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Abstract. 

 

G protein–coupled receptors trigger the re-
organization of the actin cytoskeleton in many cell 
types, but the steps in this signal transduction cascade 

 

are poorly understood. During 

 

Dictyostelium

 

 develop-
ment, extracellular cAMP functions as a chemoattrac-
tant and morphogenetic signal that is transduced via a 
family of G protein–coupled receptors, the cARs. In a 
strain where the cAR2 receptor gene is disrupted by 
homologous recombination, the developmental pro-
gram arrests before tip formation. In a genetic screen 
for suppressors of this phenotype, a gene encoding a 
protein related to the Wiskott-Aldrich Syndrome pro-
tein was discovered. Loss of this protein, which we call 
SCAR (suppressor of cAR), restores tip formation and 

 

most later development to cAR2

 

2

 

 strains, and causes a 

multiple-tip phenotype in a cAR2

 

1

 

 strain as well as 
leading to the production of extremely small cells in 
suspension culture. SCAR

 

2

 

cells have reduced levels of 
F-actin staining during vegetative growth, and abnor-
mal cell morphology and actin distribution during 
chemotaxis. Uncharacterized homologues of SCAR 
have also been identified in humans, mouse, 

 

Cae-
norhabditis elegans

 

, and 

 

Drosophila

 

. These data sug-
gest that SCAR may be a conserved negative regulator 
of G protein-coupled signaling, and that it plays an im-
portant role in regulating the actin cytoskeleton.
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 signals from cell surface receptors trigger reor-
ganization of the actin cytoskeleton is poorly un-
derstood. Both tyrosine kinase and G protein–

coupled receptors are known to transduce signals that
cause changes in cell motility, cell shape, and cell attach-
ment (reviewed in Zigmond, 1996). These changes are
brought about, at least in part, by a reordering of actin in
the cell, and form the basis of such higher order processes
as morphogenesis and cell migration. One of the most use-
ful tools in the study of any complex biological problem is
an organism amenable to genetic analysis. 

 

Dictyostelium
discoideum

 

, an amoeboid eukaryotic microorganism, has
been an excellent genetic model for studying how extracel-
lular signals are translated into dynamic changes in the ac-
tin cytoskeleton.

In 

 

Dictyostelium

 

, extracellular cAMP functions as a
chemoattractant and morphogenetic signal (reviewed in
Devreotes, 1994). Four receptors for this ligand have been

identified (cAR1–4), and each shows a unique pattern of
spatial and temporal expression (Ginsburg et al., 1995;
Parent and Devreotes, 1996). These receptors are highly
related to each other, and fall into the seven-transmem-
brane G protein–coupled class. One of the four subtypes,
the cAR2 receptor, is expressed in a subset of prestalk
cells that form the presumptive tip structure (Saxe et al.,
1996). Disruption of the gene encoding this receptor (the

 

carB

 

 gene) causes a morphogenetic arrest before tip for-
mation (Saxe et al., 1993). This phenotype implies that the
cAR2 receptor triggers a signaling cascade required for
normal tip formation and elongation. The nature of this
signaling cascade is unknown, but the more thoroughly
studied cAR1 receptor pathway provides some clues as to
the possible events involved.

Responses known to be mediated by cAR1 include stim-
ulation of actin polymerization and cross-linking (Caterina
and Devreotes, 1991; Dharmawardhane et al., 1989).
These are the first steps in the formation of pseudopods
and subsequent chemotactic movement. Disruption of the
gene encoding the cAR1 receptor leads to a block at the
aggregation stage of development, consistent with its cru-
cial role in chemotactic signaling. It is unclear precisely
which second messenger pathways triggered by cAR1 are
involved in this response, but a heterotrimeric G-protein is
clearly required (Chen et al., 1996). Whether or not cAR2
stimulates a similar pathway in the nascent tip cells is a
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question that remains unanswered. The involvement of
the actin cytoskeleton in tip formation is strongly implied
by the existence of several mutations in known compo-
nents of the actin cytoskeleton that block or alter this pro-
cess (see Discussion). The goal of this study was to help
identify components of the signaling cascades (cytoskele-
tal or otherwise) that cAR2 stimulates in the tip cells, and
that cause the dramatic morphogenetic changes associated
with tip formation.

To understand the downstream signaling events from
the cAR2 receptor, a genetic approach was used. Such ap-
proaches to G-protein–coupled signaling in other organ-
isms have revealed both positive and negative regulators
of downstream responses. Some of the positively acting
regulators that have been found in other systems include
components of heterotrimeric G proteins as well as vari-
ous target effectors (reviewed in Bardwell et al., 1994).
More recently, examples of negative regulators were
found independently in 

 

C

 

.

 

 elegans

 

 and yeast in genetic
screens for negatively acting components of egg-laying
and mating pheromone-signaling pathways, respectively
(Koelle and Horvitz, 1996; Dohlman et al., 1996). These
components, SST2 in the case of yeast and EGL-10 in the
case of 

 

Caenorhabditis

 

 

 

elegans

 

, helped to define a new
class of GTPase-accelerating proteins known as the regu-
lators of G-protein signaling (RGSs). Based on these re-
sults in other systems, our screen began with the assump-
tion that negative regulators of cAR2 function could be
eliminated by mutation, which might lead to a partial or
complete restoration of morphogenesis and development.

In this paper we describe the isolation and initial char-
acterization of one of these suppressors. The protein
encoded by the disrupted gene shows areas of striking
homology to the Wiskott-Aldrich Syndrome protein
(WASP).

 

1

 

 The protein, which we call suppressor of cAR
(SCAR), does not appear to be the 

 

Dictyostelium

 

 homo-
logue of WASP, but instead seems to define a new family
of evolutionarily conserved, WASP-related proteins (see
below).

Wiskott-Aldrich syndrome is an X-linked human ge-
netic disorder that leads to a variety of defects in the im-
mune system, including thrombocytopenia, compromised
immune function, and susceptibility to leukemias and lym-
phomas (Kirchhausen and Rosen, 1996). Patients with this
disorder fail to produce normal antibody responses to
pneumococcal polysaccharide injections, and in in vitro as-
says, neutrophils from WAS patients have major chemo-
tactic defects (Ochs et al., 1980). When the morphology of
these immune system cells is closely examined, defects in
the organization of the actin cytoskeleton are found (Ken-
ney et al., 1986; Molina et al., 1992; Gallego et al., 1997). In
1994, the gene responsible for Wiskott-Aldrich Syndrome
was identified by positional cloning (Derry et al., 1994).
The protein encoded by the Wiscott-Aldrich Syndrome
gene initially failed to reveal much about its function, but

 

was recently identified in screens for Cdc42-interacting
proteins by three independent labs (Aspenström et al.,
1996; Kolluri et al., 1996; Symons et al., 1996). A close rel-
ative of WASP, the N-WASP protein, has been shown to
potentiate filopodia formation induced by an activated
Cdc42 mutant (Miki et al., 1998

 

a

 

). More confirmatory evi-
dence for WASP’s role in organizing the cytoskeleton was
presented in transient overexpression experiments in
which accumulation of massive F-actin aggregates oc-
curred in the cytoplasm of the transfected cells (Symons et
al., 1996). In the present paper we identify a new family of
WASP-related proteins, and provide genetic evidence for
its involvement in G protein–coupled signaling. This work
also provides further evidence for the involvement of
WASP and WASP-related proteins in regulating the actin
cytoskeleton.

 

Materials and Methods

 

Dictyostelium Strains, Culture, and Development

 

Dictyostelium

 

 

 

discoideum

 

 strain HPS400, an axenically grown 

 

thy

 

2

 

 

 

strain,
is the wild-type parent of all the stains described in this study. The 

 

carB

 

null cell line, KO8-5, was derived as described previously (Saxe et al.,
1996). All cell lines were grown in HL-5 media that was supplemented
with 100 

 

m

 

g/ml thymidine where appropriate. Cells were grown at 22

 

8

 

C on
tissue culture plates or in 250-ml flasks shaking at 220 rpm. DB-agar or fil-
ter development was initiated by washing cells twice with ice-cold devel-
opmental buffer (DB: 5 mM Na

 

2

 

PO

 

4

 

, 5 mM KH

 

2

 

PO

 

4

 

, 2 mM MgSO

 

4

 

, 0.2
mM CaCl

 

2

 

) and depositing them onto DB-agar plates or onto cellulose ac-
etate filters (Gelman Sciences, Inc., Ann Arbor, MI) at 3 

 

3 

 

10

 

6

 

 cells/cm

 

2

 

.
Bacterial development was initiated by transferring a small volume of liq-
uid culture with a sterile toothpick to the surface of an SM/5 agar plate
that had been spread with 

 

Klebsiella aerogenes

 

.

 

Isolation of Restriction Enzyme–mediated Integration 
(REMI) Mutants

 

REMI mutants were derived by a method modified from Adachi et al.
(1994) and Larochelle et al. (1996). In brief, 1.2 

 

3 

 

10

 

7

 

 

 

carB

 

 null cells were
pelleted and washed once with electroporation buffer (50 mM sucrose, 10
mM NaPO

 

4

 

, pH 6.1). These cells were resuspended in 800 

 

m

 

l of electropo-
ration buffer and mixed with 100 U DpnII and 50 

 

m

 

g of BamH1-linearized
plasmid (pUCBsr

 

D

 

Bam). This mixture was transferred to a 0.4-cm cuvette
and electroporated in a Gene Pulser (Bio-Rad Laboratories, Hercules,
CA) at 0.9 kV (3 

 

m

 

F, 200

 

V

 

). The cells were allowed to recover on ice for
10 min before CaCl

 

2

 

 and MgCl

 

2

 

 were added to 1 mM each. The cells were
transferred to shaking culture in HL-5 media for 16–18 h before Blastici-
din S was added to 10 

 

m

 

g/ml (ICN). The cells were then plated at 6 

 

3 

 

10

 

3

 

cells/well (50 

 

m

 

l per well) on 384 well plates (Nunc Inc., Naperville, IL).
Under these conditions, 

 

,

 

33% of the wells contained a Blasticidin-resis-
tent transformant, and each could be considered clonal with 95% cer-
tainty. Cells were allowed to grow on the 384-well plates under humidified
conditions for 10–14 d, or until they had reached confluency.

Clones were transferred by sterile toothpicks to agar plates spread with

 

Klebsiella aerogenes

 

. When the bacterial lawn had been cleared, the cells
remaining at the center of a plaque initiated the developmental program
and were screened visually for rescue of the 

 

carB

 

 null morphological
block. The cells in the corresponding well on the 384-well plate were then
expanded for further screening and analysis.

 

Molecular Biology Methods

 

Plasmid rescue was performed as described previously (Kuspa and Loo-
mis, 1992). Amplification of the SCAR gene was achieved by using the
primers 5

 

9

 

-CAATTATTGGACCCATACATGG and 5

 

9

 

-GGTGCTTGG-
TATTGATTGGTACC, which were derived from the flanking sequence
of the plasmid rescued from the 9A/O7 strain. Genomic DNA for PCR
was prepared by resuspending 1 

 

3 

 

10

 

6

 

 washed cells in 100 

 

m

 

l of whole-cell
PCR buffer (50 mM KCl, 10 mM Tris-HCl [pH 8.4], 15 mM MgCl

 

2

 

) sup-
plemented with 100 

 

m

 

g/ml Proteinase K and 0.5% NP-40. This prepara-

 

1. 

 

Abbreviations used in this paper

 

: ABM-2, actin-based motility type 2 re-
peat; DB, developmental buffer; EST, expressed sequence tag; REMI, re-
striction enzyme–mediated integration; SCAR, suppressor of cAR; SH3,
Src homology 3 domain; SHD, SCAR Homology domain; WASP,
Wiskott-Aldrich syndrome protein; WH2, WASP homology 2 domain;
WT, wild-type.
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tion was treated at 56

 

8

 

C for 45 min, and at 95

 

8

 

C for 10 min. Each reaction
was performed in a total volume of 50 

 

m

 

l, and contained 10 

 

m

 

l genomic
prep (1 

 

3 

 

10

 

5

 

 cell equivalent), 10 mM Tris-HCl (pH 8.8), 1.5 mM MgCl

 

2

 

,
50 mM KCl, 0.1% Triton X-100, 250 

 

m

 

M dNTPs, 1 

 

m

 

M of each primer,
and 2 U of Thermalase rec-Tbr (Ameresco Inc., Solon, OH). Reaction
conditions were as follows: initial denaturation at 90

 

8

 

C for 5 min, followed
by 40 cycles of 95

 

8

 

C for 2 min, 53

 

8

 

C for 2 min, and 72

 

8

 

C for 3 min. Screen-
ing the cDNA library by PCR was as Munroe et al. (1995) described, ex-
cept that 100,000 pfu were screened. Recapitulation of the 9A/O7 pheno-
type was achieved by linearizing the plasmid rescued from 9A/O7 with Cla
I and transforming it into either 

 

carB

 

 null or HPS400 cells using the condi-
tions described above.

RNA was isolated and analyzed by Northern blot as described in Berks
and Kay (1990). The probe for the Northern in Fig. 2 

 

b

 

 was the whole plas-
mid containing the SCAR cDNA. The SCAR antibody was raised in rab-
bits with the assistance of Zymed Laboratories Inc. (S. San Francisco,
CA) against the synthetic peptide (C)DSDSSEDESDDSDWD

 

COOH 

 

that
corresponds to the COOH-terminal–most 16 residues of the SCAR pro-
tein. Affinity purification of the antisera was performed by immobilizing
the peptide on a Sulfolink column (Pierce Chemical Co., Rockford, IL).
Antisera was applied to the column, and peptide-specific antibodies were
eluted with 100 mM glycine-HCl (pH 2.5). For Western blots, the affinity-
purified antibody was used at a dilution of 1/100. Visualization of protein
was achieved using protein A coupled to horseradish peroxidase as a sec-
ondary (Bio-Rad Laboratories) and chemiluminescent detection reagents
(Amersham Corp., Arlington Heights, IL).

 

Immunocytochemistry and Image Analysis

 

Suspension-grown vegetative cells were allowed to adhere to glass cover-
slips overnight. To stain cells actively involved in chemotaxis, cells were
attached to coverslips as described above, and then the HL-5 media was
replaced by sterile DB for 12 h. During this interval, cells began to starve,
initiate the developmental program, and form robust aggregation streams
visible with the unaided eye. The direction of cell movement was easily
determined by observing the enlarging loose mound of cells at the center
of the aggregation territory. The cells were washed once in DB and fixed
in 

 

2

 

20

 

8

 

C MeOH for 5 min. Cells were then washed in PBS and stained
with a PBS solution containing 400 nM TRITC-phalloidin (Sigma Chemi-
cal Co.), 300 nM Oregon Green 488-DNase I (Molecular Probes, Inc., Eu-
gene, OR), and 1% BSA for 45 min at 37

 

8

 

C. Cells were washed again in
PBS and mounted in Vectashield mount (Vector Labs, Inc., Burlingame,
CA). Specimens were viewed under a 40

 

3

 

 or 100

 

3

 

 objective on a 510
confocal microscope (Carl Zeiss, Inc., Thornwood, NY). Quantification of
cell size was achieved by removing a small aliquot from suspension culture
and immediately viewing the cells under phase-contrast optics before at-
tachment could occur. Still video images were imported into the public
domain software program, NIH Image (1.61) for analysis. Each cell in the
field was outlined by hand, and areas were calculated by the software.
NIH Image was also used to analyze the ratio of TRITC-phalloidin/Ore-
gon Green 488-DNase I–bound actin. Still video images of more than 20
cells were measured for each panel, and pixel intensity per unit area was
determined. Pixel intensity for all panels was adjusted simultaneously and
normalized against that of SCAR

 

-

 

/G-actin panel, which showed the great-
est signal per unit area.

 

Results

 

Isolation of REMI Suppressors of the carB Null Strain

 

In an effort to identify components of the cAR2-signaling
pathway, we used the restriction enzyme–mediated inte-
gration (REMI) technique of insertional mutagenesis to
obtain knockout suppressors of the 

 

carB

 

 null phenotype
(Saxe et al., 1993; Kuspa and Loomis, 1992; Shaulsky et al.,
1996). Using a novel variation of the original REMI proto-
col, we were able to obtain clonal transformants of a 

 

carB

 

null strain on 384-well plates in liquid culture by limiting
dilution (see Materials and Methods). This modified tech-
nique allowed us to recover partial rescue mutants that
may not have been recovered with the original screening
techniques. These transformants were sterilely transferred

to agar plates that had been spread with 

 

Klebsiella aero-
genes 

 

as a food source. As plaques grew and expanded, the

 

Dictyostelium

 

 cells left at the center of the plaques began
to starve and initiate the developmental program. Plaques
with developmental structures progressing beyond the
tight mound stage (i.e., the point at which 

 

carB

 

 null cells
arrest development) were noted, and the original liquid
cultures were expanded for further screening and analysis.
In a relatively modest number of transformants (4325),
eleven clones were found that proceeded beyond the 

 

carB

 

null block to varying degrees. One of these clones, the 9A/
O7 strain, produced finger structures that fell over and be-
came migratory slugs, some of which eventually culmi-
nated into normally proportioned fruiting bodies (Fig. 1, 

 

a

 

and 

 

b

 

).

 

Cloning and Characterization of the SCAR Gene

 

To identify the gene disrupted in the 9A/O7 strain, plas-
mid rescue was used to clone regions of the genomic DNA
flanking the insertion site. The plasmid isolated from the
9A/O7 strain contains 350 bp of flanking DNA from one
side, and 3.5 kb from the other. Based on sequence ob-
tained from these flanking regions, oligonucleotides were
synthesized and used to amplify a predicted 336-bp prod-
uct from genomic DNA of the 

 

carB

 

 null parental strain.
These same primers did not amplify an equivalent band
from the 9A/O7 strain (data not shown). This result indi-
cates that the original plasmid insertion occurred without
a deletion event. This same oligonucleotide pair was used
in a PCR-based screen of a cDNA library prepared from
finger-stage cells (Munroe et al., 1995). One of the clones
obtained had regions of sequence identical to the original
plasmid-rescue plasmid, and appeared to include a full-
length–coding cDNA. The protein encoded by this gene is
designated SCAR (Fig. 2 

 

a

 

), and the gene is designated

 

scrA

 

. The cDNA clone was subsequently used to probe a

Figure 1. SCAR gene disrup-
tion partially rescues carB
null morphological block.
Developmental phenotypes
of carB null strain KO8-5 (a),
the original REMI mutant,
9A/O7 (b), and carB null/
SCAR2(c), grown on agar
spread with Klebsiella aero-
genes.
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developmental Northern blot of poly-(A)

 

1

 

 mRNA pre-
pared from the wild-type parental strain HPS400. A mes-
sage of 

 

z

 

1.8 kb was identified, which is expressed at low
levels during vegetative growth, but which accumulates
dramatically by 4 h of development. Message levels re-
main high through 12 h, and then appear to drop off some-
what at 16 h (Fig. 2 

 

b

 

). An antibody was raised against a
synthetic peptide corresponding to the last 16 amino acids
of the SCAR protein sequence. This antibody recognizes a
protein of 

 

z

 

60 kD on Western blots of wild-type (WT) ly-
sates that appears to be entirely missing from SCAR

 

2

 

 ly-
sates (Fig. 2 

 

c

 

). Although this affinity-purified antisera rec-
ognizes other proteins in whole-cell lysates, the presence
of a strong corresponding band in the lane containing a
bacterially expressed SCAR fusion protein suggests that
the band seen in the WT lane is indeed the SCAR protein.

 

Disruption of the SCAR Gene in carB Null and
WT Backgrounds

 

To confirm that disruption of the

 

 SCAR

 

 gene is responsi-

ble for the phenotypic suppression of the 

 

carB

 

 null strain,
the plasmid rescued from the 9A/O7 strain was used to
disrupt the gene by homologous recombination in a fresh

 

carB

 

 null strain. Using the same primer pair used to con-
firm the original disruption and isolate the cDNA clone,
the genotype of transformant clones was determined by
genomic PCR. In all six clones from this transformation
that lacked a wild-type copy of the gene by genomic PCR,
the original 9A/O7 phenotype was recreated (Fig. 1 

 

c

 

).
To determine the phenotype of an 

 

scrA gene disruption
in the presence of a WT copy of the carB gene, a similar
knockout experiment was performed in HPS400, the WT
parental strain of the carB nulls. Strains that still showed a
WT copy of the scrA gene were indistinguishable from the
untransformed HPS400 strain (Fig. 3 a). All clones that
showed a disruption of the scrA gene also displayed a mul-
tiple-tip phenotype (Fig. 3 b). The multiple tips from a sin-
gle aggregate gave rise to individual fingers and slugs that
migrated apart, and formed normal, albeit small fruiting
bodies with viable spores. On filter pads where greater
synchrony can be attained, the SCAR2 cells produced tips
z3 h earlier than the SCAR1 controls (data not shown).
These accelerated structures remained ahead of the WT
controls through the remainder of development, and often
completed fruiting body formation within 20 h, as opposed
to the 24–26 h required by the controls (data not shown).

The Domain Structure of the SCAR Protein 
and Identification of Higher Eukaryotic Homologues

The 443–amino acid protein encoded by the SCAR gene
contains a domain structure reminiscent of WASP, and
shares several areas of homology with WASP in its central
and COOH-terminal regions (Fig. 4 b). The domain struc-
ture of SCAR can be described as follows: the NH2-termi-
nal 170 residues of the SCAR protein seem to define a
novel structural motif found only in SCAR and the other

Figure 2. SCAR sequence, developmental Northern blot analy-
sis, and protein expression. (a) Predicted amino acid sequence of
SCAR protein derived from cDNA sequence.(=) Site of plasmid
insertion. Underlining indicates highly charged helical region,
and residues in bold show polyproline repeats. (b) Developmen-
tal Northern blot analysis. At the indicated time points,
poly(A)1-selected RNA was prepared from HPS400 cells devel-
oped on filter pads, subjected to electrophoresis, blotted, and
probed with a 32P-labeled SCAR cDNA probe. The SCAR tran-
script runs as a single band at 1.8 kb. (c) SCAR protein expres-
sion. Whole-cell protein extracts were prepared from HPS400/
SCAR1 and SCAR2 cells developed on filters for 17 h, subjected
to SDS-PAGE, transferred, and probed with an affinity-purified
SCAR polyclonal antisera. This antisera recognizes several
bands, including a 60-kD band present only in SCAR1 lysates.
(1) Control is a lysate of bacterial cells induced to express a re-
combinant SCAR fusion protein. This fusion protein includes ex-
tra sequences for purification purposes, and runs slightly higher
than the endogenous SCAR protein.

Figure 3. Developmental phenotypes of HPS400/SCAR1 (a) and
HPS400/SCAR2 (b) on DB-agar plates at 13 h of development.
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SCAR-related sequences discussed below (Fig. 4 a). Since
this domain is described here for the first time, we chose
the name SCAR homology domain (SHD) for this region.
The next domain found in SCAR is a region of highly ba-
sic residues that follows immediately after the SHD.
WASP and N-WASP also contain areas of basic residues
in their respective NH2-terminal regions. By analogy with
N-WASP (Miki et al., 1998a), this region of SCAR may
serve as the intramolecular binding site for a region of
acidic residues found at the COOH terminus. The third
domain found in the SCAR sequence, also shared with
WASP, is a region of polyproline repeats of the actin-
based motility 2 (ABM-2) type (Purich and Southwich,
1997). ABM-2 repeats fit the consensus XPPPPP (X 5 A,
L, G, S), and those repeats found in SCAR are indicated
in boldface type in Fig. 2 a. ABM-2–type repeats are found
in a number of other protein families known to regulate
the actin cytoskeleton such as verprolin, VASP/ena, and
diaphanous (Fig. 4 b). The region containing these repeats
may serve as a flexible hinge region in the protein struc-
ture, or each repeat may individually serve as binding sites
for specific protein ligands such as profilin or Src homol-
ogy 3 (SH3) domain–containing proteins (Williamson,
1994; Purich and Southwick, 1997).

The last three domains of SCAR are distal to the
polyproline region in the COOH-terminal region, and tie
SCAR most closely with WASP (Fig. 4 a, WH2 and Acidic
Domains). The first of these is a so-called WASP homol-
ogy 2 (WH2) domain that SCAR shares in common with

WASP and verprolin, and has been shown to bind directly
to actin (Symons et al., 1996; Vaduva et al., 1997; Miki et
al., 1998b). The second domain found in the COOH termi-
nus is a short motif that appears to be specific for SCAR
and the SCAR-related sequences that are anchored by
two highly conserved basic residues. The final domain of
SCAR is a region of acidic residues shared with WASP
that is anchored by an invariant tryptophan residue at the
extreme COOH terminus. The possible function of these
domains will be addressed in some detail in the Discus-
sion.

In searching both the nonredundant protein and ex-
pressed sequence tag databases, a number of sequences
were found that have striking homology to SCAR. Two of
these sequences, HsSCAR1 and CeSCAR, appear to en-
code the human and C. elegans homologues of SCAR, re-
spectively. These two sequences align quite well with Dic-
tyostelium SCAR along their entire lengths, with the
exception of the central polyproline repeat region (see Fig.
4 a). Although both contain multiple ABM-2 polyproline
repeats, the number and spacing of the repeats is not con-
served. The rest of the sequences reported in Fig. 4 a are
partial sequences from the expressed sequence tag (EST)
databases. These include two human, one mouse, and one
Drosophila sequence with high homology to the SHD. A
fourth human sequence, distinct from HsSCAR1, with
high homology to SCAR in the COOH-terminal region is
shown. No close SCAR homologues were identified in the
completely sequenced Saccharomyces cerevisiae genome.

Figure 4. Sequence align-
ments. (a) Sequence align-
ments of SHD, WH2, and
acidic domains for HsSCAR1
(KIAA 0269, NCBI acces-
sion no. 1665805), CeSCAR
(R06C1.b, NCBI accession no.
1628078), MmSCAR (NCBI
accession no. AA035899),
DmSCAR (NCBI accession
no. AA567420), HsSCAR2
(NCBI accession no. AA-
535513), HsSCAR3 (NCBI
accession no. AA445914),
WASP (hWASP, NCBI ac-
cession no. 1722836), and
Verprolin (NCBI accession
no. 755821). Alignments were
produced with the Laser-
Gene program (DNASTAR
Inc., Madison, WI). Identical
residues are outlined in
black, and highly conserved
residues are outlined in gray.
Asterisks show residues that
are invariant in all sequences
at that position. (b) Domain
structure of proteins contain-
ing ABM-2 polyproline re-

peats (Poly-proline). WH2 indicates WASP homology 2 domain; PH indicates Plekstrin homology domain; GBD (also known as a
CRIB motif) indicates GTPase binding domain; SM indicates SCAR-motif; WM indicates WASP-motif; VM indicates verprolin-motif;
EVH1 indicates an ena/VASP homology 1 domain; EVH2 indicates an ena/VASP homology 2 domain, and FH2 indicates a Formin ho-
mology 2 domain.
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Effects of SCAR Gene Disruption on Cell Morphology 
During Growth

Independent of genetic background, SCAR2 cells grow as
very small cells in suspension culture. When these cells are
viewed under phase contrast optics, their difference in size
and area is readily apparent (Fig. 5, a and b). This is true
for all SCAR2 cell lines in both the carB null and HPS400
background (data not shown). By calculating the relative
cell areas from captured video images of SCAR2 and con-
trol suspension cells, an approximation of the difference in
cell size was obtained. In two independent HPS400/
SCAR2 strains, the cells grew to z25% of the relative size
of a nonhomologous control transformant (Fig. 5 c). How-
ever, the growth rate of the SCAR2 cells was indistin-
guishable from that of wild-type controls in terms of cell
number (Fig. 5 d). Turbidity measurements revealed a
slight reduction in absorbance for the SCAR2 cells rela-
tive to that of the wild type (Fig. 5 e). Thus, in the absence
of SCAR, cells growing in liquid suspension can grow and
divide efficiently, but individually, cell size is dramatically
reduced. The differences in cell size between SCAR2 and
control cells was much less pronounced when cells were
grown on solid surfaces (data not shown).

Effects of SCAR Gene Disruption on Actin During 
Vegetative Growth and Aggregation

Because of the sequence similarity of SCAR to the actin
regulatory protein WASP and the small cell size seen in
the SCAR2 cells, we proceeded to determine if SCAR
gene disruption affected the actin cytoskeleton. F-actin
and G-actin were simultaneously visualized in vegetative
cells with TRITC-phalloidin and Oregon Green 488-
DNase I using confocal microscopy. Since these probes are

specific for F-actin and G-actin, respectively, the amount
and distribution of each species could be monitored
(Haugland et al., 1994). SCAR2 cells showed a dramatic
reduction of phalloidin staining, and a concomitant in-
crease in DNase I staining relative to the controls, suggest-
ing a reduction in F-actin content in these cells (Fig. 6).
Similar results were shown to be true for all SCAR2 cell
lines tested (nine strains; data not shown); the same was
also true for all of the carB2/scrA2 strains observed (data
not shown). The SCAR2 cells contained an F-actin–rich
cortex and pseudopods, as did the controls, but the stain-
ing of these structures was considerably less intense than
that of the WT controls. Oregon Green 488-DNase I, the
G-actin–specific stain, showed mainly cytoplasmic staining
in both the mutant and wild-type cells. The image analysis
software, NIH Image, was subsequently used to analyze
the ratio of F-actin to G-actin in the cells in Fig. 6. The re-
sults are shown in Table I, and indicate a greater than ten-
fold difference in relative F-actin and G-actin levels in the
two cell types.

Figure 5. SCAR gene disrup-
tion causes reduction in cell
size, but does not affect
growth rate. HPS400/SCAR1

(a) and HPS400/SCAR2 (b)
cells were removed from sus-
pension culture and immedi-
ately viewed by videomicros-
copy. By quantitating the cell
area from images such as a
and b using the public do-
main software, NIH Image,
an approximation of relative
cell size is derived (c).
SCAR2 clones 3B and 5A
are independently derived
HPS400/SCAR2 transfor-
mants. Error bars represent
SD. (d and e) Growth curves
of WT and SCAR2clones.
Growth rates in terms of cell
numbers are indistinguish-
able, but SCAR2 cells show a
consistent reduction of tur-
bidity at 660 nm. Both curves
are representative experi-
ments.

Table I. Analysis of F-actin and G-actin Ratios in SCAR1 and 
SCAR2 Cells

SCAR1 cells SCAR2 cells

Average area (pixels2) 1866 6 421 1110 6 211
Average F-actin content

(pixels/unit area)
420 6 75 159 6 65

Average G-actin content
(pixels/unit area)

107 6 63 522 6 126

F-actin/G-actin 3.9 0.3

Measurements represent analysis of 25–30 cells from each panel of Fig. 6. Individual
measurements were taken using NIH Image (1.61) and analyzed using Microsoft Excel.
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To determine if SCAR gene disruption affected the ac-
tin cytoskeleton during chemotactic movement, mutant
and WT cells were deprived of nutrient media to induce
aggregation in a submerged culture format. The SCAR2

cells showed a dramatically different cell morphology and
F-actin–staining pattern during the aggregation stage than
did the WT controls. As previously reported, WT cells are
roughly oblong-shaped during chemotaxis, with a strong
concentration of F-actin at the leading edge and a second,
less intense area of F-actin staining at the trailing edge of
the cell (Fukui et al., 1987; Fig. 7 a). SCAR2cells show one
to three thin pseudopod-like extensions projecting from
the cell body with only a weak concentration of F-actin at
the distal tip of each (Fig. 7 b). While SCAR2 cells did not
have a WT morphology, they became polarized, roughly
orienting towards the aggregation center and forming visi-
ble streams (Fig. 7, inserts). Though the streams were not
as tightly organized as those of WT cells, their presence
suggests the possibility of chemotactic movement despite
abnormal F-actin organization.

Discussion

Isolation of SCAR as a Suppressor of the carB
Null Strain

Our genetic screen began with the assumption that the
cAR2 signaling pathway is attenuated by negative regula-
tors, and that these negative regulators could be elimi-
nated by mutation. Since the carB null strain has a strong
phenotype, bypass suppressors were readily identified as
clones containing more advanced developmental struc-

tures than the parental strain. To facilitate cloning, the dis-
rupted gene in the mutants, we used the REMI insertional
mutagenesis technique. This technique has been used suc-
cessfully to identify suppressors of other developmental
mutants in Dictyostelium, and our screen confirms the use
of this approach to find genetic suppressors (Shaulsky et
al., 1996).

Suppressing a receptor null mutant phenotype with an-
other null mutation entails certain assumptions about the
signaling pathways involved. The key assumption is that
certain components of the signaling pathway can have a
weak endogenous activity that can be enhanced by remov-
ing a constraining factor through mutation. In other ge-
netic screens, this assumption has proven justified. For
example, in the sevenless signaling pathway, a weak loss-
of-function receptor mutation can be suppressed by a loss-
of-function mutation in a rasGAP or in an Ets-type tran-
scription factor, yan (Gaul et al., 1992; Lai and Rubin,
1992). In G protein–coupled pathways, SST2, the regula-
tor of G-protein–signaling protein in yeast can be mutated
to suppress loss-of-function mutations, partially in the
mating pheromone receptor STE2 (Jenness et al., 1987).
In the case of the cAR2 pathway, we assumed that either
the heterotrimeric G protein or some other downstream
component’s weak endogenous activity could be enhanced
by a new suppressor mutation, or that an alternate recep-
tor such as cAR4 (that cannot normally provide the neces-
sary signal inputs to complete development in the carB
null background) could provide enough signal in the pres-
ence of a suppressor mutation, to rescue the morphologi-
cal block of the carB null strain.

Isolation of SCAR as a suppressor of the carB null mu-
tation suggests that it serves as a negative regulator of the
cAR2 pathway. Based on SCAR’s homology to other reg-
ulators of the actin cytoskeleton, we hypothesize that the
cAR2 pathway, as in the case of cAR1, includes inputs to
actin cytoskeletal reorganization, and that SCAR is some-
how acting to modify these inputs. The fact that a func-

Figure 6. Vegetative SCAR2 cells have reduced F-actin and in-
creased G-actin staining. F-actin stain is TRITC-phalloidin, and
G-actin staining is Oregon Green 488-DNaseI. Images are three
equivalent thickness confocal sections from the middle of the
cells collapsed into one image. Bar, 20 mm.

Figure 7. Aggregating SCAR2

cells have aberrant cell mor-
phology and F-actin staining.
Aggregating cells were pre-
pared by the submerged cul-
ture aggregation method and
stained with TRITC-phalloi-
din. (a) HPS400/SCAR1, (b)
HPS400/SCAR2 cells. The
white arrow represents the
direction of movement; Bar,
10 mm. Inserts in a and b
represent low-magnification
views to more clearly com-
pare the aggregation streams
produced by the two cell
lines.
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tional cAR2 receptor in the SCAR2 background leads to
the formation of multiple tips provides strong genetic evi-
dence that cAR2 signaling impinges on the same pathway
that SCAR affects; however, a direct connection has not
been proven. Understanding the exact biochemical nature
of the interactions between cAR2, SCAR, and the other
components in this pathway will require significant further
investigation.

Tip Formation, Signal Transduction, and the
Actin Cytoskeleton

Since multicellular morphogenesis can be described in its
most basic form as a group of cells undergoing simulta-
neous cell shape or motility changes, it is not surprising
that the actin cytoskeleton has been shown to play an im-
portant role in this process. Dictyostelium tip formation is
a simple and potentially powerful model of this type of
morphogenesis. A role for the actin cytoskeleton in Dictyo-
stelium tip formation is supported by the existence of sev-
eral mutants in known components of the actin cytoskele-
ton and the actomyosin complex that affect this process.
Null mutations in myosin II heavy chain, or in its associ-
ated regulatory light chain block morphogenesis before tip
formation (DeLozanne and Spudich, 1987; Chen et al.,
1994). Another mutant that deranges development around
the time of tip formation is the double mutant in two F-actin
cross-linking proteins, alpha-actinin and ABP-120 (Rivero
et al., 1996). A third mutant that may be particularly rele-
vant to SCAR is a double knockout of both isoforms of
Dictyostelium profilin. These cells have increased F-actin
content, giant cells (due to a cytokinesis defect), and arrest
before tip formation during development (Haugwitz et al.,
1994). Considering the possible binding sites for profilin in
the SCAR polyproline repeat region, and the nearly oppo-
site phenotypes for the null mutants, a triple mutant may
be very informative. Construction and analysis of such a
mutant is underway, and preliminary data suggest at least
a genetic interaction between SCAR and profilin (Bear et
al., manuscript in preparation).

Besides the cAR2 receptor, other known components of
signal transduction cascades also participate in regulating
tip formation in Dictyostelium. Overexpression of an acti-
vated form of the rasD gene leads to a multiple tip pheno-
type (Reymond et al., 1986). A double knockout of two
isoforms of phosphoinositide 3-kinase also leads to multi-
ple tip phenotype (Zhou et al., 1995). A third strain with a
multiple tip phenotype is one in which the tyrosine phos-
phatase, PTP1, is overexpressed (Howard et al., 1992).
This strain also shows altered kinetics of cell shape
changes upon return to rich growth medium (Howard et
al., 1993). Whether or not these mutations exert their ef-
fects on tip formation through changes in the cytoskeleton
and potentially through SCAR is not known, but evidence
from other systems suggests that proteins of these types
could be affecting the actin cytoskeleton (Zigmond, 1996;
Retta et al., 1996).

SCAR is the First Described Member of a Conserved 
WASP-related Protein Family

The SCAR protein appears to define a new family of
WASP-related actin cytoskeleton regulators that has been

conserved over a significant fraction of eukaryotic evolu-
tion. Although SCAR shares several domains in common
with WASP (Fig. 4 b), it is clearly not the Dictyostelium
homologue of WASP, since a sequence bearing much
closer homology to WASP was recently deposited in the
Tsukuba cDNA-sequencing project database, and was
previously identified by Chang Chung and Richard Firtel
(University of California, San Diego) as a protein that in-
teracts with human Cdc42 (personal communication). The
existence of other sequences in the databases that bear a
much closer relationship to SCAR than to WASP further
supports classifying these two families of proteins as dis-
tinct entities. The human and nematode SCAR genes are
completely sequenced, and based on the similarities
throughout their entire lengths, appear to encode homo-
logues of the Dictyostelium SCAR gene (Fig. 4 a). The
clones found in the EST databases are not completely se-
quenced, and may encode homologous proteins or pro-
teins that share some, but not all of SCAR’s domains. The
human EST clones do not appear to be splice variants of a
single gene based on their divergence of nucleotide se-
quence along the entire length of the clones (data not
shown). Several other human EST clones not shown in
Fig. 4 a have areas of identical nucleotide sequence with
the three shown, and only diverge over short segments.
These clones may represent other human SCAR genes, or
possibly splice variants of the HsSCAR genes shown.
Also, the EST clone named HsSCAR4 may in fact be the
39 region of the HsSCAR2 or HsSCAR3 gene. Further
analysis will be required to completely describe the human
SCAR gene family. The C. elegans genome appears to
contain only one SCAR-like gene in the regions se-
quenced thus far, and the S. cerevisiae genome, which does
contain a gene related to WASP (bee1; Li, 1997), does not
appear to contain a close homologue of SCAR.

Possible Function of the Domains Found in SCAR

Since Dictyostelium SCAR is the first described member
of this family of proteins, virtually nothing is known about
its function. The domain structure of the SCAR protein
and its similarity to WASP, however, suggest that it may
regulate the actin cytoskeleton by binding to the compo-
nents of signal transduction cascades or structural ele-
ments of the cytoskeleton. The SHD region of SCAR is
highly conserved, but contains no obvious structural mo-
tifs to give a clue as to its function. The analogous NH2-
terminal region of WASP contains a CRIB/GBD motif
known to interact with the small GTPases Cdc42 and Rac
(Symons et al., 1996). The NH2-terminal regions of Bni1p,
Bnr1p, and p140mDia, members of the formin/diaphanous
family, also contain a binding site for small GTPases
(Evangelista et al., 1997; Imamura et al., 1997; Watanabe
et al., 1997; Fig. 4 b). Perhaps by analogy the conserved
SHD represents a binding site for a small GTPase, which
in turn may regulate SCAR function. WASP also contains
a Plekstrin homology domain in its NH2 terminus that
serves as a binding site for the inositol phospholipid PIP2
(Miki et al., 1996). Perhaps the SHD is a novel binding site
for another species of inositol phospholipid or inositol
polyphosphate. Several of these molecules have been pro-
posed to be second messengers in a variety of cellular pro-
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cesses, including actin cytoskeleton rearrangement (re-
viewed in Fukuda and Mikoshiba, 1997). Establishing the
function of the SHD domain is a goal presently under in-
vestigation.

Between the SHD and the polyproline repeat region, all
SCAR proteins contain a region rich in basic residues. A
similar patch of basic residues is seen in WASP just NH2-
terminal of the GBD/CRIB motif. These basic residues
may be an intramolecular binding site for the acidic region
of residues at the extreme COOH terminus. In the case of
N-WASP, fusion proteins containing the basic region, the
CRIB/GBD motif, and the acidic region, respectively,
have been shown to interact in in vitro binding assays
(Miki et al., 1998a). This interaction can be disrupted by
adding GTP-bound Cdc42. These data support a model in
which binding an activated GTPase to the CRIB/GBD
motif in the NH2-terminal region of N-WASP releases an
intramolecular inhibitory interaction, and exposes other
domains of the molecule such as the WH2 domain. It is
tempting to speculate that SCAR may undergo a similar
reaction when the appropriate molecule binds to its SHD
region.

SCAR and WASP both have a region of polyproline re-
peats in the central part of their respective sequences. The
prolines in WASP and SCAR form a specific type of
polyproline repeat, fitting the consensus (XPPPPP, X 5
G, A, L, S) defined by Purich and Southwick as an ABM-
2–type repeat (1997). Repeats of this type are found in
many actin cytoskeleton–associated proteins such as the
actin monomer–binding protein profilin (Southwick and
Purich, 1997), as well as those containing WW protein in-
teraction domains (Ermekova et al., 1997) and some that
contain SH3 domains. Many of the latter are known to be
involved in cell signaling and/or cytoskeletal regulation
(Pawson and Scott, 1997). While there are no reports of
WW motif–containing proteins interacting with WASP,
evidence exists for WASP-like proteins interacting with
profilin and with a number of SH3 domain–containing
proteins.

Although a physical connection between profilin and
WASP has yet to be established, several other ABM-2 re-
peat–containing proteins have been shown to associate
physically with profilin via their polyproline repeats.
These include the proteins VASP and the VASP/ena fam-
ily member mena, as well as the diaphanous homologues
Bni1p, p140mDia, and cdc12p (Reinhard et al., 1995;
Gertler et al., 1996; Imamura et al., 1997; Watanabe et al.,
1997; Chang et al., 1997). The functional nature of profi-
lin’s interaction with ABM-2 repeat containing proteins is
demonstrated by the synthetic lethality, in fission yeast, of
the profilin mutation (cdc3) in combination with a muta-
tion in a member of the formin family (cdc12; Chang et al.,
1997).

SH3 domain-containing proteins have also been shown
to interact with proline-rich sites that overlap with ABM-2
repeats (Finan et al., 1996; Bedford et al., 1997). For these
binding domains, the residues surrounding the prolines
(either on the NH2-terminal or COOH-terminal side)
strongly determine the binding specificity. Both WASP
and N-WASP contain consensus SH3 binding sites, and
have been demonstrated to interact with the SH3 domains
of c-Src, p85a, PLCg, Nck, and Grb2 by in vitro binding

experiments (Finan et al., 1996; Miki et al., 1996). The
ABM-2 repeats found in SCAR and all the SCAR-like se-
quences do not fit the SH3 binding consensus; however,
this fact does not rule out the binding of an atypical SH3
domain (like the Abl tyrosine kinase type) to SCAR in its
polyproline repeat region. Further experimentation will be
required to determine if the polyproline repeats in SCAR
are binding sites for any or all of these ligands.

The COOH-terminal region of the SCAR protein sug-
gests that it is most closely related to the WASP protein
family. The domain immediately COOH-terminal of the
ABM-2 repeats in both SCAR and WASP is a so-called
WH2 domain (Symons et al., 1996). This motif was first
found in the yeast actin-binding protein verprolin. When
the verprolin gene in yeast is disrupted by homologous re-
combination, severe defects in cell polarity, organization
of the actin patches, and growth are seen (Donnelly et al.,
1993). The WH2 domains found in verprolin and N-WASP
were both recently shown to bind directly to actin, mostly
likely in its monomeric form (Vaduva et al., 1997; Miki et
al., 1998b). Several other uncharacterized sequences in the
databases contain WH2 domains, but most of these fit into
either the WASP, SCAR, or verprolin families. Interest-
ingly, nearly all sequences containing WH2 domains also
contain ABM-2 polyproline repeats, suggesting a close tie
between their respective roles in protein function. While
to date we have no data for a direct interaction between
SCAR and actin, in vitro experiments to address that
question are presently underway.

A short region distal of the WH2 domain seems to de-
fine a conserved motif specific for SCAR sequences
(SCAR-motif; Fig. 4 b). The corresponding region of
WASP is different, and was found to be homologous to a
region of ADF/cofilin (Miki et al., 1996; WASP-motif; Fig.
4 b). The SCAR-motif and the cofilin-homologous region
or WASP-motif, however, are both anchored by two con-
served basic residues. The verprolin family also appears to
contain a region of extended homology downstream of its
WH2 domain; however, this region is quite distinct from
the SCAR and WASP motifs (verprolin motif; Fig. 4 b). In
WASP, the functional importance of the two basic resi-
dues in the WASP motif is suggested by the existence of a
missense mutation (R478E) that causes a severe form of
WAS in patients (Kolluri et al., 1995). The importance of
this region was further confirmed by Miki et al. when they
found that a fusion protein containing the WH2 domain
and the cofilin-homologous region from N-WASP had
very strong actin-depolymerizing activity (1998b). How
this relates to WASP or SCAR function in vivo remains to
be determined, but such data suggest that they may exert
their effects on the actin cytoskeleton by changing the po-
lymerization state of actin.

The COOH-terminal region of the protein also seems to
define a conserved structural domain shared between
SCAR and WASP. It consists of a highly acidic region in
both WASP and N-WASP (and Dictyostelium WASP;
Saxe, unpublished observations) as well as all of the
SCAR sequences, and is anchored by an invariant tryp-
tophan residue within one or two residues of the end of
the protein. The existence of both the acidic and basic re-
gions in analogous positions in the SCAR sequence sug-
gests that a similar intramolecular inhibition might be oc-
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curring in SCAR that has been hypothesized for N-WASP.
Further experimentation will be required to confirm such
a model.

The data presented in this paper on cell morphology and
actin distribution during both vegetative growth and
chemotaxis in the SCAR2 strain is consistent with the idea
that the SCAR protein plays a role in regulating actin po-
lymerization. In vegetative cells the lower amount of F-actin
suggests that SCAR may act to enhance actin polymeriza-
tion. Whether this effect is direct or indirect remains to be
elucidated, but SCAR’s potential binding sites for both
profilin, a protein known to be involved in the polymeriza-
tion of actin (Pantaloni and Carlier, 1993), and actin itself
suggests that SCAR’s effects on polymerization may be
fairly direct. The exact nature of SCAR’s effect(s) on actin
polymerization are currently being pursued through in
vivo and in vitro assays. The aberrant cell morphology and
actin staining seen during aggregation in the SCAR2 cells
suggests that this gene product may also participate in the
signal transduction pathway from cell surface receptors to
the reorganization of the actin cytoskeleton. This result
supports the hypothesis that SCAR was identified as a
suppressor of the carB null strain because it participates in
a pathway that connects the cAR2 receptor to the actin cy-
toskeleton. The ultimate result of such a signaling cascade
is multicellular morphogenesis regulation. 
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