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Receptor-mediated activation of adenylyl cyclase (ACA) in Dictyostelium requires CRAC protein. Upon translocation to the
membrane, this pleckstrin homology (PH) domain protein stimulates ACA and thereby mediates developmental aggrega-
tion. CRAC may also have roles later in development since CRAC-null cells can respond to chemotactic signals and
participate in developmental aggregation when admixed with wild-type cells, but they do not complete development within
such chimeras. To test whether the role of CRAC in postaggregative development is related to the activation of ACA,
chemotactic aggregation was bypassed in CRAC-null cells by activating the cAMP-dependent protein kinase (PKA). While
such strains formed mounds, they did not complete fruiting body morphogenesis or form spores. Expression of CRAC in the
prespore cells of these strains rescued sporulation and fruiting body formation. This later function of CRAC does not appear
to require its PH domain since the C-terminal portion of the protein (CRAC-DPH) can substitute for full-length CRAC in
promoting spore cell formation and morphogenesis. No detectable ACA activation was observed in any of the CRAC-null
strains rescued by PKA activation and expression of CRAC-DPH. Finally, we found that the development of CRAC-null
ACA-null double mutants could be rescued by the activation of PKA together with the expression of CRAC-DPH. Thus,
there appears to be a required function for CRAC in postaggregative development that is independent of its previously
described function in the ACA activation pathway. © 1999 Academic Press
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INTRODUCTION

Dictyostelium cells grow and divide as individual amoe-
bae in the presence of a food source. Upon starvation, they
initiate a developmental program in which cells stream
toward aggregation centers and form hemispherical
mounds. Each mound undergoes a series of morphological
changes, eventually forming a fruiting body containing
about 105 cells. During aggregation, extracellular cAMP
cts as a chemoattractant, mediating the recruitment of
ells to aggregation centers. The production of cAMP is
ulsatile and is relayed outwardly from the aggregation
enter at 6-min intervals. By binding to its receptor cAR1,
xtracellular cAMP triggers a G-protein-linked signaling
athway that leads to an increase in the activity of ACA,
he adenylyl cyclase that produces cAMP during aggrega-
ion (Roos and Gerisch, 1976; Theibert and Devreotes,
986; Pitt et al., 1992). The enzymatic activity of ACA
1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (713)796-9438. E-mail: akuspa@bcm.tmc.edu.
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ncreases rapidly upon cAMP binding to cAR1, peaks
ithin the first 2 min after stimulation, and then decreases

o the basal level (Roos and Gerisch, 1976).
In addition to the receptor and G protein, the activation

f ACA requires at least two novel cytosolic regulatory
roteins; pianissimo (Chen et al., 1997), and CRAC, a
rotein that is rapidly recruited to the membrane in re-
ponse to cAMP receptor stimulation (Insall et al., 1994;
illy and Devreotes, 1994, 1995; Parent et al., 1998). In
RAC-null cells, the coupling of the G protein and ACA is
isrupted such that ACA is not activated in response to
AR1 stimulation on intact cells or upon artificial stimu-
ation of the G protein with GTPgS in cell lysates (Insall et

al., 1994). CRAC contains a pleckstrin homology (PH)
domain at its N-terminus (Insall et al., 1994). PH domains
have been found in many signaling proteins and are in-
volved in localizing proteins to the plasma membrane
(Reviewed by Shaw, 1996). The transient recruitment of
CRAC to the membrane has been shown to depend on the

G protein b subunit (Lilly and Devreotes, 1995). Although
the molecular nature of the interaction between CRAC and
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2 Wang, Shaulsky, and Kuspa
the plasma membrane is not understood, it is possible that
it requires interaction of the PH domain with membrane
phospholipids and/or the Gb subunit.

In addition to its role during aggregation, CRAC is
required for postaggregative development. When allowed to
develop in mixtures with wild-type cells, CRAC-null cells
form chimeric aggregates, but they fail to progress past the
aggregation stage (Insall et al., 1994). Thus, CRAC-null
ells are able to respond to the aggregation signals generated
y wild-type cells, but they fail to undergo cell-type differ-
ntiation, they do not participate in postaggregative devel-
pment, and they are sloughed-off from the multicellular
rganism. After aggregation, cAMP signaling continues to
lay a role in coordinating morphogenesis and cellular
ifferentiation through binding to the receptors cAR2 and
AR4 to induce cell-type-specific gene expression (Schaap
nd van Driel, 1985; Saxe et al., 1993; Louis et al., 1994;
insburg and Kimmel, 1997). However, at these later times
f development it is not clear that the activation of ACA is
equired for development or whether the activation of ACA
equires CRAC. While CRAC-null cells are not able to
articipate in the postaggregative development when mixed
ith wild-type cells, ACA-null cells are able to differentiate

nto spore cells when mixed with wild-type cells (Pitt et al.,
993). It has also been shown that ACA-null cells can
evelop into fruiting bodies if their aggregation defect is
ypassed by artificially pulsing the cells with cAMP and
hen are plated at very high cell density with a high
oncentration of cAMP (Pitt et al., 1993). Thus CRAC, and
ot ACA, appears to be indispensable for postaggregative
evelopment and terminal cell differentiation.
Another consequence of cAMP signaling that is down-

tream of the CRAC-mediated activation of ACA is the
ctivation of the cAMP-dependent protein kinase, PKA.
KA exists as a heterodimer in Dictyostelium cells consist-
ng of a regulatory subunit PKA-R and a protein kinase
atalytic subunit PKA-C (de Gunzberg and Veron, 1982).
ctivation of ACA increases the intracellular cAMP con-
entration, cAMP binds to PKA-R and releases active
KA-C. PKA plays an essential role in Dictyostelium de-
elopment. It is required for aggregation, morphogenesis,
nd cell-type differentiation during development (reviewed
y Loomis, 1998).
We have shown that the activation of PKA, by the

verexpression of PKA-C, can bypass cAMP signaling and
escue the development of ACA-null cells (Wang and
uspa, 1997). Thus, if CRAC is solely required to activate
CA, activation of PKA should also rescue the develop-
ent of CRAC-null cells. Here we show that activation of

KA restores mound formation to CRAC-null cells but not
ell-type differentiation or morphogenesis. This reveals a
ole for CRAC in later development that is independent of
ts indirect role in PKA activation. Functional domain
nalysis of CRAC indicates that neither the PH domain nor
he C-terminal portion of CRAC (CRAC-DPH) are sufficient

o restore ACA activation to CRAC-null cells, indicating
hat full-length CRAC is required for chemotactic aggrega- p

Copyright © 1999 by Academic Press. All right
ion. However, CRAC-DPH can provide the postaggregative
unction of CRAC. CRAC-DPH promotes prespore specific
ene expression, fruiting body morphogenesis and spore
ormation in CRAC-null cells, without restoring ACA
ctivation. CRAC-DPH also displays these activities in
RAC-null ACA-null double mutants. These results sug-

est that the minimal essential function of CRAC during
ggregation involves cAMP production. If this function is
ypassed by activation of PKA, CRAC-DPH can restore the
ssential function of CRAC during postaggregative devel-
pment, which is distinct from its role in ACA activation.

MATERIALS AND METHODS

Plasmid construction. The DNA fragments encoding the PH
domain (amino acids 1–212) and CRAC-DPH (amino acids 160–
698) were obtained by PCR from pRH131 plasmid which contains
the full-length CRAC cDNA (Insall et al., 1994). These fragments,
as well as the full-length cDNAs encoding CRAC and PKA-C were
each inserted between the NcoI and SalI site of pAS2 vector (a gift
from S. Elledge) so that the DNA sequence encoding an influenza
hemagglutinin (HA) epitope-tag was at their 59 end. Gene frag-
ments encompassing the HA epitope and the PH domain, CRAC-
DPH, CRAC, or PKA-C were then cloned, in-frame, into pDXA-3C
or pDXA-HY plasmids (Manstein, 1995) to place them under the
transcriptional control of the actin15 promoter. CRAC-coding
sequences were also placed under the control of the pspA (D19)
promoter by swapping the CRAC cDNA gene fragment with the
uidA fragment in the pspA::GUS plasmid (Traynor, 1992). The
vector used for insertional disruption of the pkaR gene was
generated by inserting a 1.4-kb blasticidin resistance cassette into
the EcoRV site of the pkaR cDNA. The vector for disruption of
dagA, the gene encoding CRAC, was generated by inserting the
plasmid pBSR1 (Sutoh, 1993), which contains the gene encoding
blasticidin resistance, into the BamHI site of the gene.

Cell culture, transformation, and development. Dictyoste-
lium cells were grown in HL-5 liquid medium or on SM nutrient
agar in association with bacteria (Sussman, 1987). Gene disruption
by homologous recombination and selection for blasticidin resis-
tance were performed as described (Kuspa and Loomis, 1994;
Adachi et al., 1994). Gene disruptions were confirmed by Southern
analyses. DNA transformations were performed by electroporation
(Manstein, 1995) or by CaPO4 precipitation and glycerol shock
(Nellen and Firtel, 1985). DXA-based plasmids (Manstein, 1995)
were introduced without the pREP helper plasmid to allow for the
selection of integrated plasmids. Transformed cells were plated on
SM plates with bacteria (K. aerogenes). Individual transformants

ere obtained by picking single colonies from bacterial growth
lates into HL-5 medium, followed by transfer into HL-5 supple-
ented with 10 mg/ml G418 (Geneticin; Gibco/BRL). Protein

expression was confirmed by Western blotting. Every transformant
that expressed the desired protein(s) displayed the phenotypes
described under Results. For development, cells were washed in
phosphate buffer (50 mM KH2PO4, 50 mM Na2HPO4, pH 6.1) and
pread onto Millipore filters or 1% nonnutrient agar plates (Suss-
an, 1987). For mosaic analyses strains were grown and collected

eparately and then the cells were mixed at a 1:1 ratio before
evelopment.
Spore assay. Developing cells were collected into 20 mM
otassium phosphate buffer, pH 6.2. Cells were spun down and

s of reproduction in any form reserved.
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3Multiple Functions of CRAC
treated with 0.4% NP-40 in the same buffer for 10 min at room
temperature. After detergent treatment, cells were washed with
potassium phosphate buffer twice, and disaggregated by trituration
through an 18-gauge needle. Spores were counted by phase-contrast
microscopy and plated clonally on SM agar plates with bacteria.
Spore counts were used to calculate the total number of spores
produced from 5 3 107 input cells. In mosaic analyses, mutant
pores were identified by the developmental phenotype of colonies
roduced by germinated spores. To estimate the number of mutant
pores produced in the 1:1 mixtures with wild-type cells, the total
umber of visible spores was multiplied by the percentage of
utant colonies observed, and the numbers are reported in Table 2
ithout correcting for the twofold dilution.
Molecular analyses. Total RNA was prepared from cells devel-

ping on Millipore filters. Cells were collected at various times
uring development, washed, and frozen on dry ice. RNA was
urified with TRIZol reagent (Gibco/BRL) following the manufac-
urer’s recommendations. Polyadenylated RNA was obtained by
atch absorption to oligo(dT)-cellulose (Sambrook et al., 1989). For

Northern analysis, 10 mg of RNA were loaded in each lane and
size-fractionated on 1% agarose gels containing 2.2 M formalde-
hyde. Gel transfer and membrane hybridization to 32P-labeled DNA
probes were performed according to standard procedures. RNAse
protection assays were carried out according to the manufacturer’s
instructions (Ambion). Southern analysis of DNA was carried out
by alkaline transfer and hybridization with 32P-labeled DNA probes
using standard procedures (Sambrook et al., 1989). Western blot
nalysis of proteins was carried out by standard procedures using
ommercially available monoclonal antibodies to the HA epitope
12CA5; Babco, Richmond, CA).

Adenylyl cyclase and cAMP production. Adenylyl cyclase
ctivity was measured as described previously (Devreotes et al.,
987, and references therein). Exponentially growing cells were
ashed and shaken at 2 3 107 cells/ml in phosphate buffer (50 mM
H2PO4, 50 mM Na2HPO4, pH 6.1) and pulsed at 6-min intervals

for 5 h with 100 nM cAMP. Cells were washed and concentrated to
108 cells/ml. cAMP-stimulated ACA activity was determined by
timulating cells with 10 mM cAMP and lysing 100-ml aliquots at
arious times into a standard assay cocktail with [a-32P]ATP.

GTPgS stimulation of ACA activity was performed by adding
GTPgS to the cell lysates before assay. Mn21-stimulated ACA
ctivity was measured by adding Mn21 ions to the standard assay

cocktail. ACA activity during development was measured by
collecting filter-developed cells at various times after plating, and
then assaying cell lysates in the similar way with or without
GTPgS or Mn21.

cAMP measurements were performed as described by Segall et
l. (1995). Cells growing exponentially in HL-5 were washed with
hosphate buffer (50 mM KH2PO4, 50 mM Na2HPO4, pH 6.1) and
tarved at 2 3 107 cells/ml in phosphate buffer with 1 mM MgCl2,

0.2 mM CaCl2. After shaking at 120 rpm for 4 h, they were pulsed
every 6 min with 100 nM cAMP for an additional 3 h. The cells
were then collected by low-speed centrifugation and washed in
phosphate buffer. They were then resuspended at 5 3 107 cells/ml
n phosphate buffer and stimulated with 10 mM 29 deoxy-cAMP,

with the addition of 5 mM DTT, while shaking on ice. Then 100-ml
amples were taken at various times after stimulation and added to
00 ml 3.5% ice-cold perchloric acid and quickly frozen in liquid
itrogen. Just prior to analysis, frozen samples were thawed,

eutralized with 50% NaHCO3, then centrifuged, and the super-
atants were collected for the assay of total cAMP. The total cAMP

Copyright © 1999 by Academic Press. All right
n the samples was determined by using a cAMP RIA kit (Amer-
ham).

RESULTS

CRAC Messenger RNA Is Expressed Throughout
Development

The analyses of CRAC-null/wild-type cell chimeras sug-
gest that CRAC is required for postaggregative development
since CRAC-null cells are lost from the multicellular
structures later in development (Insall et al., 1994). To
etermine the temporal regulation of CRAC mRNA expres-
ion, we probed Northern blots of polyadenylated RNA,
urified from cells at various stages of development, with
he full-length CRAC cDNA. CRAC mRNA was below the
etection limit of our Northerns (data not shown), so we
arried out RNase protection assays. CRAC mRNA was
elow the detection limit in growing cells, but was ex-
ressed at maximum levels by 4 h of development, and
qually thereafter (Fig. 1). The probe was not protected by
NA samples purified from CRAC-null cells, while more
robe was protected in the RNA samples from a CRAC-
verexpressing strain compared to wild-type. This indicates
hat the signal detected in this assay represents CRAC
RNA. Thus, CRAC expression is maintained after aggre-

ation and throughout development, consistent with a
equirement for CRAC later in development.

Activation of PKA Restores Mound Formation in
CRAC-Null Cells

The major signaling event downstream of ACA is the
activation of PKA. Given the role of CRAC in stimulating
ACA activity, the failure of CRAC-null cells to develop
might be due to their inability to activate PKA. Even
though CRAC-null cells are chemotactic to extracellular
cAMP, and coaggregate with wild-type cells, the lack of
intracellular cAMP in CRAC-null cells would be expected
to preclude their postaggregative development. Since the
overexpression of PKA-C rescues the development of ACA-
null cells (Wang and Kuspa, 1997), the activation of PKA in
CRAC-null cells would be expected to fully restore devel-
opment if CRAC’s only role in development is to activate
ACA.

We tested this idea by activating PKA in CRAC-null
strains in two ways. First, PKA-C was overexpressed in
CRAC-null cells under the control of the actin15 promoter
(see Materials and Methods). Northern analysis showed
that mRNA from the exogenous PKA-C gene was expressed
throughout development, similar to the profile of actin15
gene expression (Knecht et al., 1986), and Western blot
analyses indicated that the exogenous PKA-C protein was
stable (data not shown). However, unlike the full develop-
mental rescue seen when PKA-C was overexpressed in

ACA-null cells, overexpression of PKA-C only restored
mound formation in the CRAC-null cells. Their develop-

s of reproduction in any form reserved.
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4 Wang, Shaulsky, and Kuspa
ment was arrested at the mound stage and the cells failed to
undergo further morphogenesis (Fig. 2A, panel D). Cell-type
differentiation was also defective in these cells (see below).
Second, we activated PKA in CRAC-null cells by disrupting
the pkaR gene, which encodes the regulatory subunit of
PKA. Disruption of pkaR in CRAC-null cells also rescued
mound formation in a manner similar to that observed with
the overexpression of PKA-C (Fig. 2A, panel E). Time-lapse

FIG. 1. Developmental regulation of CRAC mRNA expression. T
(indicated by the numbers) and subjected to RNase protection analy

ild-type cells, CRAC-null cells, and wild-type cells expressing ac
Nase controls, respectively. The arrow indicates the protected R

FIG. 2. (A) CRAC-null cells rescued by expressing PKA-C, coexpr
and CRAC, PKA-R-double null cell. Cells were developed on filte
wild-type cells at the end of development (24 h), (D) CRAC-null ce
(F) CRAC-null cells coexpressing PKA-C and CRAC-DPH (24 h), (G
mm. (B) CRAC expression from a prespore-specific promoter in

CRAC-null cells carrying the act15::PKA-C and pspA::CRAC expressio
time points and probed with a full-length cDNA of CRAC.

Copyright © 1999 by Academic Press. All right
ideo microscopy suggests that these strains do not form
ounds by chemotactic aggregation but rather by random

ell movements and cell–cell adhesion, which results in an
ccumulation of cells that resembles a normal mound in
ize and shape (data not shown). These results show that
he activation of PKA bypasses the requirement for CRAC
n aggregation but not in postaggregative development. The
act that overexpression of PKA-C fully rescued ACA-null

RNA was extracted from cells at different hours of development
sing a 32P-CTP-labeled antisense CRAC RNA. RNA samples from
CRAC were analyzed. Lanes A and B are the no RNA and the no

g PKA-C and CRAC-DPH, coexpressing PKA-C and pspA::CRAC,
) CRAC-null cells, (B) wild-type cells at 14 h of development, (C)
pressing PKA-C (24 h), (E) CRAC, PKA-R-double null cells (24 h),
C-null cells coexpressing PKA-C and pspA::CRAC (24 h). Bar, 0.5
C-null cells. A Northern blot of RNA samples prepared from
otal
sis u
essin
rs. (A
lls ex
) CRA
CRA
n constructs. Total RNA was isolated at different developmental
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5Multiple Functions of CRAC
cells but not CRAC-null cells suggests that one of CRAC’s
roles in development is independent of ACA.

Restoring CRAC Expression in Prespore Cells
Rescues the Sporulation of CRAC-Null Cells

In order to test if CRAC is involved in spore cell differ-
entiation, we expressed CRAC protein specifically in pres-
pore cells using the prespore-specific promoter of pspA
(Early et al., 1988). A pspA::CRAC expression construct was
introduced into CRAC-null cells and clonal transformants
were isolated. These transformants were aggregation defec-
tive, appearing identical to the parental CRAC-null cells.
When CRAC-null cells were mixed with wild-type cells (1:1
ratio) and fruiting bodies were collected and treated with
detergent, ,0.05% (0/2,000) of the spores were produced
from CRAC-null cells. However, when CRAC-null cells
carrying the pspA::CRAC construct were mixed with wild-
type cells (1:1 ratio) about 1.8% (36/2,000) of the resulting
spores in the mixture were derived from the mutant cells.
Although these cells did not form spores efficiently, the
.30-fold increase in sporulation suggests that CRAC is
important for spore differentiation.

Since the expression of PKA-C in CRAC-null cells re-
stores mound formation but not sporulation, we also tested
whether coexpression of PKA-C and pspA::CRAC could
restore development to CRAC-null cells. We cotransformed
the act15::PKA-C and pspA::CRAC expression vectors into
CRAC-null cells, and isolated clones that had integrated
both plasmids into the genome. These cells formed mounds
by 12 h, underwent morphogenesis, and formed fruiting
bodies after 24 h (Fig. 2A, panel G). As expected, CRAC
mRNA was only expressed after mound formation in these
cells, consistent with the temporal pattern of pspA expres-
ion reported previously (Fig. 2B). This result further sug-
ests that CRAC is essential for sporulation and morpho-
enesis.

Functional Dissection of CRAC Protein

The PH domain at the N-terminus of CRAC is likely to
form a discrete protein module, with seven antiparallel
b-strands and one a-helix, as described for other PH do-

ains (Ferguson et al., 1994; Timm et al., 1994). PH
omains in other proteins also have been shown to bind to
hospholipids in the cell membrane (Shaw, 1996), suggest-
ng that CRAC’s PH domain is involved in CRAC’s dy-
amic membrane localization (Lilly and Devreotes, 1994;
arent et al., 1998). In an attempt to assign the different

unctions of CRAC to different parts of the protein, we
issected CRAC into two pieces—its PH domain (PH) and
he remaining C-terminal part of the protein (CRAC-DPH),
nd expressed each of them in CRAC-null cells. We rea-
oned that the late function of CRAC could be assessed if
RAC’s aggregation function was bypassed by activation of

KA-C, so we also expressed PH or CRAC-DPH together
ith PKA-C. Three expression vectors act15::PH,

Copyright © 1999 by Academic Press. All right
act15::CRAC-DPH, and act15::PKA-C, were transformed
into CRAC-null cells singly and in pairwise combinations.
In each case, clonal transformants that expressed the appro-
priate protein(s) were isolated and further characterized. By
Western blot analyses the epitope-tagged exogenous pro-
teins appeared to be stable throughout development (data
not shown).

The results of these expression studies are summarized in
Table 1. Expression of PH or CRAC-DPH, individually or
together, in CRAC-null cells did not rescue the aggregation
phenotype. This suggests that intact CRAC protein is
required for chemotactic aggregation. Coexpression of PH
and PKA-C had the same effect on CRAC-null cells as
expression of PKA-C alone; these cells formed mounds, but
did not develop further. However, the expression of CRAC-
DPH and PKA-C together allowed CRAC-null cells to
undergo development (Fig. 2A, panel F). When these cells
were deposited on filters, they formed mounds by about the
same time as wild-type cells, but they finished develop-
ment faster than wild-type cells and formed fruiting bodies
by 20 h, compared to 24–26 h for wild-type cells. Thus,
CRAC-DPH can provide CRAC function after mound for-
mation, when PKA is active.

CRAC-DPH Promotes Prespore Cell Gene
Expression and Spore Formation

To assess the extent of cell differentiation within the
morphologically rescued CRAC-null cells, we examined
cell-type-specific gene expression during development. The
prestalk-specific gene marker ecmA is not expressed in
CRAC-null cells (Insall et al., 1994), and expression of PH
or CRAC-DPH in CRAC-null cells did not rescue its expres-
sion (data not shown). However, the expression of PKA-C in
CRAC-null cells elevated ecmA expression to near normal

TABLE 1
Phenotypic Rescue by Domains of CRAC

Proteins expressed in
CRAC-null cells Aggregation

Fruiting body
formation

RAC 1 1
H 2 2
RAC-DPH 2 2
H 1 CRAC-DPH 2 2
KA-C 1 2
KA-C 1 PH 1 2

PKA-C 1 CRAC-DPH 1 1

Note. Different epitope-tagged proteins or protein fragments
were expressed in CRAC-null cells throughout development using
an actin15 promoter (see Materials and Methods). “2” indicates
the cells failed to form mounds or fruiting bodies. “1” indicates the
majority of cells formed mounds and fruiting bodies.
levels, and with similar timing relative to wild-type cells
(Fig. 3). Cells coexpressing CRAC-DPH and PKA-C ex-

s of reproduction in any form reserved.
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pressed ecmA at a slightly higher level than wild-type cells
Fig. 3). Thus, the overexpression of PKA-C is sufficient to
estore some level of prestalk cell differentiation to CRAC-
ull cells.
The prespore genes cotA, cotB, and cotC are coordinately

regulated (Fosnaugh and Loomis, 1991). It has been shown
previously that CRAC-null cells do not express cotB, by
themselves, or when mixed with wild-type cells (Insall et
al., 1994). Northern analysis showed that cotA was not
expressed in CRAC-null cells (Fig. 3). The expression of
cotA was slightly restored in CRAC-null cells expressing
PKA-C (Fig. 3). This is consistent with reports that demon-
strate a requirement for PKA-C in prespore and spore gene
expression (Hopper et al., 1993; Mann et al., 1994) and
suggests that the failure of CRAC-null cells to express cot
genes is due, in part, to the lack of cAMP production and
subsequent activation of PKA. However, CRAC-null cells
coexpressing PKA-C and CRAC-DPH, expressed high levels
of cotA with about the right timing (Fig. 3). In addition, the
spiA gene, which is expressed during spore encapsulation
(Richardson et al., 1991), was not expressed in CRAC-null
cells expressing PKA-C, but was expressed during the time
of fruiting body formation in PKA-C/CRAC-DPH coex-
pressing cells (Fig. 3). The expression of prespore-specific
markers correlated with the morphological changes in these
cells. CRAC-null cells expressing PKA-C alone were ar-
rested at the mound stage and did not undergo later devel-
opment. The lack of expression of spiA in these cells
indicated that the terminal spore cell differentiation did not
occur efficiently within these structures (see below). When
CRAC-DPH was coexpressed with PKA-C in CRAC-null
cells both cotA and spiA were expressed about 4 h earlier
than in wild-type cells, consistent with the accelerated way
in which these cells completed development.

We examined the production of spores by the CRAC-null

FIG. 3. Expression of CRAC-DPH promotes prespore-specific g
indicated times of development on filters are shown after hybridiza
both expressed under the control of the actin15 promoter. cotA
prestalk-specific gene (McRobbie et al., 1988), and spiA is a sporul
cells coexpressing CRAC-DPH and PKA-C. Cells were de-
posited on filters and fruiting bodies were collected after

Copyright © 1999 by Academic Press. All right
72 h of development and treated with detergent. Only the
encapsulated spores survive the detergent treatment and
can be quantitated by phase-contrast microscopy. For
CRAC-null cells coexpressing PKA-C and CRAC-DPH, a
significant number of the input cells were recovered as
spores (Table 2). More spores were produced by these cells
when they were codeveloped with wild-type cells (Table 2).
From the baseline of sporulation of CRAC-null cells ex-
pressing PKA-C, the additional expression of CRAC-DPH
resulted in a 20- to 100-fold increase in spore production,
indicating that CRAC-DPH promotes spore differentiation.

Aggregation Rescue of CRAC-Null Cells Occurs
without ACA Activation

Since the expression of PKA-C, or of PKA-C and CRAC-
DPH, in CRAC-null cells rescued mound formation, we
examined whether ACA activation was restored in these
strains. ACA activity can be assayed in cell-free lysates in
the presence of GTPgS or Mn21 ions (Loomis et al., 1978;
van Haastert et al., 1987; Theibert and Devreotes, 1986). In
lysates, GTPgS activates G proteins without ligand occu-
ancy of the associated receptor, stimulating ACA in a
RAC-dependent manner, while Mn21 ions appear to acti-
ate ACA directly (reviewed by Devreotes et al., 1987;
nsall et al., 1994). Cells suspended in buffer were pulsed for
h with cAMP and then lysed for assay. These conditions
ave been shown to induce the expression of ACA and
AR1 in CRAC-null cells (Insall et al., 1994). While ACA
ctivity was greatly stimulated by GTPgS in lysates pre-

pared from wild-type cells, ACA was not activated in
lysates prepared from CRAC-null cells, or CRAC-null cells
expressing PKA-C, or coexpressing PKA-C and CRAC-DPH
(Fig. 4A). However, in the presence of Mn21 all lysates had
similar amounts of ACA activity, showing that each of the

xpression. Northern blots of mRNA purified from cells at the
with several cell-type specific genes. PKA-C and CRAC-DPH were
prespore-specific gene (Fosnaugh and Loomis, 1991), ecmA is a
-specific gene (Richardson et al., 1991).
ene e
tion
strains produced roughly the same amount of ACA under
these conditions (Fig. 4A).

s of reproduction in any form reserved.
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7Multiple Functions of CRAC
ACA activation was also measured following the stimu-
lation of intact cells with cAMP. When wild-type cells were
stimulated with cAMP, ACA activity first increased and
then decreased gradually (Fig. 4B). When CRAC-null cells,
CRAC-null cells expressing PKA-C, or CRAC-null cells
coexpressing PKA-C and CRAC-DPH, were exposed to
cAMP their ACA activity remained at basal levels (Fig. 4B).
Thus, the expression of PKA-C or coexpression of PKA-C
and CRAC-DPH did not result in ACA activation above the
level observed in the parental CRAC-null cells.

We also measured the cAMP production by these cells in
response to stimulation by 29-deoxy-cAMP. In wild-type
cells, there was an increase in cAMP production from 1 to
8 min after stimulation. In CRAC-null cells and the rescued
CRAC-null cells, cAMP production was below detection
limits for all times tested (data not shown). We also found
that PKA-R-null, CRAC-null double mutants did not dis-
play ACA activation or cAMP synthesis during mound
formation (Fig. 4; data not shown). Thus, the rescue of
mound formation in CRAC-null cells by the activation of
PKA occurs without a detectable increase in the activity of
ACA or the production of cAMP. Time-lapse video micros-
copy of mound formation of these cells was consistent with
these findings in that there was no evidence of pulsatile cell
movement that would be indicative of cAMP signal relay
(data not shown).

The Requirement for CRAC after Aggregation Is
Independent of ACA Activation

Since CRAC is required for sporulation, we tested
whether its function is related to ACA activation later in
development. We measured the ACA activity in CRAC-
null cells coexpressing PKA-C and CRAC-DPH throughout
development. Cells were spread on filters and collected at
different times during development, cell lysates were made,
and ACA activity was determined in the presence of GTPgS
or Mn21 ions. In wild-type cells, ACA activity was stimu-

TABLE 2
CRAC-DPH Promotes Sporulation

Strain [expressed protein] Spores p

Wild-type 3.5 3 107 (
CRAC-null ,1 3 103 (
CRAC-null [CRAC-DPH] ,1 3 103 (
CRAC-null [PKA-C] 1.0 3 105 (
CRAC-null [CRAC-DPH 1 PKA-C] 1.0 3 107 (

Note. Cells (5 3 107) were harvested after 72 h of development,
microscopy. A single representative experiment is shown.

a Number of mutant spores produced were calculated as describ
b Percentage of spores produced by the mutant cells relative to t
lated by GTPgS at all times of development (Fig. 5A). In
CRAC-null cells coexpressing PKA-C and CRAC-DPH,

Copyright © 1999 by Academic Press. All right
ACA activity was not stimulated by GTPgS at any time
uring development (Fig. 5B). Lysates prepared from either
train showed similar ACA activity when assayed in the
resence of Mn21 ions, although it accumulated preco-

ciously during development in the mutant cells. Thus,
although full-length CRAC is required for ACA activation
late in development, such a function is not required for
sporulation or fruiting, as long as PKA is active.

The Later Role of CRAC Does Not Require ACA

Since basal ACA activity was present in all of the above
conditions in which we assessed ACA activation, it is
possible that some ACA activity is required for the rescue
of CRAC-null cells by PKA-C and CRAC-DPH. To examine
this possibility, we generated ACA-null, CRAC-null double
mutant cells and expressed PKA-C or coexpressed PKA-C
and CRAC-DPH (see Materials and Methods). The double-
null mutants were aggregation deficient as expected. The
expression of PKA-C and CRAC-DPH rescued development
in these cells in a manner similar to the rescue of the
CRAC-null cells described above. The ACA-null, CRAC-
null double mutants expressing PKA-C formed mounds,
while coexpression of PKA-C and CRAC-DPH in these cells
rescued fruiting body development (Fig. 6). Thus, the rescue
of mound formation in a CRAC-null mutant by PKA-C and
the rescue of development by PKA-C and CRAC-DPH is not
dependent on ACA function.

DISCUSSION

CRAC has a well-defined function in cAMP signaling
where it mediates the activation of the aggregation-stage
adenylyl cyclase ACA (Insall et al., 1994). However, CRAC-
null cells behave differently from ACA-null cells when they
are mixed with wild-type cells in that they do not partici-
pate in postaggregative development and do not form spores

ed
Mutant spores produced in 1:1 mixtures

with wild-type cellsa

)b —
03%) ,1 3 103

03%) ,1 3 103

) 6.0 3 105

1.4 3 107

ed with detergent, and spores were quantitated by phase-contrast

der Materials and Methods.
ild type.
roduc

100%
,0.0
,0.0
0.28%
28%)

treat
(Insall et al., 1994; our own unpublished observations),
whereas ACA-null cells do both (Pitt et al., 1993). These

s of reproduction in any form reserved.
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8 Wang, Shaulsky, and Kuspa
observations suggest that CRAC has an essential function
that is independent of ACA. Our results indicate that there
is a late requirement for CRAC, specifically in the differen-
tiation of prespore cells and in spore formation. Since this

FIG. 4. CRAC-DPH and PKA-C rescue CRAC-null cells independ
Mn21 stimulated adenylyl cyclase activity. Cells were pulsed with

n21 ions. (B) Adenylyl cyclase activity in response to cAMP stimu
0 mM cAMP. Samples were taken at indicated times after stimul

in duplicates and are representative of three independent experime
function can be supplied by a truncated form of CRAC
(CRAC-DPH) that does not activate ACA in vivo, and which

Copyright © 1999 by Academic Press. All right
operates in an ACA-null strain, it appears that this addi-
tional essential function of CRAC is independent of ACA.

A postaggregative function for CRAC suggests that it is
expressed throughout development. CRAC gene expression

f adenylyl cyclase activation in early development. (A) GTPgS and
P for 5 h and then lysed and assayed in the presence of GTPgS or
n. Cells were pulsed with cAMP for 5 h and then stimulated with
, lysed, and cell lysates were assayed. The results were performed
ent o
cAM
latio
was previously shown to be regulated in cells that were
starved in shaken suspensions and pulsed with exogenous
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9Multiple Functions of CRAC
cAMP at 6-min intervals (Insall et al., 1994). Under these
conditions, a 3.2-kb mRNA was detected on Northern blots
of RNA extracted from cells after 2, 3, and 4 h of starvation,
but not at 1 or 5 h. We were unable to detect CRAC mRNA
by Northern analysis in cells developing on filter pads at
anytime during development, using the full-length cDNA
as a probe. This suggests that CRAC mRNA is low in
abundance within cells developing on a solid surface since

FIG. 5. Coexpression of PKA-C and CRAC-DPH rescues CRA
Developing cells were collected at the indicated times. Cell lysates
CRAC-null cells expressing PKA-C and CRAC-DPH domain und
performed in duplicate and are representative of three independen
the same probe easily detected CRAC-specific mRNA ex-
pressed under the transcriptional control of the pspA pro- p

Copyright © 1999 by Academic Press. All right
oter (Fig. 2B). By RNase protection analysis we found that
RAC mRNA is present at approximately equal amounts at
h of development and all times thereafter. Thus, although

ells that are pulsed with exogenous cAMP in suspension
xpress CRAC mRNA in a narrow time-window, cells
ndergoing development on a solid surface express CRAC
RNA from the beginning of aggregation to the time of

pore encapsulation.

ll cells independent of ACA activation through development.
assayed in the presence of GTPgS or Mn21. (A) Wild-type cells; (B)
e control of the actin15 promoter. The results presented were

eriments.
C-nu
were
The first function of CRAC in development is in the
roduction of cAMP during aggregation, leading to the

s of reproduction in any form reserved.
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10 Wang, Shaulsky, and Kuspa
activation of PKA. CRAC protein has been shown to rapidly
translocate from the cytoplasm to the plasma membrane
where it brings about the activation of the membrane-
bound ACA (Lilly and Devreotes, 1995; Parent et al., 1998).
The ACA-dependent function of CRAC is required for
wild-type cell chemotactic aggregation. This requirement
for CRAC, like the requirement for ACA itself, can be
bypassed by providing exogenous cAMP (Insall et al., 1994;
Pitt et al., 1993) or by activating PKA (Wang and Kuspa,
1997). During mound formation, CRAC-null cells express-
ing PKA-C or coexpressing PKA-C and CRAC-DPH did not
display normal aggregation behavior in that neither spiral
wave patterns nor regular streams or defined aggregation
“territories” were observed. Time-lapse video microscopy
showed that these cells lack the periodic movement char-
acteristic of normal cAMP signaling (unpublished observa-
tions). This is similar to what we observed for ACA-null
cells rescued by expression of PKA-C (Wang and Kuspa,
1997). Thus, the aggregation of CRAC-null cells, like that of
ACA-null cells, can be rescued by the activation of PKA in
a way that does not obviously depend on chemotaxis to
cAMP. This indicates that the only essential function of
CRAC during aggregation is to activate ACA. PKA activa-
tion appears to either induce a “back-up” mechanism for
aggregation, or it stimulates normal cellular behaviors that
allow cells to construct a mound in the absence of pulsatile
cAMP signaling. It is not altogether surprising that these
rescued cells form aggregates of the appropriate size since
this characteristic is likely to be under independent regula-
tion (Brock et al., 1996).

Separation of the PH domain from the rest of CRAC
renders either piece of the protein inactive during the time
that the cells would normally undergo aggregation. We also
failed to observe ACA activation in cells expressing either
fragment of CRAC (unpublished observations). This indi-
cates that intact CRAC is required to activate ACA. The PH

FIG. 6. CRAC-DPH and PKA-C rescue CRAC-null, ACA-null cel
promoter. (B) CRAC-null, ACA-null cells coexpressing PKA-C, an
domain is probably responsible for the translocation of
CRAC from the cytosol to the membrane, suggesting that

a
b

Copyright © 1999 by Academic Press. All right
he effector of ACA activation is located within CRAC-
PH. Therefore, rendering CRAC-DPH unable to bind the
lasma membrane might explain its inability to activate
he membrane-bound ACA. We also observed G-protein-
ependent activation of adenylyl cyclase activity up to 15 h
f development, which depended on an intact CRAC gene
Fig. 5). This indicates that CRAC-dependent activation of
CA occurs after aggregation, but it does not appear to be

ssential for development as long as PKA-C is active and
RAC-DPH is expressed.
Overexpression of PKA-C in CRAC-null cells rescued the

xpression of the prespore-specific gene cotA to a low level
nd the expression of the prestalk-specific gene ecmA to
ear wild-type levels. This suggests that PKA activation
rovides at least some of CRAC’s function required for
restalk cell differentiation. However, no tips were formed
n top of the mounds formed by these cells so it is unclear
hether fully functional prestalk cells were formed. Active
KA is certainly not sufficient for prespore cell differentia-
ion in the absence of CRAC. This is of interest because it
as been shown that PKA-C is necessary for prespore gene
xpression (Harwood et al., 1992; Hopper et al., 1993a), is
ufficient for spore-specific gene expression (Mann et al.,
994), and promotes spore formation (Anjard et al., 1992;
ann et al., 1992; Hopper et al., 1993b; Mann and Firtel,

993). Thus, the failure of PKA-C expression to fully rescue
respore differentiation and development past the mound
tage in CRAC null cells suggests that CRAC acts in
arallel with PKA, or after PKA-C, in spore differentiation.
hus, in the mounds formed by CRAC-null cells expressing
KA-C, the lack of proper prespore cell differentiation may
reclude further morphogenesis. This idea is supported by
he restoration of development when CRAC is expressed in
respore cells using the pspA promoter, in CRAC-null cells
xpressing PKA-C.
Our results suggest that CRAC is essential for prespore

) CRAC-null, ACA-null cells expressing PKA-C from the actin15
AC-DPH from the actin 15 promoter. Bar, 1.0 mm.
nd spore cell differentiation in a cell-autonomous manner,
ut is dispensable for prestalk and stalk cell differentiation.
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11Multiple Functions of CRAC
Thus, while all cells require the CRAC/ACA/PKA pathway
for aggregation and subsequent development, it appears that
only prespore cells require CRAC for an additional function
that is independent of ACA. Our assertion that the ACA-
independent function of CRAC is prespore specific is lim-
ited by the specificity of the pspA promoter that we used to
xpress CRAC. PspA expression has been reported in
restalk cells after prolonged periods of slug migration
Harwood et al., 1991). Although pspA expression has not
een observed in prestalk cells during standard conditions
f development, we cannot exclude the possibility that the
nusual prestalk expression of pspA observed during slug
igration occurs in our rescued strains. However, when
RAC-DPH was expressed in all cells under the control of
n actin promoter we observed a dramatic restoration of
respore gene expression, but only a modest change in
restalk gene expression (Fig. 3). This supports the notion
hat the ACA-independent function of CRAC is critical for
respore cell differentiation.
How CRAC executes its function in prespore cell differ-

ntiation and morphogenesis during postaggregative devel-
pment remains unknown. Possibilities include the partici-
ation of CRAC in a PKA-independent pathway required for
porulation, or the additional utilization of CRAC in the
KA pathway “downstream” of PKA-C (Fig. 7). Several new
omponents of regulatory pathways required for sporula-
ion have been described recently. They include the tran-
cription factor GBF, peptide signals and a novel cAMP
hosphodiesterase called RegA (Richardson et al., 1994;

Schnitzler et al., 1995; Shaulsky et al., 1998; Anjard et al.,
998). The possible connection between this novel function

FIG. 7. A model for CRAC function. A schematic representation
of signaling pathways involving CRAC is shown. Arrows specify
required positive interactions in the indicated direction and may by
direct or indirect.
or CRAC and any of these regulators of postaggregative
evelopment can now be explored.

Copyright © 1999 by Academic Press. All right
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