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Transduction of the chemotactic cAMP signal across the plasma membrane of 
Dictyostelium ceils 

P. J. M. Van Haastert 

Department of Biochemistry, University of Groningen, Nijenborgh 4, NL-9747 AG Groningen (The Netherlands), 
Fax 4-31 50 63 41 65 

Abstract. Aggregating Dictyostelium cells secrete cAMP during cell aggregation, cAMP induces two fast responses, 
the production of more cAMP (relay) and directed cell locomotion (chemotaxis). Extracellular cAMP binds to 
G-protein-coupled receptors leading to the activation of second messenger pathways, including the activation of 
adenylyl cyclase, guanylyl cyclase, phospholipase C and the opening of plasma membrane Ca 2+ channels, Many 
genes encoding these sensory transduction proteins have been cloned and null mutants of nearly all components 
have been characterized in detail. Undoubtedly, activation of adenylyt cyclase is the most complex, involving 
G-proteins, a soluble protein called CRAC and components of the MAP kinase pathway. Null mutants in this 
pathway do not aggregate, but can exhibit chemotaxis and develop normally when supplied with exogenous cAMP. 
The pathways leading to the activation of phospholipase C were identified, but unexpectedly, deletion of the 
phospholipase C gene has no effect on chemotaxis and development, nor on intracellular Ins(1,4,5)P3 levels; the 
metabolism of this second messenger will be discussed in some detail. Activation of guanylyl cyclase is G-protein- 
dependent and essential for chemotaxis. Analysis of a collection of chemotactic mutants reveals that most mutants 
are defective in either the production or intracellular detection of cGMP, thereby placing this second messenger at 
the center of chemotactic signal transduction. Analysis of the cAMP-mediated opening of plasma membrane 
calcium channels in signal transduction mutants suggests that it has two components, one that depends on 
G-proteins and intracellular cGMP and one that is G-protein-independent. 
Key words. Adenylyl cyclase; guanylyl eyclase; G-proteins; inositol phosphates; mutant analysis; phospholi- 
phase C. 

Chemotaxis 
Growing cells are chemotactically sensitive towards sev- 
eral identified and unidentified compounds secreted by 
their prey, the bacteria that live in the soil. These 
compounds include folic acid and pterin 36, but also 
other chemoattractants that must be secreted by bacte- 
ria, because the dominant mutant KI-10 is chemotacti- 
cally insensitive towards these identified chemo- 
attractants but still moves chemotactically towards bac- 
teria 26. Chemotaxis and signal transduction during 
growth will not be discussed in detail in this review. 
When the bacteria become scarce, starvation induces a 
very effective cAMP sensory system. Although growing 
cells do move towards cAMP, cells starved for five 
hours are about t00-fold more sensitive, because 
starved cells contain more surface cAMP receptors and 
more transducing proteins. Cell aggregation is mediated 
by the interplay of two transducing systems: a relay 
mechanism that provides coordinated cAMP-induced 
cAMP secretion thereby activating more distal cells, 
and a chemosensory mechanism that induces coordi- 
nated locomotion in the direction of the cAMP source. 
The aggregation center initiates cAMP secretion. 
Therefore, these two mechanisms lead to the outward 

propagation of cAMP waves inducing the inward at- 
traction of moving cells. 
During the passage of a cAMP wave, a cell experiences 
complex spatial and temporal cAMP gradients. When 
the wave approaches the cell, it is subjected to a steep 
spatial gradient and a strong temporal gradient, because 
the mean cAMP concentration increases with the time. 
During passage of the rising flank of the wave, both the 
spatial and temporal gradient have the same directional- 
ity, i.e. the highest concentration points to the aggrega- 
tion center, and the concentration keeps increasing with 
time. After the maximal cAMP concentration has been 
attained, both spatial and temporal gradients flip signs: 
the highest concentration points away from the aggre- 
gation center and the mean concentration now de- 
creases with time. Although workers in the field still 
have different opinions about whether cells respond to 
spatial or temporal gradients, the behavior of the cells 
has been undisputed: cells move towards the aggrega- 
tion center during the risking flank of the cAMP wave, 
and paralyse or move in a random fashion during the 
declining flank of the wave and in between the waves. 
For chemotaxis at least two components are required: 
movement and orientation. Bacteria can show chemo- 
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taxis, because the duration but not the direction of 
movement is biased by the temporal component of the 
gradient 3~ Thus bacteria do not measure the spatial 
gradient, and they must move in order to read the 
gradient. In contrast, immobile Dictyosteliurn cells are 
still able to orient, as was shown using electroporated 
cells in CaZ+-buffered solutions 53. These cells cannot 
displace themselves, but can still extend pseudopods 
towards a capillary filled with cAMP with the same 
accuracy as control moving cells. This experiment not 
only indicates the differential requirement of locomo- 
tion and orientation for intracellular Ca 2+ (see review 
by Newell et al.35), but also that the cell body does not 
have to move to show effective chemotaxis. Other ex- 
periments s5 suggest that cells do not show chemotaxis 
when placed in a steep spatial gradient where the con- 
centration decreases everywhere with time, whereas 
effective chemotaxis is induced by the same spatial 
gradient when the mean concentration is held approxi- 
mately constant with time. On the other hand, Varnum- 
Finney et al. 6~ and Wessels et a l l  I suggest that the 
behavior of Dictyostelium cells in natural waves is pri- 
marily determined by the temporal dynamics of the 
wave. Cells establish orientation only during the first 
30 s at the front of the wave and orientation is main- 
tained during the remaining rising flank of the wave. 
I think that cells use both spatial and temporal clues to 
orient in a cAMP wave. In such a model, cells respond 
strongty to a spatial gradient by extending oriented 
pseudopodia when the mean chemoattractant concen- 
tration is increasing with time, whereas cells respond 
poorly or not at all to spatial gradients (i.e. cells cringe 
or extend pseudopodia in nearly random directions) 
when the mean concentration of cAMP is decreasing 
with time. If  the biochemistry of Dictyostelium signal 
transduction has implicit spatial and temporal compo- 
nents, evolution certainly would have sustained and 
improved these methods of gradient reading, because it 
would provide a much better means to aggregate and 
survive starvation. Detection of temporal clues is im- 
posed by the biochemistry of the cGMP response which 
shows rapid and exact adaptation to constant stimuli 
(see below). So second messengers are not formed in 
cells in a test tube when applied twice with the same or 
a smaller cAMP stimulus. What would be needed to 
complete the model is a biochemical mechanism that 
provides directionality to the cell movement. 
The sensitivity of cells in cAMP gradients has been 
measured in gradients which contain both spatial and 
temporal components 3j. Calculations of changes in recep- 
tor occupancy may give some idea of the cell's problems 
and abilities to read spatial and temporal gradients. 
Starved Dictyosteliurn cells contain about 40,000 recep- 
tors with a Ka of about 10 .7 M; the half-time of dissoci- 
ation of the cAMP-receptor complex is about 1 s, which 
is therefore taken as the sampling time 59. 

Threshold responses are induced within a few minutes 
by a point source of 10-~4mol cAMP applied at a 
distance of 1 mm from a cell. From these data it can be 
calculated (see ref. 3l) that the mean cAMP concentra- 
tion around the cell reaches a maximum of 8 • 10 -1~ M 
with a maximal spatial gradient of about 4 x 10 -~2 M/ 
gm and a maximal temporal gradient of about 
3 x 10 -~2 M/s. These data should be compared with the 
dimensions of a Dictyostelium cell of a size of 10 ~tm 
moving at a speed of 0.1 ~tm/s. Combining the threshold 
concentration of 8 x 10 -J~ M with the affinity and num- 
ber of the receptor yields only 317 occupied receptors 
per cell. The maximal spatial gradient is 4 x 10 -~2 M/ 
gin, leading to the conclusion that the front half of the 
cell has only 4 occupied receptors more than the back 
half of the cell. The increase in the number of occupied 
receptors due to the maximal temporal gradient of 
3 x 10 ~2 M/s is only 1.2 occupied receptors per second. 
Finally, the deviation of receptor occupancy due to cell 
movement (at a speed of 0.1 ~tm/s) is _+0.16 occupied 
receptors per second (the sign depends on whether cells 
move in the direction of the gradient or in the opposite 
direction). Clearly, whatever mechanisms Dictyostelium 
cells use to sense and respond to chemotactic signals, at 
threshold concentrations cells perform at the verge of 
stochastic and thermal fluctuations. 
It has been proposed that ceils may measure the spatial 
gradient by rapid extension of filopodia in random 
directions and determining which filopodia detect an 
increasing temporal gradient ~ ~. One filopodium is rela- 
tively small, containing not more than 1% of the cell's 
volume, and probably not more than 1% of the 40,000 
receptors. At the base of the cell the cAMP concentra- 
tion is 8 • 10 1o M, leading to the mean occupancy of 
3.I7 receptors per filopodium; extending a filopodium 
5 ~tm away from the cell in the higher cAMP concentra- 
tion, the receptors may experience 8.2 x 10 to M cAMP 
leading to the mean occupancy of 3.25 receptors per 
filopodium. The dissociation rate of the receptor is 
about 1 s, which is therefore approximately the sam- 
pling time. Obviously stochastic constraints impede ei- 
ther integration of receptor occupancy from several 
filopodia, or integration over time to discriminate be- 
tween 3.17 and 3.25 occupied receptors per extended 
filopodium. 
Although these calculations are subject to many uncer- 
tainties in the actual distribution of receptors, reaction 
kinetics, cAMP diffusion constants in the vicinity of the 
cell surface and what a threshold chemotactic response 
really means, it seems clear that at cAMP stimuli induc- 
ing a detectable chemotactic response only a few hun- 
dred of the receptors are occupied with cAMP and less 
than ten receptors change occupancy either in time or in 
space within the time needed for the cell to respond. 
And it is these seemingly sparse values that are so 
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intriguing in solving the molecular mechanism of 
chemotaxis. 

Receptors 

Receptor forms 
Extracellular cAMP is detected by surface cAMP recep- 
tors. Binding studies reveal different kinetic forms of the 
receptor during cell aggregation with respect to their 
affinity and rate of cAMP-receptor dissociation 59. A 
large pool of rapidly dissociating A sites converts from 
a high to a low affinity form during cAMP stimulation 
(A H and AL), whereas a small pool of slowly dissociat- 
ing receptors displays a reduction of dissociation rate 
during cAMP stimulation. These different receptor 
forms have also been detected in membranes where the 
interconversions from A H to A L and from B s to B ss are 
induced by guanine nucleotides, suggesting that they 
originate from the interaction with and activation of 
G-proteins 6~ Further experiments have provided indi- 
cations that occupation of A sites is correlated with the 
activation of adenylyl cyclase, whereas activation of the 
B sites is proposed to lead to the activation of guanylyl 
cyclase 57. 

Receptor genes 
Probably all these receptor forms originate from the 
same gene product, cAR124. This conclusion is based on 
the observation that all receptor forms have similar 
cAMP-binding specificity 65 which is also nearly identical 
to the specificity of cAR119. Moreover, cAR1 accounts 
for more than 90% of all cAMP-binding activity during 
cell aggregation. Although it cannot be excluded that 
binding forms with very low abundance such as the B 
sites are encoded by other cAR genes, inactivation of 
the cAR1 gene leads to the disappearance of both A 
and B sites 5~ 
Four genes have been isolated that encode cAMP re- 
ceptors 18,29,43. These receptors are expressed at differ- 
ent times during Dictyostelium development, cAR1 
shows the highest expression level and has the highest 
affinity for cAMW 3. Inactivation of cAR1 gene ex- 
pression leads to a defect of cell aggregation. Some 
residual second messenger responses are still de- 
tectable at elevated cAMP concentrations, which un- 
der special conditions are sufficient to complete 
development ~5,47. Expression of cAR3 partly overlaps 
with cAR1 expression; this receptor shows a slightly 
lower affinity for cAMP 19. Inactivation of the cAR3 
receptor does not lead to an obvious aberrant pheno- 
type; however carl /car3 double mutants cannot de- 
velop altogether, suggesting that the residual activity 
in carl cells is backed up by cAR315'47, cAR2 and 
cAR4 are expressed mainly during the multicellular 
stage and do not play an important role in chemo- 
taxis during cell aggregation 29"43. 

Mutagenesis of cAR1 
cAR1 has high affinity for cAMP whereas cAR2 binds 
this ligand with low affinity ~9. To find the parts of the 
proteins that are responsible for the difference in these 
cAMP-binding constants, Kim and Devreotes 22 used a 
very elegant technique to prepare random chimeras of 
cAR1 and cAR2 by placing both cDNAs in tandem 
separated by a small multiple cloning site in a bacte- 
rial plasmid. The plasmid is double-digested with mul- 
tiple restriction enzymes in this multiple cloning site 
and transformed without ligation to bacteria which 
are grown under selection. To allow growth of the 
bacteria, the vector must be religated, which is most 
cases occurs by recombination between homologous 
cAR1 and cAR2 sequences, thereby creating a large 
pool of chimeras. Using a set of chimeras, it was 
demonstrated that the portion of the protein responsi- 
ble for the low affinity of cAR2 resides mainly in the 
second extracellular loop. Interestingly, there are only 
five amino acid differences between cAR1 and cAR2 
in this area2L 
In most G-protein-coupled receptors the third intracel- 
lular loop is essential for interaction with G-proteins. 
Based on this notion, the N-terminal eight amino acids 
of this loop were randomly mutagenized in Dictyo- 
stelium 4. Fifteen cAR1 mutants were obtained that all 
showed cAMP-binding activity; none of them was a 
dominant negative receptor mutant. Eleven mutants 
showed more or less wild-type phenotype, whereas four 
mutants were virtually inactive; there was no bias to 
mutation of one of the eight amino acids in these 
inactive receptors 4. 
Upon prolonged stimulation of Dictyostelium cells with 
cAMP, signal transduction to adenylyl and guanylyl 
cyclase ceases due to adaptation. These two cyclases 
probably adapt by independent processes, because they 
show very different kinetics and temperature sensitivi- 
ties 58. Adaptation of adenylyl cyclase correlates very 
well with the cAMP-induced phosphorylation of the 
C-terminal tail of cAR169. This part of the cAR1 
protein contains 18 serines grouped in four clusters that 
are potentially phosphorylated in the basal or the 
cAMP-stimulated state. In an extended study Harald et 
al. 16 mutated all serines in different clusters, and demon- 
strated that the cAMP stimulus induced the addition of 
approximately two phosphates to cluster 1 and one 
phosphate to cluster 2. When a mutant cAR1 lacking all 
phosphorylation sites was expressed in cells lacking the 
endogenous cAR1 gene, cells showed essentially normal 
chemotaxis, pulsatile cell aggregation and development, 
suggesting that phosphorylation of the receptor is not 
essential for its normal function (Harald, Valkema, Van 
Haastert and Devreotes, unpublished observations). In 
these cells the activation of adenylyl and guanylyl cy- 
clase is transient with similar kinetics as in cells express- 
ing wild-type receptors. Possibly the kinetics of recovery 
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of adenylyl cyclase stimulation may be different with 
cAR1 receptors that cannot be phosphorylated. Pro- 
longed stimulation of Dictyostelium cells results in alter- 
ation of the receptor leading to a loss of cAMP-binding 
(LLB) and internalization and degradation of the recep- 
tor (down-regulation). LLB still occurs in the absence 
of second messenger production, but no longer occurs 
in the phosphorylation-deficient cAR1 mutants 63. For 
down-regulation of the receptor these phosphorylation 
sites are essential as well as the activation of several 
second messenger pathways, including the activation of 
adenylyl cyclase 63. In conclusion, under normal condi- 
tions cAR1 mediates chemotaxis, but its phosphoryla- 
tion regime appears to be of minor importance. 

G-proteins 

Ge-subunits 
Early studies on the binding of cAMP to membranes 
provided strong evidence for the presence of hetero- 
trimeric G-proteins by showing that guanine nucleotides 
altered the affinity of the cAMP-receptor, and that 
cAMP increased GTPase activity and GTP-binding to 
membranes (see ref. 48). FgdA mutants previously char- 
acterized by Coukell et al. 7 were soon found to be 
defective in these properties 2~ Upon the genetic identifi- 
cation of two G~-subunits 39, it appeared that fgdA 
mutants showed mutations in the Gc~2 gene 25. A null 
mutant of Gc~2 does not aggregate, shows no chemo- 
taxis, and does not respond to extracellular cAMP. 
Presently eight Gc~-subunits have been identified. The 
phenotype of gc~2-null mutants is unprecedented; dele- 
tion of other Gc~-subunits give only subtle phenotypes 72. 
For chemotaxis it is relevant to mention that deletion of 
G~4 impairs chemotaxis towards folic acid, but not 
towards cAMP 13. Deletion of other Ge-subunits may 
affect later development, but seems to have little effect 
on chemotaxis, and is therefore not further discussed 
here. 
Upon cAMP stimulation, Gc~2 becomes transiently 
phosphorylated on a serine residue ~2. Since Gc~2 plays 
such an essential role in signal transduction, the phos- 
phorylated serine was identified as ser-113, and mu- 
tated. Expression of this mutated G~2-subunit in 
ge2-null cells restored all defects, including activation of 
adenylyl cyclase, chemotaxis and development s. 

G/~-subunit 
Dictyostelium cells contain a single G/3-subunit, which 
shows strong homology with Gfi-subunit from other 
organisms 28. The paradigm for G-protein functioning is 
that the activated receptor induces the exchange of 
GDP to GTP in the cq~ 7 complex leading to the dissoci- 
ation of the complex in c~-GTP and/37, both of which 
may transduce the signal to the effector. Furthermore, 
both the ~- and /37-complex are essential to activate 

either subunit; thus in a cell it is expected that an 
c~-subunit cannot be activated without the/?y-complex, 
and vice versa the/37 -complex cannot be activated with- 
out an e-subunit. Since Dictyostelium cells have only 
one/3-subunit, it is expected that its deletion will block 
signal transduction via all heterotrimeric G-proteins. 
Indeed, g/3-null cells do not show chemotaxis to any 
chemoattractant and lack the activation of adenylyl and 
guanylyl cyclase by both cAMP and folic acid (Wu et 
al., personal commun.). Cells do not aggregate, and 
special treatment with cAMP pulses that rescues some 
mutants has no effect in these cells. 

Adenylyl cyclase and intracellular cAMP 

Adenylyl cyclase genes and proteins 
Two genes encoding proteins with adenylyl cyclase ac- 
tivity have been identified 38. One gene (ACA) predicts a 
protein that has the topology of mammalian adenylyl 
cyclases: two domains of six transmembrane-spanning 
segments separated by a putative catalytic domain and 
an additional C-terminal catalytic domain. The deduced 
amino acid sequence of the second gene (ACG) predicts 
a protein which spans the membrane only once and has 
one putative catalytic domain. Expression of ACA is 
maximal during cell aggregation, whereas expression of 
ACG is only detectable in spores and during germina- 
tion. 
Inactivation of the ACA gene leads to the impairment 
of cell aggregation 38. Cells still show chemotaxis to- 
wards a capillary filled with cAMP, and addition of 
cAMP to these cells in a regime that wild-type cells 
would experience during normal cell aggregation leads 
to the expression of many cAMP-induced genes as well 
as to the formation of small fruiting bodies (see ref 41). 
These results suggest that the main function of ACA is 
to generate cAMP as a first messenger. However, the 
experiments do not preclude an essential function of 
cAMP in processes that are not essential for cell aggre- 
gation and development. For instance, in wild-type cells 
prolonged stimulation with cAMP leads to the down- 
regulation of cAR1; this process does not occur in aca- 
cells, and is rescued by a cell-permeable cAMP analog s6. 
Inactivation of the ACG gene does not lead to a notice- 
able phenotype during cell aggregation and spore for- 
mation or spore germination. Although ACA and ACG 
are regulated by very different mechanisms (see below), 
expression of ACG in aca- cells rescues to a large 
extent the aggregation-minus phenotype of aca cells 3~. 

Regulation of adenylyl cyclase (scheme 1) 
Extracellular cAMP stimulates ACA about 20-fold; 
half-maximal stimulation occurs at about 5 nM cAMP. 
Stimulation via the receptor is transient and prestimulus 
activities are recovered within about 5 rain. Interest- 
ingly, cAR-deletion mutants have revealed that adapta- 
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Scheme 1. Regulation of adenylyl cyclase. 

Component Activation Inhibition 

Receptor cAR1 or cAR3 cAR1 
G-protein Ge2 and G/~ in vivo pertussis toxin 

G/~ in vitro substrate 
any Gc~ in vitro 
CRAC 
MAP kinase 
direct activator is /~ 
translocation CRAC to membrane 
regulation MAP kinase by 
receptor why no activation by 
folic acid role phosphorylation 
cAR1 site of inhibition by 
caffeine 

Regulator 

Questions 

tion of adenylyl cyclase absolutely requires cAR1, 
whereas activation of adenylyl cyclase can be mediated 
by both cAR1 and cAR34~ In membranes, GTPTS 
stimulates ACA to a similar extent as cAMP in intact 
cells 52,6~. Stimulation by cAMP or GTPTS requires a 
soluble protein called CRAC. In cells that have adapted 
to the cAMP stimulus, GTPTS no longer stimulates 
adenylyl cyclasC 2, 6~. 
Mutant studies indicate that in vivo the G-protein G~2 
is essential for activation of ACA. However, in vitro 
GTP7 S-mediated activation of ACA is essentially nor- 
mal in ge2-  cells (20). In cells with a deletion of the 
G/~-subunit both the cAMP-mediated activation in vivo 
as well as the GTP 7 S-mediated activation in vitro are 
lost (Wu et al., personal commun.). The most straight- 
forward explanation is that ACA is activated by the 
/~7-complex; in vivo this complex is liberated specifically 
from the Ge2/~y-complex by the cAMP receptor, 
whereas in vitro it can be liberated by GTP7 S from any 
Gc~/?7-complex. The role of the CRAC protein is emerg- 
ing. It has a pleckstrin homology domain suggesting 
that it may transduce signals via protein-protein inter- 
actions 14,a7. Interestingly, the protein binds to the mem- 
brane upon stimulation of wild-type cells with cAMP; 
this translocation still occurs in mutants lacking ACA, 
but not in mutants lacking the G/?-subunit (Devreotes 
et al., unpublished observations). The simplest explana- 
tion is that CRAC forms a sensory bridge between the 
receptor-activated G/~7-complex and the adenylyl cy- 
clase ACA. 
Recently it was observed that mutants lacking a MAP 
kinase (ERK2) are specifically defective in the activa- 
tion of ACA 46. Guanylyl cyclase and chemotaxis are 
relatively unaltered in these mutants. Cells contain nor- 
mal levels of G-protein subunits, CRAC, and ACA, but 
by mechanisms not yet understood coupling between 
receptor and ACA does not occur in cells lacking 
ERK2. 
Compared to ACA, much less is known about the 
regulation of ACG. Since ACG is only expressed in 

spores, which are difficult to investigate biochemically, 
most information has been obtained from cells that 
express ACG in aca- cells during growth (Valkema et 
al., unpublished results). In membranes the activity of 
ACG is not enhanced or inhibited by guanine nucle- 
otides, suggesting that this enzyme is not directly regu- 
lated by G-protein subunits. In cells cAMP leads to a 
significant but modest threefold activation of ACG ac- 
tivity; stimulation of ACG requires tenfold higher 
cAMP concentrations than the activation of ACA. It is 
inhibited by the receptor antagonist (Rp)-cAMPS, and 
shows the specificity of surface receptors and not of 
cAMP-dependent protein kinase. Prolonged stimulation 
with cAMP leads to transient activation of ACG, sug- 
gesting that activation of this cyclase is also subject to 
adaptation. Interestingly, receptor-mediated activation 
of ACG does not require CRAC, because it still occurs 
in crac- cells expression ACG. Presently it is not known 
whether G-protein subunits are required for receptor- 
mediated activation of ACG. Clearly the mechanisms of 
activation of ACA and ACG are very different. How- 
ever, since both ACA and ACG are stimulated by 
cAMP in a transient way, both enzymes may relay the 
cAMP stimulus and therefore mediate cell aggregation. 

Intracellular cAMP and cAMP secretion 
The major part of the produced cAMP during cell 
aggregation is secreted in the medium where it diffuses 
and activates neighboring cells. This mechanism of 
cAMP secretion is still largely unclear. During cell ag- 
gregation intracellular cAMP probably does not play a 
very pronounced role. This may be very different for 
multicellular differentiation as is discussed in the chap- 
ter by Reymond et al. 4~. 

Phospholipase C and inositol phosphate metabolism 

Phospholipase C gene and protein 
One gene encoding phosphatidylinositol-specific phos- 
pholipase C (Dd-PLC) has been identified 8. Mammalian 
cells possess three classes of PLC isozymes. PLCfl is 
regulated by G-proteins; PLC7 contains SH2 and SH3 
domains and is activated by tyrosine kinase receptors. 
Regulation of enzymes of the PLC6 class is largely 
unknown; it has been suggested that intracellular Ca 2§ 
is largely responsible for altering enzyme activity. The 
deduced primary sequence of Dd-PLC places it in the 
class of PLC6 isozymes. Cells with an inactivated Dd- 
PLC6 gene have lost all detectable PLC activity 9. Ex- 
tended searches by PCR or low stringency hybridization 
have not given any indication of another PLC gene. 
The deduced primary sequence of Dd-PLC6 reveals a 
N-terminal segment of about 300 amino acids followed 
by the conserved A and B domains of about 150 amino 
acids each. The C-terminal domain shows the strongest 
homology with enzymes of the PLC6 class. The func- 



Reviews Experientia 51 (1995), Birkhfiuser Verlag, CH-4010 Basel/Switzerland 1149 

tion of the N-terminal 300 amino acids is unknown; all 
PLC isozymes have a N-terminal segment before the A 
domain, all about 300 amino acids in length but with 
very different primary sequences. In rat PLC6 135 
amino acids can be deleted from the N-terminus with- 
out loss of activity l~ but this is probably not the case in 
Dictyostelium where deletion of 44 amino acids leads to 
inactivation of the enzyme (Drayer et al., unpublished 
observations). The conserved A and B segments are 
thought to form collectively the catalytic domain. In 
Dictyostelium PLC these segments are interspersed by a 
segment containing a sequence that is predicted to be a 
strong EF-hand Ca2+-binding domain. Mutations of 
those amino acids that would chelate the Ca 2+ ion lead 
to reduced PLC activity. Deletion of small parts of the 
C-terminal segment of Dd-PLC destroys enzyme activ- 
ity; a similar observation was made for rat PLC61o 

Regulation of phospholipase C (scheme 2) 
Dd-PLC6 is strictly Ca2+-dependent with half-maximal 
stimulation at about 0.5 gM Ca 2+ (ref 1, and Drayer et 
al., unpublished observations). In cells cAMP stimulates 
PLC enzyme activity about twofold; this activation does 
not require cAR1, and probably also not cAR3L Some 
cAMP analogues that were previously shown to be 
chemotactic antagonists inhibit PLC activity; this inhi- 
bition requires cAR1 expression. In a cell free extract 
GTPyS stimulates PLC activity. Stimulation of PLC by 
cAMP in cells or by GTPTS in lysates is lost in mutants 
with a deletion of the Gc~2 gene, suggesting that activa- 
tion of PLC is mediated by an unknown cAMP receptor 
and G2. Inhibition of PLC by cAMP antagonists is lost 
in cells with a deletion of the Gc~ 1 gene, suggesting that 
PLC inhibition is mediated by cAR1 and G12. 
Although the regulation of PLC is known in detail, as is 
its enzymatic function in the production of Ins(1,4,5)P3 
and DAG, the real function of PLC is still unclear 
because deletion of the Dd-PLC gene causes no pheno- 
type 9. Cells grow and show normal locomotion, chemo- 
taxis and multicellular development. Experiments 
investigating a stronger dependency on extra- or intra- 
cellular Ca z+, such as sensitivity to EGTA or caffeine, 
do not show a difference between plc - and control cells 
(Drayer et al., unpublished observations). Even more 
unexpectedly, cells without detectable PLC activity have 
essentially normal levels of Ins(1,4,5)P3. Clearly, cells 

Scheme 2. Regulation of phospholipase C. 

Component Activation Inhibition 

Receptor cARx cAR 1 
G-protein Gc~ 2 Gc~ 1 
Regulator Ca 2+ required for PLC activity 
Questions role G/3 

localization of PLC 

have other ways to make Ins(1,4,5)P3. Does this redun- 
dancy mean that Ins(1,4,5)P3 (and thus PLC) is very 
important, or is Ins(1,4,5)P3 one of the many ino- 
sitolphosphate metabolites that has no role in signal 
transduction? 

Intracellular IP3 and inositol phosphate metabolism 
The metabolism of inositoI phosphates is very complex 
and probably only partly elucidated. The scheme com- 
bines experiments on metabolic phosphorylation and 
dephosphorylation routes in vitro with experiments on 
the metabolism of [ 3 U ] i n o s i t o l  and [32p] orthophosphate 
in vivo. Four metabolic subroutes can be recognized. 
The first part is found in all organisms: inositol is 
incorporated into phospholipids that are hydrolysed by 
PLC producing Ins(1,4,5)P3 which is hydrolysed to 
inositol; the only difference from other organisms is an 
extra Ins(l,4,5)P3 1-phosphatase in Dictyostelium 64. 
The second part is the sequentiaI phosphorylation of 
inositol to InsP6; the InsP3 isomer has been identified 
as Ins(3,4,6)P3, which does not release Ca 2+ 49. The 
third subroute is the sequential phosphorylation of 
Ins(1,4,5)P 3 in a nucleus-associated fraction (Van der 
Kaay et al., unpublished observations), whereas the 
fourth subroute is the dephosphorylation of 
Ins(1,3,4,5,6)Ps to Ins(1,4,5)P3 (Van Dijken et al., 
unpublished observations). This last route probably me- 
diates Ins( 1,4,5)P 3 formation in cells lacking PLC activ- 
ity, because plc-  cells have significantly reduced levels 
of Ins(1,3,4,5,6)P 5 9. Interestingly, this enzyme is Ca 2+- 
dependent with half-maximal activity at 0.9 ~tM Ca ~+. 
Inactivation of this enzyme should reveal whether 
Ins(1,4,5)P3 has an important function in Dictyostelium. 

Guanylyl cyclase 

Regulation of guanylyl cyclase (scheme 3) 
The gene encoding guanylyl cyclase has not yet been 
cloned. A chemotactic mutant (see below) has been 
identified that shows strongly reduced guanylyl cyclase 
activity; together with other mutants in cGMP 
metabolism, this provides a clue to the function and 
regulation of cGMP as second messenger. Stimulation 

Scheme 3. Regulation of guanylyl cyclase. 
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of cG MP-phosphodiesterase 
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of cells with extracellular cAMP or folic acid leads to a 
transient tenfold increase of cGMP levels with a maxi- 
mum at 10 s and recovery of basal levels within 30 s. In 
contrast to the activation of adenylyl cyclase, which is 
found to be inhibited by many mutations and many 
drugs, activation of guanylyl cyclase by cAMP in vivo is 
very robust. This may indicate that many components 
are involved in the activation of adenytyl cyclase as is 
being uncovered by the essential role of CRAC, G/3 and 
MAP kinase, whereas only a few components partici- 
pate in guanylyl cyclase regulation. The cGMP response 
is strongly reduced in carl- cells and absent in carl-/ 
car3 double mutants, indicating that in wild-type cells 
cAMP-mediated activation of guanylyl cyclase is medi- 
ated predominantly by cAR1 ~.47. In cells with a deleted 
G/~ gene, activation of guanylyl cyclase by both cAMP 
and folic acid is lost (Wu et al., personal commun.). 
Inactivation of Ge2 impairs stimulation of guanylyl 
cyclase by cAMP but not by folic acid 2~ whereas inacti- 
vation of Ge4 leads to a loss of folic acid-induced 
cGMP response without affecting the cAMP-mediated 
response ~3. These experiments reveal that G2 and G4 
mediate the cAMP- and folic acid-mediated activation 
of guanylyl cyclase. It is possible that the G~-subunits 
activate guanylyl cyclase. Alternatively, guanylyl cyclase 
may be activated by the common G/? that is specifically 
liberated from G2 by cAMP and from G4 by folic acid. 
Dictyosteliurn guanylyl cyclase is strongly inhibited by 
Ca 2+ ions; inhibition is cooperative with a Hill co- 
efficient of 2.3 and half-maximal inhibition at about 
50 nM Ca 2+ 17.66 Experiments with permeabilized cells 
and computer simulations suggest that Ca2+-mediated 
inhibition of guanylyl cyclase plays an important role in 
regulation of the maximal cGMP response 67. The regu- 
lation of Dictyostelium guanylyl cyclase activity by Ca 2§ 
is similar to the regulation of this enzyme in the verte- 
brate eye 23. 
In cell lysates Mg2+-dependent guanylyl cyclase activity 
is membrane bound, but requires a protein from the 
cytosol to show full activity 4s. Guanylyl cyclase activity 
in cell lysates is strongly reduced in conditions where 
protein kinase activity is high 44. The role of these com- 
ponents for the receptor-mediated cGMP response in 
vivo is presently unclear and awaits identification of 
mutants defective in these potentially regulatory com- 
ponents. 

Intraeellular cGMP 
Only a small amount of produced cGMP is secreted. 
The major part is degraded by a cGMP-specific phos- 
phodiesterase that is encoded by the stmF gene6'42'6L 
Mutation of this gene results in a strongly enhanced 
cGMP accumulation that lasts for several minutes. In- 
tracellular cGMP is detected by a cGMP-binding 
protein 37 that may have cGMP-dependent protein ki- 

nase activity 7~ The role of this protein as transducer of 
the cGMP accumulation is not known, because mutants 
have not yet been identified. The function of cGMP was 
investigated using the stmF mutant with a defective 
cGMP phosphodiesterase. In this mutant cAMP-medi- 
ated association of conventional myosin heavy chain 
with the Triton-insoluble cytoskeleton is greatly pro- 
longed, whereas the association of actin with the same 
cytoskeleton is as in control cells (see ref. 35 for a 
further discussion of the role of cGMP on the distribu- 
tion and phosphorylation of myosin heavy and light 
chains). These conclusions are confirmed using KI mu- 
tants defective in the activation of guanylyl cyclase 
(KI-10) or that lack guanylyl cyclase activity (KI-8); 
these mutants do not show the association and phos- 
phorylation of myosin, whereas the association of actin 
with the cytoskeleton is essentially normal (see ref. 35, 
and Kuwayama et al., unpublished observations). Ex- 
periments with mutant strnF have also revealed that 
Ca 2+ uptake is mediated by intracellular cGMP, since 
uptake is strongly prolonged in this mutant 32. However, 
this conclusion is not directly supported by experiments 
with other mutants showing normal Ca 2+ uptake with- 
out cGMP accumulation (see below). 

Calcium uptake 

Regulation of calcium uptake (scheme 4) 
Stimulation of cells with cAMP or folic acid leads to the 
uptake of Ca ~§ ions 3. This uptake has been investigated 
in many different mutants with apparently contradic- 
tory conclusions. In mutants lacking cAR1, strongly 
reduced Ca 2+ uptake is recorded, whereas uptake is 
very high in vegetative cells overexpressing any of the 
cAR receptors, suggesting that each cAR can mediate 
Ca 2+ uptake 33. In stmF cells with enhanced cGMP 
response due to a defect in the cGMP phosphodi- 
esterase, prolonged uptake of Ca 2+ has been measured 
using Ca 2+ electrodes 3z. The conclusion that cGMP 
mediates Ca a+ uptake is not confirmed using other 
mutants: transformants lacking Gc~2 or G/~ show a 
normal cAMP-mediated uptake of Ca 2+ provided that 
they express sufficient cAMP receptors; however, these 
cells have no detectable cGMP response 34. Furthermore 

Scheme 4. Regulation of Ca2+uptake. 
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part of Ca 2+ uptake may be mediated by 
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on cAMP-mediated cGMP production (see 
scheme 2). 
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c A M P - m e d i a t e d  Ca  2+ uptake is still present in mutant 
KI-8 which has no guanylyl cyclase activity 
(Kuwayama et al., unpublished observations). Thus 
cAMP may stimulate multiple Ca 2+ uptake mecha- 
nisms, one G-protein and cGMP-dependent, and an- 
other independent of G-proteins. Alternatively the 
different conclusions may be related to the different 
methods used to measure Ca 2+ uptake. Experiments 
with stmF were performed with extracellular Ca 2+ elec- 
trodes that measure the balance between uptake and 
secretion, whereas all other experiments use 45Ca2+ up- 
take assays, that probably only measure the uptake 
component. Thus it is possible that intracellular cGMP 
does not stimulate Ca 2+ uptake, but inhibits Ca 2+ secre- 
tion. 

Chemotactic mutants 

Dictyostelium cells are sensitive to many different 
chemoattractants, including cAMP during cell aggrega- 
tion and folic acid and pterin during growth. These 
chemoattractants are detected by different surface re- 
ceptors, which may be coupled to different G- 
proteins ~3,2~ It is expected that somewhere in the 
signal transduction cascade to directed cell locomotion 
the signals from different receptors merge into one 
pathway. Indeed, it has been suggested that the same 
pool of guanylyl cyclase is activated by both cAMP and 
folic acid, because cells that are simultaneously sensitive 
to both chemoattractants do not show additivity of 
cGMP stimulation 54. Based on these observations 
Kuwayama et al. 26 set up a screen for hunting mutants 
that are defective in the common transduction pathway 
shared by cAMP and folic acid. Cells were mutagenized 
and about 10,000 survivors were inspected for the ab- 
sence of cell aggregation, since it is generally accepted 
that chemotaxis to cAMP is essential for cell aggrega- 
tion. The 243 aggregation-defective mutants were indi- 
vidually assayed for chemotaxis to cAMP and folic acid 
using the very efficient semi-quantitative agar cutting 
assay for chemotaxis. It appeared that 51 mutants did 
not show chemotaxis to cAMP, 21 mutants did not 
show chemotaxis to folic acid, and I0 mutants were 
identified that did not respond to either chemoattrac- 
tant. These KI mutants were investigated genetically 
and biochemically in detail. One mutant (KI-3) appears 
to be the only false positive, because it shows only 
slightly reduced chemotaxis; all other mutants are 
severely defective, indicating the power of the selection 
method. Genetic analysis revealed that all mutants are 
recessive except KI-10. Interestingly this dominant mu- 
tant does not show chemotaxis to cAMP, folic acid and 
pterin, but responds normal to bacteria, yeast extract 
and human urine; this must mean that these broad 
spectrum sources contain still more unidentified 
chemoattractants. Further genetic analysis demon- 

strates that all mutants can complement each other. 
Thus no complementation group was found containing 
more than one allele 26. This is unexpected, since another 
mutant hunt to fgd mutants starting with a similar 
number of aggregation minus mutants yielded ten fgd 
mutants which were placed in only five complementa- 
tion groups 7. Possibly this large difference between KI 
and fgd mutants is just due to the statistics of small 
numbers, or it may be that the defective gene products 
of the KI mutants act in very subtle ways; for instance, 
two alleles of a gene encoding a protein that functions 
as a dimer may complement each other. Cloning the 
mutated genes should establish whether each comple- 
mentation group belongs to a different gene. This match 
is important, because it provides information on the 
number of genes that are involved in chemotaxis. If all 
complementation groups belong to different genes, the 
mutant hunt is far from over and many interesting 
mutants are still to be found. 
Biochemical analysis of the KI mutants revealed that 
most mutants show a normal activation of adenylyl 
cyclase and phospholipase C 26. This confirms the re- 
verse experiments with mutants deleted in adenylyl cy- 
clase or phospholipase C which show normal 
chemotaxis, cAMP-mediated Ca 2+ uptake is significant 
in all but one mutant. In mutant KI-1 cAMP does not 
lead to the enhanced uptake of 45Ca2+ ions, but instead 
to inhibition of 45Ca2+ uptake; this mutant shows a 
nearly normal cGMP response (ref. 26, and Kuwayama 
et al., unpublished observations). In all other mutants, 
we observed an altered production or detection of 
cGMP. Mutant KI-8 has a strongly reduced guanylyl 
cyclase activity. Mutant KI-10 has normal basal guany- 
lyl cyclase activity which, however, cannot be stimu- 
lated by cAMP or folic acid. Mutants KI-2 and KI-7 
show a delayed cGMP response with a maximum at 
20 s after stimulation versus 10 s in wild-type cells; this 
difference is not due to altered cGMP phosphodi- 
esterase activity 26. The delayed cGMP response may 
seem only a small difference, but we have never seen this 
before in dozens of experiments with mutants or drugs 
which may affect the maximum of the response but not 
the timing of the maximum. Mutants KI-4, 5, 6, and 9 
do show a cAMP-mediated cGMP response, but only at 
elevated stimulus concentrations 26. Since vegetative 
wild-type cells respond to cAMP with only a very small 
cGMP response but do show significant chemotaxis to 
cAMP, the small cGMP response of starved mutant 
cells cannot be the only explanation for the complete 
absence of chemotaxis towards cAMP. 
Dictyostelium cells contain a cGMP-binding protein 
that may have cGMP-dependent protein kinase activ- 
ity 37'4~ Binding of cGMP shows two kinetic forms, fast 
association/dissociation with low affinity (F-form) and 
slow association/dissociation with high affinity (S- 
form). In wild-type cells oligonucleotides promote the 
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S-form of the cGMP binding protein 37. The cGMP- 
binding protein of  mutants KI-4 and 5 is ah-eady in the 
S-form. In contrast, the cGMP-binding proteins of  mu- 
tants KI-2, 6 and 7 is more in the F-form (Kuwayama 
et al., unpublished observations). The observation that 
cGMP-binding activity is altered in several chemotactic 
mutants establishes the central role of  this second mes- 
senger in chemotaxis. The strongly diminished activa- 
tion of  guanylyl cyclase in mutants KI-4 and 5 with an 
altered cGMP-binding activity is intriguing, because it 
suggests that a component functioning downstream of 
cGMP also plays an important role upstream of cGMP 
at the level of  guanylyl cyclase regulation. 

Conclusions 

In this review our current information about the regula- 
tion of  the four second messenger systems adenylyl 
cyclase, phospholipase C, guanylyl cyclase and Ca 2+ 
uptake, is summarized. There could be several other 
second messenger systems in Dictyosteliurn that either 
have not been investigated (such as uptake of  protons 
and potassium ions) or that are presently unknown. 
Nevertheless, the mechanisms activating these second 
messengers are emerging. Activation of  all messenger 
enzymes depends on surface receptors. Secondly, most 
transduction pathways possess both stimulatory and 
inhibitory branches. Whereas the inhibitory branches all 
depend on cAR 1, the unexpected finding is that stimula- 
tion of  adenylyl cyclase and phospholipase C may be 
mediated by other cARs. Ca 2+ uptake is the only sec- 
ond messenger response that does not absolutely de- 
pend on G-proteins. This is shared with other 
cAMP-induced effects, such as phosphorylation of  
cAR1 and loss of  ligand binding that can also occur in 
the absence of  functional G-proteins. Activation of  
adenylyl cyclase, guanylyl cyclase and phospholipase C 
all depend on G-proteins. In this respect G2 is most 
important, but it is not clear whether in all cases the 
G~2-subunit mediates the stimulatory effect, or whether 
the GriT-complex that is specifically released from G2 
by the surface cAMP receptor is also involved; point 
mutations in the proposed effector domains of  Gc~2 and 
Gfi should establish this. 
From the different schemes of  the regulation of  the four 
second messenger pathways it is not easy to construct 
one scheme starting from the receptor and ending at the 
different effector enzymes. This leads to the question of  
whether concepts of  a unified signal transduction net- 
work must be used to understand signal transduction. 
In other words, does binding of cAMP to a specific 
cAR1 receptor molecule lead to the activation of  all 
second messenger enzymes, or are the components 
grouped in functional units based on specific second 
messenger enzymes? Adenylyl cyclase may be associated 
in a patch of  the membrane with G2, cAR1 receptor 

kinases and other molecules; binding of  cAMP to that 
specific cAR 1 molecule leads only to the activation of  the 
adenylyl cyclase molecule in that patch. In other patches 
cAR1 may be associated with guanylyl cyclase and its 
regulatory proteins, and activation of  that cAR1 protein 
only stimulates guanylyl cyclase in the patch and no other 
second messenger enzymes. Such models could explain 
how some components such as the stimulatory G2 can be 
shared by different second messenger pathways, whereas 
the receptors that stimulate G2 may be different for 
adenylyl cyclase and phospholipase C. In the long run 
when we understand more about the regulation of guany- 
lyl cyclase, we may also understand how spatial informa- 
tion on the distribution of  cAMP outside the cell is 
transduced and retained inside the cell. Finally these 
sensory transduction domains could easily explain the 
heterogeneity of  the kinetics of  cAMP-binding to A and 
B sites on cells, even though these sites are encoded by 
the same gene: cAR1 in patches transducing to adenylyl 
cyclase may have A-site kinetics, whereas cAR1 in 
patches transducing to guanylyl cyclase may have B site 
kinetics. 
Mutant analysis clearly demonstrates that the second 
messenger cGMP and probably Ca 2§ ions play a pro- 
nounced role in chemotaxis. Intracellular cAMP may not 
be important at all, whereas the function of  PLC-derived 
second messengers (Ins[ 1,4,5] P3, D A G  and Ca 2+) are not 
clear, because these second messengers appear not to be 
formed exclusively from PLC. Unfortunately, the genes 
encoding proteins producing, degrading or detecting 
cGMP have not been cloned. Identification of  these genes 
either by creating new R E M I  mutants or by complemen- 
tation of  the existing chemotactic mutants should allow 
us to unravel the early steps in the transduction of  
chemotactic signals from receptor to second messengers. 
This should then be connected with the wealth of  infor- 
mation on the regulation of  the locomotion apparatus 
that is rapidly emerging. Indeed, Dictyostelium may be the 
first eukaryotic system where chemotaxis is understood 
at a molecular level. 

1 Bominaar, A. A., Kesbeke, F., and Van Haastert, P. J. M., 
Phospholipase C in Dictyostelium. Cyclic AMP surface recep- 
tor and G-protein-regulated activity in vitro. Biochem. J. 297 
(1994) 181-187. 

2 Bominaar, A. A., and Van Haastert, P. J. M., Phospholipase C 
in Dictyostelium. Identification of stimulatory and inhibitory 
surface receptor and G-proteins. Biochem. J. 297 (1994) 189- 
193. 

3 Bumann, J., Wurster, B., and Malchow, D., Attractant-in- 
duced changes and oscillations of the extracelIular Ca 2§ con- 
centrations in suspensions of differentiating Dictyostelium cells. 
J. Cell Biol. 98 (1984) I73-178. 

4 Caterina, M. J., Milne, J. L. S., and Devreotes, P. N., Muta- 
tions of the third intraceUular loop of the cAMP receptor, 
cAR1, of Dictyostelium yields mutants impaired in multiple 
signalling pathways. J. biol. Chem. 269 (1994) 1523 1532. 

5 Chen, M.-Y., Devreotes, P. N., and Gunderson, R. E., Serine 
113 is the site of receptor-mediated phosphorylation of the 
Dictyostelium G-protein c~-subunit G~2. J. biol. Chem. 269 
(1994) 20925-20930. 



Reviews Experientia 51 (1995), Birkh/iuser Verlag, CH-4010 Basel/Switzerland 1153 

6 Coukell, M. B., and Cameron, A. M., Genetic loss (stmF) 
associated with cyctic GMP phosphodiesterase activity in Dic- 
tyostelium discoideum maps in linkage group II. J. Bacteriol. 
162 (1985) 427 429. 

7 Coukell, M. B., Lappano, S., and Cameron, A. M., Isolation 
and characterization of cAMP unresponsive (frigid) aggrega- 
tion-deficient mutants of Dictyostelium discoideum. Devl 
Genet. 3 (1983) 283-297. 

8 Drayer, A. L., and Van Haastert, P. J. M., Molecular cloning 
and expression of a phosphoinositide-specific phospholipase C 
of DietyosteIium discoideum. J. biol. Chem. 267 (1992) 18387- 
18392. 

9 Drayer, A. L., Van der Kaay, J., Mayr, G. W., and Van 
Haastert, P. J. M., Role of phospholipase C in Dictyostelium : 
formation of inositol 1,4,5-triphosphate and normal develop- 
ment in cells lacking phospholipase C activity_ EMBO J. 13 
(1994) 1601 - 1609. 

10 Ellis, M. V., Came, A., and Katan, M., Structural require- 
ments of phosphatidylinositol-specific phospholipase C 31 for 
enzyme activity. Eur. J. Biochem. 213 (1993) 339-347. 

11 Gerisch, G., Malchow, D., and Hess, B., Cell communication 
and cyclic AMP regulation during aggregation of the slime 
mold Dictyostelium discoideum, in: Biochemistry of sensory 
functions, pp. 279 298. Ed. L. Jaenicke. Springer Verlag, 
Berlin-New York 1974. 

12 Gundersen, R. E., and Devreotes, P. N., In vivo receptor-me- 
diated phosphorylation of a G-protein in Dictyostelium. Sci- 
ence 248 (1990) 591-593. 

13 Hadwiger, J. A., Lee, S., and Firtel, R. A., The Ge subunit 
Gc~4 couples to pterin receptors and identifies a signalling 
pathway that is essential for multicellular development in 
Dictyostelium. Proc. natl Acad. Sci. USA 9I (1994) 10566 
10570. 

14 Insall, R., Kuspa, A., Lilly, P. J., Shaulski, G., Levin, L. R., 
Loomis, W. F., and Devreotes, P. N., CRAC, a cytosolic 
protein containing a pleckstrin homology domain, is required 
for receptor and G protein-mediated activation of adenylyl 
cyclase in Dictyostelium. J. Cell Biol. 126 (1994) 1537 1545. 

15 Insall, R. H., Soede, R. D. M., Schaap, P., and Devreotes, P. 
N., Two cAMP receptors activate common signalling path- 
ways in Dictyostelium. Mol. Biol. Cell 5 (1994) 703-711. 

16 Herald, D., Vaughan, R., Kim, J. Y., Borleis, J., and De- 
vreotes, P. N., Localization of ligand-induced phosphorylation 
sites to serine clusters in the C-terminal domain of the Dictyo- 
stelium cAMP receptor cAR1. J. biol. Chem. 269 (1994) 
7036-7044. 

17 Janssens, P. M. W., De Jong, C. C. C., Vink, A. A., and Van 
Haastert, P. J. M., Regulation properties of magnesium-depen- 
dent guanylate cyclase in Dictyostelium discoideum membranes. 
J. biol. Chem. 264 (1989) 4329 4335. 

18 Johnson, R. L., Saxe, C. L., Gollop, R., Kimmel, A. R., and 
Devreotes, P. N., Identification and targetted gene disruption 
of cAR3, a cAMP receptor subtype expressed during multicel- 
lular stages of Dictyostelium development. Genes Develop. 7 
(1993) 273-282. 

19 Johnson, R. L., Van Haastert, P. J. M., Kimmel, A. R., Saxe 
III, C. L-, Jastorff, B., and Devreotes, P. N., The cyclic 
nucleotide specificity of three cAMP receptors in Dictyo- 
stelium. J. biol. Chem. 267 (1992) 4600-4607. 

20 Kesbeke, F., Snaar-Jagalska, B. E., and Van Haastert, P. J. 
M., Signal transduction in Dictyostelium fgdA mutant with a 
defective interaction between surface cAMP receptors and 
GTP-binding regulatory protein. J. Cell Biol. 107 (1988) 521- 
528. 

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

22 Kim, J.-Y., and Devreotes, P. N., Random chimeragenesis of 
G-protein-coupled receptors. Mapping the affinity of the 
cAMP chemoattractant receptors in Dietyostelium. J. biol. 
Chem. 269 (1994) 28724-28731. 

23 Klein, P. S., Sun, T. J., Saxe III, C. L., Kimmel, A. R., 
Johnson, R. L., and Devreotes, P. N., A chemoattractant 

receptor controls development in Dictyostelium discoideum. 
Science 241 (1988) 1467 I472. 

24 Koch, K. W., and Stryer, L., Highly cooperative feedback 
control of retinal rod guanylate cyclase by calcium ions. 
Nature, Lond. 334 (1988) 64 66. 

25 Kumagai, A. M., Pupillo, M., Gundersen, R., Miake-Lye, R., 
Devreotes, P. N., and Firtel, R. A., Regulation and function of 
G~ protein subunits in Dictyostelium. Cell 57 (1989) 265-275. 

26 Kuwayama, H., Ishida, S., and Van Haastert, P. J. M., 
Non-chemotactic Dictyostelium discoideum mutants with al- 
tered cGMP signal transduction. J. Cell Biol. 123 (1993) 
1453-1462. 

27 Lilly, P. J., and Devreotes, P. N., Identification of CRAC, a 
cytosolic regulator required for guanine nucleotide stimulation 
of adenylyl cyclase in Dietylstelium. J. biol. Chem. 269 (1994) 
14123 14129. 

28 Lilly, P., Wu, L., Welker, D. L., and Devreotes, P. M_, A 
G-protein /~-subunit is essential for Dictyostelium develop- 
ment. Genes Develop. 7 (1993) 986 995. 

29 Louis, J. M., Ginsburg, G. T., and Kimmel, A. R., The cAMP 
receptor cAR4 regulates axial patterning and cellular differen- 
tiation during late development of Dictyostelium. Genes De- 
velop. 8 (1994) 2086-1096. 

30 Macnab, R. M., and Koshtand, D. E., The gradient sensing 
mechanism in bacterial chemotaxis. Proc. natl Acad. Sci. USA 
69 (1972) 2509-2512. 

31 Mato, J. M., Losada, A., Nanjundiah, V., and Konijn, T. M., 
Signal input for a chemotactic response in the cellular slime 
mold Dictyostelium discoideum. Proc. natl Acad. Sci. USA 72 
(1975) 4991 4993. 

32 Menz, S., Bumann, J., Jaworski, E., and Malchow, D., Mutant 
analysis suggests that cyclic GMP mediates the cyclic AMP-in- 
duced Ca 2+ uptake in Dictyostelium. J. Cell Sci. 99 (199t) 
187 191. 

33 Milne, J. L., and Coukell, M. B., A Ca 2+ transport system 
associated with the plasma membrane of Dictyostelium dis- 
coideum is activated by different chemoattractant receptors. J. 
Cell Biol. 112 (1991) 102-110. 

34 Milne, J. L., and Devreotes, P. N., The surface cAMP recep- 
tors, cAR1, cAR2, and cAR3 promote Ca 2+ influx in Dietyo- 
stelium discoideum by a G~2-independent mechanism. Molec. 
Biol. Cell 4 (1993) 283-292. 

35 Newell, P. C., Malchow, D., and Gross, J. D., The role of 
calcium in aggregation and development of Dietyostelium. 
Experientia, this issue, 51 (1995) 1155-1165. 

36 Pan, P., Hall, E. M., and Bonner, J. T., Folic acid as a second 
chemotactic substance in the cellular slime moulds. Nature 
New Biol. 237(1972) 181 182. 

37 Parissenti, A. M., and Coukell, M. B., Effects of DNA and 
synthetic oligodeoxynucleotides on the binding properties of a 
cGMP-binding protein from Dictyostelium discoideum. 
Biochim. biophys. Acta 1040 (1990) 294-300. 

38 Pitt, G. S., Milona, N., Borleis, J., Lin, K. C., Reed, R. R., 
and Devreotes, P. N., Structurally distinct and stage-specific 
adenylyl cyclase genes play different roles in Dictyostelium 
development. Cell 69 (1992) 305 315. 

39 Pupillo, M., Kumagai, A., Pitt, G. D., Firtel, R. A., and 
Devreotes, P. N., Multiple ~-subunits of guanine nucleotide- 
binding proteins in Dictyostelium. Proc. natl Acad. Sci. USA 
86 (1989) 4892-4896. 

40 Pupillo, M., Insall, R., Pitt, G. S., and Devreotes, P. N., 
Multiple cyclic AMP receptors are linked to adenylyl cyclase 
in Dictyostelium. Molec. Biol. Cell 3 (1992) 1229-1234. 

41 Reymond, C. D., Schaap, P., V6ron, M., and Williams, J. G., 
Dual role of cAMP during Dictyostelium development. Experi- 
entia, this issue, 51 (1995) 1166 1174. 

42 Ross, F. M., and Newell, P. C., Streamers: Chemotactic 
mutants of Dietyostelium discoideum with altered cyclic GMP 
metabolism. J. gen_ Microbiol. 127 (1981) 339 350. 

43 Saxe, C. L., Ginsburg, G. T., Louis, J. M., Johnson, R., 
Devreotes, P. N., and Kimmel, A. R., cAR2, a prestalk cAMP 
receptor required for normal tip formation and late develop- 
ment of Dietyostelium diseoideum. Genes Develop. 7 (1993) 
262 272. 



1154 Experientia 51 (1995), BirkhS.user Verlag, CH-4010 Basel/Switzerland Reviews 

44 Schoen, C. D., Ph.D. thesis, University of Amsterdam (1991). 
45 Schulkes, C. C. G. M., Schoen, C. D., Arents, J. C., and Van 

Driel, R. A., Soluble factor and GTP~2S are required for 
Dictyostelium discoideum guanylate cyclase activity. Biochim. 
biophys. Acta 1135 (1992) 73 78. 

46 Segal, J. E., Kuspa, A., Shaulsky, G., Ecke, M., Maeda, M., 
Gaskins, C., Firtel, R. A., and Loomis, W. F., A MAP kinase 
necessary for receptor-mediated activation of adenylyl cyclase 
in Dictyostelium. J. Cell Biol. 128 (1995) 405 413. 

47 Soede, R. D. M., Insall, R. H., Devreotes, P. N., and Schaap, 
P., Extracellular cAMP can restore development in Dictyo- 
stelium cells lacking one, but not two subtypes of early cAMP 
receptors (cARs). Evidence for involvement of cAR1 in ag- 
gregative gene expression. Development 120 (1994) 1997 
2002. 

48 Simon, M. I., Strathmann, P., and Gautam, N., Diversity of G 
proteins in signal transduction. Science 252 (1991) 802 808. 

49 Stephens, L. R., and Irvine, R. F., Stepwise phosphorylation 
of myo-inositol leading to myo-inositol hexakisphosphate in 
Dictyostelium. Nature, Lond. 346 (1990) 580 583. 

50 Sun, T. J., and Devreotes, P. N., Gene targeting of the 
aggregation stage cAMP receptor cAR1 in Dictyostelium. 
Genes Develop. 5 (1991) 572 582. 

51 Sun, T. J., Van Haastert, P. J. M., and Devreotes, P. N., A 
surface receptor controls development in Dictyostelium dis- 
coideum. Evidence by antisense mutagenesis. J. Cell Biol. 110 
(1990) 1549-1554. 

52 Theibert, A., and Devreotes, P. N., Surface receptor-mediated 
activation of adenylyl cyclase in Dictyostelium. J. biol. Chem. 
261 (1986) 15121-15125. 

53 Van Duijn, B., and Van Haastert, P. J. M., Independent 
control of locomotion and orientation during Dictyostelium 
diseoideum chemotaxis. J. Cell Sci. 102 (1992) 763 768. 

54 Van Haastert, P. J. M., Relationship between adaptation of 
the folic acid and the cAMP mediated cGMP response in 
Dictyostelium. Biochem. biophys. Res. Comnmn. 115 (1983) 
130 136. 

55 Van Haastert, P. J. M., Sensory adaptation of Dietyostelium 
discoideum cells to chemotactic signals. J. Cell Biol. 96 (1983) 
1559-1565. 

56 Van Haastert, P. J. M., Intracellular adenosine 3',5'-phosphate 
is essential for down-regulation of adenosine 3',5'-phosphate 
surface receptors in Dictyostelium. Biochem. J. 303 (1994) 
539 545. 

57 Van Haastert, P. J. M., cAMP activates adenylate and guany- 
late cyclase of Dictyostelium discoideum cells by binding to 
different classes of cell surface receptors. A study with extracel- 
lular Ca 2+. Biochim. biophys. Acta 846 (1985) 324-333. 

58 Van Haastert, P. J. M., Differential effects of temperature on 
cAMP-induced excitation, adaptation and deadaptation of 
adenylate and guanylate cyclase in Dictyostelium discoideum. J. 
Cell Biol. 105 (1987) 2301-2306. 

59 Van Haastert, P. J. M., and De Wit, R. J. W., Demonstration 
of receptor heterogeneity and affinity modulation by nonequi- 
librium binding experiments. The cell surface cAMP receptor 

of Dietyostelium discoideum. J. biol. Chem. 259 (1984) 13321- 
13328. 

60 Van Haastert, P. J. M., De Wit, R. J. W., Janssens, P. M. W., 
Kesbeke, F., and DeGoede, J., G-protein mediated intercon- 
versions of cell-surface cAMP receptors and their involvement 
in the activation and desensitization of guanylate cyclase in 
Dictyostelium discoideum. J. biol. Chem. 261 (1986) 6904- 
6911. 

61 Van Haastert, P. J. M., Snaar-Jagalska, B. E., and Janssens, P. 
M. W., The regulation of adenylate cyclase by guanine nucle- 
otides in Dictyostelium discoideum membranes. Eur. J. 
Biochem. 162 (1987) 251-258. 

62 Van Haastert, P. J. M., Van Lookeren Campagne, M. M., and 
Ross, F. M., Altered cGMP-phosphodiesterase activity in 
chemotactic mutants of Dictyostelium discoideum. FEBS Lett. 
147 (1982) 149-152. 

63 Van Haastert, P. J. M., Wang, M., Bominaar, A. A., De- 
vreotes, P. N., and Schaap, P., cAMP-induced desensitization 
of surface cAMP receptors in Dictyostelium: Different second 
messengers mediate phosphorylation, loss of ligand binding, 
degradation of receptor and reduction of receptor mRNA 
levels. Molec. Biol. Cell 3 (1992) 603-612. 

64 Van Lookeren Campagne, M. M., Van Eijk, R., Erneux, C., 
and Van Haastert, P. J. M., Two dephosphorylation pathways 
of inositol 1,4,5-triphosphate in Dictyostelium lysates. 
Biochem. J. 254 (1988) 343-350. 

65 Van Ments-Cohen, M., and Van Haastert, P. J. M., The cyclic 
nucleotide specificity of eight cAMP-binding proteins in Dic- 
tyostelium discoideum is correlated into three groups. J. biol. 
Chem. 264 (1989) 8717-8722. 

66 Valkema, R., and Van Haastert, P. J. M., Inhibition of 
receptor-stimulated guanylyl cyclase by intracellular calcium 
ions in Dictyostelium cells. Biochem. biophys. Res. Commun. 
186 (1992) 263-268. 

67 Valkema, R., and Van Haastert, P. J. M., A model for 
cAMP-mediated cGMP response in Dictyostelium discoideum. 
Molec. Biol. Cell 5 (1994) 575 585. 

68 Varnum-Finney, B., Voss, E., and Soll, D. R., Frequency and 
orientation of pseudopod formation in Dietyostelium discoideum 
chemotaxing in a spacial gradient: Further evidence for a 
temporal mechanism. Cell Motil. Cytoskel. 8 (1987) 18 26. 

69 Vaughan, R. A., and Devreotes, P. N., Ligand-induced phos- 
phorylation of the cAMP receptor from Dictyostelium dis- 
coideum. J. biol. Chem. 263 (1988) 14538-14543. 

70 Wanner, R., and Wurster, B., Cyclic GMP-activated protein 
kinase from Dictyostelium discoideum. Biochim. biophys. Acta 
1053 (1990) 179 184. 

71 Wessels, D., Murray, J., and Soll, D. R., Behavior of Dictyo- 
stelium amoebae is regulated primarily by the temporal dy- 
namic of the natural cAMP wave. Cell Motil. Cytoskel. 23 
(1992) 145-156. 

72 Wu, L., and Devreotes, P. N., Dictyostelium transiently ex- 
press eight distinct G-protein c~-subunits during its develop- 
mental program. Biochem. biophys. Res. Commun. 179 (1991) 
1 1 4 1  - 1 1 4 7 .  


