an increased number of turns, with 
many cells displaying a “floating” leading 
edge, a substrate-association defect that is 
similar to, but not as severe as, that of 
Roco2ΔLRR/roco2− cells (Figures 6, A, B, and 

D, and S7, A and B). Furthermore, we found that coexpression of 
FLAG-Rab1AQ67L with T7-Roco2 in roco2− cells results in an ∼2.4-
fold elevated basal activity of Roco2 that does not change upon 
chemoattractant stimulation (Figure 7, A and B). As with 
Roco2ΔLRR/roco2− cells, Rab1AQ67L cells exhibit an elevated second 
peak of cortical F-actin (Figure 7C), although the first F-actin peak 
is not reduced as much as it is in Roco2ΔLRR/roco2− cells. roco2− 
cells expressing Rab1AQ67L cells have the roco2− cell chemotaxis 

Roco2 coimmunoprecipitate. Roco2-GFP localizes normally to pseu-
dopodia in filamin-null (abpC−) cells, indicating filamin is not required 
for Roco2 localization (unpublished data).

Rab1A binds to and regulates Roco2 activity
Rab1A is known to be associated with endoplasmic reticulum (ER)/
Golgi membrane trafficking (Davidson and Balch, 1993) and is in-
volved in linking the cell periphery to the Golgi in neurites (Sannerud 

FIGURE 4:  Roco2-associated proteins. (A) Roco2-associated proteins were 
coimmunoprecipitated from T7-Roco2 aggregation-competent cells, separated on an acrylamide 
gel, and detected by silver nitrate staining. Wild-type KAx-3 cells were treated similarly and 
used as a control. T7-Roco2 band (asterisk) is indicated as well as filamin/ABP120 and Rab1A 
(arrows). (B) Coimmunoprecipitation assay results from cells transformed with plasmids 
expressing T7-tagged Roco2 (wild-type, kinase-dead, or Roco2ΔLRR). Protein extracts were 
precipitated with anti-T7 antibody and were subjected to a Western blotting analysis using 
either anti-T7 or an anti-filamin antibody. (C) Chemotaxis of filamin (abpC)-null cells and abpC− 
cells expressing Roco2ΔLRR. The two tracings show a cell closer to (left) and further away (right) 
from the needle. (D) Kinetics of chemoattractant-induced F-actin polymerization in abpC− cells 
and abpC− cells expressing Roco2ΔLRR.
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activator of Roco2, identifying a previously undescribed pathway 
regulating pseudopod formation.

DISCUSSION
We demonstrate that Roco2 is a key regulator of the actin cytoskel-
eton during chemotaxis and provide evidence that Rab1A functions 
upstream from Roco2 to regulate its activity and that Roco2 acts 
through filamin to control pseudopod extension (Figure 9). Consis-
tent with this model, roco2− cells lack the second peak of cortical 
F-actin, which has been linked to pseudopod formation (Hall et al., 
1988), and move slowly and exhibit impaired directionality during 
chemotaxis, consistent with an inability of these cells to effectively 
form a dominant pseudopod in the direction of the gradient. Simi-
larly, roco2− cells exhibit reduced persistence during random cell 
motility. In contrast, cells expressing Roco2ΔLRR, which has constitu-
tively high kinase activity, have an elevated second cortical F-actin 
peak and an extended pseudopod. Furthermore, Roco2ΔLRR/roco2− 
cells produce extended pseudopodia, a phenotype that is consis-
tent with an elevated second cortical F-actin peak. Because Roco2 
kinase activity is induced upon chemoattractant stimulation, with a 
broad peak that is cotemporaneous with the second F-actin peak 
linked to pseudopod formation, we suggest that chemoattractant-
mediated Roco2 activity is essential for the formation of a stable, 
functional pseudopod. Our finding that roco2− cells have a normal 
first F-actin peak indicates that Roco2 is not required for the cringe 
response, in which there is a uniform polymerization of actin along 

phenotype and aggregation defect and do not show the defects 
that are associated with overexpression of Rab1AQ67L in wild-type 
cells (Figures 8A and S7C), suggesting that Rab1A lies upstream 
from Roco2. Furthermore, coexpressing Rab1AQ67L with Roco2ΔLRR 
does not increase the already elevated Roco2ΔLRR kinase activity 
(Figure 8B). These data are consistent with Roco2ΔLRR being consti-
tutively active and with Rab1A lying upstream from Roco2. Our 
findings suggest that Rab1A-GTP positively regulates Roco2 
activity.

In agreement with our model, we determined that expression 
of Rab1AS22N in wild-type cells results in cells that are unable to 
properly polarize in chemoattractant gradients and that move 
much more slowly than wild-type cells and with a decrease in di-
rectionality (Figure 6A). In addition, Rab1AS22N cells exhibit a 
slightly reduced first F-actin peak and a dramatically reduced or 
absent second peak (Figure 7C). These phenotypes are similar to, 
but not as severe as, those of roco2− cells. Furthermore, basal 
and chemoattractant-stimulated kinase activity of T7-Roco2 iso-
lated from roco2− cells expressing Rab1AS22N is reduced com-
pared with that of T7-Roco2 isolated from roco2− cells that do 
not express exogenous Rab1AS22N, and is not modulated by 
chemoattractant stimulation (Figure 7, A and B). Cells coexpress-
ing Rab1AS22N and Roco2ΔLRR do not exhibit a decrease in 
Roco2ΔLRR kinase activity and have a chemotaxis phenotype simi-
lar to that of Roco2ΔLRR cells (Figures 8, A and C, and S7D). To-
gether, our observations suggest that Rab1A is an upstream 

FIGURE 5:  Roco2 associates with Rab1A. (A) Pull-down assay results from roco2− cells expressing T7-tagged Roco2 
using recombinant, GST-fused wild-type Rab1A, Rab1AN121I, and Rab1AQ67L, as described in Materials and Methods. 
Quantification of the data is shown at the bottom. (B) Confocal microscopy images of fixed chemotaxing roco2− cells 
expressing Roco2-GFP costained for endogenous Rab1A with α-Rab1A. (C) In vivo images of chemotaxing roco2− cells 
expressing Roco2-GFP and RFP-Rab1A. Images were taken 12 s apart. Scale bars: 10 μm.
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Cox et al., 1992, 1995). abpC− cells can polymerize F-actin, but 
they lack a second peak of cortically localized F-actin, possibly be-
cause the F-actin is unstable or cannot be stably localized to the 
cortex in the absence of filamin, resulting in the lack of a stable 
pseudopod (Cox et al., 1992, 1995; Cox, 1995) and chemotaxis 
phenotypes similar to those of roco2− cells. Furthermore, the kinet-
ics of filamin incorporation into the cytoskeleton coincide with the 
second F-actin peak and Roco2 activity (Cox et al., 1992, 1995; 
Cox, 1995). Consistent with a model in which filamin is a down-
stream Roco2 effector, abpC− cells expressing Roco2ΔLRR have de-
fects similar to those of abpC− cells, show reduced polarity, lack the 
long pseudopodial protrusion observed in Roco2ΔLRR-expressing 
wild-type cells, and have a reduced cortical second F-actin peak. 
We suggest that a major function of Roco2 is to stabilize the na-
scent pseudopod and enhance F-actin polymerization, in part 
through filamin. Although Roco2 appears to directly interact with 
filamin, we do not know if filamin is a direct substrate of Roco2. 
In any case, we expect that Roco2 has substrates and/or down-
stream effectors in addition to filamin that are required for pseudo-
pod extension and stabilization. The Dictyostelium Roco kinase 
GbpC, and possibly Pats1, in addition to Roco2, control the 
cytoskeleton (Bosgraaf et al., 2002; van Egmond and van Haastert, 
2010). Interestingly, LRRK2 phosphorylates ezrin–radixin–moesin 

the cell cortex. Although Roco2 is not required for this response, 
high Roco2 activity impairs this response, as is observed in cells ex-
pressing Roco2ΔLRR. The second F-actin peak is depressed in cells 
lacking PI3K in Dictyostelium (Chen et al., 2003). However, we found 
that inhibition of PI3K activity by LY294002 does not affect Roco2 
kinase activity (unpublished data), suggesting that the PI3K and 
Roco2 pathways are independent. Roco2 also plays a role during 
cytokinesis, which helps explain the growth defects of roco2− cells 
reported previously (Abe et al., 2003).

Filamin is an F-actin cross-linking protein that is required for the 
pseudopod extension, functioning to stabilize the F-actin network 
at the cortex (Cox et al., 1992, 1995; Cox, 1995; Stossel et al., 
2001; Khaire et al., 2007; Washington and Knecht, 2008; Baldassarre 
et al., 2009). We found that Roco2 interacts with the F-actin cross-
linking protein filamin (abpC) and that activated Roco2 (Roco2ΔLRR) 
pulls down more filamin than wild-type Roco2 in a coimmunopre-
cipitation assay, while the kinase-dead form pulls down less pro-
tein, consistent with filamin binding to active Roco2. Results from 
our studies presented here on roco2− and filamin-null cells, and 
previous studies on Dictyostelium filamin, support a model in which 
filamin lies downstream from Roco2 to control pseudopod exten-
sion. Disruption of filamin (abpC− cells) renders cells unable to po-
larize effectively or extend a pseudopod (this paper; Cox, 1995; 

FIGURE 6:  DIC images, cell trajectories, and DIAS computer analysis of chemotaxing KAx-3 cells expressing either 
FLAG-Rab1AQ67L (A) or FLAG-Rab1AS22N (B). In (A), the trajectories of three cells are shown: two of the cells (1, 2) 
exhibited good anterior adherence during the time of the plots, while cell 3 exhibited poor anterior adherence. (C) DIAS 
computer analysis. (D) Occurrence of a greatly extended leading edge in wild-type cells expressing FLAG-Rab1AQ67L. 
The pseudopodial protrusions are highlighted by a colored circle. The red circle shows an already extended pseudopod. 
The blue circle indicates a newly forming pseudopod. The green circle identifies a pseudopod that is extended upward, 
out of the plane of focus.
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duces a Roco2ΔLRR phenotype, whereas expression of Rab1AQ67L in 
roco2− cells yields a roco2− phenotype, consistent with Rab1A-GTP 
being upstream from and activating Roco2. As Rab1AQ67L pulls 
down Roco2, Rab1A may function as a direct activator of Roco2. We 
cannot exclude the possibility of multiple signaling inputs into 
Roco2 activation, one of which is Rab1A-GTP. At present, we do not 
know if Rab1A is activated in response to chemoattractant stimula-
tion, although we expect that it is. Furthermore, we presume that 
Rab1A also has functions in membrane trafficking, some of which 
may be involved in plasma membrane homeostasis during chemot-
axis. Rab1A may help integrate F-actin-mediated pseudopod pro-
trusion with the leading-edge membrane trafficking that has been 
suggested as a prerequisite for chemotaxis (Traynor and Kay, 2007; 
Zanchi et al., 2010). We do not observe Roco2 on vesicles and do 
not know if the Rab1A that activates Roco2 is membrane-associated 
or cytosolic.

Our findings identify a novel pathway by which pseudopod ex-
tension is regulated and represent the first demonstration of the role 
of a Rab in regulating a kinase, identifying a new function for Rab1A. 
We suggest that other Roco proteins (including possibly LRRK2) 
may be regulated by a similar mechanism. Our finding that Roco2 is 
regulated by Rab1A indicates that the Rab family of GTPases are, 

(ERM) cytoskeletal proteins and interacts with F-actin, and gain- 
and loss-of-function LRRK2 proteins alter the interactions between 
ERM proteins and F-actin and neuronal morphogenesis, suggest-
ing Roco kinases in other systems may have similar functions in 
controlling the cytoskeleton (Jaleel et al., 2007; Parisiadou et al., 
2009; Zechel et al., 2010; Meixner et al., 2011). We also found that 
Roco2, like LRRK2 in both mammalian and Drosophila cells, binds 
to the redox-dependent molecular chaperone DJ-1 (Venderova et 
al., 2009), which may be a regulator of some Roco kinases.

We provide evidence that, unexpectedly, Rab1A binds to and 
regulates Roco2. Both Rab1A and Roco2 localize to the pseudopo-
dium, and constitutively active Rab1AQ67L, but not the Rab1A with 
reduced affinity for guanine nucleotide (GST-Rab1AN121I), pulls down 
Roco2 from cell extracts. Overexpression of Rab1AS22N results in re-
duced Roco2 kinase activity and phenotypes similar to those of 
roco2− cells, including the decrease or loss of the second cortical 
actin peak and decreased cell polarization, whereas expression of 
Rab1AQ67L causes elevated Roco2 activity and phenotypes similar to 
those of Roco2ΔLRR cells, including a high second actin peak, in-
creased cell speed, and the formation of extended pseudopodia 
that have reduced adhesion to the substratum. We demonstrate 
that coexpression of Roco2ΔLRR with Rab1AS22N in roco2− cells pro-

FIGURE 7:  Effect of Rab1A on Roco2 function. (A) Top, immunoblot and autoradiogram of MBP phosphorylation by 
Roco2 upon cAMP stimulation. Western blot analysis was used to determine Roco2 protein levels (anti-T7 antibody) and 
Rab1A protein levels (anti-FLAG antibody). (B) Normalization of incorporated 32P compared with Roco2 protein content. 
Data are representative of at least three independent experiments, in arbitrary units, where wild-type-Roco2 kinase 
activity prior to cAMP stimulation is defined as 1 (t = 0). Data for Roco2ΔLRR and Roco2KD are shown for comparison. 
(C) Kinetics of F-actin polymerization in response to chemoattractant stimulation in KAx-3 cells expressing either 
FLAG-Rab1AS22N or FLAG-Rab1AQ67L.



2208  |  S. Kicka et al.	 Molecular Biology of the Cell

The roco2 sequence was reamplified to 
modify the start codon and add the appro-
priate restriction sites (EcoRI and XhoI) for 
in-frame cloning into the expression vector.

Chemotaxis and motility assays
Chemotaxis and motility assays have been 
described previously (Sasaki et al., 2007; 
Charest et al., 2010). For Digital Image 
Analysis System (DIAS; David Soll, University 
of Iowa, Iowa City, IA) analysis, we calculated 
the parameters of at least five (usually 7) 
cells from each of at least three separate 
movies recorded on separate days. Because 
DIAS’ autotrace does not work as well as we 
needed with differential image contrast (DIC) 
images, the cells were all hand-traced and 
then analyzed. The SD for the statistics was 
calculated by the program on the total num-
ber of cells used as described previously.

In vivo pull-down and purification 
of Roco2-interacting proteins
Vegetative and aggregation-competent 
cells were washed with Na/K phosphate 
buffer and resuspended at a density of 1 × 
108 cells/ml in Na/K phosphate buffer. Cells 
were lysed (1% NP-40, 300 mM NaCl, 
40 mM MOPS [pH 7.0], 20% glycerol, 2 mM 
Na3VO4, 2 μg/ml leupeptin, and 5 μg/ml 
aprotinin) and incubated in 2.5 mg/ml di-
thio-bis-succinimidylpropionate (DSP; EMD 
Chemicals, La Jolla, CA) for 10 min. The 
cross-linking reactions were quenched with 
200 mM Tris-HCl (pH 7.4). Proteins in total 
cell extracts were subjected to immunopre-

cipitation with 25 μl resin of anti-T7 antibody agarose conjugate 
(Sigma-Aldrich, St. Louis, MO). The coimmunoprecipitated proteins 
were eluted with 0.1 M glycine (pH 2.5), analyzed by silver staining, 
and subsequently precipitated with methanol/chloroform.

MS was performed on the total protein sample eluted from the 
beads as described previously (Du et al., 2008; Charest et al., 
2010).

Immunofluorescence microscopy
Pulsed or vegetative cells were allowed to settle onto glass cover-
slips for 30 min. Cells were quickly fixed and permeabilized with 
100% cold methanol at −20°C for 10 min. Cells were washed and 
incubated with phosphate-buffered saline (PBS) containing 1% bo-
vine serum albumin (BSA) and 0.05% Tween 20 for 1 h. Cells were 
first incubated with anti-Rab1A (1:500; cat# H00005861-M07A; 
Novus Biologicals, Littleton, CO) for 1 h. Cells were stained with 
fluorescein isothiocyanate 1 (FITC)-conjugated anti–mouse immu-
noglobulin G (1:200) or red fluorescent label rhodamine (TRITC)-
labeled phalloidin for 1 h, washed, and mounted for observation 
with a 60× oil immersion lens. For cells expressing GFP fusion 
Roco2 proteins, cells were directly stained with TRITC-labeled 
phalloidin for 1 h, washed, and mounted for observation with a 
60× oil immersion lens. For nuclei staining, after fixation and per-
meabilization, cells were mounted with mounting medium con-
taining 0.0001% Hoechst dye. Images were taken on a spinning-
disk confocal microscope.

unexpectedly, regulators of protein kinase activity and thus may 
function similarly to Rho and Ras superfamily GTPases in controlling 
cytoskeletal function through the regulation of effector kinases.

MATERIALS AND METHODS
Strains and constructs
In our wild-type strain KAx-3, the gene encoding Roco2 is dupli-
cated. We created a roco2−/− (designated roco2−) strain by sequen-
tially disrupting the two copies using knockout constructs in which 
the BsrR or the HygR cassette was inserted into the unique BamHI 
site within the Roco2 gene. Potential knockouts were selected in 
HL5 medium containing blasticidin or hygromycin, screened by 
PCR, and confirmed by Southern blot hybridization (unpublished 
data). The filamin-null strain was obtained from the Dictyostelium 
Stock Center (Northwestern University, Evanston, IL).

The full genomic sequence of roco2 was generated by PCR to 
remove the termination codon, cloned into the SpeI-PstI site of 
pBluescript KS(−), sequenced, and subcloned in frame into the ex-
pression vector EXP-4(+) containing the open reading frame (ORF) 
of GFP at its C-terminus. For expression of various versions of the 
Roco2 protein, Roco2 sequences were amplified by PCR with the 
appropriate oligonucleotides, sequenced, and cloned into the SpeI-
PstI site of an EXP-4(+) vector containing a C-term GFP fragment 
generated previously. The T7 construct was made using a Dictyoste-
lium T7-Exp4 (N-term) plasmid in which the coding sequence of the 
T7 epitope is preceded by an ATG start codon and 5 A residues. 

FIGURE 8:  Effect of coexpressing Rab1A mutants on the chemotaxis phenotype of Roco2 
mutant strains. (A) Chemotaxis of roco2− cells expressing Rab1AQ67L and roco2− cells 
coexpressing GFP-Roco2ΔLRR and FLAG- Rab1AS22N. Scale bar: 10 μm for cell images. 
Coexpression of Rab1AQ67L (B) or Rab1AS22N (C) with Roco2ΔLRR in roco2− cells does not affect 
Roco2ΔLRR kinase activity. The average of the kinase activity from three sets of cells is shown with 
the average for wild-type cells set at 1.0. Error bars give the SD.
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For such assays, the activity was normalized to the activity of 
wild-type cells at the peak for kinases such as PKB, as the activity in 
unstimulated cells is low and variable. In the case of Roco2, which 
has a moderate and accurately measurable basic activity at 0 s (un-
stimulated cells), we set the activity in unstimulated wild-type cells 
as 1.0 within each experiment. Intensity of the bands was quantified 
using a phosphorimager or densitometry tracings of autoradio-
graphs within the linear range, with all blots/gels being autoradio-
graphed on the same file, background subtracted, and normalized 
at each time point for protein levels. For each experiment, the rela-
tive activity was then calculated using the wild-type as the internal 
comparison in each experiment. The values at each time point (aver-
aged if duplicates are done) were then averaged for the 3 (or more) 
different, independent experiments to obtain the value for the plot. 
The SD was calculated on the repeats.

For F-actin polymerization analysis, the level of F-actin in wild-
type unstimulated cells was set at 1.0. The level of F-actin in the 
Triton-X 100 insoluble fraction was analyzed using SDS–PAGE 
followed by staining, as described above in this paper. F-actin levels 
were quantified within each experiment and averaged at each time 
point over the three repeats.

Protein isolation and Western blot analysis
Cells were harvested from growing cultures via centrifugation at 
1500 × g for 2 min. The pelleted cells were washed in Na/K buffer, 
resuspended in 500 μl Na/K buffer, and lysed by adding same 
amount of lysis buffer (1% NP-40, 300 mM NaCl, 40 mM MOPS [pH 
7.0], 20% glycerol, 2 mM Na3VO4, 2 μg/ml leupeptin, and 5 μg/ml 
aprotinin) and incubated on ice for 15 min. The lysate was then 

Biochemical measurements of F-actin, Ras, and Akt/PKB
Chemoattractant-induced Ras activity, PKB kinase activity, and F-
actin measurements were performed as described previously in de-
tail (Insall et al., 1996; Meili et al., 1999; Sasaki et al., 2004, 2007; van 
Haastert, 2006; Zhang et al., 2008). Briefly, for the measurement of 
F-actin levels in the cortical fraction, vegetative or pulsed cells be-
fore and after stimulation in the Triton-insoluble fraction were grown 
on Petri plates, harvested, washed, and suspended. For examina-
tion of F-actin levels upon chemoattractant stimulation, cells were 
starved for 2 h, pulsed with cAMP for 5 h, washed, and then treated 
with 1 mM caffeine for 30 min before stimulation with 100 mM 
cAMP. The cytoskeletal fraction was isolated as proteins insoluble in 
the detergent Triton X-100 as described previously (Steimle et al., 
2001). The protein pellets were separated by SDS–PAGE on 8% 
acrylamide gels, and stained with Coomassie Blue. The actin band 
was scanned, and the actin content was quantified using Image 
Gauge software (Fuji, Stamford, CT). All experiments were repeated 
at least three times.

Data analysis
For the analysis of kinase or small GTPase activation assays, at least 
3 independent experiments were performed for all strains (on differ-
ent days) using protocols that have been previously described 
(Sasaki et al., 2007; Charest et al., 2010). A wild-type control was al-
ways run within each experiment along with the mutant strains being 
examined to act as an internal control and standard. Mutants were 
compared with the internal wild-type control done on the same day. 
All samples were run in parallel, and we used the same cocktail mix 
for the assay for all samples, so the data are internally comparable.

FIGURE 9:  Model for Roco2 regulation of pseudopod extension. The chemoattractant cAMP, through the GPCR cAR1, 
activates multiple signaling pathways that lead to F-actin polymerization, including Ras-mediated activation of PI3K and 
TORC2. We provide evidence that chemoattractant-mediated Roco2 activation requires Rab1A-GTP and this functions to 
control pseudopod extension by regulating filamin. We expect Roco2 activation requires GTP binding to the ROC 
domain as with other Roco family members. Roco2 may have inputs in addition to Rab1A that directly regulate its 
activation downstream from the receptor and heterotrimeric G proteins. Our results also do not exclude that Roco2 
functions to control pseudopod extension via other effectors in addition to filamin. We suggest that the control of 
pseudopod extension is independent of pathways that directly control localized F-actin polymerization. We expect that, 
but do not know whether, chemoattractant stimulation leads to Rab1A activation. ABD, F-actin binding domain of filamin.
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Roco2 kinase activity assay
T7-tagged Roco2 was immunoprecipitated from cell lysates using 
anti-T7 resin. To measure the Roco2 kinase activity, the beads were 
incubated with 75 μl of kinase buffer containing 5 μCi [32P]ATP, 5 μM 
ATP, and 5 μg MBP as substrate. After 90 min, the reaction was 
stopped by the addition of 25 μl 4× Laemmli buffer and boiling for 
5 min. The samples were separated by SDS–PAGE (15%), blotted 
onto a PVDF membrane (Millipore), and exposed to film. All assays 
were repeated independently. Autoradiograms were obtained by 
exposure of phosphorimager plates to the membranes, which were 
then quantified by a Typhoon Trio Reader (GE Healthcare, Waukesha, 
WI). The signals were normalized to Roco2 levels determined by 
Western blotting. Data analysis was performed using Image Quant 
software (GE Healthcare). For the comparison of different Roco2 
mutants, at least four independent data points were used for each 
mutant.

centrifuged at 10,000 × g for 10 min at 4°C to pellet the cell debris 
and the supernatant was transferred to a new tube and stored at 
−70°C. The concentration of the protein samples was determined 
using the Bradford method (Bio-Rad Protein Assay, Bio-Rad, Irvine, 
CA) with BSA as a standard. Laemmli buffer was added to the pro-
tein samples that were then boiled for 5 min and subjected to SDS–
PAGE on 8 or 12% gels. The separated proteins were transferred to 
PVDF membranes (Amersham, Arlington Heights, IL) and anti-T7, 
anti-FLAG, or anti-filamin (Bandala-Sanchez et al., 2006) antibodies 
were used to detect Roco2, Rab1A, and filamin, respectively. Mem-
branes were blocked with Tris-buffered saline (TBS; 10 mM Tris-HCl, 
150 mM NaCl, pH 7.5) containing 5% skim milk powder for at least 
1 h at room temperature. The membranes were briefly washed in 
TBS-Tween (TBST; 20 mM Tris-HCl [pH 7.5], 500 mM NaCl, 0.05% 
Tween20) and incubated with primary antibody (1:1000) in TBS con-
taining 3% skim milk powder overnight at 4°C. The membrane was 
washed three times with TBST and incubated with anti-rabbit or 
anti–mouse horseradish peroxidase (HRP)-conjugated secondary 
antibody (Promega, Madison, WI) 1:10,000 for 1 h at room tempera-
ture followed by three washes in TBST. The signals were detected 
using the enhanced chemiluminescence system (ECL, Amersham).

Lysis, immunoprecipitation, and pull-down
The samples were lysed by mixing with an equal volume of 2× lysis 
buffer (1% NP-40, 300 mM NaCl, 40 mM MOPS [pH 7.0], 20% glyc-
erol, 2 mM Na3VO4, 2 μg/ml leupeptin, and 5 μg/ml aprotinin) and 
incubated on ice for 15 min. The lysate was centrifuged at 10,000 × 
g for 10 min at 4°C to pellet the cell debris, and the supernatant was 
transferred to a new tube. Antibody-conjugated agarose beads 
(20 μl, FLAG or T7; Sigma) were added to 1 ml supernatant and ro-
tated overnight at 4°C. The beads were washed five times with lysis 
buffer and Laemmli buffer was added to the protein samples. Sam-
ples were boiled for 5 min and subjected to SDS–PAGE on 8 or 12% 
gels. The coimmunoprecipitated proteins were eluted with 0.1 M 
glycine (pH 2.5), analyzed by silver staining, and subsequently pre-
cipitated with methanol/chloroform.

An N-terminal GST fusion of Dictyostelium wild-type Rab1A 
was constructed using Rab1A cloned from cDNA and then used to 
create a Q67L and N121I substitution mutants. GST fusions of the 
wild-type, constitutively active (Q67L), and non-guanine nucle-
otide-binding (N121I) Rab1A were expressed in Escherichia coli 
grown at 37°C that had been induced with 0.2 mM IPTG at 37°C 
for 3 h. Cells were harvested, washed once with cold PBS, and 
resuspended in PBS containing 1 mM phenylmethylsulfonyl fluo-
ride (PMSF), 1 mM dithiothreitol (DTT), aprotinin, and leupeptin, 
and the suspension was sonicated. NP40 was added to 1% and 
the cell lysates were cleared by centrifugation. The GST-Rap1A 
fusions were purified by incubating with glutathione Sepharose 
with gentle rocking for 1 h at 4°C. The beads were washed four 
times with PBS and eluted with glutathione. The beads were 
stored in 50% glycerol at −20°C.

For the pull-down assays, cells expressing T7-Roco2 were ly-
sed in 100 mM Tris (pH 7.5), 300 mM NaCl, 50 mM MgCl2, 20% 
glycerol, 1% NP40, 2 mM DTT, and 2 mM Vanadate, aprotinin, 
and leupeptin. The lysates were spun for 10 min and the superna-
tants were transferred to microtube to which 10 μg GST-Rab1A 
Sepharose was added and incubated with rocking for 1 h at 4°C. 
The beads were washed four times with lysis buffer. The samples 
were subjected to SDS-PAGE and the T7-Roco2 was visualized by 
Western blotting using mAb against the T7 epitope. The mem-
brane was stained with Coomassie Blue to observe the loaded 
protein.
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