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INTRODUCTION phosphodiesterase (dunce) (9, 16, 22) have memory defects.

Cellular differentiation does not happen all at once but goes
through a series of stages that have to be carefully timed to
result in the proper tissues and structures. In multicellular
organisms where organs are generated from different cell types
the processes have to be temporally coordinated among di-
verse cells. Often one cell type cannot proceed to the next
stage in differentiation until a signal is received from adjacent
cells. While there are multiple signal transduction pathways
leading from surface receptors, many of them utilize the cyclic
AMP (cAMP)-dependent protein kinase, PKA, as a central
component. This highly conserved protein kinase is able to
phosphorylate a variety of proteins and thereby affect their
activity. However, PKA is held in an inactive form by associa-
tion of the catalytic subunit (PKA-C) with its regulatory sub-
unit (PKA-R). Only when the internal concentration of cAMP
in the cell exceeds 100 nM is PKA-C active. The regulatory
subunit then binds cAMP at two sites and dissociates from the
catalytic subunit. The primary amino acid sequences of both
the regulatory and the catalytic subunits are highly conserved
among diverse organisms, and the basic enzymatic properties
of PKA appear to be similar no matter where it is found (109).
In metazoans the holoenzyme consists of two copies of both
the catalytic subunit and the regulatory subunit, while in Dic-
tyostelium PKA is found as a heterodimer with a single catalytic
subunit bound to a regulatory subunit that lacks a dimerization
domain (105, 109).

A wide range of developmental processes in Drosophila,
vertebrates, and Dictyostelium are mediated by PKA. In both
Drosophila and zebra fish, PKA functions in signal transduc-
tion pathways initiated by the hedgehog intercellular signalling
protein (34, 45, 58, 62, 80). Moreover, PKA activity plays a
central role in learning and memory in both flies and mammals
(2, 106). Flies in which the structural gene for PKA (DC0) is
mutated are learning impaired (21, 47, 106). Likewise, mutants
with defects in either the gene responsible for the synthesis of
CAMP (rutabaga) (60, 64) or that encoding a cAMP-specific
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Evidence that PKA is essential for long-term potentiation and
memory in mammals came from studies with transgenic mice
that express a modified gene, R(AB), that encodes a PKA-R
protein which is unable to bind cAMP at either of its two sites
as the result of site-directed mutations (2). Expression of this
dominant-negative gene under the control of the Ca®"/cal-
modulin protein kinase Ila regulatory region in the hippo-
campus results in mice with defects in spatial and long-term
memory. Although the pathways that establish long-term po-
tentiation shortly after a neuron is exposed to a train of neu-
rotransmitter pulses are not well understood, it appears that
cAMP activation of PKA plays a central role. This is probably
only the “tip of the iceberg” of roles that PKA plays in meta-
zoans. In Dictyostelium, PKA plays multiple roles throughout
development affecting chemotactic aggregation, prespore and
prestalk differentiations, and terminal differentiation (35-37,
75, 81, 104).

PKA

Both PKA-C and PKA-R are present at low levels in expo-
nentially growing cells of Dictyostelium (59, 82, 94). However,
PKA is not needed for growth, as shown by the fact that strains
carrying null mutations in the structural genes for either of the
subunits, pkaC or pkaR, have been isolated and found to grow
well in defined medium (72, 105). This greatly facilitates the
analysis of PKA mutants since amoebae can grow indefinitely
as single cells as long as there is an adequate source of food.
Growth stops when the nutrients in the environment are ex-
hausted and there is no further replication of the chromosomes
until a fresh food source is found (101). If the cell density is
sufficiently high, they aggregate into groups of up to 10° cells
within about 10 h and then proceed to build a fruiting body in
which spores are held up on a thin, tapering stalk, from where
they may be better dispersed.

Both the PKA-R and PKA-C subunits accumulate at least
fourfold during the first 12 h of development and then remain
at that level until culmination (59). The level of the regulatory
subunit was estimated from the amount of photoaffinity-la-
belled 41-kDa protein formed following addition of SN;-cAMP
to the soluble protein fraction, while the level of the catalytic
subunit was measured by Kemptide phosphorylation activity
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after the addition of 1 uM cAMP to partially purified soluble
proteins. The accumulation of the regulatory subunit during
development was confirmed with specific antibodies to stain
Western blots of electrophoretically separated proteins (82).
The levels of mRNA from both pkaC and pkaR increase about
fivefold during the first 6 h of development and then remain
essentially constant throughout development (72, 78, 94).
Thus, transcriptional control of these genes appears to be
coordinate and can account for the accumulation of the sub-
units. If the catalytic subunit accumulated more than the reg-
ulatory subunit, some of the PKA activity would be expected to
be cAMP independent. However, there is no evidence for
differential accumulation of either subunit during aggregation
or in the two major cell types at the slug stage (93, 112). On the
other hand, cells of a strain transformed with a construct that
results in artificially high levels of the regulatory subunit fail to
aggregate, suggesting that the catalytic subunit is always inhib-
ited in these cells (104). Likewise, cells of a strain carrying
multiple copies of pkaC resulting in fivefold overaccumulation
of PKA develop in the same abnormal manner as cells carrying
null mutations in pkaR, suggesting that they have constitutively
active PKA (5). Cells of these strains develop much more
rapidly than wild-type cells, forming spores in as little as 16 h.
However, the fruiting bodies are misshapen: the stalks are
short and fat, and many of the spores are left at the base. Very
little cAMP accumulates intracellularly during aggregation in
these strains (1, 5, 105).

TIMING OF EARLY DEVELOPMENTAL EVENTS

Unlike metazoans that develop from a mass of cells gener-
ated from a fertilized egg, Dictyostelium has to bring dispersed
single cells together before initiating multicellular develop-
ment. A highly sophisticated network has evolved in Dictyoste-
lium to result in intercellular signalling by pulses of cAMP
coupled to a chemotactic response (19, 20, 25, 32, 55). The
enzyme responsible for the synthesis of cCAMP from ATP,
adenylyl cyclase, rapidly accumulates during the first 8 h of
development and is activated when cAMP binds to a specific
cell surface receptor, CAR1 (53). acaA, the gene encoding
adenylyl cyclase, can be induced within 2 h by artificially stim-
ulating the cells with pulses of 20 nM cAMP (76, 83). The
signal transduction pathway that leads from cell surface bind-
ing of cAMP to accumulation of aca4 mRNA appears to act
through PKA since acaA is not expressed at all in pkaC-null
cells (76).

The 2-kb CAR1 mRNA is not present in growing cells but
accumulates within the first few hours of development even in
the absence of external cAMP pulses (53, 72, 91). Moreover, it
accumulates in pkaC-null cells, indicating that PKA is not
essential for induction of the gene, carA, encoding this cell
surface cCAMP receptor (72). Later in development, carA4 is
transcribed from more-distal promoters, and the larger mRNAs
accumulate to high levels only when the cells are exposed to
pulses of cAMP. These later transcripts do not appear in pkaC-
null cells whether or not they are treated with pulses of cAMP
(72).

CARL is a serpentine seven-transmembrane protein that is
coupled to heterotrimeric G proteins in a manner similar to
the B-adrenergic receptor of vertebrate nerves (53, 91). When
cAMP binds to its extracellular domain, the cytoplasmic do-
main is activated and facilitates the exchange of GTP for GDP
bound to the Ga2 subunit (24, 81). The GTP form of Ga2
dissociates from the trimeric complex, liberating GBvy, which
can then, in conjunction with another protein, CRAC (44),
activate adenylyl cyclase. Disruption of the gene encoding Ga2
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results in cells that are unable to aggregate and fail to show
many of the cAMP-mediated responses (57). Likewise, disrup-
tion of either of the genes encoding GB or CRAC results in
cells that fail to activate adenylyl cyclase and, as a conse-
quence, are unable to aggregate (44, 63). CRAC carries a PH
domain that may mediate its interaction with phospholipids or
other proteins. It is found in the soluble cytoplasm prior to
stimulation of cells with cAMP but rapidly becomes associated
with the membrane following ligand binding to CAR1 (63, 71,
81). Within a minute of addition of cAMP to the cells, the
activity of adenylyl cyclase increases 5- to 10-fold to reach a
peak at 90 s. Thereafter, the activity decreases with a half-life
of about 2 min. This response to a pulse of CAMP results in a
burst of cAMP that can relay the signal to adjacent cells. While
the activation of adenylyl cyclase is fairly well understood, the
subsequent inactivation is not yet fully elucidated.

The phenotype of mutants lacking the catalytic subunit or
overexpressing a dominant inhibitory form of PKA-R suggests
that PKA plays a central role in the timing of the burst of
adenylyl cyclase activity (37, 76). Since pkaC-null cells do not
transcribe the acaA gene, the consequences of the lack of PKA
could be seen only if the mutant cells also carried a construct
in which adenylyl cyclase was driven by a constitutive regula-
tory region (actl5). The basal level of adenylyl cyclase activity
is somewhat higher in these pkaC-null cells constitutively ex-
pressing acaA and increases to the wild-type peak level upon
addition of cAMP (76). Once stimulated, adenylyl cyclase stays
active for much longer in the mutant cells than in wild-type
cells.

A burst of cAMP is synthesized when adenylyl cyclase is first
activated. While some of the newly made cAMP is secreted to
signal nearby cells, the remainder stays within the cell, where it
can activate PKA by binding to the regulatory subunit (29, 31).
The observations with the pkaC mutant cells indicate that,
either directly or indirectly, PKA turns adenylyl cyclase off.
Therefore, we would expect overexpression of pkaC or null
mutations in pkaR to result in cells that accumulate little or no
cAMP, and this is exactly what has been found (1, 5). PKA
could regulate the enzymatic activity by phosphorylating ad-
enylyl cyclase itself or any coupling component. By itself this
feedback loop linking adenylyl cyclase and PKA can account
for the timing of a single pulse of activity (Fig. 1). However, it
does not explain how the system is reset such that cells can
generate repeated pulses of cAMP.

Following an exogenous pulse of cAMP the cells enter a
refractory period of several minutes during which adenylyl
cyclase cannot be reactivated by a second pulse of cAMP
unless the concentration of cAMP increases significantly (19).
Thereafter, the cells recover full excitability and can relay the
next signal. If PKA keeps adenylyl cyclase off, then there must
be a mechanism to turn PKA itself off a few minutes after it is
activated. Reassociation of the catalytic subunit with the reg-
ulatory subunit is the most obvious mechanism, but biochem-
ical studies on PKA-R have shown that the purified subunit has
such a high affinity for cAMP that it will not be able to reas-
sociate with the catalytic subunit for days (15, 17). A solution
to this paradox has recently been found in the cytoplasmic
cAMP phosphodiesterase, RegA (99, 103).

regA mRNA starts to accumulate at 4 h of development,
increases to a maximum by 8 h, and stays at this high level
throughout the remainder of development (102). It encodes a
cAMP-specific phosphodiesterase that can reduce the cAMP
available to PKA-R within cells and so controls in vivo PKA
activity. reg4-null mutants have the same precocious pheno-
type as pkaR-null mutants, indicating that in the absence of
RegA, PKA-C is constitutively active (99, 103). RegA activity
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FIG. 1. Control of activity. adenylyl cyclase (ACA) ACA is activated when
extracellular cAMP binds to the serpentine receptor CARI. Ligand-bound
CARI facilitates exchange of GTP for GDP on the Ga subunit of trimeric G
protein that results in release of the Gg, subunits. In conjunction with the
cytosolic regulator of ACA, CRAC, Gg, stimulates ACA such that it catalyzes
the formation of cAMP from ATP. Some of the newly made cAMP is secreted,
while the remainder is free to interact with the regulatory subunit of PKA,
thereby activating PKA. PKA activity then indirectly inhibits ACA activation.
Since activation of PKA depends on accumulation of cAMP, it occurs somewhat
after ACA is activated. The difference between the time of activation of ACA
and that of PKA determines the length of the period during which cAMP is
synthesized.

itself appears to be negatively regulated by the protein kinase
encoded by erkB (67a). Mutants carrying erkB mutations are
unable to aggregate or relay cAMP signals even after they have
been artificially stimulated by pulses of 100 nM cAMP for 4 h
and have accumulated adenylyl cyclase (97). However, double
mutants in which both erkB and regA4 are inactivated are able to
proceed further in development and form elongated mounds
(67a). These genetic studies, together with biochemical studies
showing that the erkB product, ERK2, can phosphorylate
RegA, suggest that ERK2 is responsible for turning RegA off.
ERK?2 is a member of the MAP kinase family and is transiently
activated by external pulses of cAMP acting through CART1 (8,
54,71, 97). The activity increases rapidly for a minute and then
decreases with a half-life of about 3 min. In mutant cells that
lack either adenylyl cyclase or CRAC, ERK2 stays active for
much longer (8, 54). PKA activity would be expected to be low
in these strains since intracellular cAMP does not increase in
response to the extracellular pulse. Likewise, ERK2 stays ac-
tive for much longer following addition of extracellular cAMP
to cells of a pkaC-null strain, indicating that PKA is essential
for turning ERK2 off, possibly working through RAS and its
regulatory proteins, RAS-GEF and RAS-GAP (8).

We can now consider how these interactions may control the
timing of cellular responses to pulses of cAMP. For the sake of
analysis, we can subsume the intermediates in each of the
connections and focus on the end results (Fig. 2). External
cAMP binds to CARI1 and rapidly activates ERK2, leading to
the subsequent activation of adenylyl cyclase. ERK2 also in-
hibits RegA such that the cAMP generated by adenylyl cyclase
can bind to the regulatory subunit of PKA, liberating it from
the catalytic subunit. Over the next minute or so PKA activity
increases and inhibits ERK2, thereby terminating the activa-
tion of adenylyl cyclase. When RegA is no longer inhibited by
ERK2, it lowers the concentration of cCAMP such that the
regulatory subunit of PKA can reassociate with the catalytic
subunit and inhibit it. The system is reset to respond to another
pulse of cAMP from adjacent cells. While each of these pro-
posed steps is supported by genetic evidence, several of the
steps have yet to be demonstrated biochemically. It is also not
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FIG. 2. Signal relay stage network. Activation of CAR1 by extracellular
cAMP results in a brief period during which adenylyl cyclase is active as de-
scribed in the legend to Fig. 1. Either directly or indirectly, CAR1 also activates
the MAP kinase, ERK2, when it binds extracellular cAMP. ERK2 inhibits the
cAMP phosphodiesterase RegA while cAMP is accumulating in the cell. After
PKA is activated by the cAMP produced by adenylyl cyclase, it inhibits ERK2.
When RegA is no longer inhibited by ERK?2, it can reduce the level of cAMP
such that the regulatory subunit of PKA can associate with the catalytic subunit
and inhibit it. cCAMP secreted into the extracellular space is degraded by an
extracellular phosphodiesterase, but some may survive to bind to CAR1. During
the period when PKA is active, it can lead to an increase in the expression of
genes such as acaA.

clear whether activation of RegA that occurs when it is no
longer inhibited by ERK2 requires a specialized phosphatase
or a general protein phosphatase.

Stirred suspensions of aggregation-competent cells will
spontaneously generate pulses of cCAMP every 5 to 10 min as
the result of oscillations in adenylyl cyclase activity (30, 31). It
appears that when sufficient cAMP accumulates in the extra-
cellular space to bind to CAR1, adenylyl cyclase is activated.
Simultaneously, there is a loss of ligand binding activity as the
result of phosphorylation of CAR1 (10, 11, 38, 51). An extra-
cellular phosphodiesterase then reduces the external cAMP to
a level below the affinity of the modified CAR1, and the cells
are no longer stimulated. Over the next few minutes CAR1
gradually returns to the high-affinity state and can then be
activated once again by the residual external cAMP (98).
While it is not yet clear which protein kinase phosphorylates
CARI1, PKA may be either directly or indirectly involved (Fig.
2).

Computer simulations of this circuitry show that it is suffi-
cient to account for the spontaneous oscillations in adenylyl
cyclase activity seen in stirred suspensions of cells that have
developed for 4 h. The model is based on the measured peak
values of adenylyl cyclase activity as well as the detailed timing
of adenylyl cyclase and ERK2 activity. The output predicts a
rapid rise in PKA activity shortly after the increase in adenylyl
cyclase activity followed by an equally rapid decrease. The
8-min periodicity of the system is highly robust in that two- to
fourfold changes in the parameters have negligible conse-
quences to the output (58a). The model predicts that the phase
will be delayed when an exogenous pulse of cAMP is added
during the first half of the cycle and will be advanced when
added later in the cycle. This is exactly what is observed ex-
perimentally (30, 31). This network appears to be sufficient to
account for the spontaneous generation of cAMP pulses as
well as the signal relay process that generates target patterns
and spirals in cells spread on plates (3, 29, 33).

About 6 h after washed cells are spread on a thin agar layer,
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they form concentric rings of dark and light areas that can be
seen with lateral lighting. The rings spread outwards at a rate
(300 pm/min) consistent with the diffusion of a nondissipating
relayed signal (19, 81). Gaps form in the rings when they
encounter an inhomogeneity, and the pattern changes to spi-
rals that form from the free ends. By directly measuring the
spatial distribution of cAMP in a field of cells displaying spiral
patterns, Tomchik and Devreotes (110) were able to show a
superimposable pattern of cAMP. Thus, the dark-field images
give a macroscopic indication of the underlying process of
cAMP relay in the field. While the inhomogeneity that disrupts
an outward propagation ring can be any physical barrier, such
as a grain of sand, it can also be an intrinsic property of the
cells such as the ability to relay the signal. Since there is a
positive-feedback loop between the activation of PKA by
cAMP and the stimulation of transcription of acaA such that
more adenylyl cyclase accumulates when PKA is activated,
cells that have slightly more adenylyl cyclase than others and so
can produce more cAMP to activate PKA will rapidly accumu-
late significantly more adenylyl cyclase. This feedback loop on
its own can lead to inhomogeneities in the population. Cells
that are delayed in accumulation of adenylyl cyclase will not
relay the wave of cAMP effectively and so will lead to a break
in the propagating wave. As the ends of the wave continue to
spread outward they will stimulate outlying cells, resulting in
the establishment of an inwardly curling spiral. These behav-
iors can be predicted from mathematical analyses of excitable
fields with the properties of Dictyostelium cells (50, 61).

As might be expected, cells lacking adenylyl cyclase due to
disruption of acaA fail to aggregate or show any sign of mor-
phogenesis (83). Surprisingly, development of acaA-null cells
can be rescued by simply transforming them with a construct
(act15::pkaC) that leads to the overproduction of the catalytic
subunit of PKA (113). These mutant cells still fail to aggregate
when spread at low cell densities but, when spread at a higher
cell density, form mounds and proceed to construct normally
proportioned fruiting bodies—all in the absence of detectable
levels of cCAMP. It appears that as long as the amoebae are
sufficiently close to randomly bump into each other during the
first few hours of development, chemotactic responses to
cAMP are not necessary to form tight cell aggregates and
external cAMP is not essential for subsequent events such as
cell sorting or the relative cell movements seen during culmi-
nation. Moreover, the behavior of these cells indicates that all
of the essential responses to cAMP as an internal second
messenger are mediated by PKA.

Just because acaA mutants of Dictyostelium that have been
engineered to have constitutively active PKA can develop in
the absence of cAMP does not mean that wild-type cells do not
normally use extracellular cAMP to coordinate developmental
timing. Observations on the development of acaA-null act15::
pkaC cells argue against a role for spatial gradients of extra-
cellular cAMP in postaggregative morphogenesis but do not
rule out potential roles of cAMP acting through surface recep-
tors to control temporal changes in gene expression. These are
events that occur over hours rather than minutes.

TIMING OF LATER DEVELOPMENTAL EVENTS

After relaying 10 to 20 pulses of cAMP, the cells start to
move towards each other and stream into aggregates. Several
genes that are expressed during this stage of development have
been shown to be essential for subsequent morphogenesis.
These include the genes encoding the small GTP-binding RAS
homolog RasD, the DNA-binding factor GBF, and LagC (23,
25, 86, 96). These genes are induced by pulses of CAMP in both
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wild-type and pkaC-null strains, indicating that PKA activity is
not necessary for their expression (76). On the other hand,
overproduction of the catalytic subunit of PKA in the absence
of cAMP pulses is sufficient for expression of all essential
postaggregative genes, as demonstrated by the normal devel-
opment of cells lacking adenylyl cyclase but carrying multiple
copies of the actl5::pkaC construct (113). The most likely
explanation is that external cCAMP uses two independent signal
transduction pathways, one of which requires activation of
PKA while the other is PKA independent. In fact, GBF and
rasD are only partially induced in pkaC-null cells (72, 76).
Overexpression of PKA appears to be sufficient to activate
both pathways.

Cell-type-specific genes are expressed in subpopulations of
cells soon after they have entered into mounds (27, 65, 102,
117). Not surprisingly, none of these genes are expressed in
pkaC-null cells, since these cells cannot even aggregate, let
alone form mounds. Molecular genetic techniques have been
used to knock out PKA activity in prespore or prestalk cells
once they have entered into mounds. Site-directed mutagene-
sis was used to change the amino acid sequence in the two
cAMP binding sites of the regulatory subunit such that it would
inhibit the catalytic subunit even in the presence of cAMP (36).
This construct was ligated to the regulatory region of the pre-
spore-specific gene pspA so that the mutated PKA-R protein,
Rm, accumulates specifically in prespore cells when their pat-
tern of transcriptional activity diverges from that in prestalk
cells. Cells carrying this construct transcribe the spore coat
genes for an hour or so but then stop due to the buildup of Rm
(39, 40). Transcription of pspA is not dependent on PKA, and
so the mRNA encoding Rm continues to be synthesized long
after PKA is inhibited. All other prespore genes that have been
studied have been found to depend on PKA activity. These
include the spore coat genes cotA, cotB, cotC, cotD, pspB, and
spid (26, 39, 72, 73). As might be expected, cells carrying the
pspA::Rm construct fail to form spores.

Cells transformed with a prestalk-specific construct, ecmA::
Rm, in which the regulatory region of the prestalk gene, ecmA,
drives the modified version of the pkaR gene that encodes a
dominant negative PKA regulatory subunit form small, out-
wardly normal slugs that fail to culminate (36, 39, 119). Ex-
pression of ecmA is reduced in these cells, suggesting that PKA
plays a role during the slug stage in the induction of prestalk-
specific genes (36, 119). However, the situation is complicated
by the fact that there is a period when prestalk cells are be-
ginning to differentiate before Rm accumulates to inhibitory
levels and once PKA activity is inhibited both the endogenous
ecmA gene and the ecmA::Rm construct are no longer tran-
scribed and their mRNAs will decay. Nevertheless, the domi-
nant PKA-inhibitory protein appears to be sufficiently stable to
completely block culmination.

Studies on expression of another prestalk gene, ecmB, indi-
cate that PKA is responsible for overcoming repression of this
gene at culmination. In wild-type strains ecmB is hardly ex-
pressed at all prior to culmination but is then expressed in the
upper and lower cup cells that cradle the ball of spores as well
as in terminally differentiating stalk cells. Mutants in which
PKA activity is blocked in prestalk cells as a consequence of
carrying the ecmA::Rm construct fail to culminate or express a
marker gene (lacZ) driven by the ecmB regulatory region (36).
Repression during the slug stage is mediated by two promoter
domains, either of which is sufficient to keep ecmB inactive.
Modification of the palindromic consensus sequence present in
these domains, TTGnCAA, results in unrepressed expression
in prestalk cells during the slug stage (37). These results have
been interpreted to indicate that PKA activity at culmination
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releases the repression that keeps ecmB off during the slug
stage.

Mutations in several different genes have been found to
result in rapid development (1, 49, 79, 107). Spores appear in
strains carrying these mutations in as little as 16 h; however,
the spores do not appear to be completely normal and lose
their ability to germinate fairly rapidly (79, 103). Strains car-
rying mutations in the rdeA locus have been shown to accumu-
late high levels of cAMP, those carrying mutations in rdeC lack
functional PKA-R, while those with mutations in regA4 lack the
phosphodiesterase such that PKA will be activated (1, 99, 103,
105). Each of these mutations should result in constitutive
PKA activity. Simply overexpressing the catalytic subunit of
PKA in prespore cells by introducing multiple copies of a
pspA::pkaC construct also leads to precocious sporulation.
Thus, control of PKA activity in prespore cells appears to be
the mechanism by which premature encapsulation is avoided.
Mutations in several other genes result in rapid development.
One of these, yelA, encodes a protein of unknown function that
interacts with a member of the highly conserved cullin family
of proteins. Mutations in the gene encoding the Dictyostelium
cullin, culA, result in a block following aggregation before the
expression of cell-type-specific genes (77a). Mutations in the
closest homolog in Caenorhabditis elegans, cul-1, have abnor-
mal cell divisions during the larval stages (52). A related pro-
tein in yeast, CDC53, directs the ubiquination of phosphory-
lated forms of cyclin 2 leading to their degradation in
proteosomes (116). While it is not yet known what CulA might
do in Dictyostelium, it is conceivable that it facilitates the
breakdown of YelA or PKA-R.

TIMING OF EVENTS DURING CULMINATION

Constitutive PKA not only results in premature encapsula-
tion but makes the cells sporogenous (5, 75, 105). Cells of
sporogenous strains form spores within 16 h after being washed
and incubated as monolayers submerged in buffer containing
high levels of cAMP. Cells of wild-type strains make no spores
even after several days under these conditions. Each of the
mutations and constructs that result in constitutive PKA in-
cluding rdeA, regA, pkaR, pspA::pkaC, and pkaC::pkaC result
in sporogeny. However, there is a dramatic density dependence
for sporogeny of cells that overexpress PKA-C as a conse-
quence of carrying multiple copies of a construct in which the
structural gene pkaC is driven by its own regulatory region. At
2 X 10* cells/em® about 30% of the cells encapsulate, while at
5 X 10 cells/cm? only 5% encapsulate (6). A phosphopeptide
has been isolated from high-density pkaC::pkaC cells and
shown to stimulate the frequency of encapsulation of low-
density pkaC::pkaC test cells. Treatment of the factor, referred
to as SDF-1, with alkaline phosphatase inactivates it, but such
material can be reactivated by phosphorylating it with PKA
(6). When test cells that have been incubated at low cell density
for 24 h are stimulated with a partially purified phosphopep-
tide, the number of spores starts to increase within an hour and
reaches the maximum level within 2 h (6). Protein synthesis
appears to be required during this induction since the number
of spores does not increase if the cells are treated with the
protein synthesis inhibitor cycloheximide prior to addition of
the phosphopeptide (6). It is not clear exactly which proteins
must be synthesized in prespore cells in response to SDF-1, but
PKA itself is a good candidate.

When the regulatory region used to drive pkaC is ligated to
lacZ, most of the X-Gal (5-bromo-4-chloro-3-indolyl-B-p-ga-
lactopyranoside)-stained cells are found at the anterior during
the slug stage, indicating that pkaC is preferentially expressed
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in prestalk cells (74). However, following the initiation of cul-
mination, cells in the sorus are much more strongly stained
than those in the tip, indicating that expression of the construct
has been rapidly activated in prespore cells. Likewise, PKA-R
accumulates in spores to much higher levels than in stalk cells
of terminally differentiated fruiting bodies (82). Something
must be inducing PKA in prespore cells during culmination.

A wave of gene expression has been seen to pass down the
sorus from the end nearest prestalk cells to the bottom (89).
When the regulatory region of the spore-specific gene spiAd is
used to drive lacZ, stained cells are first seen when the sorus is
about halfway up the stalk. Cells near the top stain first fol-
lowed by those further down the sorus until all the presore cells
are stained (89). spid encodes one of the inner spore coat
proteins that is necessary for stability of the spores (87, 88). Its
pattern of expression suggested that a signal might be emanat-
ing from prestalk cells to trigger sporulation. Another hint
came from analyzing the prestalk genes fagB and tagC (100).
Mutants in which either of these genes is disrupted are blocked
at the mound stage and fail to make either spores or stalk cells.
However, if they are allowed to develop in chimeric mixtures
with wild-type cells, they efficiently form spores (97). It appears
that Tag™ prespore cells are fully capable of encapsulating but
require a signal that Tag™ prestalk cells cannot release but that
can be provided by wild-type prestalk cells. The tag genes
encode highly similar membrane proteins with two distinct
domains in each that appear to act as a heterodimer. One
domain is similar to serine proteases and appears to be on the
outside of the plasma membrane. The other domain has mul-
tiple transmembrane stretches and is homologous to the ABC
family of ATP-driven transporters (100). It certainly looks like
the sort of gene product that might be involved in the secretion
of a peptide signal. Both tagB and tagC are first expressed at
8 h of development but only in prestalk cells (100).

Another gene in this pathway, dhkA, is also expressed at 8 h
of development, but its mRNA is found in both prespore and
prestalk cells (114). It has the correct properties to encode the
receptor for the signal released by TagB/C. At the N terminus
of DhkA there are two transmembrane domains flanking a
300-amino-acid region that has been directly shown to be on
the outside of the cell, where it could bind a specific ligand
(115). The cytoplasmic portion of DhKA is a histidine kinase
that is a member of the two-component family of signal-trans-
ducing systems (66, 114, 115). These protein kinases autophos-
phorylate a histidine moiety when activated and relay the phos-
phate to an aspartate (4, 108). Strains in which dhkA is deleted
have a cell-autonomous block to sporulation, as would be ex-
pected if its product functioned in the response to the signal
emanating from prestalk cells during culmination (114). Site-
directed mutagenesis of either the histidine that is autophos-
phorylated or the aspartate to which the phosphate is passed
renders DhkA nonfunctional (115).

Suppressor mutations that permitted sporulation in a fagB-
null background were isolated following saturation mutagene-
sis (99). One of the mutated genes turned out to be regA, which
encodes the cAMP phosphodiesterase that regulates PKA ac-
tivity during aggregation as described above (103). The N ter-
minus of this enzyme carries a domain similar to those of the
response regulators of two-component systems and thus is
likely to have a phosphate relayed from a histidine kinase.
Moreover, it can accept a phosphate from acetylphosphate,
another characteristic of response regulators (68). Disruption
of regA not only suppresses the block to sporulation resulting
from mutations in fagB or tagC but also suppresses the block
resulting from mutations in dhkA4 (115). Thus, RegA appears
to have a negative role downstream of both of these genes. The
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FIG. 3. Signal transduction during culmination. Genetic studies suggest that
the prestalk-specific membrane complex TagB/C is essential for release of the
signal that triggers encapsulation of prespore cells and that the signal is recog-
nized by the extracellular domain of the histidine kinase DhkA. DhkA can then
inhibit the cAMP phosphodiesterase RegA that had been regulating PKA activ-
ity by facilitating the reversible interaction of the regulatory and catalytic sub-
units. The resulting increase in PKA activity leads to rapid encapsulation of
prespore cells and stimulates SDF-2 release from prestalk cells. H89, the specific
inhibitor of PKA activity, blocks the ability of prestalk cells to respond to SDF-2
by releasing more SDF-2 and blocks the ability of prespore cells to respond to
SDF-2 by sporulating.

most likely pathway leads from TagB/C in prestalk cells to
DhKA in prespore cells via an extracellular signal, resulting in
the activation of DhKA such that it can lead to the inactivation
of RegA just prior to encapsulation (66). When RegA is inac-
tive, cCAMP would no longer be degraded and could activate
PKA. The observations that pkaR mutations can suppress both
tagB and dhkA mutations and that pspA::Rm is epistatic to the
regA deletion provide further genetic support for this pathway
(Fig. 3). Biochemical support for this model is provided by the
measured spike in cAMP concentration that has been observed
during culmination (1, 77).

If this signal transduction pathway functions in the response
to the phosphopeptide that induces sporulation in low-density
monolayer preparations of pkaC::pkaC cells, then SDF-1
should be ineffective in dhkA mutant cells. However, it was
found that the phosphopeptide induces sporulation effectively
in such cells and so appears to act in a DhkA-independent
manner (7). Subsequently, a different peptide was found that
has all the characteristics expected of the DhkA ligand (7).
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This peptide, referred to as SDF-2, also induces sporulation in
low-density monolayer preparations of pkaC::pkaC cells but
does so much more rapidly and in a manner that is indepen-
dent of protein synthesis. Within 10 min of addition of the
peptide, the number of spores starts to increase and the max-
imum is reached in half an hour even if the test cells had been
treated with cycloheximide prior to addition of the peptide (7).
Evidence that the SDF-2 signal is mediated by the two-com-
ponent system leading to activation of PKA came from studies
of pkaC::pkaC cells in which dhkA was deleted as well as
studies on the specific inhibition of PKA with the drug H89. In
both cases, SDF-2 was completely ineffectual in stimulating the
frequency of sporulation (7). Since reg4 mutants sporulate in
an SDF-2 independent manner, it appears that SDF-2 triggers
rapid encapsulation in wild-type cells by activating DhkA such
that it inhibits RegA, leading to activation of PKA (Fig. 3).

SDF-2 can be recovered from the buffer in which regA-null
cells developed but not from the buffer in which either wild-
type or pkaC::pkaC cells developed (7). However, pkaC::pkaC
cells can be induced to release high levels of SDF-2 if they are
stimulated with SDF-2. Within a few minutes the level of
SDF-2 in the buffer increases several hundredfold. Release of
SDF-2 does not occur in tagC mutant cells even if they carry
the pkaC::pkaC construct (7). Since only prestalk cells express
tagC, they must be the ones that are responsible for releasing
SDF-2 into the environment. The structure of the TagB/C
complex raises the possibility that the extracellular serine pro-
tease domain may process a precursor exported by this ABC
transporter so as to generate active SDF-2. The signal trans-
duction pathway by which SDF-2 stimulates prestalk cells ap-
pears to be the same two-component system that leads to PKA
in prespore cells. Cells in which dhkA is disrupted do not
amplify a SDF-2 signal even when they carry the pkaC::pkaC
construct, while reg4 mutants constitutively release SDF-2 (7).
Moreover, cells carrying the ecmA::Rm construct that blocks
PKA activity in prestalk cells fail to release the signal for
encapsulation (100). When SDF-2 activates DhkA, RegA is
inhibited and PKA activity increases. Thus, it is likely that PKA
activity is also involved in the release of SDF-2. This conclu-
sion is further supported by the fact that addition of the PKA-
specific inhibitor H89 can also block release of SDF-2 (Fig. 3).
Since H89 can be expected to inhibit even the basal levels of
PKA activity, it is possible that it is the basal activity rather
than the stimulated level of PKA activity that is essential for
SDF-2 release.

Analysis of the peptide signals indicates that there is a con-
tinuing conversation between prestalk cells and prespore cells
during culmination. SDF-1 first prepares prespore cells for
encapsulation by inducing the synthesis of essential proteins
that may include PKA, and subsequently SDF-2 activates PKA
and triggers sporulation. Such a two-step interaction attests to
the selective pressure to avoid premature sporulation that
would result in encapsulated cells that are unable to reach the
top of the rising stalk as well as the need to encapsulate when
the prespore cells are in place. It is all in the timing.

DORMANCY

Encapsulated spores lie dormant as long as they remain
together in a ball held on the top of a stalk. Dormancy is
ensured by the high osmotic conditions found in the sorus and
the presence of an inhibitor of germination, discadenine, that
accumulates during culmination (42, 111). An adenylyl cyclase
specialized for function within spores is activated at high os-
molarity and is responsible for the high levels of cAMP and
PKA activity in dormant spores. Spores in which the gene
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encoding this adenylyl cyclase, acgA4, is disrupted germinate
even under conditions of high osmolarity (111). Conversely,
cells with constitutively high PKA activity due to mutations in
pkaR or overexpression of pkaC germinate poorly even when
the osmotic pressure is dropped. It appears that inhibition of
PKA activity is necessary for efficient germination.

The cAMP levels that control PKA activity are kept high in
spores not only by stimulation of ACG but also by inhibition of
the cAMP phosphodiesterase RegA (103, 120). When spores
are dispersed from the tops of fruiting bodies, ACG activity
falls as a result of the reduced osmotic pressure and RegA
activity rises; the cAMP levels rapidly drop and the regulatory
subunit of PKA associates with the catalytic subunit to inhibit
its activity. The spores can then germinate. Mutants in which
the cytoplasmic phosphodiesterase is missing due to deletion
of regA germinate poorly (103).

When prespore cells are about halfway up the rising stalk,
RegA activity is inhibited by DhkA, the histidine kinase that
appears to be activated by SDF-2. As a consequence, cAMP
increases and encapsulation rapidly ensues. The job of inhib-
iting RegA is then taken over by a separate but related histi-
dine kinase, DhkB, that appears to be activated by the germi-
nation inhibitor discadenine (120). If DhkB is inactivated by
mutation, the spores germinate almost as soon as they encap-
sulate. However, this phenotype can be overcome by express-
ing pkaC at high levels (120). The concentration of cAMP in
dhkB-null spores is less than half of that in wild-type spores as
the result of failure to inhibit the phosphodiesterase. If regA is
also inactivated in a dhkB-null strain, spores of the double
mutants not only remain dormant but germinate slowly when
spread out.

Further evidence that DhkB is normally active during dor-
mancy and inactive when spores are dispersed from the sorus
comes from observations on strains transformed with a con-
struct that directs the synthesis of the protein kinase domain
free of regulatory domains. The predicted constitutive DhkB
activity in these cells leads to difficulties in germination (105a).
Thus, RegA appears to be controlled by two sensor kinases
such that its activity can be modulated both before and after
culmination. When SDF-2 activates DhkA, it inhibits RegA
from hydrolyzing cAMP such that PKA activity can trigger
encapsulation. Shortly thereafter, discadenine activates DhkB,
which also inhibits RegA. When the contents of sori are di-
luted, DhkB is no longer activated and RegA reduces the
cAMP and PKA levels to those compatible with germination.

TEMPORAL REGULATION OF GENETIC NETWORKS

Some very early developmental genes including carA, pdsA,
cadA, manA, nagA, and dscA are expressed when the cell
density gets high even if the cells are still growing (12-14, 85).
Throughout their growth period cells secrete a 68-kDa protein,
referred to as PSF, that activates transcription of these genes
when it accumulates above a certain threshold. The threshold
is higher if there are bacteria remaining in the environment,
but PSF will nonetheless induce cells to start their develop-
mental cycle when it exceeds the threshold. Adenylyl cyclase is
then induced but reaches maximal levels only after 8 h. Ex-
pression of acaA is under the control of PKA, which is itself
stimulated by the cAMP that is produced by adenylyl cyclase.
This feedback loop amplifies initial differences among the cells
such that some start producing extracellular cAMP before oth-
ers. Once the loop is functioning, extracellular cAMP, acting
through the surface receptor CAR1 in a PKA-independent
signal transduction pathway, leads to the accumulation of
other components of the signal transduction mechanism in-
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cluding CARLI itself, Ga2, CRAC, and the extracellular cAMP
phosphodiesterase that reduces the level of cAMP around cells
after each pulse is secreted (65, 81). As pulses of cCAMP are
relayed from one cell to the next, the entire population be-
comes aggregation competent. The time it takes to reach ag-
gregation competence can vary significantly and is sensitive to
environmental conditions. At low cell densities or low temper-
atures or in the presence of patches of food, cells may take a
day before they start to stream into aggregates, while at high
cell densities in optimally buffered salt solutions at 22°C, cells
form aggregates within 8 h.

When all of the signal transduction components are in place,
pulses of cCAMP can be generated every 5 min or so. As de-
scribed above, adenylyl cyclase activity is stimulated by CRAC
together with GB+ released from the trimeric G protein when
cAMP binds to CAR1. However, adenylyl cyclase activity is
short-lived because some of the cAMP it makes binds to the
regulatory subunit of PKA activating the catalytic subunit that
inhibits ERK2 and results in loss of ligand binding. Initially,
the intracellular phosphodiesterase, RegA, is inhibited by the
MAP kinase, ERK2, that is activated when cAMP binds to
CARI1. PKA-R will not inhibit PKA-C again until RegA is no
longer inhibited and can then reduce the internal cAMP con-
centration. During this period the cells are refractory to further
pulses of cAMP. The circuit is completed when PKA inhibits
ERK?2 such that it can no longer inhibit RegA and PKA itself
is inhibited. The detailed enzymatic characteristics of these
components set the timing of these early developmental events.

As cells enter into mounds, they accumulate a cAMP recep-
tor, CAR3, that is activated by the higher, sustained levels of
cAMP that are found at that stage (46). Like CAR1, CAR3 is
coupled to activation of adenylyl cyclase and so would be
expected to activate PKA (84). PKA, in turn, is necessary for
transcription of the spore coat genes (40). The transcription
factor GBF is also essential for expression of these prespore
genes and binds to its cognate sites on DNA only when phos-
phorylated (40, 95, 96). Thus, the internal cAMP sets the stage
for the expression of prespore genes. PKA also seems to mod-
ulate expression of the prestalk-specific gene ecmA, since the
level of mRNA from this gene is reduced in cells carrying the
ecmA::Rm construct (36, 41, 119).

There is evidence suggesting that the circuit in which ERK2
and RegA control the level of PKA activity continues to func-
tion at the mound stage. Cells of an erkB-null strain carrying a
construct that generates temperature-sensitive ERK2 were de-
veloped at the permissive temperature (20°C) for 12 h before
being shifted to the nonpermissive temperature (25°C). Under
these conditions the cells formed mounds but did not accumu-
late mRNA from the prespore gene cotC (28). On the other
hand, mRNA from the prestalk-specific gene ecmA accumu-
lated to essentially normal levels. When ERK2 is inactivated,
the phosphodiesterase activity of RegA would be expected to
remove cAMP from PKA-R, leading to inhibition of PKA
activity. These results are consistent with having the aggrega-
tion stage circuit continuing to work in prespore cells.

Almost as soon as the cell types arise, they sort out such that
the prestalk cells are at the apex. From there they distend the
extracellular matrix to form a finger-shaped structure that will
fall over and migrate away under some conditions. When de-
veloped on low ionic buffer and exposed to unilateral light,
slugs generated by wild-type strains will embark on extended
phototactic migrations. However, those in which PKA is con-
stitutive due to disruption of pkaR rapidly undergo terminal
differentiation and form simple balls of spores (1, 104). On the
other hand, slugs formed from cells in which PKA is constitu-
tive due to disruption of regd migrate for a considerable
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FIG. 4. Multiple roles for RegA and PKA during development. The signal relay network is presented in Fig. 1 and 2. When aggregated cells are exposed to high
levels of cAMP, genes dependent on the DNA-binding protein GBF are activated and cell type divergence proceeds. PKA is essential for prespore-specific gene
expression and may also be involved in modulating prestalk genes. PKA activity during this stage of development is likely to be a function of RegA activity and the
relative rates of transcription of pkaC and pkaR. During culmination pkaC is expressed at high levels in prespore cells, perhaps as a response to SDF-1. The autocrine
circuit that results in rapid release of SDF-2 from prestalk cells exposes prespore cells to this sporulation inducer. The signal is transduced to PKA activity via the

two-component system of DhkA and RegA.

amount of time before forming spores and stalks (103). One of
the few differences between cells of these two strains is that
cAMP is very low throughout development in pkaR-null cells
due to the inhibition of adenylyl cyclase as a consequence of
the constitutive PKA activity but is higher in reg4-null cells
than in wild-type cells due to the loss of the phosphodiesterase
(67a). If high levels of intracellular cAMP are necessary for
slugs to enter the migratory stage, then it appears that in this
situation cAMP is affecting PKA-independent pathways. In
any case, it is interesting that the conditions that favor migra-
tion seem to be able to override the PKA-mediated signals that
result in precocious terminal differentiation. The spore coat
genes are expressed in prespore cells during migration, and
their products, the spore coat proteins, are stockpiled in pre-
spore vesicles for rapid release during culmination (18).

Prestalk cells accumulate two low-affinity cAMP receptors,
CAR2 and CARA4, that mediate slug behavior (67, 90). The
primary sequences of these receptors are 40% identical to
those of the other members of the CAR family and are likely
to be G protein coupled to adenylyl cyclase activation. CAR2
may mediate the effects of the high levels of extracellular
cAMP that induce postaggregative genes such as ghf4 and
rasD. The gene encoding this surface receptor, carB, is first
expressed in tight mounds and is subsequently preferentially
expressed at the very front in slugs, where the PST-A cells are
found (92). Expression is induced by high levels of cAMP and
is repressed by DIF-1 (92). Mutant strains lacking CAR2 are
arrested at the mound stage, although some form tips after
more than 20 h of development (90). Prestalk cells sort out to
the top of the mounds but seem to be unable to distend the
extracellular matrix normally. Prespore genes are overex-
pressed in these strains, suggesting that CAR2 also plays a role
in regulating these genes.

CAR4 accumulates somewhat after CAR2 and is found pre-
dominantly in prestalk cells but also at a low level in prespore
cells (32, 67). Although slugs are formed normally in strains
lacking CAR4 due to mutations in its structural gene, carD,
they are not able to migrate well and form squat fruiting bodies
with short stalks (67). Expression of the prestalk gene ecmA is
greatly reduced in carD-null strains, suggesting that CAR4
plays a role in regulating this prestalk gene. Moreover, pres-
pore cells can be seen in slug anteriors, suggesting that CAR4
is involved in maintaining the separation of the cell types (67).

Thus, it appears that extracellular cAMP signals are used in
various ways to integrate the cell types into an optimally func-
tional multicellular organism but that these signals are dispens-
able under certain conditions as long as PKA is constitutively
active (113).

Throughout the slug stage, pkaC is expressed at considerably
higher levels in prestalk cells than in prespore cells (74). As-
suming that the enzyme continuously accumulates in these
cells, it may prepare them for terminal differentiation. Secre-
tion of SDF-1 may potentiate this process by further inducing
PKA in both prestalk and prespore cells. Since this factor is
phosphorylated by PKA, a positive feedback loop will soon be
established (6). However, until prestalk cells secrete SDF-2,
most of the PKA will be in an inactive form due to association
of the catalytic and regulatory subunits. Prespore cells rapidly
respond to SDF-2 by a DhkA-dependent signal transduction
pathway that activates PKA and leads to encapsulation. This
signalling pathway can be bypassed by directly activating PKA
with 8-Br—cAMP (48, 56, 69, 70). The spore-specific gene spid
is induced in less than an hour following addition of 8-Br-
cAMP to cells dissociated from early culminants, suggesting
that, once PKA is activated in prespore cells, they proceed
directly to spore formation (87). Moreover, addition of 8-Br—
cAMP to dhkB-null cells can suppress the premature germina-
tion usually seen in these spores (120). As long as PKA activity
stays high, spores remain dormant, but when it drops, they
germinate.

CONCLUSIONS AND FUTURE DIRECTIONS

Maybe PKA is controlled at so many different levels because
it is used in so many different developmental processes (Fig. 4).
Maximal activity is dependent on the amount of the catalytic
subunit, which is a function of the rate of transcription, as well
as the stability of the mRNA and the protein in the cell types.
However, most of the catalytic subunit appears to be in an
inactive form, complexed with the regulatory subunit, until
activated by cAMP. The internal levels of cAMP are set by the
relative rates of synthesis and hydrolysis of cAMP determined
by adenylyl cyclase and phosphodiesterase, enzymes that are
themselves subject to several control systems. Moreover, PKA
is found in both the cytoplasm and the nucleus (118), so that
we have to also consider subcellular localization of the enzyme.
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It would not be surprising if microfilament- or microtubule-
based motors modulated PKA activity as well.

PKA appears to play an integral role in the relay of extra-
cellular pulses of cCAMP in preparation for aggregation. Acti-
vation of adenylyl cyclase is terminated within minutes when
ERK?2 activity is inhibited by increased PKA activity that re-
sults from an increase in internal cAMP. The circuit returns to
its initial state when RegA reduces cAMP to basal levels. This
feedback circuit appears to be sufficient unto itself to generate
a train of cCAMP pulses with the observed time constants.
Similar circuits may control neuronal activities.

Although it is clear that PKA activity is essential for accu-
mulation of mRNAs from a variety of genes including acaA,
prespore genes, and culmination genes, the direct targets in
these pathways are not known. PKA could phosphorylate a
cytoplasmic transcription factor, leading to its nuclear localiza-
tion, or it could directly activate a nuclear factor. Studies with
cells carrying the pspA::Rm construct indicate that transcrip-
tion of the spore coat genes requires continuous PKA activity
(40), suggesting that activation is relatively short-lived in this
pathway.

The response of prespore cells to PKA activation with 8-Br—
cAMP is so fast that the pathway leading from PKA to encap-
sulation must be very short. Within an hour of addition of the
membrane-permeable derivative of cCAMP about half the cells
can be seen to have encapsulated. Normally, cells are not
exposed to 8-Br-cAMP and the responses are more drawn out
(Fig. 4). Both pkaC and pkaR may be induced in prespore cells
by SDF-1, preparing them for subsequent activation of PKA
activity by SDF-2 (6, 7). Release of SDF-2 is dependent on the
prestalk ABC transporter, TagB/C, and activates DhkA in pre-
spore cells, leading to a rapid increase in PKA activity. More-
over, a feedback loop connecting extracellular SDF-2 to re-
lease of more SDF-2 uses the same system in prestalk cells,
most likely to activate PKA. Thus, this pathway is used in both
prespore and prestalk cells, although it leads to quite different
end results. When the natural substrates for PKA are known
and their phosphorylation can be directly assayed in vivo, it is
likely that PKA will be found to function in many other path-
ways that control when and where specific differentiations oc-
cur.
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