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wild-type; P = 0.25; data are the mean- SEM, n = 80 or 180 cells

observed during chemotaxis. Despite these defects, PTEN, My-

for wild-type or cynd", respectively), these cells showed slight osin Il, and PIP; markers were still able to localize asymmetri-

decreases in directional persistence (0.48 0.02 for cynA™ vs.
0.65 + 0.03 for wild-type; P < 0.01), chemotactic index (0.35t
0.02 for cynA™ vs. 0.53+ 0.03 for wild-type; P < 0.01) and che-
motactic speed (1.17% 0.08um/min for cynA™ vs. 1.91+ 0.18pm/min
for wild-type; P < 0.01). Expression of CynA-GFP, but not an empty

cally during late stages of differentiation incynA4™ cells (Fig. SH).
We next tested the effect of CynA-GFP overexpression in cells
responding to shifting chemoattractant gradients. These cells
were more elongated and had fewer lateral protrusions than control
cells. Following repositioning of the micropipette, the control cells

vector, in the cynd™ cells was able to reverse these defects in extended protrusions toward thenew chemoattractant source,

directional persistence (0.51+ 0.02 for CynA-GFP vs. 0.42+
0.02 for vector;P < 0.01; data are the meant SEM, n = 152 or
183 cells for CynA-GFP or vector expression, respectively),
chemotactic index (0.37 0.03 for CynA-GFP vs. 0.3G: 0.02 for
vector; P = 0.02), and chemotactic speed (1.88 0.19pum/min for
CynA-GFP vs. 1.1% 0.10 pm/min for vector; P < 0.01). As with
cells that were differentiated on nonnutrient agar, theynA4 cells
appeared to have altered morphologies compared with wild-type
controls during chemotaxis. Although they were still elongated,
cynA™ cells frequently had lateral pseudopodia that were not
observed in wild-type cells (Fig. 8). These aberrant protrusions

whereas the CynA-GFPRexpressing cells maintained their existing
fronts and turned (Fig. S5B and C). Furthermore, CynA-GFP was
consistently localized to the lagging edge, even when the micropi-
pette was positioned directly behind the cellsHig. S&C).

To better observe the morphology defects of theynA™ strain,
we expressed LimEqq;-RFP, a marker for newly polymerized
actin, and assessed chemotaxis (44). Consistent with previous
results,cynA cells displayed a broader distribution of LimE ;-
RFP at the leading edge than wild-type cells okynd™ cells
expressing CynA-GFP (Fig. 38 and C and Movies S8and S9).
Furthermore, cynA™ cells, but not those expressing CynA-GFP,

could potentially explain the decreased speed and persistenceshowed the accumulation of LimEco-RFP at multiple addi-

Fig. 5. Disruption of CynA leads to an increase in lateral protrusions and an
altered leading edge morphology. (A) Differentiated wild-type and cynA-
cells were imaged by time-lapse microscopy for 30 min at 30-s intervals while
migrating toward a micropipette filled with cCAMP. Images are shown for the
last frame. Asterisks indicate the position of the micropipette; arrows indicate
that the micropipette was placed outside of the frame shown. Arrowheads
indicate lateral protrusions. (Scale bar, 20 pm.) (B and C) Differentiated wild-
type and cynA" cells coexpressing LimE,..i-RFP and either CynA-GFP or empty
vector were imaged by fluorescence microscopy at 30-s intervals while che-
motaxing toward a micropipette filled with cAMP (B). The images shown in B
are a merge of the GFP and RFP channels. Tracks of the RFP fluorescence in-
tensities for the cells shown in B were generated using ImageJ, such that each
pixel shown in the overlaid image corresponds to the maximum pixel intensity
for that location over the course of the movie (C). The first 5 min of each
movie, during which cells were turning to orient toward the cCAMP gradient,
were excluded from analysis in C for simplification. Asterisks indicate the po-
sition of the micropipette; arrows indicate that the micropipette was placed
outside of the frame shown. (Scale bars, 5 pm.)
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tional sites along the cell perimeter, indicating excessive pseu-
dopod formation (Fig. 5 B and C and Movies S8and S9.
Expression of LimE,.-RFP also highlighted differences across
cell lines in the shape of pseudopodia. Whereas the edges of
protrusions in cynA™ cells were jagged and dynamic, moving rap-
idly from side to side, those in wild-type cells had smooth edges
and extended evenly (Fig. B and C and Movies S8and S9.

CynA Spatially Restricts Actin Polymerization. We next compared
the localizations of CynA-GFP and LimE,.q-RFP. In growing
cells, which have reduced polarity but greater spontaneous
actin polymerization than differentiated cells, CynA-GFP and
LimE acoii-RFP had opposing distributions (Fig. 8). This was
true even for the most active cells, which extended actin pro-
trusions all around the cell periphery, occasionally resulting in a
broader distribution or multiple sites of CynA-GFP accumula-
tion (Fig. 6B and Fig. SZ). In these cells, an actin protrusion
extended near sites of CynA-GFP accumulation about 15% of
the time, resulting in the retraction of that protrusion and cell
movement in the original direction. Rarely, an actin protrusion
broke through the patch of CynA-GFP accumulation; when this
occurred, the CynA-GFP cluster dispersed such that the two
proteins did not colocalize (Fig. 8 and Fig. SA5). These pro-
trusions were most often rapidly retracted, but also occasionally
resulted in a directional change.

The mutually exclusive localizations of CynA-GFP and
LimE Acoi-RFP, as well as the increase in cortical Limg..i-RFP
in cynA” cells, suggest an antagonistic relationship between CynA
and actin polymerization. We tested this connection by observing
the response in globally stimulated cells. Following uniform
chemoattractant addition, LimE,¢q-RFP was recruited to the
cortex within 10 s of CAMP stimulation and returned to the cy-
tosol by 20 s (Fig. € and Movie S10. Interestingly, although the
cells were stimulated uniformly, LimE..-RFP was not re-
cruited to the cortex at the rear of wild-type or CynA-GFP-
expressing cells (Fig. €-E and Movie S10. In cells exogenously
expressing CynA-GFP, the patch of cortex without LimEco-
RFP recruitment corresponded to sites of CynA-GFP accumu-
lation (Fig. 6 C-E and Movie S10. In contrast, LIME sceii-RFP
was recruited uniformly around the cell periphery, including
the back, incynA™ cells that were differentiated for equivalent
amounts of time (Fig. 6C-E and Movie S10. Furthermore, the
cynA” cells appeared to have a slightly prolonged and elevated
actin response compared with cells expressing CynA. Accumu-
lation of CynA-GFP did not prevent the localization of cAR1-
RFP to the plasma membrane, indicating that the absence of
LImE 5c0i-RFP at these sites was not an imaging artifact (Fig.
6F). Together, these results suggest that the presence of CynA
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Fig. 6. CynA locally inhibits actin polymerization. (A and B) Undifferenti-
ated cynA” cells coexpressing CynA-GFP and LimE.i-RFP were imaged for
10 min at 20-s intervals while migrating. The images shown are a merge of
the GFP and RFP channels. Time (s) is indicated. (C-E) Differentiated wild-
type and cynA’ cells coexpressing LimE,.;-RFP and either CynA-GFP or the
KF2 vector control were stimulated with 1 uM cAMP and imaged for 2.5 min
at 5-s intervals (C). Time (s) after the addition of cAMP is indicated. The
fluorescence intensities of cynA™ cells, coexpressing LimE.o;-RFP and either
CynA-GFP (Left) or the KF2 vector control (Right), stimulated with cCAMP as in
C, were converted into kymographs (D), such that each vertical bar in the
kymograph represents the intensities of GFP and RFP (Left) or RFP alone
(Right) along the perimeter of the cell for a given point in time. cAMP was
added after the second frame. The fluorescence intensities along the pe-
rimeter of cynA™ cells coexpressing LimE ,..;-RFP and either CynA-GFP (Left)
or the KF2 vector control (Right), stimulated with cAMP as in C, were plotted
for the time point corresponding to the maximal chemoattractant response,
which occurred 7 s after stimulation (E). Solid lines represent the mean (n
11 cells), and dotted lines represent the mean + SD. Before averaging, the
fluorescence intensities for each cell were aligned such that 0° corresponds
to the morphological back of each cell. In cells expressing CynA-GFP, the
LimE s .0ii-RFP intensities of the pixels centered around the cell rear were
significantly lower than those at the other regions of the cell boundary
when compared by a Student’s t test (mean + SEM: 134.16 + 2.14 at the rear
vs. 180.14 + 0.86 at the nonrear, P < 0.01); LimE0i-RFP pixel intensities at
the cell rear were also significantly lower in CynA-GFP-expressing cells than
in cynA” cells (mean + SEM: 134.16 + 2.14 for CynA-GFP vs. 151.69 + 2.39 for
cynA’, P < 0.01). (F) Differentiated cells coexpressing cAR1-RFP and CynA-GFP
were imaged as in C. (G) Differentiated cynA cells coexpressing LimE 5;-RFP
and either myrpigr1-CynAi_s74-GFP or myrpkgr1-CyNnAiss_1272-GFP were stim-
ulated with 1 uM cAMP and imaged for 2.5 min at 5-s intervals. Time (s) after
the addition of cAMP is indicated. (Scale bars, 5 pm.)

locally inhibits actin polymerization in response to cAMP stim-
ulation and during random migration in unstimulated cells.
Furthermore, GFP-tagged truncations of CynA that localized to

localized to the lagging edge and restricted actin polymerization,
suggesting that the clustering activity of the CynA WD40 domain
is sufficient for this inhibition (Fig. 6G and Movie S10.

CynA Clusters Chemoattractant Receptors at the Lagging Edge and
Locally Inhibits Their Signaling. To further explore the relationship
between CynA and the response to cAMP stimuli, we fused either
full-length CynA-GFP or various truncations to the chemo-
attractant receptor cAR1, a GPCR with seven transmembrane
domains that localizes uniformly throughout the plasma and in-
ternal membranes (Fig. &) (45). Remarkably, each of the resulting
CAR1 fusions localized to the cell rear in both growing and dif-
ferentiated cells (Fig. 74 and B). We next coexpressed the cARL
CynA fusions with LImExcqi-RFP in carl-/3- cells, so that cCAMP
receptor activity originated only at sites of CynA-GFP localization,
and tested the actin response. Following global stimulation with
CAMP, LimE A.0i-RFP was transiently recruited to the entire cor-
tex, except in regions of cARICynA accumulation (Fig. T and
Movie S1J). This finding suggests that clusters of CynA protein or
fragments thereof are capable ofblocking actin polymerization
even when the majority of detectable signaling is initiated in that
spot. The recruitment of LImE,qq-RFP to the remainder of the
cortex suggests that there may be low levels of cARTynA fusion
protein around the perimeter of the cell. These proteins would be
capable of initiating a response at the front but not concentrated
enough for the inhibitory function of CynA. Alternatively, it is

possible that activation signals generated by localized receptors can

rapidly become global.

Discussion

CynA Is a Novel Lagging-Edge Protein with Membrane-Binding and
“Clustering” Domains. Although CynA shares many similarities to

other lagging edge proteins, it also has several unique properties.

Like CynA, other back proteins translocate transiently into the

CAR1-CynA 5 1070~
GFP

A CynA-GFP cAR1-GFP ¢AR1-CynA-GFP CAR1-CynA, 57,-GFP

ll

cAR1- CynA 56-1272°

CynA-GFP cAR1-GFP cAR1-CynA-GFP cAR1- CynA 574-GFP

cAR1-CynA-GFP CcAR1-CynA cAR1-GFP

Fig. 7. CynA clusters proteins at the lagging edge and locally blocks the
chemoattractant response. (A) Undifferentiated car7-/3- cells expressing the
indicated GFP-tagged proteins were imaged by fluorescence microscopy.
(B) Differentiated car1-/3- cells coexpressing LimE,.;-RFP and the indicated
GFP-tagged proteins were imaged while migrating in the presence of a
micropipette filled with cAMP, which was oriented toward the top of each
panel. For each cell line, the GFP image is shown alone (Left) and merged
with the RFP image (Right). (C) Differentiated car1-/3- cells coexpressing

the lagging edge also blocked the actin response in globally LimEaoi-RFP and the indicated GFP-tagged proteins were stimulated with

stimulated cells. Specifically, fusions of CynfAs;4+GFP or
CynA;s6.1077GFP to the myristoylation motif of PKBR1 both

Swaney et al.

1 pM cAMP and imaged for 2.5 min at 5-s intervals. Time (s) after the ad-
dition of cCAMP is indicated. (Scale bars, 5 pm.)
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cytosol upon chemoattractant stimulation, accumulate in the The fact that CynA recruited cAR1 to the rear allowed us to
cleavage furrow during cytokinesis, and have spatial distributions determine how CynA regulates a localized chemoattractant re-
that are tightly coupled to cell polarity. However, CynA localizes sponse. In the future, cCARECynA fusions can be used to answer
asymmetrically in growing cells, whereas the other lagging-edgea number of questions related to cAR1 function in migration and
proteins target to the back only as the cells differentiate (20, 23, adaptation; for example, can cells properly sense a chemo-
24). Furthermore, CynA accumulation at the rear is more stable attractant gradient and initiate an appropriate response if re-
and tightly localized than that of other lagging-edge proteins, ceptors are clustered at the cell rear? These and many other
such as PTEN. In fact, the lagging-edge localization of CynA is potential studies are now possible using CynA as a tool for re-
strong enough to override the endogenous localizations of other cruitment to the lagging edge.
membrane proteins, forcing them to cluster at the back when
fused to CynA. CynA Defines the Axis of Symmetry and Promotes Polarity. The be-
We explored the extrinsic factors that regulate the localization havior and localization of CynA suggest a connection with cell
of CynA. First, although the stable asymmetric localization of polarity. Migrating cells display different degrees of polarity. On
CynA requires cell polarity or an intact actin cytoskeleton, newly one end of the polarity spectrum, a cell extending spontaneous
polymerized actin can cause local patches of accumulated CynA protrusions displays a“transient” polarity. At an intermediate
to disperse. Second, the localization of CynA does not require level, cells extending protrusions in the direction of an external
PTEN or Myosin Il and clustering occurs in growing cells before cue demonstrate arf‘induced” polarity. Finally, cells with stable
other proteins become restricted to the lagging edge. Third, the front and back regions, even in the absence of directional cues,
binding site for CynA appears to be up-regulated at the cell rear exhibit a “persistent’ polarity that can be augmented by che-
with differentiation, either by increases in total amount (i.e., via moattractants. Such persistent polarity enhances directionality
transcriptional regulation) or by increases in local concentrations during migration, allowing cells to chemotax more efficiently in
(i.e., via asymmetric distribution). Finally, although there is specu- Steady gradients, but impairs responsiveness to shifting gradients
lation that PI(4,5)P, is important for the localization of PTEN, (15, 58, 59). Undoubtedly, overlapping networks of components
neither Dictyostelium PTEN nor CynA binds to PI(4,5)P, specifi- are involved in these various events. Our observations indicate
cally in vitro (46, 47). In fact, CynA showed a slight preference for that clustered CynA promotes a shift toward the persistent end
PI(3,4)P, on lipid strips, which indicates either that PI(3,4)R is  of the polarity spectrum.
enriched at the lagging edge or that lipid interactions are not im-  Furthermore, our results suggest that CynA promotes polarity
portant for conferring asymmetric localization. by regulating the localization of actin polymerization and there-
CynA contains a PH domain required for membrane binding fore protrusions. Briefly, we found that overexpression of CynA
and a WD40 domain that likely regulates oligomerization; these decreases the ability of the lateral or lagging edges of cells to
domains mediate binding to the lagging edge via two distinct form new extensions toward a source of CAMP. Furthermore,
mechanisms. Like PTEN, the PH domain senses changes in thecynd4™ cells display multiple spontaneous protrusions along the
membrane that cause dissociation both from protrusions and lateral edges, and actin polymerization almost never occurs near
following chemoattractant stimulation, indicating that the PH sites of CynA accumulation, either spontaneously or in response
domain accumulates at the lagging edge by dissociating from theto a global stimulus, even if receptor-mediated signaling is ini-
front. In contrast, myristoylated versions of CynA lacking the PH tiated by receptors clustered at these regions. Experiments using
domain remain bound to the membrane during stimulation and truncated forms of CynA that lack either the N terminus or C
thus accumulate at the lagging edge by a different mechanism.terminus of the protein suggest that the clustering domain,
The WD40 domain controls this behavior, likely by mediating CynAises74 is sufficient for these inhibitions of actin poly-
the formation of higher-order oligomers. It has been reported merization. Of course, CynA may not inhibit actin polymeriza-
that high-order oligomerization and membrane-binding motifs tion directly, but may potentially alter the mechanical properties
artificially target cytosolic proteins to membrane patches, which of the cytoskeleton or act as a negative regulator of signaling
accumulate at the lagging edge in polarized cells (482). Oli- events. Because CynA impacts the leading edge morphology, it
gomerizing membrane microdomain components also enrich at may regulate a global inhibitory mechanism; alternatively, low
the rear of polarized neutrophils or T cells (5357). The WD40 levels of CynA protein at the cell front may locally fine-tune the
domain enhances the stability and immobility of CynA at the cytoskeletal dynamics.

lagging edge, either through oligomerization alone or by in-
teraction with other proteins, as evidenced by the differences
between CynA_s74 and either CynAy_so5 or the tandem PH
domain, CynA; 50411204 The formation of large stable com-
plexes with the actomyosin network could explain the dispersal
of CynA throughout the membrane upon disruption of the actin

Combined, these results suggest that the asymmetric locali-
zation of CynA is an early step in symmetry breaking and helps
establish the axis of polarity. When exogenous CynA-GFP is
expressed in growing cells, it accumulates in a patch on the
membrane, locally repressing pseudopod formation. This con-
tributes to the creation of a functional lagging edge and increases

cytoskeleton. Moreover, the mechanisms of localization to the directional persistence in these cells. Accordingly, this acceler-
rear mediated by the domains of CynA synergize because theates polarization, but not the expression of stage-specific mark-

WD40 domain requires a membrane anchor for targeting,
whereas WD40-mediated oligomerization of the PH domain is
expected to enhance its affinity for the membrane.

CynA Can Be Used as a Tool for Targeting Other Proteins to the
Lagging Edge. The tightly clustered distribution of CynA allows
it to serve as a useful tool for targeting other proteins to the
lagging edge, opening the way for a multitude of additional
studies examining the role of protein localization in migration
and many other contexts. We were surprised to find that fusing
CynA to several diverse membrane anchors did not affect CynA
localization, but rather caused clustering of proteins that are
normally distributed uniformly. Thus, we could not test the ef-
fects of distributing CynA uniformly throughout the membrane.
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ers, such as cAR1, during the course of differentiation. Other
lagging-edge proteins do not localize asymmetrically in growing
cells or noticeably increase polarity when overexpressed (11, 21,
24, 60). Consistent with its role in enhancing polarity, CynA
transcription is up-regulated durirg differentiation, with low levels
in growing cells and a peak after 8 h of starvation, when cells ac-
quire maximal polarity and aggregate into mound structures (61, 62)
(data are accessible alictybase.ord (36, 63, 64). Although our data
indicate that CynA is important for establishing polarity, other
factors also mediate this process, as expected given the redundancy
of the signaling and cytoskeletal networks.

Although the underlying mechanisms are still unclear, many
models for the establishment of persistent polarity have been
proposed. Most have focused on positive feedback loops at the

Swaney et al.
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front of cells involving a number of specific signaling molecules,
such as RhoGTPases and PI3K, and a global inhibitory compo-
nent that prevents activity at multiple sites (6577). An in-
creasing number of studies have implicated events at the cell
rear, such as the local inhibition of signaling activities and force
generation through actin depolymerization or Myosin 1l (7882).
The behavior of CynA shows how positive feedback at the lag-
ging edge can contribute to polarity. CynA clusters act as nega-
tive regulators of protrusive activity and, in turn, CynA is forced
away from sites of protrusions, resulting in an increased concen-
tration of CynA in surrounding regions. This appears to further
restrict the regions that are permissive for protrusions. As the cell
becomes increasingly polarizedCynA becomes more tightly clus-
tered at the lagging edge, furthe reinforcing the restriction of
protrusive activity to the leading €lge, thereby generating a positive
feedback mechanism. It is possible that this combination of both
CynA-mediated inhibition of protrusions and the polarity-mediated
spatial restriction of CynA clusters is what drives the polarity that is
characteristic of differentiated, migrating cells.

Materials and Methods

A detailed description of the materials and methods used can be found in
S| Materials and Methods . Plasmids were generated by standard cloning
procedures and expressed in Dicytostelium cells grown in HL5 media. CynA-
null cells were generated by homologous recombination, such that the en-
tire coding sequence was replaced by a drug-resistance cassette. Cells were
differentiated in suspension culture with pulses of cAMP or by growing on
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nonnutrient agar plates as needed and imaged with a 40  x/1.3 oil objective
and DIC, GFP, and RFP (where applicable) illumination using either a Zeiss
Observer.Z1 inverted microscope or Leica DMI6000 inverted microscope
equipped with a Yokogawa CSU10 spinning disk. Global stimulation assays
were performed using1 M cAMP. Chemotaxis assays were performed using
a micropipette filled with 10 M cAMP. Image processing and quantification
were done using ImageJ or customized Matlab scripts.

Fig. Slillustrates in more detail the relationship between CynA localiza-
tion and other proteins at the lagging edge. Fig. S2 elaborates further on
the influence of polarity on the localization, as well as responsiveness to
cAMP, of CynA demonstrated in Fig. 2. Fig. S3shows the phosphoinositide
binding of CynA and the localization of CynA truncations and fusions in
undifferentiated cells. Fig. S4 depicts the generation of cynA™ cells and
contains additional quantification of the polarity defects associated with
disruption or overexpression of CynA as shown in Fig. 4. Fig. S5shows the
localization of front and back proteinsin ~ cynA™ cells and the effects of CynA
overexpression on polarity.

ACKNOWLEDGMENTSWe thank Dr. M. N. Teruel for providing information

in advance of publication; Dr. C. Wolberger for assistance with protein
domain annotation; Dr. D. N. Robinson for providing myo II” cells and the
mCherry-Myosin Il construct, as well as for helpful discussions; B. Diplas and
Y. Long for generating DNA constructs used in these studies; members of the
Johns Hopkins School of Medicine Microscope Core Facility for assistance
with microscopy; Drs. M. lijima, G. Seydoux, and T. Inoue for advice and
suggestions; and Drs. Y. Artemenko, H. Cai, Y. Kamimura, and other mem-
bers of the P.N.D. and Robinson laboratories for helpful suggestions, sharing
reagents, and technical advice. This work was supported by National Instit-
utes of Health Grants GM28007 and GM34933 (to P.N.D.), and American
Heart Association Fellowship 09PRE2300057 (to K.F.S.).

21. Chung CY, Firtel RA (1999) PAKa, a putative PAK family member, is required for cy-

tokinesis and the regulation of the cytoskeleton in Dictyostelium discoideum cells

during chemotaxis. J Cell Biol 147(3):559-576.

22. Faix J, et al. (2001) Recruitment of cortexillin into the cleavage furrow is controlled by
Racl and IQGAP-related proteins. EMBO J20(14):3705-3715.

23. Miller-Taubenberger A, et al. (2002) Differential localization of the Dictyostelium

kinase DPAKa during cytokinesis and cell migration. J Muscle Res Cell Motil 23(7-8):

751-763.

24. lijima M, Devreotes P (2002) Tumor suppressor PTEN mediates sensing of chemo-
attractant gradients. Cell 109(5):599-610.

25. Bosgraaf L, et al. (2005) RasGEF-containing proteins GbpC and GbpD have differential
effects on cell polarity and chemotaxisin  Dictyostelium . J Cell Sci118(Pt 9):1899-1910.

26. Cai H, et al. (2010) Ras-mediated activation of the TORC2-PKB pathway is critical for
chemotaxis. J Cell Biol 190(2):233-245.

27. Meili R, et al. (1999) Chemoattractant-mediated transient activation and membrane
localization of Akt/PKB is required for efficient chemotaxis to CAMP in Dictyostelium .
EMBO J18(8):2092-2105.

28. Parent CA, Blacklock BJ, Froehlich WM, Murphy DB, Devreotes PN (1998) G protein sig-
naling events are activated at the leading edge of chemotactic cells. ~ Cell 95(1):81-91.

29. Sasaki AT, Chun C, Takeda K, Firtel RA (2004) Localized Ras signaling at the leading
edge regulates PI3K, cell polarity, and directional cell movement.  J Cell Biol 167(3):
505-518.

30. Yumura S (1993) Reorganization of actin and myosin Il in  Dictyostelium amoeba
during stimulation by cAMP.  Cell Struct Funct 18(6):379-388.

31. Wang Y, Jiang F, Zhuo Z, Wu XH, Wu YD (2013) A method for WD40 repeat detection
and secondary structure prediction. PLoS ONES(6):e65705.

32. Kallberg M, et al. (2012) Template-based protein structure modeling using the Rap-
torX web server. Nat Protoc 7(8):1511-1522.

33. Cullinane AR, Schéffer AA, Huizing M (2013) The BEACH is hot: A LYST of emerging
roles for BEACH-domain containing proteins in human disease. Traffic 14(7):749-766.

34. Loovers HM, et al. (2006) Distinct roles of PI(3,4,5)P3 during chemoattractant signal-
ing in Dictyostelium : A quantitative in vivo analysis by inhibition of PI3-kinase. ~ Mol
Biol Cell 17(4):1503-1513.

35. Kamimura Y, et al. (2008) PIP3-independent activation of TorC2 and PKB at the cell 's

leading edge mediates chemotaxis. Curr Biol 18(14):1034-1043.

36. Parent CA, Devreotes PN (1996) Molecular genetics of signal transduction in  Dic-

tyostelium . Annu Rev Biochem 65:411-440.
37. Artemenko Y, Swaney KF, Devreotes PN (2011) Assessment of development and
chemotaxis in Dictyostelium discoideum mutants. Methods Mol Biol 769:287-309.
38. Devreotes PN (1994) G protein-linked signaling pathways control the developmental
program of Dictyostelium . Neuron 12(2):235-241.

39. Heid PJ, Geiger J, Wessels D, Voss E, Soll DR (2005) Computer-assisted analysis of fi-

lopod formation and the role of myosin Il heavy chain phosphorylation in Dictyos-
telium . J Cell Sci118(Pt 10):2225-2237.

40. Lee S, Shen Z, Robinson DN, Briggs S, Firtel RA 2010) Involvement of the cytoskeleton in
controlling leading-edge function during chemotaxis. Mol Biol Cell 21(11):1810-1824.

41. Lombardi ML, Knecht DA, Dembo M, Lee J (2007) Traction force microscopy in  Dic-
tyostelium reveals distinct roles for myosin Il motor and actin-crosslinking activity in
polarized cell movement. J Cell Sci120(Pt 9):1624-1634.

PNAS Early Edition | 9 of 10

(%)
=
-
o
()]
<
=
o

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1509098112/-/DCSupplemental/pnas.201509098SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1509098112/-/DCSupplemental/pnas.201509098SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1509098112/-/DCSupplemental/pnas.201509098SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1509098112/-/DCSupplemental/pnas.201509098SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1509098112/-/DCSupplemental/pnas.201509098SI.pdf?targetid=nameddest=SF5




