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Abstract. Dictyostelium discoideum initiates develop- 
ment when ceils overgrow their bacterial food source 
and starve. To coordinate development, the cells moni- 
tor the extracellular level of a protein, conditioned me- 
dium factor (CMF), secreted by starved cells. When a 
majority of the cells in a given area have starved, as sig- 
naled by CMF secretion, the extracellular level of CMF 
rises above a threshold value and permits aggregation 
of the starved cells. The cells aggregate using relayed 
pulses of cAMP as the chemoattractant. Cells in which 
CMF accumulation has been blocked by antisense do 
not aggregate except in the presence of exogenous 
CMF. We find that these cells are viable but do not 
chemotax towards cAMP. Videomicroscopy indicates 
that the inability of CMF antisense cells to chemotax is 
not due to a gross defect in motility, although both 
video and scanning electron microscopy indicate that 
CMF increases the frequency of pseudopod formation. 

The activations of Ca 2+ influx, adenylyl cyclase, and 
guanylyl cyclase in response to a pulse of cAMP are 
strongly inhibited in cells lacking CMF, but are rescued 
by as little as 10 s exposure of cells to CMF. The activa- 
tion of phospholipase C by cAMP is not affected by 
CMF. Northern blots indicate normal levels of the 
cAMP receptor mRNA in CMF antisense cells during 
development, while cAMP binding assays and Scat- 
chard plots indicate that CMF antisense cells contain 
normal levels of the cAMP receptor. In Dictyostelium, 
both adenylyl and guanylyl cyclases are activated via G 
proteins. We find that the interaction of the cAMP re- 
ceptor with G proteins in vitro is not measurably af- 
fected by CMF, whereas the activation of adenylyl cy- 
clase by G proteins requires cells to have been exposed 
to CMF. CMF thus appears to regulate aggregation by 
regulating an early step of cAMP signal transduction. 

T 
HE relative simplicity of the development of Dictyo- 
stelium discoideum lends itself to the study of fun- 
damental issues such as the generation of cell-type 

diversity and the regulaton of differentiation. This simple 
haploid eukaryote normally exists as vegetative amoebae 
which eat bacteria on soil and decaying leaves and increase 
in number by fission. When the amoebae are starved for 
bacteria, they cease dividing and aggregate together using 
relayed pulses of cyclic AMP as the chemoattractant. The 
pulses of cAMP also regulate the expression of several de- 
velopmentally regulated genes. The pulses of cAMP can 
be first detected approximately two hours after starvation. 
Aggregation then occurs between 5 and 10 h after starva- 
tion. The aggregate, containing typically 105 cells, forms a 
worm-like slug that crawls towards light. When the slug 
finds itself in a brightly lit, dry open area, a location favor- 
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able for spore dispersion, it develops into a fruiting body 
consisting of a mass of spore cells supported on a ~2-mm- 
high column of stalk cells (reviewed in Loomis, 1975, 1993; 
Van Haastert, 1991; Cubitt et al., 1992). 
As they overgrow their food supply, the cells in an aggre- 
gation field will starve asynchronously. Some cells, unable 
to find a bacterium, will starve earlier than the others. We 
postulated that if this first cohort and the subsequent co- 
horts of cells were to each aggregate and form a fruiting 
body, the resulting structures would be small and rela- 
tively ineffective (Jain et al., 1992; Yuen and Gomer, 
1994). Thus, to maximize spore dispersal, the cells in an 
aggregation field would need to form a single large fruiting 
body by coordinating their development. We have found 
that this coordination of development appears to be medi- 
ated by a mechanism that senses the density of starved 
cells and allows aggregation to occur only when there is a 
sufficiently high density of starved cells. 

In submerged monolayer culture, Dictyostelium cells at 
relatively high densities (105 cells/cm 2) differentiate, whereas 
cells at low density (2 × 103 cells/cm 2) do not. However, 
when the low density cells are starved in buffer in which 
high density cells had previously been starved (a condi- 

© The Rockefeller University Press, 0021-9525/95/06/1251/12 $2.00 
The Journal of Cell Biology, Volume 129, Number 5, June 1995 1251-1262 1251 



tioned medium), the low density cells then differentiate 
(Grabel and Loomis, 1978; Kay, 1982; Mehdy and Firtel, 
1985). Timelapse videomicroscopy indicated that cell-cell 
contact is not needed for differentiation (Gomer and Fir- 
tel, 1987). Dictyostelium cells thus appear to secrete a self- 
stimulating soluble factor (conditioned medium factor, 
CMF) 1 during development. 

CMF consists of two size fractions which both have CMF 
activity (Gomer et al., 1991). We purified the larger CMF 
as an 80-kD glycoprotein, sequenced tryptic peptides and 
used a degenerate oligonucleotide probe to isolate CMF 
cDNA (Jain et al., 1992). Database searches show that 
CMF shows no obvious similarity to any known protein 
and has no obvious motif content aside from a signal se- 
quence. The small CMF fraction is a family of breakdown 
products of 80-kD CMF which, like it, are glycosylated 
(Yuen et al., 1991), although glycosylation is not part of 
the active site of CMF, which lies within an 88-amino acid 
region near the NH2 terminus (Jain and Gomer, 1994). 
Neither class of CMF is the PFS density sensing factor 
used by Dictyostelium cells in late growth phase (Clarke et 
al., 1992). We found that CMF is sequestered in vegetative 
cells and is then secreted upon starvation (Yuen et al., 
1991). CMF is sensed by cells via a developmentally regu- 
lated cell surface receptor (Jain and Gomer, 1994). 

CMF potentiates its own accumulation into starvation 
buffer (although it is secreted by starved cells regardless of 
cell density); little else including pH, light, cAMP pulses or 
cell cycle phase at the time of starvation affects CMF's ac- 
cumulation rate or activity threshold (Yuen and Gomer, 
1994). We used diffusion calculations to show that even af- 
ter many hours of continuous secretion, the CMF concen- 
tration adjacent to an isolated starved cell on a leaf or soil 
surface would be too low to allow differentiation, whereas 
an extracellular concentration of CMF sufficiently high to 
allow differentiation would occur when starved cells are at 
high densities. There is a close match between the pre- 
dicted and experimentally observed density necessary for 
differentiation. To gain insight into the function of CMF, 
we used antisense transformation to make cells lacking 
CMF (Jain et al., 1992). When starved, the CMF antisense 
transformants did not aggregate unless exogenous purified 
or recombinant CMF was added. The theoretical and ob- 
served behavior of cells at different cell densities thus sug- 
gested that due to its accumulation rate, diffusion coeffi- 
cient, and activation threshold, CMF can function as part 
of a cell density-sensing system which allows Dictyostelium 
cells in the wild to coordinate the onset of the cAMP 
pulse-mediated aggregation. 

When a pulse of cAMP arrives at a starved Dictyoste- 
lium cell which is in the presence of high levels of CMF, 
three things happen. The cell moves towards the source of 
cAMP, a burst of cAMP is released by the cell to relay the 
signal, and the expression of specific classes of genes is 
affected (Mann and Firtel, 1989). The incoming cAMP 
pulse is sensed by cell surface cAMP receptors. There are 
several cAMP receptor genes, all of which are develop- 
mentally regulated (Saxe et al., 1991). The Dictyostelium 
cAMP receptor which mediates chemotaxis, cAR1, con- 
tains seven transmembrane domains, typical of receptors 
which interact with G-proteins (Klein et al., 1988; Saxe et 
al., 1988). The binding of cAMP to the cAMP receptors 

causes the receptors to activate G proteins (Van Haastert, 
1984; Theibert and Devreotes, 1986; Van Haastert et al., 
1987). During development, at least eight different G pro- 
tein et subunit genes are expressed (Wu and Devreotes, 
1991; Cubitt et al., 1992). Ga2 appears to be the subunit 
which mediates many of the downstream responses to acti- 
vation of the cAMP receptor, including chemotaxis and 
gene expression (Kumaga et al., 1989, 1991). 

G proteins are involved in transiently activating at least 
three enzymes in response to a pulse of cAMP: guanylyl 
cyclase, phospholipase C, and adenylyl cyclase (see Firtel 
et al., 1989; Dottin et al., 1991; Peters et al., 1991; and Van 
Haastert et al., 1991 for review). In addition, there is a 
transient uptake of extracellular Ca 2÷ 5 s after cAMP acti- 
vation (Bumann et al., 1984), which does not appear to be 
mediated by G proteins, intracellular cAMP, or cGMP 
(Milne and Coukell, 1991; Milne and Devreotes, 1993). 

Gc~2, activated by the cAMP receptor, activates guany- 
lyl cyclase. This causes a transient elevation in intracellular 
cGMP with a peak at 9-12 s after stimulation of cells with 
cAMP (Newell et al., 1988; Van Haastert et al., 1989). Get2 
also activates phospholipase C, resulting in a transient rise 
in inositol 1,4,5-trisphosphate (IP3) which peaks at ~6  s 
(Europe-Finner and Newell, 1987a,b; Van Haastert et al., 
1989; Okaichi et al., 1992). Interestingly, the Ga2 which 
activates phospholipase C is regulated by a cAMP recep- 
tor that is not cAR1 (Bominaar and Van Haastert, 1994). 
Both the cGMP and the IP3 levels return to baseline ~30 s 
after their peak. The activation of adenylyl cyclase occurs 
over several minutes and is mediated by the 13~ het- 
erodimer moiety of an activated G protein (Okaichi et al., 
1992). The GTP~tS activation of adenylyl cyclase in vitro 
requires membranes and a cytosolic protein designated cy- 
toplasmic regulator of adenylyl cyclase (CRAC) (Theibert 
and Devreotes, 1986; Van Haaster et al., 1987; Snaar- 
Jagalska and Van Haastert, 1988; Insall et al., 1994). A 
nonaggregating mutant, Synag 7, appears to lack the factor 
(Theibert and Devreotes, 1986). 

In this report, we examine how CMF regulates the ag- 
gregation of cells. We find that CMF regulates the ability 
of cAMP to activate Ca 2÷ influx, guanylyl cyclase, and 
adenylyl cyclase and that CMF has no effect on the activa- 
tion of phospholipase C by cAMP. This suggests that CMF 
regulates aggregation by regulating aspects of cARl-medi- 
ated cAMP signal transduction. 

Materials and Methods 

Cell Culture and CMF Production 
Cells were grown, conditioned medium (CM) was prepared, and CMF as- 
says were performed as previously described (Jain et al., 1992; Jain and 
Gomer, 1994). Ax-4 and K2 control transformant cell lines were recloned 
and checked for the ability to aggregate monthly. The K3 CMF antisense 
transformant (Jain and Gomer, 1994) was recloned monthly, and repeat- 
edly checked for the phenotype of no aggregation on filter pads except 
when starved in the presence of CMF. The 722 axenic Synap 7 cell line 
was a gift from Dr. Peter Devreotes. Starvation of cells was initiated by 
centrifugation at 800 g for 5 min, and resuspension and recentrifugation 
twice in PBM (20 mM KH2PO4, 10 IxM CaC12, 1 mM MgC12, pH 6.1, with 
KOH). The cells were resuspended in PBM to a final density of 1 × 106 
cells/ml, and shaken at 180 rpm. For the Ca 2+ influx assays, cells were 
starved on filter pads as described in Jain and Gomer (1994). All growth 
and development was done at 21°C. To assay for live cells by dye exclu- 
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sion, saturated trypan blue was added at an equal volume to cells. Recom- 
binant CMF was prepared and assayed for protein concentration and 
CMF activity as described in Jain and Gomer (1994), and stored as all- 
quots of 100 ng/ml in PBM at -70°C. 1 ~1 of thawed CMF (0.1 ng) or 
PBM were then added to each 100 Ixl of cells. 

Northern Blots 
RNA isolation and Northern blots were performed as described (Jain et 
al., 1992) with the exception that after hybridization, blots were washed 
three times with 2× SSC, 0.1% SDS at room temperature for 15 rain each 
and then three times for 15 min each with 0.1× SSC, 0.1% SDS at 55°C. 
The probe was a 1.3-kb EcoRI fragment of the cAR1 cDNA (a gift from 
Dr. Alan Kimmel, National Institutes of Health, Bethesda, MD). Autora- 
diography on preflashed Kodak X-omat AR5 film was done at -70°C for 
one to three weeks. Blots were then stained with methylene blue (Mon- 
roy, 1988) to verify RNA transfer. 

Chemotaxis Assays 
Chemotaxis of ceils was determined by the small drop method as de- 
scribed in Konijn (1970). Cells were starved for 6 h in PB (3.20 mM 
Na2HPO4, 6.94 mM KH2PO 4, pH 6.5) at 1 × 107 cells/ml in shaking cul- 
ture. Approximately 1 Ixl of cells were placed on PB/agar plates next to 
1-p~l droplets of cAMP. Chemotaxis was also determined by punching 
holes with the back end of a Pasteur pipette in agar/PBM plates. One mi- 
croliter of cells at a density of 1 × 107 cells/mi in PBM was placed 3 mm 
away from the edge of the holes. 6 h later, the holes were filled with 1 mM 
or 0.1 mM cAMP in either water or 5 mM caffeine and the morphology of 
the spots of cells was examined 4 h later with a Nikon microphot Fx and a 
4× objective. 

Measurement of Motility 
Cell translocation and pseudopod activities were studied by videomicros- 
copy using a Nikon TMS inverted microscope with an Ikegami ITC-400 
TV camera connected to a Sony EVT 801 timelapse videocassette re- 
corder. Cells were starved at low density in submerged monolayer culture 
in PBM or CM in plastic petri dishes (Fisher, Pittsburgh, PA) following 
Gomer and Firtel (1987). We observed cells in two modes. In the first, to 
determine gross translational movements, cells were observed by videomi- 
croscopy continuously for 15 h with a 4× objective, giving a 1-mm field of 
view. One frame was recorded every 8 s (when played back, events were 
sped up 480 fold). In the second mode, cells were videotaped, after having 
been starved for 3.5 to 12 h, at 4 frames/s for 100 min with either a 10× or 
40× phase contrast objective. 

Scanning Electron Microscopy 
Ceils were starved in submerged culture at a density of 3 × 105 cells/cm 2. 
Wild-type cells were also allowed to develop in the presence or absence of 
gel-purified CMF at a density of 4 × 105 cells/cm 2. At  the indicated times, 
cells were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.2 
on ice for 1 h, followed by two 10-min washes in 0.1 M cacodylate/5% su- 
crose, pH 7.2. After dehydration in a series of increasing concentrations of 
ethanol following Millonig (1976), samples were critical-point dried using 
an Autosamdri-814 (Tousimis Research Corp., Rockville, MD) and plati- 
num/palladium coated using a Baizers SCD 050 Sputer Coater. Scanning 
electron microscopy was performed with a JSM-5300 (JEOL U.S.A. Inc., 
Peabody, MA). 

IP3, cAMP, cGMP Production, and Ca 2+ Influx 
The production of IP3 in response to a pulse of cAMP was determined fol- 
lowing Van Haastert (1989) using a kit (Amersham Corp., Arlington 
Heights, IL) for the IP3 assay, with the exception that the assay was per- 
formed using 100 p.l of supernatant from the neutralized cell extract. Un- 
less indicated otherwise, the uptake of 45Ca2+ by cells in response to a 
pulse of cAMP was determined following Milne and Coukell (1991) ex- 
cept that the uptake medium contained 10 ~M CaC12. Ca 2+ influx assays 
were also performed in the presence of cobalt following Milne and Dev- 
reotes (1993). The production of cAMP in response to a pulse of cAMP 
was determined following Van Haastert (1984). Cells were stimulated 
with 10 ~M of the functional cAMP analog 2'-deoxy-cAMP in the pres- 
ence of 10 mM dithiothreitol (an inhibitor of the Dictyostelium phospho- 
diesterase). At 0, 3, and 5 min after stimulation, the cells were lysed and 

cAMP was measured with an isotope dilution assay kit (Amersham). The 
production of cGMP in response to 10 -7 M extracellular cAMP was deter- 
mined in a similar manner following Kesbeke et al. (1988) using a cGMP 
assay kit (Amersham). 

cAMP Binding Assays 
Binding of cAMP to cells was determined following Van Haastert and 
Kien (1983). Cells were starved by shaking in PBM for 5 h, then washed 
twice in PB and resuspended to 1 x 108 cells/ml. 45 p.1 of cells was added 
to a mixture of 5 p.l of 100 mM dithiothreitol containing 20 nCi 
[3H]cAMP, and 425 ~1 of 90% saturated ammonium sulphate in PB; 25 p,l 
of 1 mg/ml bovine serum albumin was then added. After incubating for 5 
min at 0°C, the cells were collected by centrifugation at 10,000 g for 2 min. 
The pellet was resuspended in 100 p~l of 1 M formic acid and dissolved in 
1.3 ml of ScintiVerse II scintillation fluid (Fisher, Fair Lawn, N J). For 
binding to cells starved at low cell density, Ax-4 cells were starved at 5 × 
104 cells/ml in the presence or absence of 1 ng/ml bacterially synthesized 
CMF. After 5 h, cells were harvested, washed twice in PB, and resus- 
pended at 1 × 10 s cells/ml; cAMP binding was immediately measured as 
described above. Scatchard plots of cAMP binding were done with a vari- 
ety of [3H]cAMP concentrations in the presence of ammonium sulphate as 
described above. 

G Protein Assays 
Preparation of membranes and assays of the ability of GTP~S to inhibit 
the binding of [3H]cAMP to membranes followed Kesbeke et al. (1988), 
with the exceptions that cells were starved by shaking for 5 hours at 1 x 
107 cells/ml in PBM, and the binding reactions were done in 50 Ixl of (2.56 
mM Na2HPO4, 5.55 mM KH2PO4, 10 ~ dithiothreitol) in the presence 
or absence of 30 ~M GTP~S. After binding for 5 min at 0°C, the mem- 
branes were collected by centrifugation and the pellets were resuspended 
in 100 Ixt of i M formic acid, allowed to sit overnight and dissolved in 1.3 
ml of scintillation fluid. The effect of 10 I~M cAMP on the binding of 
[35S]GTP~/S to membranes was determined following Kesbeke et al., 
(1990), except that cells were starved for 5 h by shaking in PBM, and the 
reactions were done in 50 p~l and contained 1 instead of 10 mM MgC12. 
The effect of cAMP on the binding of [3H]GTP to membranes were deter- 
mined following Snaar-Jagalska and Van Haastert (1988). The ability of 
GTP~/S to stimulate adenylyl cyclase was determined following the 
method used by Theibert and Devreotes (1986) for Ax-3 cells, with the ex- 
ception that cells were grown to a density of roughly 2 × 106 cells/ml and 
starved for 5 h at a density of I × l06 cells/ml, harvested, and assayed im- 
mediately. The reaction buffer contained no cAMP or labeled ATP, and 
the reaction was stopped by addition of EDTA to 20 mM and heating to 
100°C for 2 min. cAMP levels were then determined using the Amersham 
cAMP assay kit. 

Results 

CMF Regulates Chemotaxis but not Motility 

CMF antisense cells do not aggregate except when starved 
in the presence of CMF (Jain et al., 1992). To determine if 
CMF is necessary for viablity, we assayed exclusion of try- 
pan blue and observed that Ax-4, control transformant, or 
CMF antisense cells starved for 8 h were alive (Table I and 
data not shown). To determine if CMF regulates aggrega- 
tion by controlling chemotaxis, we examined the chemo- 
taxis of cells in a gradient of cAMP. Using two different 
chemotaxis assays, we found that control transformant 
cells could chemotax towards cAMP whereas CMF anti- 
sense transformants did not (Table I). This indicated that 
cells in the absence of CMF do not respond to a gradient 
of cAMP. The inability of CMF antisense transformant 
cells to chemotax could be due to a defect in motility itself 
or to a defect in the control of motility. We used high mag- 
nification, high speed videomicroscopy to determine if the 
CMF antisense cells could move normally in a 5-min inter- 
val. We observed that at both 6 and 12 h after starvation, 
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Table L Viability and Chemotaxis of CMF Antisense Cells 

Chemotaxis to cAMP 

Small droplet assay Stationary gradient assay 
Trypan blue exclusion 

Cell line at 8 h 10 -s 10 -7 10 -6 0.1 0.1 + caffeine 1 1 + caffeine 

M mM 

Control transformant 200/200 - + + + + + + 

CMF antisense 200/200 . . . . . . .  

Control transformant and CMF antisense cells were starved and tested for viability by trypan blue exclusion; the number of dye-excluding (viable) cells out of 200 cells examined 
is shown. Ceils were also examined for the ability to chemotax towards the indicated concentrations of cAMP. 

CMF has no obvious effect on the average speed of cell 
movement (Table II), although the distribution of speeds 
was quite large. Continuous timelapse videomicroscopy, at 
a lower magnification and time resolution, also indicated 
that CMF does not obviously affect the total distance that 
cells traveled from 0 to 12 h after starvation (data not 
shown). At 6 h after starvation, pseudopod extension and 
retraction occurs ~2  times/min in the absence of CMF and 
at 4 times/min in the presence of CMF. At 12 h after star- 
vation, the pseudopod extension rate appears to drop 
slightly but is still higher in the presence of CMF (Table 
II). Thus CMF, which dramatically affects aggregation, 
does not strongly affect the speed of cell movement, but 
does affect pseudopod extension. 

To examine in more detail the effect of CMF on the ex- 
tension of pseudopods from ceils, we used scanning elec- 
tron microscopy to examine the morphology of cells. Ax-4 
cells developing as they normally do at high cell density 
(Fig. 1 A), and Ax-4 cells starved at low density in the 
presence of purified CMF (Figure 1 C) show large num- 
bers of ruffles and pseudopods as previously observed 
(Loomis, 1975). Ax-4 cells starved at low density in buffer 
alone (Fig. 1 B) tend to be much smoother. Vector-alone 
transformed cells (Fig. 1 D) starved at high densities have 
an appearance similar to untransformed ceils starved at 
high cell densities, while CMF antisense transformants 
(Fig. 1 E) have many fewer pseudopods and ruffles. To- 
gether with the observations from high magnification 
videomicroscopy (Table II), this indicates that CMF in- 
creases the frequency of pseudopod formation. 

The addition of cAMP to starved cells causes a dramatic 
change in cell morphology in ~5-15 s (Wessels et al., 1989; 
Segall, 1992). To determine the rate at which CMF stimu- 
lates pseudopod activity, fields of starved cells at cell den- 

Table II. The Effect of CMF on Cell Speed and 
Pseudopod Extension 

Distance moved Pseudopodia 
Cell line in 5 min extended in 5 rain 

/,vn 

A x - 4 a t 6 h  6 ± 4 9.3 ± 5.1 

A x - 4 a t  12h  5 ± 3 6.1 ± 3.4 

A x - 4 + C M F a t 6 h  8 ± 7 23.0 ± 5.7 
A x - 4 + C M F a t  12h  7 ± 3 16.5 + 5.4 

Cells were starved at low density in the absence or presence of 1.2 ng/ml purified 
CMF and then observed by timelapse videomicroscopy at the times indicated. Ten 
cells were observed for 5 min each and the distance translocated by the approximate 
center of the cell, and the number of pseudopods extended during the 5 rain was mea- 
sured. The means ± SD are shown. 

sities too low to allow cAMP relay were examined by 
videomicroscopy before and after the addition of CMF. 
We observed that the frequency of pseudopod formation 
does not change significantly during the first 50 min of 
CMF treatment. Approximately 1 h after CMF addition, 
the frequency of pseudopod formation increases ~2.5-fold 
for 3.5-h starved cells and also for 4-, 5-, and 6-h starved 
cells (data not shown). The extent of stimulation varies 
from cell to cell, although the 1-h time delay does not. 
CMF alone thus affects cell morphology much more 
slowly than cAMP. 

CMF Is Required for cAMP Signal Transduction 

One of the first observed responses of cells to a pulse of 
cAMP is an increase in the rate of Ca > influx (Milne and 
Coukell, 1991). The amount o f  Ca > taken up by stimu- 
lated or unstimulated untransformed and control trans- 
formed cells (Table III)  was very similar to the corre- 
sponding amounts measured by Milne and Coukell (1991) 
at 6 h after starvation. In the absence of cAMP stimula- 
tion, CMF antisense transformed cells take up the same 
amount of Ca 2+ as untransformed or control transformant 
cells, but do not take up significant additional Ca 2+ in re- 
sponse to cAMP. The poor response of the CMF antisense 
cells to cAMP can be rescued by starving the cells in the 
presence of recombinant CMF. This suggests that CMF 
regulates the activation of C a  2+ influx by the cAMP recep- 
tor. To determine the kinetics of the CMF regulation of 
cAMP-stimulated Ca 2+ influx, CMF antisense cells were 
starved in the absence of CMF. The cells were harvested 
for a Ca 2+ influx assay and, at various times before the ad- 
dition of cAMP, recombinant CMF was added to the cells. 
As shown in Fig. 2, exposure of cells to CMF for 10 s or 
more permits cAMP-induced Ca 2+ influx. CMF had no ef- 
fect on the cAMP-independent Ca 2+ influx (data not 
shown). Ca 2+ influx was also assayed for control transfor- 
mant or CMF antisense cells following Milne and Dev- 
reotes (1993), which is a modification of the assay used 
above. As before, CMF antisense cells showed no signifi- 
cant Ca 2+ influx in response to cAMP, whereas after a 10-s 
exposure to recombinant CMF they had cAMP-stimulated 
Ca 2+ influx similar to that of untransformed Ax-4 cells 
(data not shown). 

Another rapid response of developing cells to a pulse of 
cAMP is a transient rise in the level of intracellular IP3, 
presumably due to an activation of phospholipase C (Eu- 
rope-Finner and Newell, 1987a,b; Van Haastert, 1989). In 
the absence of cAMP stimulation, Ax-4, control transfor- 
mant and CMF antisense transformant cells all contained 
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Figure 1. The effect of CMF on cell shape. Cells were starved in 
submerged culture on glass coverslips for 4 hours and then fixed 
and processed for scanning electron microscopy. Ax-4 cells 
starved at high cell density (A) have ruffles and pseudopodia, ap- 
pear smoother when starved at low cell density (B), and exhibit 
ruffles and pseudopodia when starved at low cell density in the 
presence of 1 ng/ml of purified CMF (C). At high cell densities, 
vector-alone transformed cells (D) appear similar to wild type 
cells while CMF antisense cells (E) have fewer filopodia and ruf- 
fles. 

approximately the same amounts of IP3 (Table IV); these 
values are approximately half of the amounts previously 
reported (van Haastert, 1989). The amount of IP3 secreted 
into the medium was also roughly the same for the three 
cell lines, and in close agreement with the previously ob- 
served values. 8 s after stimulation by cAMP, the amount 
of IP3 in both the control and CMF antisense cells rose by 
approximately the same amount (Table IV), to the con- 
centration of IP3 previously observed in cAMP stimulated 

cells. The observed increase is probably predominantly in- 
tracellular, since IP3 levels in the medium do not change 
after cAMP stimulation (Van Haastert, 1989). The similar- 
ity of the IP 3 responses in control and CMF antisense cells 
suggests that CMF is not required for the cAMP activation 
of IP3 production in developing cells. 

The ability of cells to synthesize a pulse of cGMP in re- 
sponse to a pulse of extracellular cAMP was measured in 
CMF antisense transformant and control cells in the pres- 
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Table IlL The Effect of CMF on 45Ca2* Influx 

45Ca2÷ taken up by cells in 30 s 

Fold increase in 
Cell line -cAMP +cAMP Ca 2÷ influx 

nmol/mg protein 

Ax-4 0.097 -+ 0.016 0~190 ± 0.021 1.93 ± 0.15 

Control transformant 0.108 ± 0.016 0.210 ± 0.024 1.82 + 0.08 

CMFant isense  0.080 ± 0.011 0.081 ± 0.015 1.05 ± 0.01 

CMF a n t i s e n s e + C M F  0.093 ± 0.015 0.173 ± 0.005 2.05 ± 0.02 

Ax-4, control transformant, or CMF antisense cells were starved for 6 h in the presence (+CMF) or absence of 1 ng/ml recombinant CMF. The amount of 45Ca 2÷ taken up by cells 
in 30 s was determined in triplicate for unstimulated cells, and for cells stimulated with cAMP. The mean ± SD for the averages for three separate experiments is shown. The ratio 
of stimulated influx to unstimulated influx was calculated separately for each of the three experiments, and the mean ± SD for the three ratios for each cell line is shown. The non- 
specific binding was 0.007 nmol/mg protein. A value of 1.00 for the fold increase would indicate that cAMP has no effect on the influx of Ca 2÷. 

ence or absence of purified bacterially synthesized CMF. 
The amount of cGMP in unstimulated cells was approxi- 
mately the same for both cell types in the presence or ab- 
sence of CMF (data not shown). The CMF antisense trans- 
formants poorly activated guanylyl cyclase in response to a 
pulse of extracellular cAMP (Table V A). The activation 
of guanylyl cyclase in response to a pulse of extracellular 
cAMP was increased when the cells were starved in the 
presence of bacterially synthesized CMF. This indicates 
that CMF controls the activation of guanylyl cyclase by the 
cAMP receptor. We found that exposure of CMF anti- 
sense cells to CMF for 10 s was sufficient to permit the 
cAMP stimulation of guanylyl cyclase (Table V B). Expo- 
sure of cells to CMF for 5 s also permitted cAMP stimula- 
tion of guanylyl cyclase, whereas when CMF was added at 
the same time as cAMP, poor stimulation was observed 
(data not shown). 

The ability of cells to synthesize and secrete cAMP in 
response to a pulse of extracellular cAMP (the cAMP re- 
lay response) was also measured. The amount of cAMP in 
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Figure 2. T h e  e f f e c t  o f  C M F  o n  C a  2+ inf lux.  U n t r a n s f o r m e d  A x - 4  

and CMF antisense cells were starved and assayed for cAMP- 
stimulated Ca 2÷ influx as described in Table III, with the excep- 
tion that the CMF antisense cells were harvested and treated with 
1 ng/ml recombinant CMF for 1, 10, 60, or 300 s before addition 
of 45Ca2÷ in the presence or absence of cAMP. The ratio of 
cAMP-stimulated Ca 2÷ influx in the CMF antisense cells to 
cAMP-stimulated Ca 2÷ influx in the Ax-4 cells was then calcu- 
lated. Values are the average of five separate determinations; 
bars show the standard deviation. The error bars for 10-s expo- 
sure to CMF are smaller than the plot symbol. 

unstimulated cells was approximately the same for both 
cell types in the presence or absence of CMF (data not 
shown). The CMF antisense transformants were unable to 
activate adenylyl cyclase in response to a pulse of cAMP 
when examined at either 3 or 5 min after the pulse, but 
were able to activate adenylyl cyclase when starved in the 
presence of bacterially synthesized CMF (Table V A). To 
minimize secondary effects, we examined the effect of 
exogenous CMF only at 3 min after the pulse of cAMP. 
The addition of CMF to control cells had no obvious effect 
on cAMP levels. These results indicate that CMF also 
controls the activation of adenylyl cyclase by the cAMP 
receptor. 

CMF Does Not Affect the Availability 
of  cAMP Receptors 

To examine where in the pathway CMF regulates cAMP 
signal transduction, we first determined whether CMF reg- 
ulates the availability of cAMP receptors. Binding of 
cAMP to cells was determined in nearly saturated ammo- 
nium sulfate for cells starved in the presence or absence of 
purified bacterially synthesized CMF. The presence or ab- 
sence of CMF did not significantly alter the gross amount 
of cAMP binding (Table VI). As determined by analysis 
of Scatchard plots, the number and affinity of the two 
classes of cAMP binding sites in the presence of nearly sat- 
urated ammonium sulfate was similar to previous observa- 
tions for wild-type cells (Van Haastert, 1985), and was not 
significantly affected by the presence or absence of CMF 
(Table VI). At low cell densities, where there would be 
very low levels of CMF, the addition of CMF also did not 
affect cAMP binding (Table VI). We also examined the 
expression of the cAMP receptor cAR1 mRNA in devel- 
oping CMF antisense transformant and control cells. The 
cAR1 gene encodes the majority of surface receptors re- 
sponsible for the activation of adenylyl cyclase and guany- 
lyl cyclase (Klein et al., 1988; Sun et al., 1990). This gene 
produces a 1.9-kb transcript upon starvation; the amount 
then decreases between 6 and 8 h after starvation, and 
then increases again (Abe and Maeda, 1994). An addi- 
tional 2.1-kb cAR1 transcript can be detected starting at 
approximately 10 h after starvation (Saxe et al., 1991 and 
Fig. 3 A). In the CMF antisense transformants, the 1.9-kb 
transcript is present in the vegetative and developing cells, 
while the 2.1-kb message is absent (Fig. 3 B). Although 
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Table IV. The Effect of CMF on IP3 Production 

IP3 
Substance Fold increase in IP3 
assayed -cAMP +cAMP production at 8 s 

m~t 
Ax-4 cells 1.5 ND ND 
Ax-4 medium 0.127 ND ND 

Control transformant cells 1.65 ± 0.22 5.56 ± 0.75 3.6 ± 0.2 

Control transforrnant med ium 0.101 ± 0.007 ND ND 

CMFant i sensece l l s  1.71 ± 0.30 6.08 ± 0.47 3.6 + 0.3 
CMFant i sense  med ium 0.116 ± 0.004 ND ND 

Ax-4, control transformant, or CMF antisense cells were starved for 5 h, collected by centrifugation, resuspended to 1 × 10 s cells/ml and aerated for 10 min. For unstimulated 
cells, the cell suspension was then centrifuged and the amount of IP 3 inside cells or in the supernatant (medium) was determined. For cAMP-stimulated cells, cAMP was added af- 
ter the 10-min aeration and 8 s later the amount ofIP 3 in the entire suspension was determined. The averages from one experiment (Ax-4 cells and buffer) or the mean ± SD for the 
averages from three separate experiments (all others) is shown. The ratio of the concentration of IP 3 in the stimulated cells to the concentration of IP 3 in the unstimulated cells was 
also calculated for each of the three experiments, and the mean ± SD for the three ratios is shown. A value of 1.00 for the fold increase would indicate that cAMP has no effect on 
IP 3 production. 

CMF thus appears to affect the expression of the cAMP 
receptor during late development, the biochemical and 
Northern blot data both suggest that the absence of CMF 
does not affect the accumulation of the cAMP receptor 
during development. 

CMF Is Required for G Protein Activity 

We next examined whether CMF regulates the interaction 
between the cAMP receptor and G proteins. A common 
characteristic of G protein-receptor interactions, including 
the Dictyostelium cAMP receptor, is that the GDP- or 
GTP-occupied G protein affects the affinity of the recep- 
tor for cAMP (reviewed in Gilman, 1987, 1991). In cells 
starved at high densities, the addition of the nonhydrolyz- 
able GTP analogue GTP~/S causes a 50-70% decrease in 
the binding of cAMP to the membranes (Van Haastert, 
1984). To determine if CMF affects this, we starved anti- 
sense and control transformant cells in the presence or ab- 
sence of CMF for 5 h. The binding of [3H]cAMP to crude 
membrane fractions was measured in the presence or ab- 
sence of GTP~/S. We observed that CMF did not affect the 

ability of GTP~/S to inhibit the binding of [3H]cAMP to 
the membranes (Table VII). This suggests that CMF does 
not affect the ability of G proteins to interact with the 
cAMP receptor in vitro. 

Another common characteristic of G protein-receptor 
interactions, including the Dictyostelium cAMP receptor, 
is that binding of the ligand to the receptor causes an in- 
creased binding of GTP to membranes. We thus examined 
whether CMF affects the ability of cAMP to regulate the 
exchange of GTP for GDP in plasma membrane-associ- 
ated G proteins. CMF antisense transformant and control 
transformant cells were starved in the presence or absence 
of CMF for 5 h. After adding either cAMP or buffer as a 
control, the amount of [35S]GTP~/S bound to membranes 
was measured. We found that in the absence of added 
CMF or cAMP, the binding of [35S]GTP'yS to membranes 
was similar for Ax-4, control transformant, and CMF anti- 
sense cells (Table VIII). Conversely, starvation of cells in 
the presence of added CMF caused a slight but statistically 
insignificant increase in the amount of [35S]GTP~S bound 
to membranes (Table VIII). Normally, the addition of 
cAMP causes a 1.38 _+ 0.05-fold increase in the amount of 

Table V. The Effect of CMF on cGMP and cAMP Production 

A 

Fold increase in cGMP Fold increase in cAMP Fold increase in cAMP 
Cell line production at 10 s production at 3 min production at 5 min 

Control t ransformant  3.90 ± 1.12 3.02 ± 1.33 4.53 ± 0.67 

Control transformant + CMF 2.67 ± 0.12 3.04 ± 1.89 ND 

CMFant i sense  1.13 ± 0.13 0.87 ± 0.14 0.96 ± 0.04 
CMF antisense + CMF 2.13 ± 0.98 2.24 ± 0.72 ND 

B 

Fold increase in cGMP 
Cell line production at 10 s 

CMF antisense 

CMF antisense + CMF for 10 s 
0.96 _+ 0.14 

2.32 ± 0.18 

(A) Control transfomlant or CMF antisense cells were starved for 5 h in the presence (+CMF) or absence of 1 ng/ml recombinant CMF. 2'-deoxy-cAMP (cAMP response) or 
cAMP (cGMP response) was added to the cells and the amount of cAMP or cGMP in the cells was determined in triplicate at the times indicated after adding the stimulus. The 
fold increase in cAMP or cGMP was calculated as the average amount at the time indicated divided by the average amount at 0 min. The means ± SD for three separate experi- 
ments (3 rain or 10 s determinations) or two experiments (5 min determinations) are shown. (B) CMF antisense cells were starved for 5 h, harvested for a cGMP production assay 
as in A, and 10 s before adding the cAMP stimulus either buffer or buffer containing 1 ng/ml recombinant CMF was added to the cells. The means ± SD for four separate exper- 
iments are shown. A value of 1.00 for the fold increase would indicate that cAMP has no effect on the cAMP or cGMP production. 
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Table VI. The Effect of CMF on the Binding of [3H]cAMP to Cells 

Low affinity sites High affinity sites 
cAMP binding 

Cell line (% of control) number/cell KD number/cell K D 

nM nM 

Control  t ransformant  100 8.3 X 104 3.1 2.4 × 104 0.37 

Control  t rans formant  + C M F  155 ± 15 N D  N D  N D  N D  
C M F  antisense 140 + 42 7.7 × 104 3.1 2.4 x 104 0.37 
C M F  antisense + C M F  120 ± 33 8.3 × 104 3.1 2.0 × 104 0.37 

Ax-4,  low density (control) 100 N D  ND ND ND 
Ax-4,  low density + C M F  96 _+ 0.07 N D  ND ND ND 

Control transformant or CMF antisense cells were starved in the presence or absence of 1 ng/ml recombinant CMF, and the binding of cAMP to the intact cells was measured in 
the presence of ammonium sulphate. In each experiment, the amount of cAMP bound to ceils was determined in quadruplicate, and the average of each quadruplicate was normal- 
ized to the average amount of cAMP bound to the control transformant cells in the absence of exogenous CMF. The mean ± SD for the normalized averages from three separate 
experiments is shown. Binding of cAMP was also determined for untransformed Ax-4 cells starved at low density (where CMF concentrations would be low) in the presence or ab- 
sence of exogenous bacterially synthesized CMF. In two experiments, binding of cAMP was measured in quadruplicate. Scatchard plots were used to determine the affinity and 
number of binding sites for cAMP binding to cells in the presence of ammonium sulfate. 

[35S]GTP~/S bound to membranes (Snaar-Jagalska et al., 
1988); this increase was observed regardless of whether 
CMF was present (Table VIII). We also examined the bind- 
ing of [3H]GTP to membranes, and observed somewhat 
higher amounts than previously described (Snaar-Jagalska 
and Van Haastert, 1988) (Table IX). As previously ob- 
served, addition of cAMP to the membranes increases the 
binding of [3H]GTP, the bnding of [3H]GTP to synag 7 
membranes is lower than the amount bound to control cell 
membranes, and the binding of [3H]GTP to synag 7 mem- 
branes is increased by stimulation with cAMP. As with the 
binding of [35S]GTP'yS to membranes, we observed no sig- 
nificant difference in the binding of [3H]GTP to control or 
CMF antisense transformant membranes either in the 
presence or absence of cAMP stimulation. The results of 
the GTP~/S and the GTP binding experiments therefore 
suggest that CMF does not strongly affect the ability of 
cAMP to regulate the binding of GTP to membranes in 
vitro. 

The above data indicate that CMF regulates signal 
transduction without strongly affecting the interaction be- 
tween the cAMP receptor and G proteins in vitro. We thus 
examined whether CMF regulates the interaction between 
G proteins and adenylyl cyclase. As shown in Table X, us- 

Figure 3. mRNA levels of the surface cAMP recpetor cAR1. V 
indicates vegetative cells and the number indicates the hours af- 
ter starvation. A shows RNA from control transformant cells 
while B shows RNA from CMF antisense cells. The positions of 
the 4.1- and 1.9-kb ribosomal RNA bands, visualized by methyl- 
ene blue staining to verify that approximately equal amounts of 
undegraded RNA were loaded in each lane, are indicated at the 
left. 

ing the method of Theibert and Devreotes (1986), we 
found that at 22°C the adenylyl cyclase activities of Ax-4 
and CMF antisense ceils were roughly similar, indicating 
that CMF does not affect the basal level of adenylyl cy- 
clase activity. Stimulation with GTP~/S resulted in a sub- 
stantial increase in adenylyl cyclase activity in the Ax-4 
cells regardless of whether cells were exposed to addi- 
tional CMF. These activities are similar to those previ- 
ously observed (Theibert and Devreotes, 1986). CMF anti- 
sense cells showed poor adenylyl cyclase stimulation by 
GTP~/S; preincubation of these cells with CMF for 10 s be- 
fore lysis however resulted in a GTP~/S stimulation that 
was stronger than that seen in Ax-4 cells. This suggests 
that all the components necessary for adenyl cyclase acti- 
vation are present in the CMF antisense cells and that 
CMF regulates the ability of an activated G protein to 
stimulate adenylyl cyclase. 

Discussion 

We previously found that CMF is required for aggrega- 
tion. We have shown here that CMF is not required for the 
viability of starving cells and in fact for the first 6 h of de- 
velopment CMF does not have any large effect on the abil- 
ity of cells to translocate randomly. During later develop- 
ment, CMF does affect the speed of cell translocation. The 
inability of CMF antisense cells to chemotax towards 
cAMP indicates that CMF strongly affects the ability of 
cAMP to regulate the direction of cell velocity during a 
time in which CMF has little effect on the magnitude of 
cell velocity. However, the production of ruffles and 
pseudopods is regulated by CMF. The CMF-induced in- 
crease in the frequency of pseudopod formation was seen 
with cells starved for the relatively short time of four hours 
at low cell densities, where there would be no relaying of 
cAMP pulses and thus little activation of cAMP pulse- 
induced genes. The effect of CMF on cell morphology thus 
would seem to be a direct effect as opposed to a secondary 
effect due to CMF-regulated cAMP signal transduction. 
CMF regulates cAMP signal transduction within a few sec- 
onds, whereas CMF alone takes an hour to affect pseudo- 
pods. The two processes thus seem to be regulated by di- 
vergent pathways. 

CMF appears to be essential for several aspects of 
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Table VII. The Effect of CMF on [3H]cAMP Binding to Membranes 

[3H]cAMP binding, % of control 
Fold stimulation 

Cell line -GTP3,S +GTP~S by GTP3'S 

Ax-4 216 55 0.25 

Ax-4 + CMF 77 29 0.38 

Control transformant 100 57 ± 6 0.56 ± 0.06 

Control transformant + CMF 184 ± 66 32 ± 3 0.24 ± 0.08 

CMFant i sense  207 ± 124 41 ± 18 0.30 ± 0.13 
C M F a n t i s e n s e + C M F  279 ± 162 53 ± 29 0.29 ± 0.16 

Untransformed Ax-4 cells, control transformant, or CMF antisense ceils were starved for 5 h in the presence (+CMIO or absence of 1 ng/ml recombinant CMF. The binding of 
[3H]cAMP to membranes was measured in the presence or absence of GTlX'/S in quadruplicate and normalized to the amount bound to control transformant cells. Values are 
means ± SD from one (for AX-4) or three (all others) independent experiments. In each experiment, the ratio of the average amount of [3H]cAMP bound in the presence of GT- 
P~/S to the average amount bound in the absence of GTP',/S was calculated, and the means ± SD of the ratios (fold stimulations) are shown. A fold stimulation of 1.00 would indi- 
cate that GTP"/S has no effect on the binding of cAMP to membranes. 

Table VIII. The Effect of CMF on [35S] GTPyS Binding to Membranes 

[35S]GTP~S binding, % of control 
Fold stimulation 

Cell line - +cAMP by cAMP 

Ax-4 92 ± 15 129 ± 6 1.36 ± 0.17 

A x - 4 + C M F  108 ± 5 131 ± 15 1.21 ± 0.08 

Control transformant 100 120 ± 12 1.20 ± 0.12 

C o n t r o l t r a n s f o r m a n t + C M F  116 ± 11 151 ± 30 1.30 ± 0.24 

CMFant i sense  84 ± 22 111 ± 28 1.35 ± 0.17 

CMF antisense + CMF 86 ± 14 122 ± 19 1.42 ± 0.04 

Untransformed Ax-4 cells, control transformant, or CMF antisense cells were starved for 5 h in the presence (+CMF) or absence of 1 ng/ml recombinant CMF. The binding of 
[35S]GTP~S to membranes was measured in the presence or absence of cAMP in quadruplicate, and then normalized to the amount of [35S]GTP-/S bound to control transformant 
membranes in the absence of cAMP. The means ± SD from three independent experiments are shown. For each separate experiment, the ratio of the average amount of [35S]GT- 
P~/S bound in the presence of cAMP to the average amount bound in the absence of cAMP was calculated; the average and standard deviations of the three ratios is shown. A value 
of 1.00 would indicate that cAMP has no effect on the binding of [35S]GTP~/S to membranes. 

Table IX. The Effect of CMF on [3H]GTP Binding to Membranes 

[3H]GTP binding to membranes 
Fold stimulation 

Cell line Binding time - +cAMP by cAMP 

s cpm bound 

Control transformant 20 2104 ± 186 2572 _+ 66 1.22 _+ 0.07 

Control transformant 60 2572 + 37 2850 ± 66 1.1l ± 0.01 

CMFant isense  20 2158 ± 24 2499 ± 96 1.12 ± 0.00 

CMFant i sense  60 2388 ± 37 2756 ± 15 1.15 ± 0.01 

722 Synag 7 60 486 632 1.3 

Control transformant, CMF antisense cells or 722 axenic Synag 7 ceils were starved for 5 h and membranes were prepared. [3H]GTP and buffer or [3H]GTP and cAMP was added 
and incubated for the time indicated; the amount bound was measured in triplicate. The average from one experiment (722 ceils) or means ± SD from three independent experi- 
ments are shown. For each experiment, the ratio of the average amount of [3H]GTP bound in the presence of cAMP to the average amount bound in the absence of cAMP was cal- 
culated; the average of the ratios ± SD is shown. A value of 1.00 would indicate that cAMP has no effect on [3H]GTP binding to membranes. 

cAMP-mediated signal transduction (Fig. 4). CMF regu- 
lates the stimulation of Ca 2+ influx and both adenylyl cy- 
clase and guanylyl cyclase by cAMP. CMF has to be 
present for only a few seconds to permit these cAMP- 
induced responses. CMF does not affect the cAMP-activa- 
tion of phospholipase C; however this enzyme is not neces- 
sary for growth or development of Dictyostelium in the 
laboratory (Drayer et al., 1994) and thus it is probably not 
necessary that CMF regulates its activity. We found that 
CMF is not required for the presence of cAMP receptors. 
In addition, the stimulation of GTP binding to membranes 
induced by cAMP and the affinity modulation of cAMP 
binding to membranes induced by GTP~/S are essentially 
unaffected by CMF. This suggests that the cAMP receptor 
and its interaction with a majority of G proteins is unaf- 

fected by CMF in vitro. CMF strongly affects the ability of 
GTP~/S to activate adenylyl cyclase in vitro. This could be 
due to either CMF regulating the activity of the cytosolic 
protein, CRAC, which in turn regulates the activation of 
adenylyl cyclase by G proteins, or by CMF somehow regu- 
lating the release of activated G proteins from the cAR1 
receptor. 

In frigid A mutants, which lack Get2 (Kumagai et al., 
1989), GTP'yS has a reduced ability to inhibit the binding 
of cAMP to membranes, and cAMP does not stimulate the 
binding of GTP to membranes (Kesbeke et al., 1988). 
Since these two interactions are unaffected by CMF, our 
data suggest that Get2 is present and at least partially func- 
tional in the CMF antisense cells; this is supported by the 
observation that Go~2 mRNA is present in CMF antisense 
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Table X. The Effect of CMF on the Activity of Adenylyl Cyclase In Vitro 

Adenylyl cyclase activity, 
pmol/min/mg protein at 22°C 

Fold stimulation 
Cell line - +GTP~/S by GTP~/S 

Ax-4  2.9 ± 0.0 21.3 ± 1.0 7.3 ± 0.7 
A x - 4 +  1 0 s o f C M F  2.2 ± 1.6 23.7 ± 0.5 10.8 + 0.8 
C M F  antisense 3.8 ± 0.6 4.6 ± 1.1 1.21 ± 0.3 
C M F a n t i s e n s e +  1 0 s o f C M F  2.8 ± 2.9 41.4 ± 9.2 14.8 ± 3.2 

Untransformed Ax-4 cells or CMF antisense cells were starved for 5 h. Cells were then harvested and lysed (either immediately or after a 10-s incubation with 1 ng/ml recombi- 
nant CMF at 22°C) in the presence or absence of GTP',/S and assayed for cAMP synthesis in triplicate essentially following Theibert and Devreotes (1986); see Materials and 
Methods for modifications. Values are means ± SD from three independent experiments (CMF antisense cells) or two experiments (Ax-4 ceils). The ratio of (average adenylyl 
cyclase activity in the presence of GTP~S)/(average adenylyl cyclase activity in the absence of GTP',/S) was calculated for each separate experiment. The means ± SD for the ra- 
tios is shown. A value of 1.00 would indicate that GTP',/S does not stimulate adenylyl cyclase. 

cells (Lindsey and Gomer, manuscript in preparation). 
Furthermore, a 10-s exposure of cells to CMF immediately 
before cAMP stimulation is sufficient to permit the cAMP 
activation of Ca 2÷ influx and guanylyl cyclase. This rapid 
response indicates that both the CMF signal transduction 
machinery and those components of the cAMP signal 
transduction pathway that we have found to be regulated 
by CMF are present in cells which have not been previ- 
ously exposed to CMF. The ability of a 10-s exposure of 
cells to CMF to permit the GTP~/S activation of adenylyl 
cyclase in vitro then indicates that the CRAC protein is in- 
deed present in CMF antisense cells and that CMF thus 
regulates either its activity or subcellular localization. 

A non-aggregating mutant, Synag 7, appears to lack 
CRAC activity (Theibert and Devreotes, 1986). Synag 7 
exhibits normal chemotaxis towards cAMP and activation 
of guanylyl cyclase by cAMP (Schaap et al., 1986), 
whereas the CMF antisense cells can do neither. Also un- 
like CMF antisense cells, the activation of guanylyl cyclase 
by cAMP in vivo (Schaap et al., 1986) or by GTPyS in 
vitro in Synag 7 mutants (Janssens and Van Haastert, un- 
published observation) is similar to that in wild-type cells. 
This suggests that CMF is not CRAC per se, and that CMF 
does not regulate CRAC exclusively. 

CMF regulates cAMP signal transduction during devel- 
opment, but it is unclear whether CMF also regulates 
events in vegetative cells. In transformants engineered to 
express cAMP receptors in vegetative cells (which do not 
secrete CMF), cAMP will stimulate Ca 2÷ influx in the veg- 
etative cells (Milne and Coukell, 1991; Milne and Dev- 
reotes, 1993). This might suggest that a process that we 

Ca ÷÷ 

CRAC 

Figure 4. M o d e l  o f  t h e  c A M P  s i g n a l  t r a n s d u c t i o n  s y s t e m  in  Dic- 
tyostelium. CMF appears to regulate the processes shown with 
bold lines, cARx, the unknown cAMP receptor; G, a heterotri- 
merit G protein containing Gc~2; PLC, phospholipase C; cAR1, 
cAMP receptor 1; GC, guanylyl cyclase; AG, adenylyl cyclase; 
CRA C, cytosolic regulator of adenylyl cyclase. 

have shown to require high levels of extracellular CMF oc- 
curs when there are low levels of extracellular CMF. How- 
ever, for the Ca 2+ influx assays, the vegetative cells were 
collected by centrifugation, and then resuspended and col- 
lected by centrifugation twice in a buffer which would 
cause starvation and thus initiate CMF secretion. The cells 
were then shaken at a density of 108 cells/ml in the starva- 
tion buffer for 10 more min before being assayed (Milne 
and Coukell, 1991; Milne and Devreotes, 1993). We have 
found that the rate at which the 80-kD CMF accumulates 
in starvation buffer is essentially invariant for the first 10 h 
of starvation, at ~12 molecules/cell/rain (Gomer et al., 
1991; Yuen and Gomer, 1994). This would indicate that at 
108 ceUs/ml, the CMF concentration would reach the 0.3 
ng/ml threshold value in 2 min and the 1 ng/ml optimal 
concentation in 7 min, and thus the vegetative ceils that 
were being assayed were actually starving in the presence 
of high levels of CMF. 

Our results thus indicate that CMF regulates cAMP- 
stimulated Ca 2÷ influx and activations of adenylyl cyclase 
and guanylyl cyclase, but not the cAMP-stimulated activa- 
tion of phospholipase C. Ca 2÷ influx does not require the 
presence of Get subunits 1, 2, 3, 4, 7, or 8 (Milne and Dev- 
reotes, 1993), or the GI3 subunit (Devreotes, 1994; Milne 
et al., 1995), suggesting that CMF does not solely affect 
these proteins, and as described above CMF does not ap- 
pear to solely regulate CRAC. Mutants lacking adenylyl 
cyclase have normal cAMP-stimulated guanylyl cyclase 
activation, and vice versa (Kuwayama et al., 1993); CMF 
thus appears to regulate two independent cyclases. In mu- 
tants lacking either cAR1 or CMF, the cAMP-stimulated 
activation of phospholipase C is normal while cAMP-stim- 
ulated Ca 2÷ influx and activations of adenylyl cyclase and 
guanylyl cyclase are greatly reduced. This similarity sug- 
gests that CMF may regulate the ability of cAMP to acti- 
vate the cAR1-G protein complex. Alternatively, CMF 
might separately regulate the activation of Ca 2÷ influx by 
cAR1, the pathway between cAR1 and adenylyl cyclase 
and the pathway between cAR1 and guanylyl cyclase. In 
either case, since CMF concentrations allowing a peak 
CMF response cause occupation of ~-,200 receptors/cell 
(Jain and Gomer, 1994) and a cAMP pulse causes occupa- 
tion of several thousand cAMP receptors, the CMF signal 
transduction mechanism appears to involve some form of 
amplification. 

W e  t h a n k  R. A m m a n n  for  assistance with cell cul ture,  J. Segall for  advice 

on  the chemotax is  assay,  J. H e a t h  for  assistance with crit ical po in t  dry ing  

The Journal of Cell Biology, Volume 129, 1995 1260 



and sputter coating of SEM samples, D. Callahan for assistance with the 
scanning electron microscope, W. Xu for assistance with motility measure- 
ments, P. Devreotes for the 722 Synag 7 cells, A. Kimmel for the gift of 
cAR1 cDNA, and M. Price for suggestions and for editing. 

This study was supported by National Institutes of Health grant 
GM42604 and by grant C-1247 from the Robert A. Welch Foundation. 
R. H. Gomer is an assistant investigator of the Howard Hughes Medical 
Institute. 

Received for publication 20 May 1994 and in revised form 3 February 
1995. 

References 

Abe, F., and Y. Maeda. 1994. Precise expression of the cAMP receptor gene, 
CAR1, during transition from growth to differentiation in Dictyostelium dis- 
coideum. FEBS (Fed. Eur. Biochem. Soc.) Letters. 342:239-241. 

Bominaar, A. A., and P. J. Van Haastert. 1994. Phospholipase C in Dictyoste- 
lium discoideum. Identification of stimulatory and inhibitory surface recep- 
tors and G-proteins. Biochem. J. 297:189-193. 

Bumann, J., B. Wurster, and D. Malchow. 1984. Attractant-induced changes 
and oscillations of the extracellular Ca 2÷ concentration in suspensions of dif- 
ferentiating Dictyostelium cells. J. Cell Biol. 98:173-178. 

Clarke, M., N. Dominguez, I. S. Yuen, and R. H. Gomer. 1992. Growing and 
starving Dictyostelium cells produce distinct density-sensing factors. Dev. 
Biol. 152:403--406. 

Cubitt, A. B., F. Carrel, S. Dharmawardhane, C. Gaskins, J. Hadwiger, P. 
Howard, S. K. O. Mann, K. Okalchi, K. Zhou, and R. A. Firtel. 1992. Molec- 
ular genetic analysis of signal transduction pathways controlling multicellu- 
lar development in Dictyostelium. Cold Spring Harbor Syrup. Quant. Biol. 
57:177-192. 

Devreotes, P. N. 1994. G protein-linked signaling pathways conrol the develop- 
mental program of Dictyostelium. Neuron. 12:235-241. 

Dottin, R. P., S. R. Bodduluri, J. F. Doody, and B. Haribabu. 1991. Signal trans- 
duction and gene expression in Dictyostelium discoideum. Dev. Genet. 12: 
2-5. 

Drayer, A. L., J. Van der Kaay, G. W. Mayr, and P. J. M. Van Haastert. 1994. 
Role of Phospholipase C in Dictyostelium: Formation of inositol 1,4,5-tri- 
phosphate and normal development in cells lacking phospholipase C activ- 
ity. EMBO (Eur. Mol. Biol. Organ.) J. 13:1601-1609. 

Europe-Finner, G. N., and P. C. Newell. 1987a. cAMP stimulates accumulation 
of inositol trisphosphate in Dictyostelium. J. Cell Sci. 87:221-229. 

Europe-Firmer, G. N., and P. C. NeweU. 1987b. GTP analogues stimulate inosi- 
tol triphosphate formation transiently in Dictyostelium. J. Cell Sci. 87:513- 
518. 

Firtel, R. A., P. J. Van Haastert, A. R. Kimmel, and P. N. Devreotes. 1989. G 
protein linked signal transduction pathways in development: Dictyostelium 
as an experimental system. Cell. 58:235-239. 

Gilman, A. G. 1987. G proteins: transducers of receptor-generated signals. 
Annu. Rev. Biochem. 56:615--649. 

Gilman, A. G. 1991. Transmembrane signaling, G proteins, and adenylyl cy- 
clase. Harvey Lect. 85:153-172. 

Gomer, R. H., and R. A. Firtel. 1987. Cell-autonomous determination of cell- 
type choice in Dicytostelium development by cell-cycle phase. Science 
(Wash. DC). 237:758-762. 

Gomer, R. H., I. S. Yuen, and R. A. Firtel. 1991. A secreted 80 × 103 Mr protein 
mediates sensing of cell density and the onset of development in Dictyoste- 
lium. Development (Camb.). 112:269-278. 

Grabel, L., and W. F. Loomis. 1978. Effector controlling accumulation of 
N-acetylglucosaminidase during development of Dictyostelium discoideum. 
DeveL Biol. 64:203-209. 

lnsall, R., A. Kuspa, P. Lilly, G. Shaulsky, W. F. Loomis, and P. Devreotes. 
1994. CRAC, a cytosolic protein containing a pleckstrin homology domain, 
mediates G-protein mediated activation of adenylyl cyclase in Dictyostelium. 
Z Cell Biol. 126:1537-1545. 

Jain, R., I. S. Yuen, C. R. Taphouse, and R. H. Gomer. 1992. A density-sensing 
factor controls development in Dictyostelium. Genes & Dev. 6:390--400. 

Jain, R., and R. H. Gomer. 1994. A developmentally regulated cell surface re- 
ceptor for a density-sensing factor in Dictyostelium. J. Biol. Chem. 269:9128- 
9136. 

Janssens, P. M. W., and P. J. M. Van Haastert. 1987. Molecular basis of trans- 
membrane signal transduction in Dictyostelium discoideum. Microbiol. Rev. 
51:396-418. 

Kay, R. R. 1982. cAMP and spore differentiation in Dictyostelium discoideum. 
Proc. Natl. Acad. Sci. USA. 79:3228-3231. 

Kesbeke, F., B. E. Snaar-Jagalska, and P. J. M. van Haastert. 1988. Signal trans- 
duction in Dictyostetium fgd A mutants with a defective interaction between 
surface cAMP receptors and a GTP-binding regulatory protein. J. Cell Biol. 
107:521-528. 

Kesbeke, F., P. J. M. Van Haastert, R. J. W. De Wit, and B. E. Snaar-Jagalska. 
1990. Chemotaxis to cyclic AMP and folie acid is mediated by different G 
proteins in Dictyostelium discoideum. J. Cell Sci. 96:669--673. 

Klein, P. S., T. J. Sun, C. L. Saxe III, A. R. Kimmel, R. L. Johnson, and P. N. 
Devreotes. 1988. A chemoattractant receptor controls development in Dic- 
tyostetium discoideum. Science (Wash. DC). 241:1467-1472. 

Konijn, T. M. 1970. Microbiological assay of cyclic 3',5'-AMP. Experimentia 
(Basel). 26:367-369. 

Kumagai, A., M. Pupillo, R. Gtmdersen, R. Miake-Lye, P. N. Devreotes, and 
R. A. Firtel. 1989. Regulation and function of G alpha protein subunits in 
Dictyostelium. Cell. 57:265-275. 

Kumagai, A., J. A. Hadwiger, M. Pupillo, and R. A. Firtel. 1991. Molecular ge- 
netic analysis of two G alpha protein subunits in Dictyostelium. J. Biol. 
Chem. 26:1220-1228. 

Kuwayama, H., S. Ishida, and P. J. Van Haastert. 1993. Non-chemotactic Dictyo- 
stelium discoideum mutants with altered cGMP signal transduction. J. Cell 
Biol. 123:1453-1462. 

Loomis, W. F. 1975. Dictyostelium discoideum. A Developmental System. Aca- 
demic Press, New York. 

Mann, S. K., and R. A. Firtel. 1989. Two-phase regulatory pathway controls 
cAMP receptor-mediated expression of early genes in Dictyostelium. Proc. 
Natl. Acad. Sci. USA. 86:1924-1928. 

Mehdy, M. C., and R. A. Firtel. 1985. A secreted factor and cyclic AMP jointly 
regulate cell-type-specific gene expression. Mol. Cell. Biol. 5:705-713. 

Millonig, G. 1976. Laboratory Manual of Biological Electron Microscopy. M. 
Saviolo, editor. Vercelli, Italy. 

Milne, J. L., and M. B. Coukell. 1991. A Ca 2+ transport system associated with 
the plasma membrane of Dictyostelium discoideum is activated by different 
chemoattractant receptors. Z Cell Biol. 112:103-110. 

Miine, J. L., and P. N. Devreotes. 1993. The surface cyclic AMP receptors, 
cAR1, cAR2, and cAR3, promote Ca 2÷ influx in Dictyostelium discoideum 
by a Ga2-independent mechanism. Mol. Biol. Cell. 4:283-292. 

Milne, J. L. S., L. Wu, M. J. Caterina, and P. N. Devreotes. 1995. Seven helix 
cAMP receptors stimulate Ca ++ entry in Dictyostelium. J. Biol. Chem. 270: 
5926-5931. 

Monroy, A. F. 1988. Staining immobilized RNA ladder. Focus (Idaho). 10:14. 
Newell, P. C., G. N. Europe-Finner, N. V. Small, and G. Liu. 1988. Inositol 

phosphates, G-proteins and ras genes involved in chemotactic signal trans- 
duction of Dictyostelium. J. Cell Sci. 89:123-127. 

Okaichi, K., A. B. Cubitt, G. S. Pitt, and R. A. Firtel. 1992. Amino acid substitu- 
tions in the Dictyostelium F alpha subunit G alpha 2 produce dominant neg- 
ative phenotypes and inhibit the activation of adenylyl cyclase, gnanylyl cy- 
clase, and phospholipase C. Mol. Biol. Cell. 3:735-747. 

Peters, D. J. M., M. Cammans, S. Smit, W. Spek, M. M. Van Lookeren Cam- 
pagne, and P. Schaap. 1991. Control of cAMP-induced gene expression by 
divergent signal transduetion pathways. Dev. Genet. 12:25-34. 

Saxe, C. L., 111, P. Klein, T. J. Still, A. R. Kimmel, and P. N. Devreotes. 1988. 
Structure and expression of the cAMP cell-surface receptor. Dev. Genet. 9: 
227-235. 

Saxe, C. L., R. Johnson, P. N. Devreotes, and A. R. Kimmel. 1991. Multiple 
genes for cell surface cAMP receptors in Dictyostelium discoideum. Dev. 
Genet. 12:6-13. 

Schaap, P., M. M. Van Lookern Campagne, R. Van Driel, W. Spek, P. J. M. 
Van Haastert, and J. Pinas. 1986. Postaggregative differentiation induction 
by cAMP in Dictyostelium: intracellular transport pathway and requirement 
for additional stimuli. Dev. Biol. 118:52-63. 

Segall, J. E. 1992. Behavioral responses of streamer F mutants of Dictyostelium 
discoideum: effects of cyclic GMP on cell motility. J. Cell Sci. 101:589-597. 

Snaar-Jagalska, B. E., and P. J. M. Van Haastert. 1988. Dictyostelium discoi- 
deum mutant synag 7 with altered G-protein-adenylate cyclase interaction. 3.. 
Cell Sci. 91:287-294. 

Snaar-Jagalska, B. E., F. Kesbeke, and P. J. M. Van Haastert. 1988. G-proteins 
in the signal-transduction pathways of Dictyostelium discoideum. Dev. 
Genet. 9:215-226. 

Sun, T. J., P. J. M. Van Haastert, and P. N. Devreotes. 1990. Surface cAMP re- 
ceptors mediate multiple responses during development in Dictyostelium: 
Evidenced by antisense mutagenesis. J. Cell Biol. 110:1549-1554. 

Theibert, A., and P. N. Devreotes. 1986. Surface receptor mediated activation 
of adenylate cyclase in Dictyostelium: regulation by guanyinucleotides, mu- 
tant characterization and in vitro mutant reconstitution. J. Biol. Chem. 261: 
15121-15125. 

Van Haastert, P. J. M., and E. Kien. 1983. Binding of cAMP derivatives to D/c- 
tyostelium discoideum cells. Activation mechanism of the cell surface cAMP 
receptor. J. Biol. Chem. 258:9636-9642. 

Van Haastert, P. J. M. 1984. Guanine nucleotides modulate cell surface cAMP- 
binding sites in membranes from Dictyostelium discoideum. Biochem. Bio- 
phys. Res. Commun. 124:597-604. 

Van Haastert, P. J. M. 1985. The modulation of cell surface cAMP receptors 
from Dictyostelium discoideum by ammonium sulfate. Biochim. Biophys. 
Acta. 845:254--260. 

Van Haastert, P. J. M., E. B. Snaar-Jagalska, and P.M.W. Janssens. 1987. The 
regulation of adenylate cyclase by guanine nueleotides in Dictyostelium dis- 
coideum membranes. Eur. Z Biochem. 162:251-258. 

Van Haastert, P. J. M. 1989. Determination of inositol 1,4,5-trisphosphate lev- 
els in Dictyostelium by isotope dilution assay. Analyt. Biochem. 177:115-119. 

Van Haastert, P. J. M., M. J. De Vries, L. C. Penning, E. Roovers, J. Van der 
Kaay, C. Erneux, and M. M. Van Lookeren Campagne. 1989. Chemoattrac- 
tant and guanosine 5'-('r-thio) triphosphate induce the accumulation of ino- 

Yuen et al. Regulation of Chemotaxis by Density Sensing 1261 



sitol 1,4,5-triphosphate in Dictyostelium cells that are labeled with (3H) ino- 
sitol by electrophoration. Biochem. Z 258:577-586. 

Van Haastert, P. J. M., P. M. Janssens, and C. Erneux. 1991. Sensory transduc- 
tion in eukaryotes. A comparison between Dictyostelium and vertebrate 
cells. Eur. J. Biochem. 195:289-303. 

Wessels, D., N. A. Schroeder, E. Voss, A. L. Hall, J. Condeelis, and D. R. Soil. 
1989. cAMP-Mediated inhibition of intracellular particle movement and ac- 
tin reorganization in Dictyostelium. J. CellBiol. 109:2841-2851. 

Wu, L J., and P. N. Devreotes. 1991. Dictyostetium transiently expresses eight 

distinct G-protein alpha-subunits during its developmental program. Bio- 
chem. Biophys. Res. Commun. 179:1141-1147. 

Yuen, I. S., C. Taphouse, K. A. Halfant, and R. H. Gomer. 1991. Regulation 
and processing of a secreted protein that mediates sensing of cell density in 
Dictyostelium. Development (Camb.). 113:1375-1385. 

Yuen, I. S., and R. H. Gomer. 1994. Cell density-sensing in Dictyostelium by 
means of the accumulation rate, diffusion coefficient and activity threshold 
of a protein secreted by starved cells. J. Theor. Biol. 167:273-282. 

The Joumal of Cell Biology, Volume 129, 1995 1262 


