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required for cAMP signaling during Dictyostelium
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ABSTRACT Starvation induces Dictyostelium amoebae to secrete cAMP, toward which other
amoebae stream, forming multicellular mounds that differentiate and develop into fruiting
bodies containing spores. We find that the double deletion of cortexillin (ctx) | and Il alters
the actin cytoskeleton and substantially inhibits all molecular responses to extracellular cAMP.
Synthesis of cAMP receptor and adenylyl cyclase A (ACA) is inhibited, and activation of ACA,
RasC, and RasG, phosphorylation of extracellular signal regulated kinase 2, activation of
TORC2, and stimulation of actin polymerization and myosin assembly are greatly reduced. As
a consequence, cell streaming and development are completely blocked. Expression of ACA-
yellow fluorescent protein in the ctxl/ctxll-null cells significantly rescues the wild-type pheno-
type, indicating that the primary chemotaxis and development defect is the inhibition of ACA
synthesis and cAMP production. These results demonstrate the critical importance of a prop-
erly organized actin cytoskeleton for cAMP-signaling pathways, chemotaxis, and develop-
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ment in Dictyostelium.

INTRODUCTION

For a number of reasons, including ease of cell culture, genetic ma-
nipulation, and experimental design, the social amoeba Dictyostel-
ium discoideum has long been a model system for investigating the
morphological and molecular events of chemotaxis and develop-
ment. Starvation of Dictyostelium initiates a ~24-h developmental
process that begins with the pulsed secretion of cCAMP by a fraction
of the amoebae, toward which neighboring amoebae chemotax
(Chisholm and Firtel, 2004). Interaction of the secreted cAMP with
the G protein—coupled cAMP receptor 1 (cAR1) on the plasma
membranes of neighboring cells initiates a series of molecular and
morphological events (Swaney et al., 2010), including enhanced ex-
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pression of cAR1 and adenylyl cyclase A (ACA; Figure 1, TcART,
TACA), cell elongation and polarization (Johnson et al., 1992; Pitt
etal., 1992; Insall et al., 1994), and chemotaxis. Release of Gy from
the heterotrimeric G- protein coupled to cAR1 activates myosin Il
mediated by guanylyl cyclase A (GCA) and cGMP; Bosgraff et al.,
2002; Figure 1). GBy also activates two synergistic and partially re-
dundant RasC- and RasG-signaling pathways (Lim et al., 2001; Kae
etal., 2004; Sasaki et al., 2004; Bolourani et al., 2006). One pathway
activates target of rapamycin complex 2 (TORC2) and protein kinase
B (PKB), initiating polymerization of actin at the front of the cell (Cai
et al., 2010; Figure 1), which, together with contraction of actomyo-
sin Il at the rear, supports chemotaxis toward the aggregation cen-
ters (Kimmel and Parent, 2003).

A second Ras pathway activates phosphatidylinositol 3-kinase
(PI3K) at the cell’s leading edge, which catalyzes the conversion of
phosphatidylinositol 4,5-bisphosphate (PIP,) to phosphatidylinositol
3,4,5-trisphosphate (PIP3), to which cytoplasmic regulator of adeny-
lyl cyclase (CRAC) binds and activates membrane-associated ACA
(Comer et al., 2005; Figure 1). PIP3 also contributes to the TORC2
pathway, which induces actin polymerization (Tang et al., 2011;
Figure 1). TORC2 contributes to activation of ACA (Lee et al., 2005;
Figure 1), and, independent of GBy, binding of cAMP to cAR1 leads
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protein cortexillin | (Fey and Cox, 1999). The

cAMP molecular events underlying this phenotype
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FIGURE 1: Schematic depiction of cAMP signaling pathways in D. discoideum. cAMP binding to
G protein—coupled cAR1 increases the expression of cAR1 and ACA and the release of GBy,
which activate RasC and RasG pathways. Activation of PI3K leads to phosphorylation of PIP2,
and PIP3 brings CRAC to the plasma membrane, activating ACA, which converts ATP to cAMP,
which is secreted at the rear and binds to cAR1 of neighboring cells. Activation of TORC2
activates PKB, which initiates actin polymerization at the front of the cell. TORC2 also
contributes to the activation of ACA, and PIP3 contributes to PKB activation. GBy also activates
GCA, which synthesizes cGMP, which, acting through GbpC, contributes to myosin activation
and actomyosin contraction at the rear of the cell. cAMP-bound cAR1 also phosphorylates and
activates ERK2, which contributes to ACA activation. Not all of the intermediates in these

pathways are shown.

to phosphorylation and activation of extracellular signal regulated
kinase 2 (ERK2), which increases cAMP concentration (Segall et al.,
1995) by inhibiting its hydrolysis by a phosphodiesterase (Maeda
et al., 2004). ACA-containing vesicles translocate to the rear of
chemotaxing cells (Kriebel et al., 2008), where secretion of cAMP
creates a cell-to-cell cAMP signal relay (Kimmel and Parent, 2003;
Figure 1), resulting in head-to-tail streams of cells that aggregate
into tight mounds of 100,000 or more cells in ~12 h. Over the next
12 h, the multicellular mounds differentiate through several mor-
phological stages, developing into mature fruiting bodies compris-
ing a spore head supported by a stalk. In an appropriate nutritional
environment, spores germinate into amoebae, and the life cycle
begins anew.

Recently we made the serendipitous observation that ectopic
expression of Y53A-actin inhibits cell steaming during cAMP-in-
duced aggregation (although individual cells chemotax normally)
and blocks development beyond the mound stage (Liu et al., 2010;
Shu et al., 2010). The developmental phenotype of Y53A-actin cells
correlates with an inhibition of intracellular and intercellular cAMP-
signaling pathways (Shu et al., 2010), including the trafficking of
ACA vesicles to, and secretion of cAMP at, the rear of chemotaxing
cells. Itis highly likely that the underlying cause of these phenomena
is the disorganized actin cytoskeleton of amoebae expressing Y53A-
actin. Whereas wild-type-cell cytoskeletons comprise a mostly ho-
mogeneous array of filaments, cytoskeletons of Y53A-actin cells
contain many shorter filaments and numerous bundles and aggre-
gates of short and long filaments (Shu et al., 2010), similar to the
structures formed by copolymerization of Y53A-actin and WT actin
in vitro (Liu et al., 2010).

Of interest, a developmental phenotype similar to that of
Dictyostelium amoebae expressing Y53A-actin, that is, inhibition of
both aggregation streams and development of mounds to mature
fruiting bodies, had been described for Polysphondylium (a close
relative of Dictyostelium) upon deletion of the actin cross-linking
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and a similar phenotype of Dictyostelium
lacking both a-actinin and filamin (gelation
factor, ABP-120), two other actin cross-link-
ing proteins (Rivero et al., 1996), were not
explored, as we now do for Dictyostelium
cortexillin (ctx)-null cells.

Dictyostelium ctxl and ctxll—444 and
441 amino acids, respectively—are parallel
dimers with a coiled-coil domain and two
globular heads that contain actin-binding
sites (Faix et al., 1996). Cortexillin | also has
a putative PIP,-binding site at its C-termi-
nus (Faix et al., 1996) and a second, and
stronger, actin-bundling domain in the C-
terminal region that is inhibited by PIP,
(Stock et al., 1999). Of importance, ctxl and
ctxll occur in quaternary complexes with
Rac1 and either one of the Dictyostelium
IQGAP proteins DGAP1 and GAPA (Faix
etal.,, 2001; Lee et al., 2010; Mondal et al.,
2010). Both cortexillins accumulate in the
cortex of vegetative cells and the cortical
region of spreading cells (Faix et al., 1996),
where, together with myosin |l, they bundle
and cross-link actin filaments in an antipar-
allel manner (Schroth-Diez et al., 2009). In
motile cells, both cortexillins are enriched at the leading edge and,
to a lesser extent, at the rear (Faix et al., 1996). Cortexillins also
localize to the cleavage furrow of dividing cells (Faix et al., 1996),
independent of myosin Il (Weber et al., 1999), where, together with
myosin I, they increase cleavage furrow stiffness (Girard et al.,
2004; Reichl et al., 2008).

Here we report that both head-to-tail cell streaming of Dictyos-
telium amoebae into multicellular mounds and development of the
mounds to mature fruiting bodies are partially inhibited in ctxA™ and
ctxB~ cells (ctxA and ctxB are the genes coding for proteins ctxl and
ctxll, respectively) and completely inhibited in ctxA™/B~ cells, as they
are in cells expressing Y53A-actin. We found that intracellular and
extracellular cAMP signaling is also impaired in cortexillin-null cells
but in a different way than in Y53A-actin cells. In particular, expres-
sion of both cAR1 and ACA are severely diminished in ctxA™/B™ cells
but not in Y53A cells, and translocation of ACA-containing vesicles
to the rear of chemotaxing cells is not impaired in ctxA~/B~ cells but
is in Y53A cells. Expression of ACA-yellow fluorescent protein (YFP),
but not expression of cAR1-YFP, in ctxA™/B~ cells significantly res-
cues the phenotype of WT cells. Thus, whereas impairment of cell
streaming and development of Y53A-actin cells may be caused pri-
marily by inhibition of ACA vesicle translocation to, and secretion of
cAMP at, the rear of the cell (Shu et al., 2010), inhibition of cell
streaming and development of ctxA™/B~ cells probably result princi-
pally from decreased secretion of cAMP due to inhibition of ACA
synthesis. The phenotypes of Y53A cells and ctxA™/B~ cells demon-
strate the critical importance of a properly organized actin cytoskel-
eton for cAMP-induced signaling pathways.

RESULTS

First, we confirmed by Western blots that ctxA~ cells expressed ctxll
and not ctxl, that ctxB~ cells expressed ctxl and not ctxll, and that
ctxA/B" cells expressed neither ctx| nor ctxll (Supplemental Figure
S1A). Furthermore, we observed that ctxl and ctxll were enriched in
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FIGURE 2: Confocal microscopic images of rhodamine-phalloidin—
stained F-actin. F-Actin (top) and differential interference contrast
images (bottom) of vegetative (A) and starved (B) WT and ctxA~/B~
cells. (C) Confocal slices of fixed cells stained with rhodamine—
phalloidin show that the thick cortical ring and patches of F-actin are
closer to the bottom. Slice interval, 0.5 pm. Scale bars, 10 pm.

(D) Comparison of F- and G-actin in WT and ctxA~/B~ cells. Cells were
lysed in the presence of 0.6% Triton and centrifuged. The total actin
was from samples before centrifugation, and F-actin and G-actin are
from pellets and supernatants after centrifugation, respectively,
analyzed by SDS-PAGE and quantified by LI-COR Odyssey infrared
imaging software.

the cortex of vegetative ctxB~ and ctxA™ cells, respectively, with ac-
tin at the front of motile amoebae and with myosin Il in the cleavage
furrow of dividing cells (Supplemental Figure S1, D and E), as were
both cortexillins in WT cells (Supplemental Figure S1, B and C; Faix
et al., 1996; Weber et al., 1999).

Morphological and developmental phenotype

of cortexillin-null cells

The F-actin in ctxA™/B~ cells, as revealed by rhodamine—phalloidin
staining of both vegetative and starved polarized fixed cells, forms
a thick ring around the cell cortex and patches (Figures 2, A and B)
at the bottom of the cell (Figure 2C). As seen most clearly by scan-
ning electron microscopy, a typical ctxA~/B~ cell (Figure 3A) and, to
a lesser extent, ctxA~ and ctxB~ cells (data not shown) is flatter than
a typical WT cell, with fewer filopodia and many short spikes pro-
truding from the periphery. Electron microscopy of the extracted
cytoskeleton shows that the cortical actin rings and patches contain
many bundles of actin filaments, whereas WT cells have a relatively
homogeneous array of single filaments (Figure 3B), and there is
more Triton-insoluble F-actin in the ctxA™/B~ cells than in WT cells
(Figure 2D).

As summarized in the Introduction, upon starvation Dictyostel-
ium amoebae chemotax in streams, forming mounds that continue
to develop into mature fruiting bodies. Mound formation is most
easily visualized by placing cells in nonnutrient buffer in a Petri dish
(Figure 4A and Supplemental Movies S1-54). Under these condi-
tions, WT cells formed streams by 6-7 h and mounds by 20 h.
Streaming of ctxA~ cells was delayed, with streams forming at ~14
h, and the streams broke up to form mounds that were smaller
than mounds of WT cells. ctxB~ cells formed slightly defective
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FIGURE 3: Effects of corteX||||n I'and Il double knockout on cell shape
and the actin cytoskeleton. (A) Scanning electron micrographs of
vegetative WT and ctxA~/B~ cells. Cells were prepared and observed
as described in Materials and Methods. Whereas WT cells have a
ruffled surface and long filopodia, ctxA™/B~ cells have a flat surface
and many short spikes at the periphery. Scale bar, 10 um.

(B) Representative transmission electron micrographs showing the
actin cytoskeleton organization of vegetative and polarized WT and
ctxA~/B~ cells that were prepared as described in Materials and
Methods. The cytoskeletons of WT cells consist of a largely
homogeneous array of actin filaments (top), whereas the
cytoskeletons of ctxA~/B" cells contain many bundled actin filament
(middle); scale bar, 500 nm. Bottom, enlargement of the vegetative
ctxA~/B cell image showing the F-actin bundles at higher
magnification. Scale bar, 100 nm.

streams by 6-7 h and mounds that were not very different from WT
mounds. ctxA~/B cells, however, never formed discernible streams
and formed many more and much smaller mounds than WT cells.
When a similar experiment was performed with cells washed and
placed on agar in developmental buffer (see Materials and Meth-
ods), WT cells developed fully to mature fruiting bodies (Figure
4B); ctxA~ and ctxB~ cells formed fewer and somewhat smaller
fruiting bodies, and ctxA™/B-cells developed only slightly beyond
the mound stage, forming very small projections but no fruiting
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Parameters Speed Direction change Directionality Roundness Motile cells
(1m/min) (degree) (%) (%)
wT 10.27+1.35 35.27+4.64 0.67+0.08 47.80+5.16 95
CiXA” 9.88+2.08 41.50+8.50 0.53+0.13 56.48+8.16 80
ctxB 10.09+1.85 50.41+7.80 0.52+0.10 51.79+7.23 80
CIxA /B 6.51+1.51 61.15+6.16 0.33+0.16 67.10+6.47 60
ACA-YFP/ctxA/B- 8.14 +2.75 4563 +6.59 0.62 +0.05 56.73 £5.07 70

FIGURE 4: Inhibition of cAMP-induced cell streaming and development in cortexillin-null cells.
(A) cAMP-induced self-streaming assay. Cells were prepared and observed as described in
Materials and Methods. Cell streaming and aggregation were recorded for up to 24 h by a video
camera (see Supplemental Movies $1-S4). WT and ctxB- cells formed streams in 6-7 h and tight
mounds in 20 h, whereas streaming of ctxA~ cells was delayed until 14 h and formed only loose
mounds in 20 h. ctxA™/B~ cells never streamed, had no apparent chemotaxis center, and formed
many very small mounds. (B) Development of ctxA~/B cells is completely blocked. Cells were
placed on Petri dishes containing 1.5% agarose in starvation buffer. WT, ctxA~, and ctxB~ cells
developed similar to mature fruiting bodies in 24 h. However, ctxA B~ cells developed just a little
beyond the mound stage, forming short projections, and did not develop to fruiting bodies even
after 72 h. (C) Cortexillins inhibit individual cell streaming. Cells were prepared and observed as
described in Materials and Methods. Cells were imaged every 10 s for ~20 min (see Supplemental
Movies S5-58). WT cells formed chemotaxing streams at the source of cAMP, whereas ctxA~,
ctxB~, and ctxA~/B" cells migrated individually (no streams) and aggregated at the micropipette.
(D) Cell shape and path analysis of WT and cortexillin-knockout cells by stacked images obtained
by DIAS software. Black dots indicate the positions of the micropipette. (E) Quantification of
chemotaxis behavior. Individual cells were traced and quantification of chemotaxing parameters
processed with DIAS software. Measurements were made on at least 15 cells of each cell line
from three independent experiments. The data represent mean + SD (standard errors).

bodies (Figure 4B). In agreement with previous reports (Rivero
et al., 1996; Pikzack et al., 2005), single deletion of actin cross-
linking proteins fimbrin (Fim™~ cells), a-actinin (abpA~ cells), or fil-
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amin (abpC~ cells) had no significant effect
on cell streaming or development to ma-
ture fruiting bodies (Supplemental Figure
S2), but the double knockout of a-actinin
and filamin (AGHR2 cells; Rivero et al.,
1996) prevented stable streams and blocked
development (Supplemental Figure S2).

The inability of ctxA™ and ctxB~ cells to
form stable streams and the inability of
ctxA~/B~ cells to form any streams at all are
best illustrated by observing chemotaxis of
aggregation-competent cells toward a mi-
cropipette containing 10 uM cAMP (Figure
4C and Supplemental Movies S5-S8). The
motility of individual cells was not as severely
affected in the ctx™ cells as was streaming
(Figure 4, A, C, and D). The speed of ctxA~
and ctxBcells was the same as that of WT
cells, and ctxA~/B~ cells were ~30% slower
(Figure 4E). Similarly, the directional change,
directionality, and roundness of ctxA~ and
ctxB~ cells were not very different from those
of WT cells, but ctxA/B~ cells had about
twice the directional change and half the di-
rectionality and were rounder than WT cells
(Figure 4E). It should be noted that although
all of the cells in these experiments were
alive, only 80% of ctxA~ and ctxB~ cells and
60% of ctxA/B~ cells were motile, compared
with 95% of WT cells. However, the concen-
tration of motile cells always exceeded the
minimum number required for WT cells to
form streams (McCann et al., 2010).

Some of our results are similar to the re-
sults of Lee et al. (2010), but others are not.
The two laboratories agree that individually
chemotaxing ctxA~/B~ cells show more di-
rectional change and less directionality than
WT cells. Lee et al. (2010) found the speed
of WT cells and double-knockout cells to be
the same, but we find that ctxA~/B~ cells
move significantly more slowly than WT
cells. We find that ctxA~/B™ cells are rounder
than WT cells; Lee et al. (2010) reported no
difference in cell shape. Lee et al. (2010) re-
ported no difference in Ras or PKB activa-
tion; we find (using a different assay for the
latter) that activation of RasC, RasG, and
PKB is substantially reduced in ctxA~/B~ cells
compared with WT cells. The different re-
sults from the two laboratories might be due
to the different assays used and/or differ-
ences in the parental cell strains. Cha and
Jeon (2011) also observed that ctxA~/B-
cells are flatter and rounder and chemotax
more slowly than WT cells and that aggrega-
tion is inhibited and development does not
proceed to completion in ctxA~/B~ cells.

Biochemical phenotype of cortexillin-null cells
As summarized in the Introduction and schematically in Figure 1,
one of the first things to happen when starved cells are pulsed with
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FIGURE 5: Cortexillin-null cells have delayed and diminished
expression of cAR1 and ACA. Suspensions of WT and cortexillin-null
cells in starvation buffer were pulsed with cAMP every 6 min for 8 h
and aliquots taken every hour for protein analysis by Western blots: In
WT cells, cAMP induced expression of both ACA (B) and cAR1 (C)
with peaks at 6-7 h. ctxA~ and ctxB~ cells had delayed and reduced
expression of ACA and cAR1, and ctxA~/B- cells had almost no
expression of either ACA or cAR1. The apparent doublets in the blots
with anti-ACA are due to impurities in the polyclonal antibody. Actin
expression was unaffected in the cortexillin-null cells (A). (D) Increase
of cAMP-binding sites during cAMP pulsing of WT and cortexillin-null
cells. Cell surface binding of [3H]cAMP to cell-surface receptors was
determined as described under Materials and Methods. Cortexillin-
null cells had a delayed and greatly reduced increase in cAMP-binding
compared with WT cells. Data are representative of three
independent experiments.

cAMP is an increase in expression of both cAR1 and ACA. We found
that the increased expression of ACA-, cAR1-, and cAMP-binding
sites on the cell surface was delayed and/or significantly inhibited in
ctxA~ and ctxB~ cells and almost completely blocked in ctxA~/B~
cells (Figure 5, B-D), whereas actin concentration was unaffected
(Figure 5A). Normally, the interaction of cAMP with G protein-cou-
pled cAR1 in WT cells leads to a sequence of events beginning with
the release of Gy and the activation of RasG and RasC (Figure 1).
As a consequence of either the reduced level of cAR1 or other ef-
fects of the abnormal actin cytoskeleton, activation of both RasG
and RasC was substantially inhibited in ctxA~/B~ cells (Figure 6), as
was activation of TORC2, as measured by phosphorylation of
PKBR1 (Figure 7A), phosphorylation of ERK2 (Figure 7B), and the
“instant” actin polymerization (Figure 7C) and assembly of the ac-
tomyosin complex (Figure 7D) that normally follow a pulse of
cAMP.

Although, as shown in Figures 2 and 3, the structure of the actin
cytoskeleton was altered in ctxA~/B~ cells, actin still localized prop-
erly at the leading edge and myosin Il at the rear of motile cells
(Figure 8A). In cortexillin double-mutant cells, cytokinesis is severely
impaired. About 40% of the ctxA~/B cells were unable to complete
cytokinesis, and, therefore, these cells were of many sizes and often
multinucleate (Figures 2A and 8B). However, myosin Il accumulated
at the contractile ring and cleavage furrow of ctxA~/B~ cells under-
going normal cytokinesis and actin localized at the polar regions of
dividing cells (Figure 8B and Supplemental Movie S9). Similarly,
both CRAC and PI3K localized at the front of motile ctxA=/B~ cells,
as they do in WT cells (Figure 8, C and D). Thus, despite the sub-
stantial reduction in the intracellular cAMP signaling pathways, the
ctxA~/B~ cells remained capable of polarizing and chemotaxing to-
ward cAMP, albeit less efficiently than WT cells. The inability of
ctxA~/B~ cells to form head-to-tail streams, whereas individual cells
chemotax relatively normally, is indicative of a defect in the cell-to-
cell cAMP signal relay. This defect could be due to either or both
too little cAMP secretion by the “leading” cell or a lack of sensitivity
in the response of cAR1 receptors of “following” cells. The latter

seems less likely, as ctxA~/B~ cells chemotax

A o 510 2040 60 0 5 %X'LZ\;/B;; 60(s) 120 B | equally wellin response to 0.5 and 10 yM
2 100 | ——WT cAMP in the micropipette assay (Figure 4E
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FIGURE 6: Inhibition of cAMP-activation of Ras in ctxA=/B~ cells. (A) cAMP activation of RasC
and G. Aggregation-competent WT and ctxA~/B" cells were stimulated with 200 nM cAMP, and
aliquots were taken for lysis at the indicated times. Total Ras in the lysate was determined by
Western blots with anti-pan Ras (first row). Total active Ras was pulled down by RBD-Byr2

394 | S.Shuetal

Western blots with anti-pan Ras, anti-RasG,
and anti-RasC, respectively. Quantifications
of Ras activation in the line graphs show the
average of separate experiments normalized
to 100 for WT cells.
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FIGURE 7: Inhibition of cAMP activation of TORC2 and ERK2 in ctxA~/B~ cells. (A) The time
course of increase in TORC2 activation and (B) ERK2 phosphorylation in aggregation-competent
cells stimulated with cAMP were determined by Western blots of samples taken at the indicated
times. TORC2 activation was indirectly detected by measuring phosphorylated PKBR1, and
phosphorylated ERK2 was determined by anti-pERK2. (C) Instant actin polymerization and (D)
myosin |l assembly were determined by SDS—-PAGE of the Triton-insoluble cytoskeleton fraction
at the indicated times. All quantitative data represent the mean +SD of at least three

independent experiments. AU, arbitrary units.

expression of the ectopically expressed proteins did not change
when cells were pulsed for 8 h with 75 nM cAMP (Figure 9B, anti—
GFP antibody and upper band with anti-ACA antibody), but en-
dogenous ACA did increase (Figure 9B, lower band with anti-ACA
antibody). However, there was no increase in endogenous cAR1
during cAMP pulsing (data not shown). cAMP-pulsed cAR1-
YFP/ctxA~/B- cells and ACA-YFP/ctxA /B~ cells did bind somewhat
more cAMP than nontransfected ctxA~/B -cells although substan-
tially less than WT cells (Figure 9C). On the other hand, ACA-
YFP/ctxA~/B~ cells had substantially higher ACA activity than WT
cells when stimulated with cAMP, whereas cAR1-YFP/ctxA=/B~ cells
had the same low activity as ctxA/B~ cells (Figure 9D). Thus, ex-
pressed cAR1-YFP found its way to the cell surface, and expressed
cAR1-YFP and ACA-YFP were functional in their respective assays.
In the developmental assays, expression of ACA-YFP substan-
tially rescued the ctxA /B~ cells. ACA-YFP/ctxA~/B~ cells formed
streams and normal-size mounds (Supplemental Movie S10) and
some small complete fruiting bodies (Figure 9, E and F). The fact
that 40% of the ctxA~/B~ cells did not express ACA-YFP (Figure 9A)
may have limited the number and size of the fruiting bodies in the
ACA-YFP/ctxA~/B~ cells. On the other hand, cAR1-YFP/ctxA~/B~
cells were indistinguishable from ctxA~/B~ cells, forming neither
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We showed that deletion of both cortexillin
I and Il completely blocks streaming of Dic-
tyostelium amoebae, whereas chemotaxis
of individual cells is much less affected. The
inhibition of streaming results in formation
of smaller mounds that do not develop fur-
ther. The single deletion of either cortexillin
| or Il has similar but less extensive conse-
quences. In the double-knockout cells, the
normal responses to cAMP at the molecular
level, namely increased expression of cAR1 and ACA, binding of
external cAMP to the cell surface, activation of ACA activity, activa-
tion of RasC and RasG, phosphorylation of ERK2, activation of
TORC2, and stimulation of actin polymerization and myosin Il as-
sembly, are all greatly diminished. Ectopic expression of cAR1 in-
creases binding of cAMP but not to the level of WT cells and does
not rescue cell streaming or development (possibly the YFP tag on
the cytosolic side of cART interferes with function), whereas ectopic
expression of ACA increases cAMP-activated ACA activity beyond
the level of WT cells and significantly rescues streaming and
development.

Our results raise a number of interesting questions that are be-
yond the scope of this article. Does the inhibition of cAMP stimula-
tion of cAR1 and ACA synthesis result from inhibition of transcrip-
tion or translation? It seems counterintuitive that the double
knockout of two actin cross-linking proteins should result in in-
creased bundling of actin filaments. Does this relate to the proposal
(Ren et al., 2009; Lee et al. 2010) that myosin Il pulling on actin fila-
ments is resisted by cross-linkers, in this case cortexillin? In the ab-
sence of cortexillins does myosin Il pull the actin filaments together?
Does the increased F-actin in ctx-null cells contribute to the in-
creased filament bundling?
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F-actin Myosin Il

GFP-CRAC/WT

GFP-CRAC/ctxA7/B |

Localization of proteins in chemotaxing and dividing cortexillin-null cells.
(A) Expressed GFP-myosin Il and rhodamine-phalloidin—stained F-actin localize to the rear and
front of chemotaxing ctxA™/B~ cells as in WT cells. (B) Rhodamine-phalloidin-stained F-actin
illustrates the asymmetric division typical of many ctxA™B- cells (top). Live imaging of GFP-
myosin Il expressed in ctxA~/B~ cells showing myosin Il accumulates at the contractile ring in

Myosin I

as homodimers complexed with either or
both IQGAP proteins. The colocalization of
DGAP1 and GAPA with the cortexillins and
the similar defects in cytokinesis of IQGAP-
null cells and cortexillin-null cells (Faix et al.,
2001) are consistent with the quaternary
complex of active Rac1, ctxl, and ctxll and
either one of the two IQGAP proteins being
the functional agent for cytokinesis. It re-
mains to be seen whether this is also true for
the requirement for cortexillins for function-
ing cAMP-signaling pathways.

In conclusion, the results in this and our
previous article (Shu et al., 2010) demon-
strate the critical importance of the proper
organization of the actin cytoskeleton for in-
tracellular and extracellular cAMP signaling
during chemotaxis and development of
Dictyostelium, which has long proved to be
a useful model system for similar events in
mammalian cells. Inhibition of the transloca-
tion of ACA-containing vesicles along mi-
crotubules in cells expressing Y53A-actin
reported previously (Shu et al. 2010) might
be explained simply by physical obstruction
of vesicle movement by the disrupted actin
cytoskeleton. However, the inhibition of all
of the molecular events subsequent to bind-
ing of cCAMP to the cell surface receptors of
ctxA /B cells, including expression of cAR1
and ACA, and activation of Ras pathways
that lead to actin polymerization and activa-
tion of ACA suggest the presence of a
mechanosensing component in intracellular
and extracellular cAMP signaling events.

normal cytokinesis (middle; also see Supplemental Movie S9). F-Actin localizes in the two polar

regions, and expressed GFP-myosin Il concentrates at the cleavage furrow in ctxA~/B" cells
preceding cytokinesis completion (bottom). (C) Expressed GFP-CRAC and (D) expressed
GFP-PI3K move to the front of WT and ctxA~/B- cells, chemotaxing toward a cAMP-filled
micropipette. Images recorded by time-lapse confocal microcopy. Scale bars, 5 um.

It is not unusual that pairs of actin cross-linkers must be deleted
to obtain a morphological phenotype—for example, o-actinin and
fascin in fibroblasts (Tseng et al., 2005) and a-actinin and gelation
factor (filamin) in Dictyostelium (Rivero et al., 1996). Indeed, we do
not know whether other permutations and combinations of the
multiple Dictyostelium actin-binding proteins might have similar ef-
fects. However, why are the cortexillins, which are so similar in se-
quence, structure, and properties, not redundant? Does it relate to
the fact that cortexillin I, but not cortexillin II, has both a putative
PIP,-binding site at its C-terminus (Faix et al., 1996) and a dominant
actin-bundling domain in the C-terminal region that is inhibited by
PIP; (Stock et al., 1999)? Is this why ctxA~ cells have a stronger phe-
notype than ctxB~ cells?

There is some evidence that ctxl and ctxll exist as heterodimers
in vivo (Faix et al., 2001) and the existence of quaternary complexes
containing Rac1, equal amounts of ctxl and ctxll, and either DGAP1
or GAPA (Lee et al., 2010) is consistent with, but does not prove, this
idea. However, ctxll (presumably as a homodimer) has been shown
to interact with DGAP1 (Faix et al., 2001), and our data showing that
neither ctxA~ cells or ctxB™ cells are as severely impaired as ctxA~/
B~ cells are consistent with both cortexillins being able to function
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MATERIALS AND METHHODS

Cell lines, culture, transformation,

and differentiation

Dictyostelium wild-type strain AX2, ctxA~
cells, ctxB~ cells, and ctxA B~ cells (Faix
et al., 1996) were grown in Petri dishes at 21°C in liquid HL5 me-
dium (LG0101; Formedium, Hunstanton, United Kingdom) contain-
ing 60 pg/ml each of penicillin and streptomycin. Expression plas-
mids green fluorescent protein (GFP)-myosin Il (Moores et al.,
1996), GFP-PI3K, GFP-CRAC (Parent et al., 1998; Huang et al.,
2003), cAR1-YFP, and ACA-YFP (Kriebel et al., 2008) were intro-
duced into ctxA™/B™ or ctxB™ cells using a gene pulser electropora-
tor (Bio-Rad, Hercules, CA; Egelhoff et al., 1991). Cells transformed
with cDNAs were selected and maintained in the same medium
containing 16 pg/ml G418.

Cells were differentiated to the chemotaxis-competent stage as
described (Kriebel et al., 2003; Liu et al., 2010). Briefly, log-phase cells
were harvested by low-speed centrifugation, washed, and resus-
pended in developmental buffer (5 MM NayHPOy, 5 mM KH,PO,, pH
6.2,2 mM Mg,SQy, and 0.2 mM CaCl,) at 2 x 107 cells/ml and devel-
oped in suspension at 100 rpm for 5-6 h with cAMP pulses. Differenti-
ated cells were processed according to the assay to be performed.

Electrophoresis and immunoblotting

SDS-PAGE was performed by standard procedures (Laemmli, 1970).
For detecting actin, cAR1, ACA, and YFP, cells were taken at the
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Fluorescence microscopy

Fluorescence microscopy was performed as
described (Shu et al., 2003). Cells were fixed
with 1% formaldehyde, 0.1% glutaralde-
hyde, and 0.01% Triton X-100 in PB (5 mM
sodium phosphate buffer, pH 6.2) at room
temperature for 15 min, then washed and
incubated for 60 min at 37°C with 100-fold
diluted rabbit anti-actin and monoclonal
mouse anti-ctx| or anti-ctxll in PB supple-
mented with 1% bovine serum albumin and
0.2% saponin. Secondary antibodies, fluo-
rescein  isothiocyanate—conjugated goat
anti-mouse 1gG and Texas red-goat anti—
rabbit IgG (Molecular Probes), were diluted

CctxA B~
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750-fold. F-Actin was stained with rhod-
amine—phalloidin  (Molecular Probes). Im-
ages were acquired with an LSM-510 laser
scanning fluorescence microscope (Carl

WT ctxA/B- ACA-YFP cAR1-YFP 0 60 120 180 240 300 360 420 480

IctxA/B- /ctxA-/B
24 h

' ACA-YEPIotxA~/B

cARA YPP/ctx ]

FIGURE 9: Expression of ACA-YFP in ctxA~/B~ cells, but not cAR1-YFPR, S|gn|f|cant|y rescues

WT phenotype. About 60% of ctxA~/B~ cells expressed cAR1-YFP and ACA-YFP as viewed by
confocal microscopy (A). Western blot analysis with anti-GFP antibody confirmed that both
proteins were expressed in ctxA~/B- cells (B, top). Expression of ACA-YFP in ctxA~/B~ cells
increased the expression of endogenous ACA during cAMP pulsing (the solid arrows indicate
endogenous ACA, and the dotted arrow indicates ACA-YFP), but expression of cAR1-YFP did not,
as detected by anti-ACA antibody (B, bottom). (C) cAMP binding to the cell surface was slightly
increased by expression of cAR1-YFP and ACA-YFP in ctxA~/B- cells but was still much less than in
WT cells. (D) Adenylyl cyclase A activity was dramatically increased in ACA-YFP/ctxA~/B- cells but
not in cAR1-YFP/ctxA~/B~ cells. ACA activities were assayed in cells that had been pulsed with
cAMP for 7 h, the peak of ACA expression (Figure 5B). (E) ACA-YFP expression in ctxA~/B" cells
significantly rescued self-streaming and formation of normal-size mounds but expression of
cAR1-YFP did not (see 24-h Supplemental Movies $10 and $11). (F) Development was partially
rescued in ACA-YFP/ctxA™B~ cells with some complete, although small, fruiting bodies with stem
and spore heads (arrows). Development of cAR1-YFP/ctxA B cells was not rescued.

indicated time during cAMP pulsing. Cell lysates were subjected to
SDS-PAGE analysis on Tris glycine gels and transferred to membranes
by iBlot gel transfer stack (Invitrogen, Carlsbad, CA). The membrane
was blotted with rabbit anti-actin (Sigma-Aldrich, St. Louis, MO; Liu
et al., 2010) and/or mouse anti-GFP (Covance, Berkeley, CA), anti-
cAR1, and anti-ACA polyclonal antibodies (Parent and Devreotes,
1995; Kriebel et al., 2008). ctxl and ctxll monoclonal antibodies (hybri-
doma supernatants) were purchased from the Developmental Stud-
ies Hybridoma Bank (University of lowa, lowa City, I1A) and used with
1:10 dilution. Secondary antibodies, goat IRDye800, anti-rabbit im-
munoglobulin G (IgG; Rockland Immunochemicals, Gilbertsville, PA)
and Alexa Fluor 680 goat anti-mouse IgG (Molecular Probes, Invitro-
gen) were diluted 1:7000. Proteins were quantified with the Odyssey
infrared imaging system (LI-COR Biosciences, Lincoln, NE).
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Chemotaxis assays

The micropipette assay of cAMP-induced
Dictyostelium chemotaxis was performed
as described (Parent et al., 1998). Aggre-
gation-competent cells were resuspended
in PB on a chambered coverslip. A chemoat-
tractant gradient was generated with a mi-
croinjector (Eppendorf, Hauppauge, NY)
attached to a micropipette filled with 10 uM
cAMP. Chemotactic migration was continu-
ously recorded at intervals of 10 s using an
Axiovert 200 inverted microscope and Ax-
ioVision software (Carl Zeiss) and processed
with MetaMorph software (Molecular De-
vices, Sunnyvale, CA). To analyze cell
speed, motility, and shape changes during
chemotaxis, two-dimensional dynamic im-
age analysis system (2D-DIAS) software
was used (Wessels et al., 2007). At least
15 cells of each cell line in three indepen-
dent experiments were analyzed. Velocities
were determined by dividing cell displace-
ments by the time interval. The index of
migration (directionality) is calculated in
DIAS as the net path length divided by the
total path length.

 CIXA/B™ 4

1=YFP/ctxA-/B-

Cell streaming and development
To examine self-streaming, 1.5 x 107 cells were harvested, resus-
pended at 5 x 10%ml, and plated on 60-mm Petri dishes and al-
lowed to adhere for 30 min (Shu et al., 2010). The cells were carefully
washed twice with starvation buffer (20 mM 2-(N-morpholino)eth-
anesulfonic acid, pH 6.8, 0.2 mM CaCl,, 2 mM MgSQOy), and 2 ml of
the same buffer were carefully applied to the plates. Aggregation
and streaming were visualized 6-8 h after plating. Images of self-
streaming cells were taken every minute with a Discovery V12 stereo
microscope (Carl Zeiss) equipped with a PlanApos x1.0 objective
and an AxioCam camera automated by AxioVision 4 software.
Development was monitored 24 or 72 h after cells were spotted
on 1.5% agarose plates in developmental buffer. The under-agarose
assay was done as described (Comer et al., 2005). Results were
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ACA-YFP/ctxA~/B-

Localization of ACA in chemotaxing ctxA~/B~ cells. Micropipette assay of ACA-
YFP/ctxA=/B- cells (A) and cAR1-YFP/ctxA=/B~ cells (B). ACA-YFP/ctxA~/B~ cells form short
streams (see Supplemental Movie $12), whereas cAR1-YFP/ctxA B~ cells show only individual,
less-polarized cells migrating to the micropipette (see Supplemental Movie S13). (C) ACA-YFP
localized at the rear of motile ACA-YFP/ctxA~/B~ cells (live images recorded by time-lapse
confocal microscopy). The arrow indicates the direction of cell movement. (D) ACA-YFP
expressed in chemotaxing ctxB~ cells (CAMP micropipette assay) translocated to the rear, where
ACA-containing vesicles were released, forming a trail (white arrows) that attracted a nearby cell
(red arrows and Supplemental Movie $14). Similar trails of ACA-containing vesicles were
observed in three other cells in which the expression of ACA-YFP was sufficiently high to detect

the vesicles.

recorded with the same stereomicroscope that was used to visualize
self-streaming.

Glutathione S-transferase (GST)-Ras-binding domain
preparation and activated ras pull-down assay

The glutathione S-transferase (GST)-Ras-binding domain (RBD)
beads were prepared as described (Sasaki and Firtel, 2009)
with some modifications. The RBD of Byr 2 was expressed in
Escherichia coli cultured in LB and induced at cell density OD of
0.5-0.6 with 0.2 mM isopropyl B-p-1-thioglactopyranoside for 4 h
at 30°C. Cells were treated with 0.1 mg/ml lysozyme and soni-
cated on ice 30 times with 10-s intervals. The lysate was centri-
fuged, and the supernatant was mixed with GST-Sepharose 4B
beads (Amersham, GE Healthcare Bio-Sciences, Piscataway, NJ),
which were rotated for 1 h at 4°C. The beads were centrifuged,
washed, and resuspended in 40% glycerol/phosphate-buffered sa-
line and stored at —20°C until use. Total Ras and activated Ras as-
says were performed as described previously (Kae et al., 2004).
Briefly, differentiated cells were first treated with 2 mM caffeine
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and stimulated with 200 nM cAMP. Cell
lysates were mixed with GST-RBD beads at
4°C for 1 h, washed twice, and eluted by
SDS sample buffer. The pulled-down pro-
teins were analyzed with Western blots and
detected by pan anti-Ras (Pierce, Thermo
Fisher Scientific, Rockford, IL), anti-RasC,
and anti-RasG (Kae et al., 2004) antibodies.
Image analysis was carried out using Im-
ageJ software (National Institutes of Health,
Bethesda, MD). All assays were repeated at
least three times.

cAMP stimulation of ERK2
phosphorylation and TORC2 activity
and cAMP-binding assays

ERK2 phosphorylation was assayed as de-
scribed (Maeda et al., 2004; Brzostowski
and Kimmel, 2006; Shu et al., 2010). Briefly,
aggregation-competent cells were stimu-
lated by 100 nM cAMP, and aliquots of
100 pl were removed at the indicated times
and lysed by addition of 5x SDS-PAGE
sample buffer. The resultant samples were
analyzed by SDS-PAGE and blotted with
1000-fold diluted polyclonal anti-phos-
pho-p44/p42 MAP kinase (pERK2) anti-
body (Cell Signaling Technology, Beverly,
MA).

cAMP stimulation of TORC2 activity was
determined by assaying phosphorylation of
PKBR1 as described (Kamimua et al. 2009).
Cells were prepared as described for the
ERK2 phosphorylation assay and stimulated
with 1T uM cAMP, and SDS-PAGE gels were
blotted with 1000-fold diluted rabbit anti—
phospho-PKC (pan) antibody (Cell Signaling
Technology).

Binding of [*HIcAMP to the cell surface
was assayed using the (NHy),SOy stabiliza-
tion method (Van Haastert and Kien, 1983;
Liao and Kimmel, 2009) with the modifica-
tions described in Shu et al. (2010). All ex-
periments were performed at least three times.

Actin polymerization and myosin Il assembly and ACA
activity assays

The time courses of actin polymerization and myosin Il assembly
were determined as described (Cai et al., 2010). Briefly, aggregation
competent cells were pretreated with 3 mM caffeine, washed with
PB plus 2 mM MgSO4 (PM), and resuspended (3 x 107 cells/ml) in
PM plus 2 mM caffeine. Cells were stimulated with 1 uM cAMP. At
specific time points after cAMP stimulation, 200-pl aliquots were
taken and added into assay buffer (Cai et al., 2010). The Triton-insol-
uble cytoskeleton was dissolved in 1x SDS sample buffer and sub-
jected to SDS-PAGE. The amounts of actin and myosin Il were
quantified by the Odyssey (LI-COR) protein density analysis
method.

ACA activity was assayed as described (Parent and Devreotes,
1995). Briefly, differentiated cells were treated with 2 mM caffeine in
PB for 30 min, then washed twice with PM, resuspended in PM at 8 x
107 cells/ml, and shaken on ice for 10 min. ACA activity was assayed
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at room temperature before and after the addition of 10 uM cAMP.
All experiments were performed at least three times.

Electron microscopy

For scanning electron microscopy, attached cells on coverslips were
fixed with 2.5% glutaraldehyde and 1% paraformaldehyde, ethanol
dehydrated, critical point dried, sputter coated with 10 nm gold,
and examined with a Hitachi S-3400N scanning electron micro-
scope (Tokyo, Japan). Platinum-carbon replicas of detergent-
extracted cytoskeletons of amoebae on glass coverslips were
prepared essentially as described (Svitkina et al., 2003; Shu et al.,
2010). Live cells were extracted for 4 min with 1% Triton X-100 in a
“cytoplasmic” buffer containing 2 uM phalloidin. The cytoskeletons
were fixed with glutaraldehyde and further stabilized with tannic
acid and uranyl acetate before ethanol dehydration and critical
point drying. Platinum-carbon replicas of the dried cytoskeletons
were viewed with a JEOL JEM-1400 electron microscope (Peabody,
MA) equipped with an AMT XR-111 digital camera.
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