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General Introduction

Dictyostelium discoideum: a model for cell and developmental biology

The social amoeba Dictyostelium discoideum is a popular system to study different
aspects of cell and developmental biology such as cell motility, cell signalling and
differentiation. In addition to this, Dictyostelium is a very attractive system to study the origins
of multicellularity. The Dictyostelids are members of the Mycetozoa, which consist of three di-
fferent groups: the syncytial slime moulds or Myxogastrids (e.g. Physarum polycephalum),
which exist as single-celled spores and amoebas and as multinucleate syncytia, the
Protostelids, which form a spore with an acellular stalk from a single cell and the Dictyostelids
or social amoebas that aggregate to form multicellular structures consisting of up to 100.000
cells. The use of molecular data to reconstruct species phylogenies has shown that the three
groups are all members of the Amoebazoa, a major group of protists, that is a sister clade to
the animals and fungi (Baldauf, 2003). The Amoebazoa is a diverse group that comprise a
great variety of solitary amoebas, amoeba-flagellates and amitochondrial pelobionts. The
Dictyostelids are however the only organism in the group that shows true multicellularity.

Dictyostelium development might seem at first glance very simple when compared with
that of higher Metazoans. However, all the events leading to and taking place during the
transition from unicellular to multicellular organism show that this organism provides an multi-
faceted challenge to understand fundamental mechanisms of development and one of the
many strategies by which multicellularity has been achieved. The transition to multicellularity is
a critical step in eukaryotic evolution and it has generated an enormous morphological and
behavioural diversity among species, including the diversity found within the Dictyostelids.
Social amoebas aggregate to form a bigger organism (the fruiting body) in response to nutrient
stress. The formation of multicellular structures by aggregation has occurred several times
during evolution in unrelated amoeba species, the acrasid slime molds and also in prokaryotes
of the genus Myxococcus (Dao et al., 2000). The architecture of the fruiting body in the
myxococci varies between different species, as is also the case for Dictyostelids. We find very
simple, basic structures in M.xanthus consisting of a ball of cells differentiated into spores, and
quite elaborated fruiting bodies in C.crocatus with tree-like acellular stalks that support spores
at its ends.

Multicellularity offers several advantages such as division of labour between
differentiated cells, as well as increased size and protection against predators in the soil.
Nematodes feed on Dictyostelium amoebas but they are not able to penetrate the slug once it
is formed, hence preventing the Dictyostelium cells from being eaten. The fruiting body itself
provides an easier way of propagating spores as they are elevated from the substratum and
they can be more easily carried by small arthropods or other soil dwelling organisms (Kessin,
2001). However, differentiation and specialization to achieve multicellularity comes at a price.
There is a necessity for novel genes, pathways and regulatory elements, and it might also
mean that part of the population will have to be sacrificed. In the case of Dictyostelium about
20% of cells that form the aggregate altruistically die to form the cellulose stalk that supports
the spore mass ensuring the spores are elevated from the substrate (Hudson et al., 2002). As
a consequence, if cells with different genotypes coexist within the same aggregate, which is to
be expected in the natural environment, the genetic information of the cells forming the stalk
will be lost.

Development in all systems is based on the formation of a complex structure such as
an embryo (or a fruiting body) from a much simpler one such as an egg (or an amoeba). In the
biology of the Dictyostelids we find some features that remind us of characteristics found in
other Metazoans. Dictyostelium has vegetative cells that are highly motile like some animal
cells (e.g. leukocytes), the cells in the stalk are highly vacuolated and with cellulose as we find
in plants and finally, the spores are in some aspects quite fungal-like (Kessin, 2001). Although
the fundamental principles of development that we find in higher eukaryotes and Dictyostelids
are comparable, plants, animals and Dictyostelids are physiologically and morphologically very
different and this must be taken into account when extrapolating findings.
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General Introduction

In animal development the zygote divides clonally up to a specific point in which cells
responding to certain signals will choose their fate. After this, the cells will keep dividing giving
rise to the several differenciated structures. Therefore differential growth and death of cell
types, accompanies development throughout (Slack, 2001). Cell and tissue movements are a
requirement for Dictyostelium and embryonic animal development but these are highly
reduced in plant development, where pattern formation occurs mainly by oriented cell division
and cellular differentiation. In Dictyostelium however, we find that growth by means of cell
division is separated from development. Dictyostelium development is based on the aggre-
gation of a genetically heterogeneous population, albeit belonging to the same species, of
vegetative cells that will differenciate rather than on cell division. Multicellular development
also requires of regional specification that will establish optimal ratios of the newly formed
specialized cell types and define the final pattern throughout the newly formed structure.

Dictyostelium discoideum life cycle

Dictyostelium amoebas are free-living cells that feed on bacteria present in the soil and
divide for as long as food is available. Upon starvation, Dictyostelium cells stop dividing and
enter the developmental program that will lead to the formation of a multicellular fruiting body
(Figure 1). Dictyostelium cells secrete quorum-sensing factors such as PSF (pre-starvation
factor) and CMF (conditioned-medium factor) (Clarke and Gomer, 1995). These factors
combined with starvation conditions help establish whether the optimal cell density for multi-
cellular development has been reached and trigger induction of early gene expression. The
expression of the some early genes is fast and transient whilst expression of genes that
encode proteins involved in cAMP signalling is sustained. This causes cells to secrete
nanomolar pulses of cAMP to the extracellular medium. cAMP acts as a chemoattractant and
will summon cells to the aggregate. At the same time every cAMP pulse that is produced
elicits a new cAMP pulse in neighbouring cells. This relay response causes the pulses to
propagate as waves through the entire cell population leading to the formation of aggregates
of up to 100.000 amoebas. The cAMP pulses also further accelerate the expression of CAMP
signalling genes and other genes that are involved in aggregation. Once aggregates have
formed, a tip develops at the centre and elongates giving rise to a finger-shaped structure
called the slug. When the slug topples over it starts to migrate guided by signals as light and
temperature. Cell differentiation takes place in parallel to morphogenesis and two main cell
types arise in newly formed D.discoideumn slugs: prestalk cells (precursors of the stalk cells)
and prespore cells (precursors of the spores). In the slug the two cell populations are arranged
along an anterior-posterior axis in which the prestalk cells are in the most anterior third of the
slug, leaving the prespore cells to occupy the posterior part. Intermixed between the prespore
cells there is a third cell type that has prestalk-like properties known as anterior-like cells
(ALC). Fruiting body formation or culmination takes place through complex morphogenetic
movements and a complete rearrangement of the slug cells. The Dictyostelium fruiting body
consists of a cellulose-rich stalk tube that is filled with highly vacuolated dead prestalk cells
and a spore head that contains the spores embedded in a mucous matrix. The proportion of
spore cells to stalk cells in the fruiting body is roughly 3:1, so the majority of cells differentiate
into spores. The mass of spores is lifted during culmination to the top of the stalk tube by an
unknown mechanism, which probably involves active movement of the prespore cells and
expansion of cells within the stalk tube. When favourable conditions such as the right humidity,
temperature or the presence of food are met, spores germinate into new vegetative amoebas
closing the cycle.

In addition to cAMP, PSF and CSF, a number of signalling molecules that regulate
other developmental transitions have been identified. DIF (Differentiation Induction Factor)
regulates the expression of a subclass of prestalk genes (Thompson and Kay, 2000). The
catabolite ammonia inhibits spore and stalk maturation during slug migration (Gee et al., 1994;
Hopper et al., 1993). The small peptides SDF1 and SDF2 (Spore Differentiation Factor 1 and
2) control culmination and spore maturation respectively (Anjard et al., 1998; Anjard and
Loomis, 2005). Adenosine, an end product of CAMP degradation, is proposed to act as long-
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General Introduction

range inhibitor of tip formation and as an inhibitor of prespore differentiation in the prestalk
region (Newell, 1982; Newell and Ross, 1982; Schaap and Wang, 1986).

I

b

)

D germination and growth . aggregation and cAMP pulses

[l multicellular morphogenesis [ culmination

Figure 1. Life cycle of Dictyostelium discoideum
cAMP signalling during development

cAMP has multiple roles in Dictyostelium discoideum development. It acts as an extra-
cellular signal controlling chemotaxis, expression of aggregative genes and prespore genes.
cAMP also functions as in intracellular signal controlling initiation of development, spore and
stalk maturation and spore germination (Figure 2) (Saran et al., 2002). It is therefore of great
importance to understand how cAMP is synthesized, detected and degraded and how these
processes are regulated in the different stages of development.

aggregation and signal relay aggregative genes

chemotaxis \ % post-aggregative genes
\ @ . prespore genes
\/ prestalk genes
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initiation of development
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X ) stalk differentiation
1\|‘ - /
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spore differentiation

Figure 2. Roles of extracellular and intracellular cAMP
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CcAMP synthesis

There are three adenylyl cyclases producing cAMP during Dictyostelium development.
The extracellular cAMP required for aggregation is produced by ACA. The acaA gene was
identified by PCR through its homology with the catalytic domain of the Drosophila and
mammalian adenylyl cyclases (Pitt et al., 1992). ACA consists of 12 transmembrane domains
and two cyclase catalytic domains. The two catalytic domains represent half-sites of the
catalytic core and ACA requires dimerization of these sites to be active. The mechanism of
activation of ACA is complex, involving many molecular components (Figure 3). Binding of
cAMP to the surface cAMP receptor cAR1, causes the heterotrimeric G-protein to dissociate
releasing the Ga2 and By-subunits. This triggers the activation of the phosphoinositol specific
kinase PI3-kinase, resulting in an increased production of phosphatydyl-inositol 3-phosphate,
PIP3. Newly formed PIP3 acts as anchoring place binding to the pleckstrin homology domain
of the cytosolic regulator of adenylyl cyclase, CRAC (Dormann et al., 2002), causing its
translocation to the membrane and consequently promoting ACA activation. In addition to G-
proteins and receptors, full activation of ACA requires of a number of other proteins such as
ERK2 (Segall et al., 1995), Rip3 (Lee et al., 1999), RasC (Kae et al., 2004), Aimless and
Pianissimo (Chen et al., 1997; Insall et al., 1996). Expression of acaA is highest during
aggregation and remains present at lower levels in later stages. acaA deletion blocks
aggregation but this defect can be restored by the addition of exogenous extracellular cAMP
(Pitt et al., 1993).

Oscillatory cAMP signalling controls major aspects of Dictyostelium development. ACA
activity is regulated by positive and negative feedback loops, which causes developing cells to
produce and secrete cAMP in a spontaneous manner at regular intervals (Figure 3). The
positive loop is caused by the self-stimulatory effect of extracellular cAMP produced by ACA
acting on the cAMP receptor cAR1. However, persistent stimulation with cAMP causes
desensitisation of the cells also known as adaptation. This process represents a negative
feedback loop in the regulation of ACA (Martiel and Goldbeter, 1987; Tang and Othmer, 1994).
Neither of the processes leading to excitation or adaptation of ACA are fully understood.
Regulators of G-protein signalling (RGS), ligand-induced phosphorylation of the surface
receptor, and the action of the intracellular cAMP-stimulated phosphodiesterase PdeE have
been suggested to participate at different levels in the adaptation process (Devreotes, 1994;
Manahan et al., 2004; Meima et al., 2003).

Figure 3. Signalling

pathways controlling

the aggregation spe-
AMP cific cyclase ACA.

ACA: adenylyl cyclase
AGGREGATION = A; cAR1: cAMP-specific

receptor 1; a, B ,y: G-

cAMP PULSES
f/ protein subunits; PIP2
(%% P bE e Chospha.

tydylinositol phosphate
2 and 3; C1, 2: catalytic
domain 1 and 2; PI3K:
phospho-inositol  spe-
INTRACELLULAR cific kinase 3, CRAC:

cytosolic regulator of

adenylyl cyclase; AleA:

EXTRACELLULAR

EART | e e _ACA

é Aimless; Pia: Pianissi

ATP T mo; Rip3: Ras interac-
W%%W ting protein 3; PKA:

protein kinase A; PdsA:
AMP extracellular phospho-

diesterase; PdeE: intra-

cellular phosphodieste-
rase.

PKA

| GENE EXPRESSION |

14



General Introduction

AcgA, originally described as a germination specific enzyme, was the first adenylyl
cyclase identified in the screening that yielded AcaA. Structurally ACG is reminiscent of
membrane-bound guanylyl cyclases (Pitt et al., 1992). ACG has a single catalytic domain, a
transmembrane domain and an extracellular domain. The extracellular domain shares homo-
logy with the CHASE-type domains (CHASE=Cyclases/Histidine Kinases Associated Sensory
Extracellular). This type of domain is found in bacteria and lower eukaryotes and in receptor-
like proteins of plants like the cytokine receptor Cre1 (Anantharaman and Aravind, 2001;
Mougel and Zhulin, 2001). ACG activity is stimulated by high osmolarity (Figure 4), and
although the mechanism of activation of ACG is not yet resolved, heterologous expression of
the protein in yeast has established that the osmosensor is intrinsic to the ACG protein (Saran
and Schaap, 2004). ACG is present in cells as a homodimer as demonstrated using
engineered mutant ACG proteins lacking the catalytic domain that act as dominant-negative
inhibitors (Saran and Schaap, 2004). Although the development of acgA null mutants is not
significantly altered, germination of the spores under high osmotic conditions is not inhibited
(Van Es et al.,, 1996). Spores are suspended in the spore head in a droplet of fluid that
contains ammonium phosphate at concentrations higher than 100 mM (Cotter et al., 1999).
This high osmolarity keeps ACG active, elevating the levels of CAMP inside the spore (Van Es
et al., 1996; Virdy et al., 1999). Consequently, PKA remains active and spore germination is
inhibited.

High osmolarlty

g ; FRUITING BODY

)

Figure 4. ACG is an osmosensor and controls spore dormancy in Dictyostelium

Lastly, the third Dictyostelium adenylyl cyclase (AcrA) encodes a protein (ACB/AcrA)
that harbours a single cyclase domain, a response regulator (RR), most commonly involved in
phosphorelay pathways, and a histidine kinase homology domain (HK) (Figure 5). This histi-
dine kinase domain is predicted to be inactive as it lacks the histidine residue essential for
phosphorylation. ACB/AcrA shares greatest homology with the CyaC adenylyl cyclases of the
cyanobacterias Spirulina platensis and Anabaena spirulensis (Soderbom et al., 1999).
ACB/AcrA sequence information also suggests that the enzyme has two putative
transmembrane domains separated by an extracellular region. Maximal ACB activity is found
associated to the particulate fraction in vitro assays, which supports that the protein is
associated to the membrane (Meima and Schaap, 1999). ACB differs biochemically and in its
developmental regulation from the other two cyclases ACA and ACG. ACB activity shows
preference for Mg*?/ATP than Mn*¥/ATP, as is the case for ACA and ACG. Furthermore, ACB
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does not seem to be activated by any known external stimuli such as cAMP, DIF, GTPyS,
ammonia or bicarbonate (Kim et al., 1998, Meima and Schaap, unpublished results). Mutants
of acrA show severe defects in terminal differentiation. They aggregate normally but they
produce only about 10% of viable spores. Their fruiting bodies show abnormally long stalks
and glassy spore heads due to the reduced number of spores (Soderbom et al., 1999).

cAMP hydrolysis

To maintain dynamic signalling, the degradation of cAMP by cyclic nucleotide phospho-
diesterases is as important as its synthesis. Phosphodiesterases are generally classified into
three classes, Class | to lll. The main variations found between classes are in the sequence of
their catalytic domains and within classes in cyclic nucleotide specificity, presence of additional
domains and cellular localization.

Dictyostelium has several cAMP and cGMP specific phosphodiesterases that regulate
both extracellular and intracellular cyclic nucleotide levels. The cAMP-specific phosphodies-
terase RegA (Shaulsky et al., 1996; Thomason et al., 1998) and the cGMP-specific PDE3
(Kuwayama et al., 2001) belong to the class | phosphodiesterases, whereas the extracellular
PdsA (Lacombe et al., 1986) is related to the fungal class Il of phosphodiesterases.

Hydrolysis of extracellular cAMP

PdsA can be secreted or bound to the extracellular face of the membrane (Gerisch and
Malchow, 1976; Malchow et al., 1972). PdsA hydrolyses both cAMP and cGMP (Lacombe et
al., 1986) but shows the highest affinity for cAMP. The catalytic domain is similar to the low-
affinity yeast phosphodiesterase PDE1 (Nikawa et al., 1987). PdsA is under a tight
developmental regulation and three different promoters control its expression. The vegetative
promoter directs expression during growth, the aggregative promoter during aggregation and
the late promoter after mound formation. The different promoters are also expressed in
different cell types, with the late PdsA promoter being most active in prestalk cells and the
aggregative promoter in anterior-like and rear-guard cells (Weening et al., 2003). A soluble
glycoprotein inhibitor (PDI) that is secreted by cells regulates PdsA activity (Franke and
Kessin, 1981).

PdsA knockout mutants are defective in aggregation. This defect can be rescued by
expression of the gene under its aggregation promoter, but development is arrested at the
mound stage (Darmon et al.,, 1978; Sucgang et al., 1997). Only expression under the late
promoter is able to drive development into slug and fruiting body formation. Constitutive
overexpression of the gene causes accelerated aggregation, but development beyond the
mound stage is blocked (Faure et al., 1988). These data demonstrate the essential role of
PdsA in the regulation of dynamic cAMP signalling during the entire course of development.

Hydrolysis of intracellular cAMP

Hydrolysis of intracellular cAMP occurs by the action of two different phospho-
diesterases. RegA is a cAMP-specific phosphodiesterase that harbours a prokaryote-type
response regulator in addition to a mammalian-type phosphodiesterase domain. RegA was
first identified from a REMI sporogenous mutant that showed accelerated development
(Shaulsky et al., 1996; Thomason et al., 1998). Response regulators are found in two-
component phosphorelay systems and act as targets for phosphoryl groups that are passed
through a relay cascade initiated by sensor histidine kinases (Figure 5).

Two sensor histidine kinases have been proposed to control RegA activity. DhkC
functions as an ammonia sensor in slug cells. Ammonia is a well-known inhibitor of culmi-
nation and DhkC mutants show unnaturally prolonged slug migration (Singleton et al., 1998). A
phosphoryl group donated by the auto-phosphorylated histidine in DhkC is transferred to RegA
through the action of the intermediate phospho-donor protein RdeA. This phosphorylation
causes a 20-fold increase of the RegA phosphodiesterase activity (Thomason et al., 1999).
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The resulting hydrolysis of cAMP and consequent inactivation of PKA activation inhibits the
transition from slug migration to culmination.

The second sensor histidine kinase, DhkA, acts as a histidine phosphatase when acti-
vated by its ligand SDF-2, causing dephosphorylation of RegA and therefore inactivation
(Anjard and Loomis, 2005; Wang et al., 1999). SDF-2 is a small peptide that is produced by
stalk cells and triggers the maturation of spores (Anjard et al., 1998). Inactivation of RegA
causes an elevation on cAMP levels and cAMP in turn activates PKA inducing terminal diffe-
renttiation.
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Figure 5. Regulation of post-aggregative development by cAMP, ACB/AcrA and RegA

ACG and ACB: adenylyl cyclases G and B; HK: histidine kinase domain; RR: response regulator domain; PKA: protein kinase A;
C and R: catalytic and regulatory PKA subunits; RegA: intracellular phosphodiesterase; RdeA: phospho-donor protein; DhKA and
C: hybrid histidine kinases A and C; SDF-2: spore differentiation factor 2; AcbA: SDF-2 precursor protein; TagC: serin protease C;
PSV: prespore vesicle; p: phosphoryl group.

The other intracellular cAMP phosphodiesterase, PdeE, is an unusual protein that
harbours two cyclic nucleotide-binding domains similar to those found in the regulatory subunit
of the bovine PKA and a metallo-B-lactamase domain (Meima et al., 2003). PdeE is struc-
turally similar to PdeD, a cGMP specific phosphodiesterase, and work on PdeD has shown
that the metallo-B-lactamase domain is responsible for the cyclic nucleotide phospho-
diesterase activity, while the cyclic nucleotide binding domains act as allosteric activators of
the PDE activity (Meima et al., 2002). PdeE is mostly active during aggregation. Development
of PdeE null mutants is not significantly altered and they show a modest increase in cAMP
relay response. Overexpression of the PdeE gene blocks aggregation, but development is
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restored when overexpressing cells are developed in synergy with wild type. The timing of
expression as well as the elevated cAMP relay response suggests a role for PdeE during
aggregation, possibly controlling the adaptation process.

cAMP detection
Extracellular cAMP

Extracellular cAMP controls both chemotaxis and gene expression in different
developmental stages by acting on cell surface cAMP receptors. Four homologous cAMP
receptors with different cAMP affinities are expressed at different stages of development
(Johnson et al., 1993; Klein et al., 1988; Louis et al., 1994; Saxe Il et al., 1993). These cAMP
receptors (CAR1 to cAR4) belong to the class E of G-protein coupled seven transmembrane
receptors (GPCRs). The four cARs differ in their affinity for cAMP in a manner that correlates
with their timing of expression. The receptor with the highest cAMP affinity (car?) is expressed
before and during aggregation (Johnson et al., 1992a; Johnson et al., 1992b). cAR3 is also a
high affinity receptor and is expressed a few hours after cAR1, while the low affinity receptors
cAR2 and cAR4 are expressed during post-aggregative stages in slugs and fruiting bodies

cAR activation of several target enzymes, such as the two guanylyl cyclases sGC and
GCA, PI3-kinase, ACA and phospholipase C is mediated by heterotrimeric G-proteins (Aubry
and Firtel, 1999). Expression of the several Ga subunits that form the heterotrimeric G-
proteins is also developmentally regulated. In Dictyostelium there are more than twelve
different a-subunits that are transiently expressed at different times of development (Eichinger
et al., 2005). Of these a-subunits only Ga2 seems to be essential for development. On the
other hand there is a unique B-subunit expressed at a constant rate throughout development.
Disruption of the gene encoding the B-subunit results in failure to aggregate (Wu et al., 1995).

Some of the cAR-mediated pathways are independent of G-proteins such as the
induction of Ca*? influx, ERK2 activation, STATa translocation to the nucleus and prespore
gene expression (Araki et al., 1998; Jin et al., 1998; Maeda et al., 1996; Milne et al., 1995; Wu
et al., 1995). The immediate targets for the receptors in these responses are still unknown.

Intracellular cAMP

Similarly to other organisms, in Dictyostelium cAMP is also used as an intracellular
second messenger that activates cAMP-dependent protein kinase (PKA). Dictyostelium PKA
is a heterodimer consisting of one regulatory subunit (PKA-R) and one catalytic subunit (PKA-
C) (Mann et al., 1992). The homologous vertebrate enzyme consists of two PKA-C and two
PKA-R subunits. In Dictyostelium, activation of PKA leads to the dissociation of the PKA-C-R
complex upon binding of two cAMP molecules to the regulatory subunit. PKA activity is there-
fore mainly regulated by intracellular cAMP. However, the protein and mRNA of both PKA-R
and PKA-C subunits differentially accumulate during the first 12 hours of development, which
indicates the presence of additional regulation at the transcriptional and translational levels.
PKA is not essential for vegetative growth but it is involved in almost every other aspect of
Dictyostelium development from aggregation to terminal differentiation (Mann et al., 1992;
Simon et al., 1992).

Null mutants in PKA-C do not aggregate by themselves, but can aggregate in synergy
with wild type. They show normal induction of aggregation specific genes in response to cAMP
pulses, which suggests the presence of a second PKA-C protein (Mann et al., 1992, Meima
and Schaap, unpublished results). On the other hand, overexpression of PKA-C leads to rapid
development and to a sporogenous phenotype (Anjard et al., 1992). In addition to this, altering
the levels of expression of the regulatory subunit modulates PKA activity. A version of the re-
gulatory subunit containing mutated cAMP binding sites (PKA-Rm) acts as dominant negative
inhibitor of PKA and its overexpression blocks the relay response and early gene induction
(Schulkes and Schaap, 1995).
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PKA activity is also required for both prespore and prestalk differentiation. Expression
of PKA-Rm under prespore or prestalk promoters inhibits the expression of prespore and pre-
stalk genes respectively (Harwood et al., 1992; Hopper et al., 1993; Hopper et al., 1995;
Hopper and Williams, 1994; Zhukovskaya et al., 1996). Terminal spore and stalk maturation
are dependent on PKA as described previously. Once the spores are formed, high osmolarity
in the spore head activates adenylyl cyclase G to produce cAMP. Here PKA activation by
cAMP inhibits the germination of spores (Saran and Schaap, 2004; Van Es et al., 1996). This
mechanism ensures that the spores do not germinate while still in the fruiting body or under
adverse conditions.

PKA activity is found in both the cytosol and in the nucleus, but despite being so
ubiquitous and having such prominent effects during development the direct targets for PKA
phosphorylation are still unknown (Figure 6).

A ACB

— -

PKA

UNKNOWN TARGETS
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EXPRESSION OF STALK SPORE SPORE
AGGREGATIVE DIFFERENTIATION DIFFERENTIATION DORMANCY
GENES

G

Figure 6. Roles of PKA at different stages of Dictyostelium development.
Regulation of pattern formation in Dictyostelium

One of the most dramatic aspects of D.discoideum development is the differentiation of
an initially homogeneous population of amoebas into prespore and prestalk cells, whose
proportions and spatial patterning are carefully regulated. Early work showed that prespore
differentiation in the rear of the slug requires the sustained presence of extracellular cAMP
(Schaap and Van Driel, 1985, Schaap and Wang, 1986), but until now it has been unclear
which of the three Dictyostelium adenylyl cyclases produces the cAMP required for this
purpose. DIF was previously proposed to trigger the differentiation of prestalk and stalk cells,
but recent studies with DIF-deficient mutants indicate that DIF is not required for the stalk cell
differentiation and its absence only affects a small subpopulation of prestalk genes. Major
challenges therefore still exist to establish how the prespore/prestalk pattern is generated.

Prespore cell differentiation is triggered once aggregation has taken place by the
combined action of extracellular cAMP binding to surface receptors and intracellular cAMP
binding to PKA. However, neither the developmental regulation of the three Dictyostelium
adenylyl cyclases nor the phenotypes of null mutants in their respective genes provides any
clue how this might occur. ACA is expressed in all cells during aggregation, but during slug
formation expression is lost from all cells except those at the anterior tip. AcaA null mutants
cannot aggregate, but development can be restored to some extent by overexpression of PKA
or by prolonged treatment with extracellular cAMP. ACG mRNA was only found in spores and
acgA null mutants were reported to form normal fruiting bodies. ACB is the most likely to
produce the cAMP that triggers prespore differentiation, since it is most active in the slug and
early culmination stage. However, although null mutants in ACB display a late defect in spore
maturation, they express prespore genes normally.
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The failure to identify the source of cAMP for prespore differentiation may have several
causes: i. There might be another yet unidentified cyclase. This possibility we consider unlikely
because the fully sequenced Dictyostelium genome contains no other genes with the highly
conserved nucleotidyl cyclase domain than the adenylyl cyclases ACA, ACB and ACG and the
guanylyl cyclases sGC and GCA. ii. The three adenylyl cyclases are functionally redundant.
This is a more likely scenario that could particularly complicate interpretation if the three
cyclases negatively regulate each other’s expression. A lesion in one of the cyclases would
then automatically lead to upregu-lation of expression of the three others. Such a mechanism
is already indicated by ACA expression, which is down-regulated by cAMP in slug cells
(Verkerke-van Wijk et al., 2001).

Aims of this thesis

In this thesis | will concentrate in identifying the specific roles of the three adenylyl
cyclases and cAMP in cell differentiation, pattern formation and particularly prespore gene
induction. The first chapter describes a series of studies of the spatio-temporal expression
pattern of ACG and ACB in Dictyostelium and the manner in which each adenylyl cyclase
influences the expression of the others as well as the induction of prespore cells and the
maturation of spores. This work shows an unexpected role for ACG in the induction of
prespore differentiation.

Due to the functional redundancy that seems to be present between the adenylyl
cyclases | performed a search for specific inhibitors for any of the three adenylyl cyclases and
this is described in Chapter Two. Such inhibitors can then be used to study the effects on
development of acute inhibition of a specific adenylyl cyclase, without compensation by up-
regulation of the other enzymes. This work has lead to the identification of two enzyme specific
inhibitors.

In Chapter Three | have explored the role of adenosine in morphogenesis by studying
the effects of gene disruption of an adenosine kinase that converts extracellular adenosine into
5’AMP, thus regulating the extracellular levels of the molecule.

In Chapters Four and Five | have investigated cAMP signalling from an evolutionary
perspective. In the course of this work | have contributed to the construction of the first mole-
cular phylogeny of the Dictyostelids, which is described in Chapter Four. In Chapter Five |
present a novel approach to dissect cAMP signalling pathways by reconstructing their
evolutionary history. Using this approach | have studied how deeply each cAMP-signalling
pathway is conserved in order to identify the ancestral core functions for cAMP signalling. |
have then tried to reconstruct how each pathway was elaborated and modified during
evolution and how these innovations in signalling are correlated with the appearance of novel
morphologies and behaviours.
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Adenylyl cyclase G triggers prespore differentiation in Dictyostelium slugs

Abstract

Encystation and sporulation are crucial developmental transitions for solitary and social
amoebas, respectively. While little is known of encystation, sporulation requires both extra-
and intracellular cAMP. After aggregation, extracellular cAMP binding to surface receptors and
intracellular cAMP binding to cAMP dependent protein kinase (PKA), act together to induce
prespore differentiation. Later, a second episode of PKA activation triggers spore maturation.
Adenylyl cyclase B (ACB) produces cAMP for maturation, but the cAMP source for prespore
induction is unknown. | show in this chapter that adenylyl cyclase G (ACG) protein is
upregulated in prespore tissue after aggregation. acg null mutants show reduced prespore
differentiation, which becomes very severe when ACB is also deleted. ACB is normally
expressed in prestalk cells, but is upregulated in the prespore region of acg null structures.
These data show that ACG induces prespore differentiation in wild-type cells, with ACB
capable of partially taking over this function in its absence.

Introduction

Encystation and sporulation are common life cycle transitions that allow protists, fungi and
lower plants to survive nutrient depletion and other forms of stress. Little is known about the
signalling pathways that control encystation, which in the case of pathogenic protists is of
significant medical importance. For instance for Entamoeba histolytica, which causes the
second most lethal parasite borne disease, amebiasis, the cyst is the infective stage of the
disease (Stanley and Samuel, 2003). Infections with Acanthamoeba castellani, that causes
keratitis and amoebic encephalitis, are difficult to treat because the amoebas differentiate into
highly resistant cysts inside host tissues (Lloyd et al., 2001; Marciano-Cabral and Cabral,
2003; McClellan et al., 2002). Mainly due to lack of genetic tools to investigate this process,
little is known of the signalling pathways that control encystation.

Social amoebas respond to nutrient stress by either encysting individually or by aggre-
gating to form fruiting structures, where most of the cells differentiate into spores. A small
proportion of cells altruistically build a stalk to support the spore mass and to aid in their
dispersal. Particularly the species D.discoideum has excellent genetic tractability, and the
pathways that control sporulation have been extensively studied. Here, sporulation involves a
first phase, prespore differentiation that occurs shortly after aggregation. In this stage the cells
synthesize spore-coat components in prespore vesicles, but remain otherwise amoeboid.
Prespore differentiation is triggered by extracellular cAMP acting on cAMP receptors (CARS),
and intracellular cAMP acting on PKA (Schaap and Van Driel, 1985; Hopper et al., 1993). The
second phase, spore maturation, occurs after the stalk is formed and this process is triggered
solely by a high level of PKA activity (Mann et al., 1994). Spore maturation involves relatively
minor changes in gene expression, but is accompanied by major physiological changes:
prespore vesicles fuse with the plasma membrane, laying down the first layers of the spore
coat and releasing precursors for synthesis of the outer layers (West and Erdos, 1990).

PKA activation during spore maturation requires the activity of the adenylyl cyclase ACB,
encoded by AcrA, which is maximally expressed during culmination and fruiting body stages
(Kim et al., 1998; Meima and Schaap, 1999; Soderbom et al., 1999). In addition, the process
requires inactivation of the intracellular cAMP phosphodiesterase, RegA. This unusual enzyme
harbours a response regulator domain, which is the target of a phosphorelay system that is
regulated by sensor histidine kinases/phosphatases (Shaulsky et al., 1996; Shaulsky et al.,
1998; Thomason et al., 1998; Thomason et al., 1999). A peptide released by stalk cells, SDF-
2, activates the sensor histidine phosphatase DhkA, causing dephosphorylation and hence
inactivation of RegA. This in turn causes cAMP accumulation and the activation of PKA
(Anjard and Loomis, 2005; Wang et al., 1999). PKA remains important in the spore stage,
where it controls spore dormancy. The ambient high osmolality in the spore head keeps the
spores dormant, and this effect is mediated by the adenylyl cyclase ACG, which harbours an
intramolecular osmosensor (Saran and Schaap, 2004; Van Es et al., 1996; Virdy et al., 1999).

The requirements of ACB and ACG for PKA activation in spore maturation and dormancy
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are well documented. However, it is not clear which enzyme produces the extracellular cAMP
that triggers prespore differentiation. The third Dictyostelium adenylyl cyclase, ACA, is mainly
active during aggregation and disappears from the prespore region once slugs start to form
(Pitt et al., 1992; Verkerke-van Wijk et al., 2001). Null mutants in ACB/AcrA show normal pres-
pore gene expression (Soderbom et al., 1999) and ACG mRNA was only detectable in spores
(Pitt et al., 1992). However, biochemical analysis of adenylyl cyclase activities in aca- slugs
demonstrated the presence of an adenylyl cyclase activity, which similar to ACG preferred
Mn?-ATP over Mg®*-ATP as a substrate. Since the reverse is true for ACB, this suggested
that ACG could be expressed in slugs (Meima and Schaap, 1999).

In this work | analyse the pattern of ACG transcription and translation more closely by
studies with ACG promoter-reporter gene fusions and an ACG specific antibody. Our data
indicate that ACG is transcribed at low levels throughout development, while ACG protein is
markedly upregulated after aggregation in the prespore regions of slugs. Analysis of single
and double null mutants in ACG and ACB indicates that ACG is essential for prespore
differentiation, but that its function is partially redundant with ACB. This work complements pa-
rallel studies where we show that ACG is deeply conserved in amoebazoan evolution and re-
gulates encystation and excystation in analogy to its roles in spore formation and germination.

Materials and methods
Cell culture and development

D.discoideum cells were grown in standard axenic medium, which was supplemented with

antibiotics as indicated. To induce multicellular development cells were harvested from
exponentially growing cultures, washed twice in PB (10 mM Na/K-phosphate buffer pH 6.5)
and incubated at 22°C on PB agar (1.5% agar in PB).
To induce competence for prespore gene induction, cells were starved on PB agar for 16
hours at 6°C and 2 hours at 22°C until aggregation territories had formed. Cells were then
resuspended to 2 x 10° cells/ml in PB and shaken at 150 rpm and 22°C in the presence and
absence of cCAMP.

Gene constructs and transformation

Fusion constructs of the ACG promoter were made with the LacZ (gal) reporter gene and
with a modified LacZ, called ile-gal. In ile-gal, LacZ is modified by N-terminal addition of the
ubiquitin gene and replacement of the LacZ start codon with an isoleucine codon. The
ubiquitin moiety is cleaved off during translation, leaving B-galactosidase with an exposed
isoleucin, which decreases protein stability to a half-life of 30 minutes (Detterbeck et al., 1994).
For both constructs, 2855 bp of ACG DNA sequence, comprising 2810 bp of the complete 5'
intergenic region and 45 bp of coding sequence, were amplified from vector pGACG (Pitt et
al., 1992) using primers ACGpr5' and ACGpr3' (Table 1), which harbour Xbal and Bglll sites
respectively. After digestion with Xbal and Bglll, the amplified product was cloned into
Xbal/Bglll digested pDdGal-17 (Harwood and Drury, 1990) to create ACG::gal, and used to
replace the Xbal/Bglll psA promoter fragment from vector PsA-ile-gal (Detterbeck et al., 1994)
to generate ACG::ile-gal. The vectors were introduced into AX3 cells and acrA- mutants by
electroporation and transformants were selected for growth at 100 ug/ml G418 (Sigma) for
ACG::gal and at 200 pg/ml for the ACG::ile-gal constructs.

Gene fusions of the AcrA promoter with labile ile-gal and stable ala-gal (Detterbeck et al.,
1994) were made by amplification of the 819 bp AcrA 5'intergenic region from AX2 genomic
DNA with primers AcrAprS' and AcrApr3', containing Xbal and Bglll restriction sites (Table 1).
The amplifed product was inserted into both the ile-gal and ala-gal vector as described above
to create AcrA-ile-gal and AcrA-ala-gal. Both vectors were introduced into AX2 and acg- cells.
Transformants were selected for growth at 100 ug/ml G418.

To prepare an ACG gene disruption construct, two DNA fragments of the acgA gene
comprising nucleotides 29-922 and 1761-2184 were amplified by PCR from vector pGACG
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(Pitt et al., 1992), using oligonucleotides AcgkO1-4 (Table 1) thatadd a 5'-BamHI and 3'-Kpnl
site to the first fragment and a 5'-Xbal and 3'-BamHI site to the second fragment. These
fragments were cloned sequentially into BamHI/Kpnl digested and Xbal/BamHI digested
pBsrABam (Sutoh, 1993). The construct was linearized with BamHI, which yielded the
pBsrABam plasmid flanked by 894 bp and 423 bp of 5' and 3’ AcgA sequence respectively,
and introduced into wild-type AX2 cells. Transformed cells were selected for growth at 5 ug/ml
blasticidin and selected clones were screened for homologous recombination by two separate
PCRreactions and analysis of Southern blots of genomic digests.

Histochemical and spectrophotometric B-galactosidase assays

For visualization of B-galactosidase activity in developing structures, cells were distributed
at 10" cells/cm?® on nitrocellulose filters supported by PB agar and incubated at 22°C. Struc-
tures were fixed in 0.25% glutaraldehyde, containing 2% Tween-20 and stained with X-gal as
described previously (Dingermann et al., 1989).

For spectrophotometric measurement of B-galactosidase activity, cells were lysed by
three rounds of freeze-thawing. 100 pl aliquots of lysate were incubated at 22°C in micro-
titerplate wells with 30 pl of 2.5 x Z-buffer and 20 pl of 40 mM chlorophenolred-B3-D-galacto-
pyranoside (Schaap et al., 1993). The ODs7, was measured at regular time intervals using a
microtiter plate reader. B-galactosidase activity in AODs;4/minute was calculated from the time
intervals where reaction product accumulated linearly and was standardized on the protein
content of the samples. The activity observed in untransformed cells was subtracted as the
assay blanc.

Immunological techniques

For immuno-blotting, samples of 2 x 107 cells were pelleted and boiled in 50 yl SDS sam-
ple buffer. 50 pg samples of total protein were size-fractionated on 8% SDS-PAA gels and
transferred to nitrocellulose membranes. Membranes were incubated overnight at 4°C with a
1:2000 dilution of an aACG peptide antibody (Saran and Schaap, 2004), washed and
incubated with 1:2000 diluted horse radish peroxidase-coupled goat-anti-rabbit antibody
(Promega, USA). Detection was performed with the Supersignal chemoluminescence kit
(Pierce, USA) according to the manufacturer’s instructions.

For immuno-cytochemistry, slugs were harvested in 20 mM EDTA in PB and dissociated
into single cells by passing through a 23 gauge needle. Cells were placed as 10 ul aliquots of
107 cells/ml on 8-well multitest slides, overlayed with agarose (Fukui et al., 1986) and fixed for
10 minutes in ice-cold methanol. Slides were incubated overnight with 1:500 diluted aACG
antibody, and with 1:200 diluted FITC-conjugated goat-anti-rabbit IgG (GARFITC) for 1 hr.
Subsequently cells were incubated for 1 hr with a 1:500 diluted mouse monoclonal antibody
83.5 (Zhang et al., 1999) and for 1 hr with 1:500 diluted Texas Red-conjugated goat anti-
mouse IgG. Spores were harvested from fruiting bodies and stained with aACG antibody and
GARFITC.

For whole mount immuno-staining, intact structures were gently floated from an inverted
slice of supporting agar to 10 ul PB deposited in the wells of polylysine coated 8-well multitest
slides. The fluid was aspirated and the structures were fixed in methanol and incubated with
aACG antibody and GARFITC as described above. Preparations were photographed using a
Leica TCS SP2 confocal laser-scanning microscope.

To measure the proportion of prespore cells, fully migrating slugs were dissociated into
single cells by repeated aspiration in 1% (w/w) cellulase in 2 mM EDTA, pH 6.5. Cells were
then fixed in methanol and incubated for 16 hours at 4°C with 1:50 diluted spore antiserum
(Takeuchi, 1963) and for 1 hour with 1:200 diluted GARFITC. The samples were counter-
stained with 1 pg/ml of 4,6-diaminidino-2-phenylindole (DAPI). Cells were photographed using
a Leica DM LB2 fluorescence microscope and total cells (DAPI-stained) and prespore cells
(cells with 3 FITC-stained vesicles) were counted.
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RNA isolation and analysis

All strains were developed on PB agar until fruiting bodies had formed. Total RNA was
extracted from 2 x 107 cells at 2 hour intervals, size-fractionated on 1.5% agarose gels contai-
ning 2.2 M formaldehyde and transferred to nylon membranes (Nellen et al., 1987). Cells in
the culmination stages were vortexed for 5 min with glass beads during RNA extraction.
Northern blots were hybridised to a [**P]JdATP-labeled CotB probe at 65°C, then stripped and
re-probed with the constitutively expressed gene 1G7 (Williams et al., 1987).

For induction of prespore gene expression aggregation competent wild-type, acrA-, acg-
and acrA-/A15::ACGAcat cells were shaken for 8 hours in the presence and absence of 300
MM cAMP, added every hour. Total RNA was isolated at 2 hour intervals and all RNA samples
were size-fractionated on a single gel and transferred to a single membrane, which was
successively probed with [*P]JdATP-labeled CotB, PsA and 1G7 DNA probes.

RNA detection by in situ hybridization and RT- PCR

In situ hybridization. Cells were incubated at 10° cells/cm? on dialysis membrane, suppor-
ted by PB agar, until the desired developmental stages had been reached. /n situ hybridization
with 200 ng/ml of digoxigenin (DIG) labelled AcrA RNA was carried out as previously
described (Escalante and Loomis, 1995). An antisense AcrA probe was used as a control. To
prepare the probes, a 520 bp AcrA fragment was amplified from genomic DNA using primers
AcrAcat5' and AcrAcat3' (Table 1) and cloned into EcoRIl/BamHI digested pBluescript KS+.
The AcrA fragment was subsequently amplified by PCR using the universal M13-20 and
“Reverse” primers. The purified PCR product served as template for synthesis of sense and
antisense DIG-labeled AcrA RNA probes using the SP6 and T7 RNA polymerases and
reagents from a DIG RNA labelling kit (Roche, UK).

RT- PCR. For semi-quantitative detection of ACG mRNA during development, RNA was
extracted using an RNAeasy minikit (Qiagen, Crawley, UK) at 2 hours intervals from cells
developing on PB agar. RT-PCR reactions were performed on 400 ng total RNA using primers
ACGRT5S' and ACGRT3' (Table 1) and a One-step RT-PCR kit (Qiagen, Crawley, UK).

Table 1. Oligonucleotides used in this work.

ACGpr5' 5'-CACTCTAGAGGCGGCGATGTCACCAAAG

ACGpr3' 5-TGGAGATCTTTCAACATATGATTTAGATAG

AcrApr5'  5-GCTCTAGATGATCTTGAATTTTGTTGATTTTCC

AcrBpr3'  5-GGGAGATCTATCTAATTTTGAACAATTATTAC

AcgKO1 5-CGGGATCCCTAAATCATATGTTGAAGGATATCC

AcgKO2 5'-AGGTACCCCCACTTGATATATGACTCATATC

AcgKO3 5'-CGCCTCTAGAATGGAGTCTACGGG

AcgKO4 5'-CGGGATCCGGTGGTGGTGGAGAATTATCAT

AcrAcats’ 5-CCTAGAATTCAACCACTGAGAAAATGTTGG

AcrAcat3’ 5- TTACGGATCCCGTTCACCATCGAT
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Results
ACG transcription during Dictyostelium development

Low levels of ACG mRNA were previously only detected in spores (Pitt et al., 1992). This
does not preclude expression at an earlier stage, because 2-3 fold lower levels would go
undetected in Northern blots. To obtain more information on the spatio-temporal pattern of
ACG transcription, we fused 2.8 kb of 5' flanking sequence of the ACG gene to the B-galacto-
sidase (gal) reporter gene. The parent strain AX3 was transformed with the ACG::gal construct
and developing structures were stained with X-gal for B-galactosidase activity. Surprisingly, B-
galactosidase activity was already present in aggregating cells and newly formed slugs,
although activity was most pronounced in the spore head of fruiting bodies (Fig. 1A-C).

A C o D

Figure 1. ACG promoter activity in

% developing structures

B q ’ (A-C) D. discoideum wild-type cells were
% . transformed with vector ACG::gal, which
7 " contains a gene fusion of the ACG promoter
‘ and the B-galactosidase reporter gene. Cells
were starved on nitrocellulose filters suppor-
ted by PB agar and developing structures
were fixed and stained with X-gal. A)
aggregate, B) standing slug C) mature fruiting
body. (D, E) D. discoideum wild-type cells
were transformed with vector ACG::ile-gal,
where ile-gal encodes a labile form of B-
galactosidase with a 30 minute half-life. Slugs
(D) and mid-culminants (E) were stained with

e e = X-gal. Bar length is 100 pm.

Because the B-galactosidase protein is stable, it will progressively accumulate in cells,
even if gene transcription is low. To investigate whether this caused the discrepancy between
the ACG::gal and earlier mRNA data, we made a second gene fusion of the ACG promoter
with ile-gal that encodes a labile B-galactosidase protein (Detterbeck et al., 1994). In cells
transformed with this construct, B-galactosidase activity was barely detectable in slugs (Fig.
1D), but did become visible in the prespore region of mid-culminants (Fig. 1E). This indicates
that ACG promoter activity must be low during early development and only increases
significantly at the onset of fruiting body formation.

ACG protein levels during development

Next, | measured the developmental regulation of ACG protein expression by immuno-
blotting using an ACG peptide antibody that was raised and tested for specificity previously
(Saran and Schaap, 2004). Figure 2A shows that in wild-type cells, ACG protein levels rapidly
increased during tip formation to reach a plateau in migrating slugs. Fruiting body formation
was accompanied by a further modest increase in ACG protein levels. This expression pattern
is more consistent with the expression of prespore genes than that of spore genes. To test this
further we measured ACG expression in an ACB/acrA null mutant (Kim et al., 1998; Soderbom
et al., 1999). ACB is essential for the expression spore genes, but not for the differentiation of
prespore cells. However, also in the acrA- mutant, ACG protein accumulated rapidly during tip
formation, with only a minor increase in mature fruiting bodies (Fig. 2B).
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The profiles of ACG protein accumulation measured here, and ACG mRNA measured
earlier (Pitt et al., 1992) are quite different, with mRNA only being detected in the spore stage.
We used the more sensitive reporter gene assay to determine the developmental profile of
ACG promoter activity in wild-type and acrA- cells, both transformed with the ACG::ile-gal
constructs. Figure 2C shows that consistent with the earlier data, ACG promoter activity shows
a dramatic increase during fruiting body formation. However, there is low but detectable
activity during the entire course of development. This explains why stable B-galactosidase
protein could accumulate in early development (Fig. 1A, B). Both ACG promoter activity and
ACG protein synthesis were normal in acrA™ cells. This indicates that unlike other spore genes
(Soderbom et al., 1999), the expression of ACG is not dependent on ACB activity.

To assess whether ACG mRNA is synthesized throughout development, we used RT-
PCR to amplify an ACG cDNA fragment that spans the two (spliced out) introns of ACG from
RNA isolated during development. Figure 2D shows that the RNA derived product with a
predicted size of 333 bp was amplified from all developmental stages, but most strongly from
fruiting bodies. A 532 bp band that is expected for a genomic DNA derived product was also
amplified. These data confirm that ACG is transcribed throughout development.

Figure 2. Developmental regulation of ACG trans- A WT -114 kD
cription and ACG protein accumulation ~osoal

(A,B). Dictyostelium wild-type (WT) cells (A), the acrA -81kD
mutant (B) and both cell lines transformed with the

ACG::ile-gal construct were incubated for 24 hours on PB B gerds e i el — 114 KD
agar. Every 2 hours, WT and acrA- cells were harvested, _81kD
lysed in SDS-PAGE sample buffer and immunoblotted with

aACG antibody. The aACG antibody reacts to a single band 0 2 4 6 8101214 1618202224 time (h)
around 98 kD, the predicted size of ACG. C. The ACG-ile- A~ AR 3 fr’ jf

gal transformed cells were lysed and assayed for -
galactosidase activity using a spectrophotometric assay (m,
o). The data are expressed as percentage of fB-
galactosidase activity measured at 24 hours in wild-type
cells. The means of two experiments assayed in triplicate
are presented. This panel also shows data obtained from a
densitometric scan of the ACG bands in the immunoblots in
panels A, B (e, o). The optical density values of the scan
are expressed as percentage of the value obtained for WT
at 24 hours. D. Total RNA was extracted from developing
WT cells at 2-hour intervals and subjected to RT-PCR for
25, 30 and 35 cycles using primers that yield a product that 0 4
spans the two introns in the ACG gene. Product was first 0 4 8 12 16 20 24
detectable after 30 cycles (shown here) from both cDNA

(lower band) and contaminating gDNA (upper band) D

amplification. The control reaction lacked RNA. “o.e Kb
0.4 kb

2 4 6 8 10 12 14 16 18 20 22 24 time (h)

100 - 100
75
50

25

% ACG protein (®,0)
T
(&)}
o

% B-gal. activity (m,O)

time (hours)
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Localization of ACG in cells and tissues

To gain insight in the role of ACG in slugs, we first visualized the pattern of ACG protein
expression. Figure 3A shows that in newly formed slugs ACG protein was exclusively localized
at the posterior prespore region. In mid-culminants, ACG protein was highly expressed
throughout the prespore region, while being absent from the stalk, prestalk and lower cup
regions (Fig. 3B). In spores, ACG was localized at the cell periphery as would be expected for
a transmembrane osmosensor (Fig. 3C). However, in slugs aACG staining was distributed in a
punctuated fashion over the cells, reminiscent of the distribution of prespore vesicles. To test
this we double stained slug cells with aACG antibody (Fig. 3D) and with an aSP85 antibody
(Fig. 3E) (Zhang et al., 1999). SP85 is a spore coat protein that is associated with prespore
vesicles (Zhang et al., 1998). The superimposed image (Fig. 3F) shows that ACG and SP85
are colocalized in the same cellular compartments, which are most likely the prespore
vesicles.
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Figure 3. ACG protein in intact structures and cells
(A-C) Intact wild-type slugs (A), fruiting bodies (B), spores (C)
a werefixed in methanol and stained with, ACG antibody and FITC
= conjugated goat-anti-rabbit 1gG (GARFITC). (D-F). Slugs were

dissociated into single cells, which were first stained with aACG
antibody and GARFITC, and subsequently with mouse monoclonal
antibody mAb83.5 that was raised against the spore coat protein
SP85 (Zhang et al., 1999) and Texas Red-conjugated goat-anti-
mouse IgG. Intact structures and cells were photographed using a
Leica TCS SP2 confocal laser-scanning microscope, using 596 nm
excitation and 620 nm emission for Texas Red, and 495 nm excitation
and 520 nm emission for FITC. In panel F, images D and E are
superimposed to show colocalization of ACG and SP85.

Bar lengths in A,B: 100 pm, C: 1 ym and D: 10 ym.

«ACG «SP85
D = 7

The role of ACG in Dictyostelium slugs

The localization of ACG in the posterior prespore region of the slug suggests that ACG
could be required to produce extracellular cAMP that is essential for induction of prespore
differentiation (Schaap and Van Driel, 1985; Wang et al., 1988) and/or intracellular cAMP for
PKA activation, that is required for expression of a subset of prespore genes (Hopper et al.,
1993). Null mutants in ACG were originally described to form fruiting bodies normally, but
structures were not studied in great detail (Pitt et al., 1992). We compared prespore and spore
differentiation in null mutants for ACG, ACB/AcrA and in a mutant that has neither activity. This
mutant was made by expressing ACGAcat, a dominant negative inhibitor of ACG (Saran and
Schaap, 2004) in acrA- cells under the constitutive actin15 promoter. A new acg- mutant was
created because fruiting body formation in the original mutant had deteriorated over time.

CotB
1G7

CotB
1G7

prespore cells (%)

CotB
1G7

[ I 1 I: & CotB
= T 9 =3
§ % 83 167
O
<

Figure 4. Prespore and spore differentiation in adenylyl cyclase mutants

(A) Slugs of wild-type, acrA-, acg- and acrA-/A15::ACGAcat cells that had migrated for 2-3 hours were dissociated and stained
with a spore-specific antiserum and GARFITC. Cell nuclei were counterstained with DAPI. The percentage of prespore cells (cells
with at least 3-4 fluorescent vacuoles) to DAPI stained cells was determined. Means and SE of four experiments are presented.
Significant differences (P>0.95) between datasets connected by brackets, as determined by Kruskal-Wallis ANOVA on ranks
using SigmaStat software (Systat, San Jose, US), are indicated by asterisks. (B) Wild-type, acrA-, acg- and acrA-/A15::ACGAcat
were developed on PB agar until fruiting bodies had formed. Total RNA was extracted at 2 hour intervals, size-fractionated on
1.5% agarose gels containing 2.2 M formaldehyde and transferred to nylon membranes (Nellen et al., 1987). The four Northern
blots were hybridized in the same batch to a [**P]dATP-labeled CotB probe at 65°C, then stripped and reprobed with the
constitutively expressed gene 1G7 (Williams et al., 1987). (C) 3 day-old fruiting bodies of wild-type, acrA-, acg- and acrA-
/A15::ACGAcat cells were transferred to a slide glass and stained with the cellulose dye Calcofluor at 0.03% (w/v) final
concentration. The preparations were photographed under UV by fluorescence microscopy to visualize the Calcofluor stained
spores in the presence of a low level of transillumination to obtain a phase contrast image of the remaining amoebas.

Bar length is 10 uym.

33



Chapter One

To estimate effects of the mutations on prespore differentiation, we measured both the
proportion of prespore cells in dissociated slugs and the expression of the prespore gene CotB
(Fosnaugh and Loomis, 1993; Gomer et al., 1986) during normal development to fruiting
bodies. Figure 4A shows that the percentage of prespore to total cells was reduced from 64%
to 50% in acrA- cells and to 40% in acg- cells. The most severe reduction to about 1/4rd of
wild-type prespore proportions is observed in the acrA-/ACGAcat cells. The developmental
expression of the prespore gene CotB showed a similar pattern (Fig. 4B). In acrA- cells, cotB
expression was slightly reduced, in acg- cells reduction was more severe and in acrA-
/ACGAcat cells CotB mRNA was almost gone. All three mutant cell lines still formed fruiting
bodies. As previously reported (Soderbom et al., 1999), the spore heads of mature acrA-
fruiting bodies contained large numbers of amoeboid cells and only few spores (Fig. 4C). In
contrast, most cells in the acg- spore heads had matured into spore cells. However, in the
acrA-/ACGAcat spore heads only a few spores and several empty spore cases were visible.
The remaining spores were extremely fragile and often ruptured while being carried over on a
slide glass for observation.

These combined data show that loss of ACG is most deleterious for prespore diffe-
rentiation, while loss of ACB has the strongest effect on spore maturation. However, the two
enzymes show considerable functional redundancy and the most severe phenotypes on both
prespore and spore differentiation are evident when they are both lost.

cAMP induction of prespore gene expression in adenylyl cyclase mutants

The induction of most prespore genes,

such as CotB, requires both extracellular

| cAMP acting on cARs and intracellular cAMP
acting on PKA (Hopper et al., 1995; Schaap

—— ’ wild-type and Van Driel, 1985). However, the pre-

: spore gene PsA is less sensitive to ablation

- - of PKA function (Hopper et al., 1993). To

CotB R examine whether ACG and/or ACB mediate
: both the intracellular and extracellular func-

— Z%fé'g t tions of CAMP, we measured to what extent

| ca CotB and PsA gene expression were

o restored by extracellular cAMP in the

W vid-type adenylyl cyclase null mutants. Figure 5

: shows that PsA gene expression is almost

y . ci- fully restored by extracellular cAMP in both

PsA — aco- the acrA-, acg- and acrA-/ACGAcat mutants.
, ' g However, CotB induction was reduced

- acrA-/ in the acrA- and acg- mutant and almost

ACGAcat absent in the acrA-/ACGAcat mutant. These
results indicate that ACG and ACB have

wild-type . .
i overlapping roles in both cAR and PKA
acrA- activation.
acg- Fi . . .
' " :jgureI I5. Irliductlor; otf prespore gene expression in
: acrA-i adenylyl cyclase mutants
T — ACGAcat Aggregation competent wild-type, acrA-, acg- and acrA-
- /A15::ACGAcat cells were shaken for 8 hours in the presen-
02468024638 time(h ce and absence of 300 yM cAMP, added every hour. Total
control + cAMP RNA was isolated at 2 hour intervals and all RNA samples

were size-fractionated on a single gel and transferred to a
single membrane, which was successively probed with
[®*P]dATP-labeled CotB, PsA and 1G7 DNA probes.
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The effect of ACG on the expression of AcrA

ACB does not affect the expression of ACG mRNA or protein (Figs. 2B,C), but it is not
clear whether ACG affects the expression of ACB/AcrA. We first examined the spatial expre-
ssion pattern of AcrA by in situ hybridization (Figs. 6A,B). Surprisingly, AcrA is specifically
expressed in the prestalk region of slugs and fruiting bodies. To confirm this result and to
investigate whether ACG affects the expression pattern of ACB, we prepared a fusion cons-
truct of the AcrA promoter with the LacZ reporter and expressed the construct in wild type and
acg- cells. Figure 6C shows that in wild-type cells the AcrA promoter is almost exclusively
active in the prestalk cells. However, in the acg- null mutant, AcrA promoter activity extends
into the entire prespore region (Fig. 6D). This indicates that ACG normally acts to repress
AcrA promoter activity in prespore cells.

Sl )
) / /4 v 2 (3

Figure 6. AcrA expression in wild type and acg- cells

(A,B) AcrA expression detected by in situ hybridization. Wild-type cells were starved on dialysis membrane supported by PB agar.
AcrA mRNA was visualized in migrating slugs (A) and mid-culminants (B) by in situ hybridisation to a DIG-labeled AcrA RNA-
probe. (C,D) Wild-type (C) and acg- cells (D) were transformed with vector AcrA::ala-gal, which contains a gene fusion of the AcrA
promoter and ala-gal, which encodes a stable form of B-galactosidase. Migrating slugs were fixed and stained with X-gal to
visualize B-galactosidase activity. AcrA-ile-gal transformed cells yielded the same pattern, but staining intensity was very low (data
not shown). Bar length is 100 ym.

Discussion

A low level of ACG mRNA was previously only found in spores, and studies of ACG
function have up to now concentrated on the spore stage (Pitt et al., 1992; Saran and Schaap,
2004; Van Es et al., 1996). Our present data confirm that ACG gene expression is strongly up-
regulated in maturing fruiting bodies, however there is also significant transcription throughout
development. Remarkably, ACG protein is upregulated 12 hours before fruiting bodies are
formed in the absence of a corresponding increase in transcription. ACG protein first appears
in tipped mounds, to accumulate later in the prespore region of slugs, where it co-localizes
with the prespore vesicles. At this location the ACG sensor domain would face the lumen of
the vesicle and its catalytic domain would face the cytosol. When prespore vesicles fuse with
the plasma membrane in the course of spore maturation, the ACG sensor domain becomes
exposed to the cell’s exterior.

Significant ACG-like activity (1.7 pmol cAMP/min.10” cells) could previously be detected in
slug lysates (Meima and Schaap, 1999; and Meima, M. unpublished data), but no
osmostimulation of ACG was detectable in intact slug cells. This indicates that the vesicular
localization of ACG does not interfere with its enzyme activity, because the catalytic domain
would still be exposed to the substrate Mg?*-ATP in the cytosol. However, osmostimulation
may either not be possible, or, dependent on the ambient osmolality in the prespore vesicles,
the enzyme may always be in the stimulated state. Most of the cAMP that is produced by any
of the three Dictyostelium adenylyl cyclases is rapidly secreted, suggesting a general non-
adenylyl cyclase dependent mechanism for cAMP secretion (Meima and Schaap, 1999; Pitt et
al.,, 1992). This implies that as long as cAMP is produced in the cytosol, it can both act as an
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intracellular and extracellular signal by virtue of its constitutive secretion.

Early work showed that extracellular cAMP is both necessary and sufficient for prespore
gene induction: micromolar cAMP acting on surface cAMP receptors triggers prespore
differentiation (Schaap and Van Driel, 1985), while depletion of extracellular cAMP in slugs
causes dedifferentiation of prespore cells (Wang et al., 1988). However, it was less clear how
micromolar cAMP concentrations are being produced in slug posteriors. The aggregation-
specific adenylyl cyclase ACA is down-regulated in slugs and remains only expressed in the
tip (Verkerke-van Wijk et al., 2001). AcrA null mutants are defective in spore maturation, but
not in prespore differentiation (Soderbom et al., 1999). We show here that prespore different-
tiation is significantly reduced in acg- cells and has almost disappeared from mutants where
both ACG and ACB function is abrogated. Such mutants also do not form any mature spores.
These data indicate that ACG and ACB play combinatorial roles in prespore and spore
differentiation with ACG predominantly responsible for the former and ACB for the latter
response.

Surprisingly AcrA/ACB is specifically expressed in prestalk cells, which suggests that its
effects on spore maturation may be indirect. In the absence of ACG, AcrA/ACB becomes
expressed throughout the prespore region, which adequately explains why prespore diffe-
rentiation is only partially lost in acg- cells. The low residual level of prespore gene expression
that is still present in slugs where both ACG and ACB function are abrogated could be due to
the remaining enzyme ACA.

Expression of the majority of prespore genes not only requires extracellular cAMP acting
on cAMP receptors, but also intracellular cAMP acting on PKA (Hopper et al., 1993). We show
that ACG produces cAMP for both functions (Figure 5), and it was previously shown to
produce cAMP for PKA activation in the spore stage. Here ACG acts as a sensor for the high
level of osmolytes in the spore head, which serves to keep the spores dormant (Saran and
Schaap, 2004; Van Es et al., 1996; Virdy et al., 1999). Recent work in our laboratory indicates
that the ACG gene has been conserved throughout the Dictyostelid phylogeny (Ritchie, A.V.
and Schaap, P., in preparation). In addition to spore formation in fruiting bodies, many Dictyos-
telid species can encyst as single cells, which represent the survival strategy of their
ancestors, the solitary amoebas (Raper, 1984). The encystation process is triggered by high
osmolality and requires activation of PKA (Ritchie, A.V. and Schaap, P., in preparation). It
therefore appears that the role of ACG in prespore differentiation and spore dormancy is
derived from a deeply conserved role in encystation.
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Abstract

Intracellular and secreted cAMP play key roles in controlling cell movement and regulation
of numerous genes throughout development of the social amoeba Dictyostelium discoideum.
cAMP is produced by three structurally distinct adenylyl cyclases, ACA, ACG and ACB which
have distinctive but overlapping patterns of expression and, as concluded from gene disruption
studies, seemingly overlapping functions. In addition to gene disruption, acute pharma-
cological abrogation of protein activity can be a powerful tool to identify its role in the biology of
the organism. | have analysed the effects of a range of compounds on the activity of ACA,
ACB and ACG to identify enzyme-specific modulators. Caffeine, which was previously used to
specifically block ACA function, also inhibited cAMP accumulation by ACB and ACG. 2'3'-O-
methyl isopropylidene adenosine (IPA) specifically inhibits ACA when measured in intact cells,
without affecting ACB or ACG. All three enzymes are inhibited by the P-site inhibitor 2'5'dide-
oxyadenosine (DDA) when assayed in cell lysates, but not in intact cells. Tyrphostin A25 and
SQ22536 proved to be effective and specific inhibitors for ACG and ACA respectively. Both
compounds acted directly on enzyme activity assayed in cell lysates, but only SQ22536 was
also a specific inhibitor when added to intact cells.

Introduction

The evolution of social amoebas or Dictyostelids was accompanied by extensive
elaboration of cAMP signalling pathways (1). In Dictyostelium discoideum, cAMP acts as a
classical second messenger for external stimuli. In this role, CcAMP controls the initiation of
multicellular development, the maturation of stalk and spore cells and the germination of
spores. cAMP is also secreted in a highly regulated manner. As an extracellular signal, it
coordinates the aggregation of starving cells and the directional movement of cells in
multicellular structures. In addition, extracellular cAMP acts as a trigger for gene regulation at
different stages of development (2,3).

D.discoideum has three structurally distinct adenylyl cyclases (ACs), ACA, ACB and ACG,
for synthesis of cAMP. ACA produces cAMP for cell aggregation. It is structurally similar to the
mammalian adenylyl cyclases with two different catalytic domains that are interspersed by two
sets of six transmembrane helices (4). Similar to mammalian adenylyl cyclases, ACA is
activated by a serpentine receptor, in this case the cAMP receptor cAR1 that interacts with a
heterotrimeric G-protein, G2. However, in contrast to mammalian ACs (5), the G-protein does
not interact directly with ACA. Instead the G2 By-subunit activates a phospholipid inositol
kinase that generates plasma membrane binding sites for the Cytosolic Regulator of ACA,
CRAC, which activates ACA upon recruitment to the plasma membrane (6).

ACG has an extracellular sensor domain, one or two transmembrane helices, and a single
intracellular catalytic domain. ACG is an osmosensor that controls the germination of spores
(7,8), and has an overlapping role with ACA and ACB in triggering prespore differentiation
(See Chapter One). The catalytic domain of ACB (9), encoded by the AcrA gene (10), is
homologous to that of the bicarbonate regulated bacterial adenylyl cyclases (11). Similar to the
CyaC adenylyl cyclases from the cyanobacteria Anabena spirulensis and Spirulina platensis,
ACB also harbours a response regulator domain and a histidine kinase domain. ACB is
required for the maturation of spores (10).

Information on the role of each of the enzymes in particular aspects of the developmental
programme has been derived from studies with null mutants in their respective genes (4,7,10).
However, this approach precludes the demonstration of late developmental roles for those
enzymes that are essential for an early stage of development. Moreover, the results shown in
Chapter One indicate that the Dictyostelium adenylyl cyclases negatively regulate each other’s
expression. As a consequence, gene disruption in each of the genes will lead to
overexpression of the others and partial or full restoration of the function of the abrogated
gene . The use of enzyme-specific inhibitors with acute effects circumvents such problems.

Similar to the mammalian adenylyl cyclases, the D.discoideum enzyme ACG is active as a
dimer, potentially creating two binding sites for ATP binding and catalysis (8). For ACA, ran-

41



Chapter Two

dom mutagenesis studies have identified amino acids that are either essential for catalysis or
for regulation by upstream components in the signalling pathway (12,13). However, apart from
these data no structural information on enzyme regulation is available. In addition to studies of
the protein crystal structure, the elucidation of the catalytic mechanism of the mammalian
adenylyl cyclases has benefited greatly from pharmacological interference with enzyme
activity. Notably the use of some ribose-modified adenosine analogs (known as P-site
inhibitors) and of the AC activator forskolin, have contributed considerably to the unders-
tanding of how ATP interacts with the catalytic site and how the catalytically active dimer is
formed (14,15).

In Dictyostelium, ACA is not activated by forskolin, but its activity in intact cells is inhibited
by caffeine and by ribose-modified adenosine analogs (16-18). However, it is not clear
whether the target for the analogs is ACA itself or the cAMP receptor that activates ACA
(19,20). Neither these compounds nor any of the drugs known to directly modulate the activity
of the mammalian adenylyl cyclases have yet been tested on ACG or ACB.

In this work we perform a systematic investigation of the effects of caffeine, ribose-
modified adenosine analogs and other known regulators of mammalian adenylyl cyclases on
the activities of ACA, ACB and ACG. This study identifies two enzyme-specific inhibitors for
the Dictyostelium adenylyl cyclases and indicates that the effects of caffeine on adenylyl
cyclase inhibition are mediated by two different targets.

Material and methods
Materials, cell lines and cell cultures

Guanosine 5'-O-(3-thiotriphosphate) (GTPyS), 2'-deoxyadenosine 3',5'-monophosphate
(DcAMP), 2',3'-O-isopropylideneadenosine (IPA), 3-isobutyl-1-methylxanthine (IBMX), dithio-
threitol (DTT), sodium pyrophosphate (PPi) and G418 were from Sigma (St.Louis, USA).
2',5'-dideoxyadenosine (DDA), a-cyano-(3,4,5-trihydroxy)cinnamonitrile (tyrphostin A25), 9-
(tetrahydro-2'-furyl)adenine  (SQ22536), cis-N-(2-phenylcyclopentyl)azacyclotridec-1-en-2-
amine, HCI (MDL-12,330A), 2-Amino-7-(furanyl)-7,8-dihydro-5(6H)-quinazolinone (NKY80)
were from Calbiochem (San Diego, USA). [2,8-*H]cAMP was from Amersham Pharmacia
Biotech (Little Chalfont, United Kingdom). Naja messambica snake venom was from SA
venom suppliers (Louis Trichardt, South Africa)

Wild type NC4 cells, aca-/A15::ACG (4) and aca-/rdeA- (9) mutants were grown in stan-
dard axenic medium, which was supplemented with 20 ug/ml G418 for aca-/A15::ACG cells. A
pdeE-/regA- double null mutant was created by transforming pdeE- cells (21) with the
pRegAKO construct (22). Null mutants were selected from blasticidin resistant transformed
clones by two PCR reactions and Southern analysis of genomic digests. While pdeE- cells
develop normally (21), the pdeE-/regA- cells displayed the rapidly developing phenotype of
regA- mutants (22). aca-/A15::ACG, aca-/rdeA- and pdeE-/regA- cells were harvested during
exponential growth, washed once with 10 mM sodium/potassium phosphate buffer, pH 6.5
(PB) and resuspended in either PB or lysis buffer (2 mM MgCl, and 250 mM sucrose in 10 mM
Tris, pH 8.0) to 108 cells/ml. Wild-type cells were plated on PB agar (1.5% agar in PB) at 2.5 x
10° cells/cm?, starved for 6-8 hr at 22°C until aggregation territories were formed, and sub-
sequently collected and resuspended in PB or lysis buffer to 10® cells/ml.

Adenylyl cyclase assays in intact cells

Cells were resuspended in PB and exposed to either 5 mM DTT (ACB, ACG) or stimulated
with 5 yM DcAMP in 5 mM DTT (ACA) in a total volume of 30 pl in microtiterplate wells under
gentle agitation. After variable time periods, the reaction was terminated by addition of 30 pl of
3.5% (v/v) perchloric acid. Lysates were neutralized by addition of 15 pl of 50% saturated
KHCO; and 75 pl cAMP assay buffer (4 mM EDTA in 150 mM K-phosphate, pH 7.5). Micro-
titerplates were centrifuged for 5 min at 3000 x g to precipitate protein and perchlorate. cAMP
was assayed in 30 ul of the supernatant fraction by isotope dilution assay, using purified PKA
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regulatory subunit (PKA-R) from beef muscle as cAMP-binding protein (23) and [2,8-*H]cAMP
as competitor. Since several of the compounds used in this work to alter adenylyl cyclase
activity have some structural similarity to cAMP, and could potentially compete with [2,8-
®H]cAMP for binding to PKA-R, we compared and show t=0 time points for each assay without
and with the highest concentration of the compound. No significant interference of any of the
compounds with the cAMP assay could be detected.

Adenylyl cyclase assays in cell lysates

Cells were resuspended in ice-cold lysis buffer and lysed through nuclepore filters (pore
size, 3 uM), conditionally in the presence of 30 uM GTPyS for NC4 cells. Aliquots of 10 pl cell
lysate were added to 5 pl of variables at 4x the desired final concentration and 5 pl of assay
mix (2 mM ATP, 0.8 mM IBMX and 40 mM DTT in lysis buffer), which was supplemented with
8 mM MnCl, for ACG and 38 mM MgCl, for ACB assays. After 5 min of incubation on ice,
reactions were started by transferring the samples to a 22°C water bath. Reactions were
terminated by adding 10 ul of 0.4 M EDTA, pH 8.0, followed by boiling for 1 min (23). cAMP
was assayed directly in the boiled lysate. For all assays the cAMP levels were standardized on
the protein content of the lysate or cell suspension.

cAMP phosphodiesterase assay

Cells were resuspended to 108 cells/mlin 10 mM DTT in PB, and incubated for 30 min with
107 M [2,8-*H]cAMP, caffeine and IBMX as indicated in a total volume of 20 ul. Reactions
were stopped by boiling, and the reaction product was converted into [2,8-*H]adenosine by
incubation for 30 min with 10 pg Naja messambica snake venom (which contains
5'nucleotidase). [2,8-°H]adenosine was separated from [2,8-°*H]JcAMP by adsorption of the
latter to Dowex anion exchange resin and measured by scintillation counting.

Results
Effects of caffeine on ACA, ACB and ACG

The modified purine caffeine acts as an antagonist for adenosine A1 and A2A receptors in
human brain (24), and also inhibits some mammalian cAMP phosphodiesterases (PDEs) (25).
In D.discoideum, caffeine is commonly used to inhibit ligand-induced ACA activation (17). lts
mode of action is not clear. It was suggested that caffeine could act by increasing cytosolic
Ca** levels (17), but later studies showed that ACA activity was not inhibited by Ca* (26). To
study whether caffeine is a specific inhibitor of ACA, we compared its effect on the activities of
ACA, ACB and ACG in intact cells.

To measure each enzyme separately, we chose the following conditions: ACA was
measured in wild-type NC4 cells that were starved for 6 hours to induce maximal expression of
ACA. Cells were stimulated with the cAR agonist DCAMP in the presence of dithiothreitol
(DTT) that acts here as an inhibitor of the extracellular phosphodiesterase PdsA (27). In
Dictyostelium, cAMP is rapidly secreted after synthesis, and its extracellular accumulation can
therefore be readily measured when PdsA is inhibited.

ACB is closely associated with the intracellular cAMP phosphodiesterase RegA. It appears
to be constitutively active, but its activity can only be measured when RegA or the RegA
activator RdeA is absent (9). ACB shows significant activity in vegetative aca-/rdeA- cells,
which is not obscured by the presence of ACA. ACG is maximally expressed in spores, which
are virtually inaccessible for measurement of adenylyl cyclase activity. This enzyme was
therefore measured in vegetative aca- cells that express ACG from the constitutive A15
promoter (aca-/A15::ACG) (4). Although ACB is also present in vegetative cells, its activity
(0.83 pmol/min.mg protein) is negligable compared to that of ACG (38 pmol/min.mg protein).
cAMP production by both ACB or ACG can be measured during exposure of intact cells to
DTT. Figure 1A shows that caffeine inhibits ACB, ACG and DcAMP stimulated ACA activity
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equally effectively with an ICs, (effective concentration that produces halfmaximal inhibition) of
0.2-0.4 mM. Inhibition is complete at 10 mM, except for ACG where the higher caffeine con-
centrations become less effective. We next measured whether caffeine inhibited the three
enzymes directly by testing its effect on the conversion of ATP into cAMP in cell lysates.
Figure 1B shows that under these conditions caffeine does not inhibit ACB or ACG activity, nor
the basal activity of ACA and even slightly stimulates the three enzymes at 3-10 mM.
However, caffeine does inhibit GTPyYS induced activation of ACA. These data indicate that
neither ACA, ACB nor ACG are direct targets for the inhibitory effects of caffeine. They further
more suggest that there are at least two different caffeine targets that mediate either its effect
on GTPyS stimulation of ACA in lysates, or on cAMP production by at least two of the three
ACs in intact cells.
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Figure 1. Effects of caffeine on ACA, ACB and ACG activity in intact cells and lysates

(A) Intact cells. For assay of ACA mediated cAMP accumulation, 6 hour starved NC4 cells were incubated for 0 and 3 min with 5
mM DTT in the presence and absence of 5 yM DcAMP. For assay of ACG, vegetative aca-/A15::ACG cells were incubated for 0
and 5 min with 5 mM DTT and for assay of ACB, vegetative aca-/rdeA- cells were incubated for 0 and 30 min with 5 mM DTT.
Caffeine was present during incubation at the indicated concentrations. Reactions were terminated by addition of perchloric acid
to 1.75% and cAMP was assayed in the neutralized cell lysates. Data are expressed as percentage of cCAMP accumulation
measured at the maximal incubation time for each enzyme in the absence of caffeine, and for ACA in the presence of DCAMP.
This was 43.3+15.5, 24.6+5.1 and 190+53 pmoles cAMP/mg protein for ACA+DcAMP, ACB and ACG respectively.

(B) Cell lysates. Six hour starved NC4 cells were filter-lysed in the presence and absence 30 uM GTPyS and incubated for 0 and
5 min with 0.5 mM ATP, 2 mM MgCl, and 10 mM DTT for assay of ACA. Vegetative aca-/A15::ACG cells were lysed and
incubated for 0 and 5 min with 0.5 mM ATP, 2 mM MnCl, and 10 mM DTT for assay of ACG. Vegetative aca-/rdeA- cell lysates
were assayed for 0 and 30 min with 0.5 mM ATP, 10 mM MgCl, and 10 mM DTT for assay of ACB. Caffeine was present during
incubation at the indicated concentrations. Reactions were terminated by addition of EDTA to 0.13 M and boiling, and cAMP was
assayed in the boiled lysate. Data are expressed as percentage of cAMP accumulation measured at the maximal incubation time
for each enzyme in the absence of caffeine, and for ACA in the presence of GTPyS. This was 34.0+6.0, 27.1+4.5 and 193+51
pmoles cAMP/mg protein for ACA+GTPyS, ACB and ACG respectively. Means and s.e.m. of at least three experiments performed
in triplicate are presented.

A global effect of caffeine on cAMP accumulation could occur if caffeine inhibited cAMP
secretion, in which case cAMP would be degraded by intracellular cAMP-PDEs, or if caffeine
strongly stimulated a cAMP-PDE. Figure 2A shows that when ACB activity is measured in cells
and medium separately, caffeine does not increase the amount of CAMP associated with the
cell fraction. The small amount of cAMP that is produced in the presence of caffeine is fully
secreted. Therefore caffeine is unlikely to inhibit cAMP secretion. D.discoideum has two
intracellular cAMP-PDEs, RegA (22) and PdeE (21), and two cell surface associated enzymes,
PdsA and PDE4 (28). PdsA is in our assays inhibited by DTT, while RegA requires RdeA for
activity (9) and should not be active in the aca-/rdeA- mutants that are used to assay ACB.
PDE4 can be inhibited by the common PDE inhibitor IBMX (28). To test whether caffeine
inhibition of cAMP accumulation is due to activation any of the four cAMP-PDEs, we measured
its effect on cAMP accumulation by ACB in PdeE-/RegA- double null mutants with DTT to
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inhibit PdsA and IBMX to inhibit PDE4. Figure 2B shows that in the absence of IBMX, cAMP
accumulation is effectively inhibited by caffeine, which rules out PdeE, RegA and PdsA as
caffeine targets. However in the presence of IBMX, caffeine inhibition is reduced. This
suggests that PDE4 could be activated by caffeine. To test this directly we measured the effect
of caffeine on ®H-cAMP hydrolysis by intact cells, with DTT added to inhibit PdsA. Figure 2C
shows that the IBMX-sensitive PDE activity, which is most likely PDE4, is inhibited instead of
stimulated by caffeine. This indicates that caffeine does not inhibit cCAMP accumulation by
activating PDE4 either. Inhibition by IBMX of the effects of caffeine on cAMP accumulation as
observed in figure 2B is perhaps due to true antagonism. IBMX (3-isobutyl-1-methylxanthine)
and caffeine (1,3,7-trimethylxanthine) are similar in structure and may both bind to the target of
caffeine, which, for the time being, remains obscure.
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Figure 2. Effects of caffeine on cAMP secretion and cAMP-PDE activity.

(A) cAMP secretion. Vegetative aca-/rdeA- cells were incubated at 10° cells/ml with 5 mM DTT in PB in the presence and absence
of 2 mM caffeine. At the indicated time periods 50 pl aliquots of cell suspension were centrifuged for 5 s at 10.000 g. Supernatant
(medium) and pellet (cells) fractions were rapidly separated and boiled for 30s. cAMP was assayed in both fractions. (B) cAMP
production in PDE null mutants. Vegetative pdeE-/regA- cells were incubated for 30 min with 10 mM DTT in PB in the presence
and absence of 3 mM IBMX and the indicated caffeine concentrations and assayed for cAMP. Data are expressed as percentage
of cAMP accumulation in the absence of IBMX and caffeine. (C) PDE activity. Vegetative wild-type cells were incubated with 10
mM DTT and 107 M ®H-cAMP in the presence and absence of IBMX and caffeine as indicated. After 30 min the samples were
assayed for *H-5'AMP production. Data are presented as percentage of *H-cAMP hydrolysis obtained in the absence of IBMX and
caffeine. Means and s.e.m. of two experiments performed in duplicate for (A) and triplicate for (B,C) are presented.

Effects of P-site inhibitors on AC activity in intact cells and cell lysates

In Dictyostelium, most if not all cCAMP-induced responses that are mediated by the cAMP
receptor cART1, including the activation of ACA, are inhibited by adenosine (18,20,29,30).
Adenosine analogs with modifications in the purine moiety are generally less effective than
adenosine. Ribose-modified adenosine analogs are more effective and this is particularly the
case for 2'3'-O-isopropylidene adenosine (IPA) (18,20,30-32). These effects were attributed to
inhibition by adenosine of cAMP binding to cAR1, which shows a similar adenosine analog
specificity (20,29).

Many mammalian adenylyl cyclases are directly inhibited by adenosine. Also here
modification of the purine moiety reduces efficacy, while some ribose modified analogs, such
as 2’-deoxyadenosine (DA) and particularly 2'5'-dideoxyadenosine (DDA) and 2'5'dideoxy-
3'AMP are more active than adenosine (33). Due to its dependence on an intact purine moiety,
this type of adenylyl cyclase inhibition is known as P-site inhibition (34). Co-crystallization of
the C1 and C2 catalytic domains of mammalian AC with P-site inhibitors and pyrophosphate
(PPi) showed that the complex occupied the ATP binding pocket of the enzyme, mimicking the
enzyme-product complex in the transition state. Apart from this direct interaction, adenosine
also has both stimulatory and inhibitory indirect effects on mammalian adenylyl cyclases that
are mediated by a large class of G-protein coupled adenosine receptors (35). These receptors
require an intact ribose-moiety and were traditionally called R-sites (34). However, this class of
adenosine receptors has never been detected in Dictyostelium.
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125 — 125 Figure 3. Effects of IPA and DDA on
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In Dictyostelium, ACA inhibition by DA and DDA was previously reported (19), but effects
of P-site inhibitors on ACB or ACG were never investigated. It is also not known whether IPA
inhibits Dictyostelium ACs directly. We therefore tested the effect of both DDA and IPA on the
three Dictyostelium ACs. PPi was added conditionally at 1 mM. Figure 3A shows that DDA
inhibits ACG activity in cell lysates most effectively (ICso~75 uM), and inhibits ACA and ACB at
3-5 fold higher concentrations. In crude lysates the inhibitory effects of DDA are not depen-
dent on added PPi, although the compound itself markedly inhibits both ACG and ACB activity.
IPA has no effect on ACG and ACB and only slightly inhibits ACA activation in lysates (Fig.
3B). When the three enzymes are measured in intact cells, the effects of DDA and IPA are
quite different. Neither of the two analogs inhibits ACG or ACB activity (Figs. 3C,D). IPA
strongly inhibits DcAMP-induced ACA activation (ICs,~30 puM), while at least 15-fold higher
concentrations of DDA are required to inhibit this response. These data indicate that the
effects of IPA on ACA activation in intact cells are due to inhibition of cCAMP binding to cAR1
as previously proposed. ACG, ACB and ACA are inhibited by the “classical” P-site inhibitor
DDA when assayed in lysates, but DDA is apparently not sufficiently membrane-permeable to
inhibit the enzymes when added to intact cells.

Searching for compounds that specificaly inhibit ACA, ACB or ACG

To identify inhibitors that act specifically on ACA, ACB or ACG, we tested a range of
compounds that inhibit adenylyl cyclases in other organisms, such as NKY80 (36), MDL-
12,330A (37) and SQ22536 (38). In addition, we tested tyrphostin A25, a compound that was
initially identified as a tyrosine kinase inhibitor, but also proved to inhibit a variety of
mammalian guanylyl- and adenylyl cyclases (39). NKY80 and tyrphostin A25 both act directly
at the adenylyl cyclase catalytic core (36,39). We first tested the effects of the four inhibitors
on ACA, ACB and ACG activity measured in cell lysates. Figure 4A shows that NKY80 does
not inhibit ACG and has only a partial inhibitory effect on ACA and ACB. On the other hand,
MDL-12,330A inhibits all three enzymes with ICsq's that vary between 0.3 and 0.9 mM (Fig. 4B,
Table 1). Tyrphostin A25 did not alter ACA or ACB activity (Fig. 4C), but was an effective ACG
inhibitor with an 1C5, of ~16 uM in cell lysates. However when added to intact cells, ACG
inhibition required a 40-fold higher concentration. These concentrations also start to inhibit
ACA and ACB, suggesting that this inhibition is due to a pleiotropic effect (Fig. 4E). SQ22536
effectively inhibited both GTPyS stimulated ACA activity in cell lysates and DcCAMP stimulated
ACA activity in intact cells (Figs. 4D,F). Remarkably, SQ22536 stimulated ACG activity
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strongly and ACB activity weakly, both when assayed in lysates and intact cells. To conclude,
both tyrphostin A25 and SQ22536 are specific inhibitors for ACG and ACA, respectively, when
assayed in lysates. However, only SQ22536 can be used to inhibit ACA specifically in intact
cells.
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Figure 4. Effects of NKY80, MDL-12,330A, tyrphostin
A25 and SQ22536 on ACA, ACB and ACG activities
(A-D) Cell lysates. For assay of ACB, ACG or ACA
activity, aca-/rdeA-, aca-/A15::ACG or NC4 cells were
lysed without or with 30 uM GTPyS (NC4) and incuba-
ted with the indicated concentrations of NKY80 (A),
MDL-12,330A (B), tyrphostin A25 (C) or SQ22536 (D).
Accumulated cAMP levels were determined after O 0 1
(open symbols), 5 (closed symbols - ACA, ACG) or 30
minutes (closed symbols, ACB). Data were standar-
dized on control cAMP levels. (E,F) Intact cells. aca-
/rdeA-, aca-/A15::ACG or NC4 cells were incubated with
DTT and/or DcAMP/DTT in the presence of the
indicated concentrations of tyrphostin A25 or SQ22536.
Accumulated cAMP levels were determined after O
(open symbols), 3 (ACA), 5 (ACG) or 30 min (ACB).
Data were standardized on levels obtained in the
absence of inhibitor, and in case of ACA in the presence
of DcAMP. Means and s.e.m of two to three experi-
ments performed in triplicate are presented.
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Discussion

This work was initiated to identify specific inhibitors for the three Dictyostelium adenylyl
cyclases in order to identify and study specific roles of each of the enzymes during the life
cycle of the organism. We first studied the effects of caffeine, which has long been used to
study specific roles of ACA in cell aggregation and development (17,40-42). Our experiments
showed that in intact cells caffeine inhibited ACB and ACG as efficiently as ACA (Fig. 1). The
effects of caffeine on the three enzymes must be indirect, since it does not directly inhibit
their basal activities when measured in cell lysates. In case of ACA, it does prevent activation
of the enzyme by GTPyS, which activates the G-protein G2, that is part of the signal
transduction cascade that normally activates ACA (2,3). However, neither ACB nor ACG are
activated by G-proteins (4,9). It therefore appears that there is one target for caffeine that is
at or downstream from the G-protein G2, and another that acts globally to prevent cAMP
accumulation by either ACB or ACG and possibly also ACA.

We explored the possibility that caffeine could inhibit cAMP accumulation by either
activating a cAMP-PDE activity or by inhibiting cAMP secretion, causing cAMP to be
degraded intracellularly. However, no effects of caffeine on cAMP secretion were observed
(Fig. 2A), and caffeine still inhibited cAMP accumulation when three out of the four cAMP-
PDEs were inactivated (Fig. 2B).
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Table 1. Pharmacological profiles of the three Dictyostelium ACs

ND: not determined; NA: not applicable: 0: no effect; -: inhibition; --: strong inhibition; +: stimulation; ++: strong stimulation; ECsy:
effective concentration that yields half-maximal stimulation; Cm: concentration that yields maximal effect. 1Cs, values were
determined by non-linear curve fitting of the data presented in figures 1-4 to y = 100-[l] x 100/(ICso+[l]), where y denotes %
cAMP accumulation, with t=0 cAMP levels subtracted, and [I] the inhibitor concentration. ICs, values are presented as means +
95% confidence interval. The goodness-of-fit (%) is indicated between brackets.

ACA (6h starvation) ACB (vegetative) ACG (vegetative)
Cells Lysates Cells Lysates Cells Lysates
GTPyS NA NA NA
Mg* NA NA NA
Mn*? NA NA NA
Caffeine - -+ - + - +
1C50:361+113 pM . 1C50:300+107 pM ECso: 1-2 mM 1C50:207+312 pM ECsp: 1-2 mM
(0_539) ( 1;) 18.53%32511 14 uM (O.sgog) + 50 (0.599) + 50
IPA - 0/- 0 0 0 0
ICs0:3113 uM IC50:2.18+0.65 mM
(0.98) (0.96)
DDA - - + - 0/+ -
1C50:465+217 pM 1Cs0: 2744153 uM ECsp:> 1 mM 1Csp: 336482 uM I1Csp: 76425 uM
(0.97) (0.98) (0.99) (0.99)
PP; NA 0/- NA - NA -
NKY80 ND 0/- ND 0/- ND 0
ICs0:1.31+1.36 mM ICs0:5.78+4.97 mM
(0.78) (0.89)
MDL- ND - ND - ND -
12.330A ICso: 3294174 uM ICso: 497:+383 UM ICso: 885+258 UM
’ (0.95) (0.93) (0.99)
Tyrphostin 0/- 0 0/- 0 0/- --
A25 11194879 pM 13364715 uM ICsp: 6024336 UM~ 1Cs:16.6 + 7.4 uM
(0.94) (0.89) (0.95) (0.97)
SQ22536 - =X + 0 ++ +

ICso: 812280 uM
(0.99)

ICso: 247+134 uM
(0.96)

* GTPyS-stimulated activity

The fourth cAMP-PDE was inhibited rather than activated by caffeine (Fig. 2C), in agree-
ment with the known effect of caffeine on mammalian cAMP-PDEs (25). The observation that
caffeine still inhibits cAMP accumulation in the pdeE-/regA- mutant that lacks intracellular
cAMP-PDEs, confirms that it does not act on cAMP secretion, since in this mutant cAMP
should then accumulate intracellularly.

We next analyzed the potential of ribose-modified adenosine analogs as specific AC
inhibitors. 2'5'dideoxyadenosine (DDA) is a characteristic P-site inhibitor for mammalian
adenylyl cyclases that acts directly at the catalytic core of the enzymes (15). It also inhibited
the three Dictyostelium adenylyl cyclases, and particularly ACG, when measured in cell
lysates indicating that also here it may interact directly with the catalytic region of the
enzymes. However, DDA did not inhibit ACB nor ACG activity when added to intact cells,
which implies that there is insufficient uptake of the compound. There was an inhibitory effect
of DDA on ligand-induced ACA activation, but this, as discussed below, could be due to inter-
ference with ligand binding. 2'3'-O-isopropylideneadenosine (IPA) is another ribose-modified
adenosine analog that is very effective in inhibiting cAR1-mediated responses in Dictyoste-
lium (30-32). However, it has no reported merits as P-site inhibitor for mammalian adenylyl
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cyclases and had no effects on ACB and ACG, and only modest effects on ACA activity
measured in cell lysates (Fig 3C). IPA was however a very effective inhibitor of cAR1
mediated ACA activation in intact cells (Fig. 3D). Other ribose modified cAMP analogs, such
as 2'-chloroadenosine and 2'O-methyladenosine also inhibit cAMP induced ACA activation in
intact cells (18). These compounds as well as IPA and 2'deoxyadenosine are also effective
inhibitors of cAMP binding to cAR1 (20). This strongly suggests that all inhibitory effects of
ribose-modified analogs on cAMP-induced responses in intact cells are due to inhibition of
cAMP binding to cAR1.

Lastly we tested four known inhibitors of adenylyl cyclases in other organisms for effects
on ACA, ACB and ACG. One compound, NKY80, was not effective, while another, MDL-
12,330A, was effective, but not specific for either of the three enzymes. The third compound
tyrphostinA25 proved to be a specific and effective inhibitor of ACG in lysates. However, in
intact cells it required much higher concentrations to have an effect, which was then no
longer specific for ACG. The fourth inhibitor SQ22536, was a specific ACA inhibitor, also
acting both in lysates and in intact cells. SQ22536 is highly lipophilic and may prove to be a
useful agent for investigation of specific roles of ACA in Dictyostelium chemotaxis and
development.

This work added a large number of traits that distinguish the adenylyl cyclases from each
other. The novel traits are summarized with previously reported distinguishing features in
Table 1. They will prove useful for enzyme identification in specific cell types or during spe-
cific stages in development of Dictyostelium discoideum or to recognize similar activities in
other organisms.
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Abstract

cAMP plays a pivotal role in Dictyostelium development controlling morphogenesis, cell
movement and cell differentiation. The degradation of extracellular cAMP by the action of the
extracellular phosphodiesterases produces 5’AMP that is subsequently degraded to adenosine
by the activity of the 5’nucleotidase enzyme. Adenosine is known to block several cAMP-
induced responses by inhibiting the binding of cAMP to surface cAMP receptors. Adenosine is
also proposed to suppress secondary tip formation and to regulate pattern formation in the
slug stage. This work describes the identification and characterization of the Dictyostelium
adenosine kinase gene, DJADK. DAADK phosphorylates adenosine to form 5'AMP and is
present both inside and outside the cells. The deduced DdADK protein sequence shares
homology with adenosine kinases of higher eukaryotes and with microbial ribokinases. DAADK
is expressed during the entire course of development, but expression decreases about three-
fold during tip and slug formation. Up to culmination DdADK is expressed in all cells, but in
fruiting bodies expression is confined to the upper and lower cup regions. DdADK null mutants
(adk) develop normally but show a two-fold increase in slug size, which agrees with a putative
role of adenosine in tip suppression.

Abbreviations: ADK: adenosine kinase; Ado: adenosine; 5’AMP: adenosine 5-mono-
phosphate; cAMP: adenosine 3’,5-monophosphate; 5'NT: 5°’nucleotidase; ALP: alkaline phos-
phatase; AMD: adenosine monophosphate deaminase; AC: adenylyl cyclase; PDE: phospho-
diesterase; SpcAMPs: adenosine 3’,5-monophosphorothioate Sp-isomer.

Introduction

Dynamic cAMP signalling regulates key aspects of multicellular development in the
social amoeba Dictyostelium discoideum. Upon starvation, some cells start to secrete pulses
of the chemoattractant cAMP, which are relayed by neighbouring cells. This results in the
propagation of cAMP waves through the cell population and aggregation of cells towards the
source of the pulses. Mound-shaped aggregates are formed which give rise to one or several
tips that elongate into finger-shaped slugs. Each tip is an autonomous oscillator that attracts
and controls cells within the aggregate. The size of the resulting slug is determined by the
potency of the tip to suppress competing oscillators, a property known as tip dominance
(Dormann and Weijer, 2001; Schaap, 1986; Schaap and Wang, 1984). During slug formation
cells differentiate into prespore and prestalk cells with prespore cells at the posterior and
prestalk cells in the anterior part of the slug. This pattern is established as follows: in the slug
posterior there is a constant inter-conversion of prespore cells into anterior-like cells that is
proposed to be caused by the secretion of a prespore inhibitor, DIF, by the prespore cells (Kay
and Thompson, 2001). The anterior-like cells move forwards by chemotaxis towards cAMP
and establish the prestalk region. In addition, adenosine has been put forward as the inhibitor
of prespore differentiation in the prestalk region (Schaap and Wang, 1986).

Adenosine acts as a cAMP antagonist. It inhibits cAMP-induced responses such as
cAMP binding to the specific receptors, cARs, therefore blocking cAMP relay (Theibert and
Devreotes, 1984), the formation of competing tips and prespore differentiation (Schaap and
Wang, 1986; Weijer and Durston, 1985). Dictyostelium has two cell surface adenosine-binding
sites, the B-receptor (K4 350 uM) and the a-receptor (K4 0.8 uM) (Newell, 1982; Van Haastert
and Kien, 1983), as opposed to higher organisms that present up to four surface adenosine
receptors (Fredholm et al., 2001) and intracellular adenosine binding sites (Londos and Wolff,
1977). The cell surface and intracellular adenosine binding sites show different affinities for
adenosine analogues. The cell surface receptors do not tolerate modification of the ribose
moiety, and are therefore called R-sites, while the intracellular binding sites does not tolerate
modification of the purine moiety and are called P-sites. Recent studies have indicated that the
P-site resides in the catalytic core of mammalian adenylyl cyclases (Fredholm et al., 2001;
Johnson et al., 1989; Londos and Wolff, 1977). In Dictyostelium, the inhibition of cAMP binding
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to cAR1 shows P-site specificity, as do the inhibition of all cAMP induced responses (Alvarez-
Curto et al., 2006; Theibert and Devreotes, 1984; Van Lookeren Campagne et al., 1986).

In Dictyostelium adenosine is produced mainly by the action of the extracellular cAMP
phosphodiesterase (PdsA) and 5’nucleotidase (5°nf) respectively (Fig. 1), but several other
enzymes are involved in its metabolism. In this work | present the identification of an adeno-
sine kinase gene (DdADK) that encodes the enzyme responsible for the conversion of
adenosine into 5’AMP. | have investigated the biochemical activity of the ADK enzyme and
consequences of loss of the ADK gene for Dictyostelium development.

ACs PDEs ADK
ATP——» cAMP —————» 5AMP <—- Adenosine
5'NT/ALP
AMD ADD

IMP ———— = Inosin

Figure 1. cAMP and adenosine metabolism in Dictyostelium

ADK: adenosine kinase; Ado: adenosine; 5’ AMP: adenosine 5’-monophosphate; cCAMP: adenosine 3’, 5-monophosphate; 5’NT: 5’
nucleotidase; ALP: alkaline phosphatase; AMD: adenosine monophosphate deaminase; ADD: adenosine deaminase; ACs:
adenylyl cyclases; PDEs: phosphodiesterases.

Material and methods
Cell culture and development conditions

D.discoideum NC4 cells were grown in association with Klebsiella aerogenes on SM
agar plates. AX2 cells were grown in HL5 axenic medium. After transformation the medium
was supplemented with either 5 pg/ml blasticidin (ICN, USA) for knockout selection or with 20-
200 pg/ml G418 (Sigma, USA) for cells transformed with the PsA-LacZ construct. To induce
multicellular development cells were harvested from exponentially growing cultures, washed
twice in PB (10 mM Na/K-phosphate buffer pH 6.5) and incubated at 22°C on PB agar (1.5%
agar in 10 mM Na/K phosphate buffer pH 6.5), unless otherwise stated.

Identification and reconstruction of the gene

The Dictyostelium genome and the Japanese cDNA projects (http://genome.imb-
jena.de/Dictyostelium; http://dictycdb.biol.tsukuba.ac.jp/) were screened for sequences sharing
homology to the sequence of the rat adenosine kinase. A putative Dictyostelium ADK (DdADK)
consensus sequence was assembled using 7 cDNA sequences obtained from the Japanese
database in combination with other 5 genomic DNA hits. This yielded a 1280 nucleotides long
sequence plus 1000 bp 3’ UTR. The deduced coding sequence contains a single ~250 bp long
intron starting at nucleotide +135, as recognized by the conserved intron boundary sequence
GT/AG. RT-PCR was performed to confirm the intron using primers P1 and P4 (Table 1) and
the One-step RT-PCR kit (Quiagen, Crawley, UK) on 250 ng of NC4 total RNA. The deduced
consensus DNA fragment has been confirmed by the finished Dictyostelium genome project
as the gene DDB230174 (http:// dictybase.org). Translation of the DJADK gene predicts a
soluble, 340 amino acids long protein. Functional domains of the protein were predicted using
the SMART program (http://smart.embl-heidelberg.de). Conservation of the functional domains
was analyzed through multiple sequence alignments with the CLUSTALW program
(http://ebi.ac.uk/clustalw/).

Gene constructs, PCR screening and cell transformations
To generate a gene disruption construct, two fragments of 460 bp and 440 bp
respectively of the DdJADK gene were amplified by standard PCR using Taq DNA polymerase

(Promega, USA) on wild type AX2 genomic DNA. The oligonucleotides used were P1 and P2
that add a 5’-BamHI and 3’-EcoRl site to the 460 bp fragment and oligonucleotides P3 and P4,
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that add a 5-Xbal and a 3’-BamHI site to the 440 bp fragment (See Table 1 for primers
sequences and Figure 5 for details). Both fragments were subsequently cloned in tandem into
the BamHI/EcoRI and Xbal/BamHI sites of the pUC118BsrABamHI plasmid that harbours the
blasticidin selection marker (Sutoh, 1993). The resulting construct was made linear by
digesting it with BamHlI, prior to transformation into Dictyostelium cells (Knecht et al., 1990).
Homologous recombination of the linear construct with specific flanking sequences of the ADK
gene will cause the integration of the entire plasmid, including the resistance cassette.
Knockout clones were selected for growth with 5 ug/ml blasticidin. Genomic DNA was isolated
from transformed clones and screened for homologous recombination or random integration
by two separate PCR reactions using primers P6 and P5 or P6 and P4 respectively (Table 1,
Fig. 5). Two knockout clones (KO1 and KO2) and one random integrant (RI) were selected for
further analysis For analysis of prespore gene expression all three clones were transformed by
electroporation (Knecht et al., 1990) with a fusion construct of the PsA prespore gene promo-
ter and the LacZ reporter gene, PsA-LacZ (gift from Jeff Williams, University of Dundee, UK).

RNA isolation, Northern blotting and in situ hybridisations

To study the developmental regulation of DdADK expression, NC4 cells were incu-
bated for 24 h on PB agar. Total RNA was isolated from 2 x 10’ cells at 2 hours intervals. RNA
was size fractionated on 1.5% agarose gels containing 2.2 M formaldehyde (Nellen et al.,
1987) and transferred to a nylon membrane. As a probe for Northern Blot hybridisation a 460
bp DAADK DNA fragment was amplified by PCR using primers P3 and P4 (Table 1), radio-
labelled with [**P]-dATP (Amersham, UK) and hybridised as previously described (Sambrook
et al., 1989).

For in situ hybridisation, 10° cells were spread on 1-cm? pieces of dialysis membrane,
supported by PB agar and incubated at 22°C. After the desired developmental stages had
been reached, membranes were transferred to a parafilm coated wet-box, where in situ
hybridisation was carried out as previously described (Escalante and Loomis, 1995) using 250
ng of DIG-labelled RNA probes. For construction of the DJADK-RNA probe a 460 bp DNA
fragment was amplified by PCR using primers P3 and P4 (Table 1) yielding a fragment with
flanking Xbal/BamHI sites. This fragment was cloned into the Xbal and BamHI sites of
pBluescript KS+ and subsequently used as template for the DdADK RNA probe using the T3
and T7 RNA polymerases and DIG-RNA labelling kit following the manufactures instructions
(Roche, UK). Similarly, a 700 bp BamHI/Hindlll fragment of the prespore specific gene cotB
was cloned into compatible sites of the multiple cloning site of the Bluescript SK- vector
(Strategene, California, USA) (gift from Nick Oswald, University of Dundee, UK) and used to
create the CotB-DIG-labelled probe.

Determination of number of cells per slug and analysis of slug size

Cells were harvested from exponentially growing cultures and resuspended in PB
buffer at 2 x 108 cells/ml. Droplets of 10 pl of cell suspension were deposited on 1.5% water
agar. Cells were incubated at 22°C until slugs have formed. The droplet area was then
photographed and the number of slugs per droplet was counted. The number of slugs per 10°
cells and cells per slug was calculated from at least five droplets.

Adenosine kinase assay

Adenosine kinase activity was determined by measuring the conversion of *H-
adenosine (Perkin Elmer Life Sicences, Boston, USA) into *H-5’AMP in the presence of ATP
and Mg*2. 50 ul of either cleared cell lysate or secreted cell fraction samples were incubated in
a final volume of 100 ul with 10 uyl assay mix (1 mM ATP, 1 mM MgSQO,, 10 mM adenosine, 10°
> M 3H-adenosine in 20 mM Tris pH 8.0). Samples were incubated for 20 min at 23°C.
Reactions were stopped by addition of 30 pul 0.1 M EDTA and boiling of the plate for 1 minute.
The negatively charged 5’AMP was separated from adenosine by shaking 100 ul of sample for
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2 min with a 100 pl slurry of 1:1 diluted AG1x8-Dowex anion exchange resin (Biorad). The
resin was precipitated by centrifugation for 2 min at 663 x g and the supernatant discarded.
The resin was washed twice with 1 ml of 10% methanol by shaking tubes for 30 seconds and
centri-fugation at 663 x g for 1 minute. To elute the bound *H-5’AMP, samples were shaken for
5 min with 0.5 ml of 2 M NaCl. Samples were centrifuged at 663 x g for 2 min and the
supernatant was recovered, mixed with scintillation cocktail and measured by liquid
scintillation counting.

Assay for secreted and cell associated adenosine kinase activity in slugs

Cells were incubated on PB agar at 7 x 10° cells/cm? at 22°C until slugs were formed.
Slugs were harvested, washed and dissociated by vigorous pipetting in 20 mM Tris pH 8.0
(TB). The cell density was adjusted to 10cells/ml, and 2 ml of cell suspension were shaken for
1 h at 150 rpm and 22°C. Samples were centrifuged 2 min at 1125 x g. The supernatant was
separated from the pellet and placed on ice; the pellet was then resuspended in 2 ml TB, and
lysed through Nucleopore filters (pore size, 3 pM). Both supernatant and cell lysate were sub-
sequently assayed for adenosine kinase activity.Protein levels of all cell lysates and extracts
were measured using the Bradford assay and used to standardize adenosine kinase activities.

Developmenta