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ABSTRACT
Molecular Cloning of developmentally regulated genes in
Dictyostelium discoideum
By
Eek-hoon Jho

Dictyostelium is not only a useful model system for the study
of development but also for the cloning and characterization of
eukaryotic genes.

RNAs from vegetative, and 3 h developing, cells were compared
by differential display reverse transcription PCR and EHJ-1 was
cloned. Besides EHJ-1 several other cDNAs (Dblp, Dlta4, DACBS,
Drsp24, and Drl7a) were identified as developmentally regulated.
The deduced peptide sequences of these clones have about 40 % to
70 % identity to known genes over their entire length in the GenBank
DNA data base. The comparison of deduced peptide sequences from
DdCBS, Drps24, and Drpl7a to mammalian and yeast homologs
showed higher identity between mammalian and Dictyostelium
sequences. These data support the notion that Dictyostelium is more
closely related to mammals than is Saccharomyces cerevisiae.

The homologs of Dblp and Dlta4 are involved in signal
transduction in mammalian cells. A homolog of Dblp in rat, RACK1,
has a role in translocation of PKC. In Dictyostelium, myosin heavy
chain kinase (MHCK), a homolog of PKC, is mobilized from the
membrane to myosin heavy chain upon cAMP stimulation during
chemotactic movement. A role of Dblp in the translocation of MHCK

was proposed.



Leukotrienes act as chemoattractants or second messengers in
inflammation or allergic reactions in mammals. However, the
presence of leukotrienes or leukotriene synthesis enzymes had not
been reported in lower eukaryotes. The significant homology (40 %
identity in amino acid sequences) of Dlta4 to mammalian leukotriene
A4 hydrolase and conserved residues for this enzyme activity
suggested the presence of leukotriene synthesis enzymes and
possibly leukotriene related signal transduction in Dictyostelium.

To determine the role of cloned genes, antisense (for EHJ-1
Dblp, Dlta4, and DACBS) or sense (for EHJ-1) RNA producing DNA
constructs were introduced. Although the antisense RNA
experiments were uninformative, constitutive overexpression of EH]J-
1 mRNA caused retardation of development. It may be that EHJ-1
encodes a regulatory protein that controls gene expression in
growing cells, overproduction may lead to extended production of
vegetative specific genes until late developmental stages causing

retardation of development.
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Introduction

Dictyostelium discoideum has been used as a simple model system
for developmental studies (Loomis, 1982; Firtel et al., 1989;
Devreotes, 1989). Since the growth and developmental processes
occur separately, this system is good for analyses of the role of genes
in development. Although Dictyostelium has a simple program its
developmental processes are often found in more complex organisms
such as the vertebrate embryo. Unlike vertebrate systems,
Dictyostelium can be cultured in large amounts and is haploid, thus
simplifying genetic and molecular biological analyses (Nellen et al.,
1987; Cubitt et al., 1992; Kuspa and Loomis, 1994).

Growth and Development

D. discoideum are soil living amoebae which ingest bacteria by
phagocytosis or, in the case of axenic derivates, take up nutrients by
pinocytosis. D. discoideum can double their number in about 3 h in
the presence of bacterial food sources or 8-12 h in axenic broth.
Although D. discoideum has a true diploid phase, formed from
opposite mating types as in yeast, most biological phenomena studied
are expressed when the cells are haploid. It has about 40,000 Kb of
DNA in the haploid genome on seven chromosomes (Loomis, 1982).

The formation of a multicellular organism is initiated when cells
are deprived of a food source or certain amino acids (Marin, 1976).

The developmental process of Dictyostelium can be divided into four



continuous stages: aggregation, mound formation, slug formation and
culmination (Fig. 1 and 2; Cardelli et al., 1985). Starvation enhances
the expression of aggregation stage-specific genes and represses
vegetative specific genes (Kimmel, 1987; Mann and Firtel, 1987,
1989). Several h after onset of starvation, some cells synthesize and
secrete CAMP and nearby cells chemotactically move up the cAMP
gradient. The signal relay leads to concentric or spiral CAMP waves
that propagate outward at 6 min interval (Gerisch, 1987). When the
early development of Dictyostelium on agar is observed by dark-
field microscopy both concentric and spiral waves are visible due to
the cAMP signaling and migration. Bands of moving cells in response
to cCAMP signal appear bright, whereas intervening bands of rounded
unresponsive cells are dark. The first cells receive the cAMP signal
and migrate for only 2 min toward positive gradient of cAMP and
then stop until another cAMP signal comes after 5-7 min. During
that time cells outside of these receive the cCAMP signal and migrate
to the concentric center (Alcantara and Monk, 1974; Gross et al.,
1976). At the end of the aggregation period, the radial rings are
transformed to streams of cells in which the elongated cells are
attached end to end and migrate more rapidly to form an aggregate.
The cellular differentiation begins during the mound stage of
development (12h) and a group of cells arises in the tip of
developing aggregate (Kimmel and Firtel, 1991; Williams, 1991). The
tip is thought to coordinate the differentiation of the remaining cells
in the later developmental stages and considered to have an
"embryonic organizer" role (Durston and Vork, 1979). If the tips are

excised and grafted to other host mounds it can define new axes and
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Fig. 2. Development of D. discoideum on agar plate. O h (TO), 12 h
(mound, T12), 16 h (slug, T16) and 24 h (fruiting body, T24) on non-
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thereby cause the formation of several smaller slugs and fruiting
bodies (Raper, 1940). The tip secretes CAMP and maintains the
gradient of cCAMP in the mound and slug. In the slug the tip also
coordinates slug migration and appears to be important for cell
differentiation (Schaap and Wang., 1984; Williams et al., 1989;
Traynor et al., 1992).

In the slug stages (16h) three different types of cells are spatally
localized. The spatial patterning of different types of cells has been
identified by using antibodies against cell-type specific markers or
using cell type specific promoters connected to a reporter gene, such
as lacZ. The anterior 10 to 15% of slugs are prestalk cells which are
precursors of mature fruiting body stalks. The posterior three
quarters has prespore cells which will form spores in the fruiting
body (Rand and Sussman, 1983; Williams et al.,, 1989). In the region
of prespore some cells are scattered which are indistinguishable from
prestalk cells and these types of cells are called " anterior like cells
(ALC)" (Sternfeld and David, 1981; Devine and Loomis, 1985).
Recently it is clear the prestalk region has at least two subgroups of
cells. Prestalk A cells in the anterior of the slug plus ALCs are
distinguished by the expression pattern of ecmA (a gene which is
induced by differentiation jnducing factor (DIF)) (Kopachik et al.,
1983; Williams et al., 1987; Jermyn et al., 1987). The prestalk B cells
are localized as a cone-shaped group within the anterior of the
prestalk zone and distingushed by the expression pattern of ecmB
(Williams et al., 1987, 1989)

The proportion of different cell types are controlled by multiple

signaling pathways. High level cCAMP maintains prespore specific



gene expression and leads to formation of spores in the fruiting body
(Kay, 1989). Adenosine antagonizes the action of extracellular cAMP
and prevents the formation of multiple tips in the aggregate (Schaap
and Wang, 1986). Adenosine also inhibits the expression of prespore
genes. Differentiation inducing factor (DIF) is another morphogen in
Dictyostelium and it causes the prestalk-specific gene expression and
leads the cell fate to stalk (Kay and Jermyn, 1983; Kopachik et al.,
1983; Kwong and Weeks, 1989). DIF appears to be involved in
regulating extracellular cAMP level by stimulation of
phosphodiesterase gene expression (Podgorski et al., 1989; Franke
and Kessin, 1992). Ammonia does promote spore cell formation by
counteracting the effect of DIF (Williams et al.,, 1984; Wang and
Schaap. 1989).

In the culmination stage (24h), a tube of cellulose is formed in the
anterior region of slug. The cells in front of the slug migrate through
the cellulose tube, form stalk cells, and die. The prespore cells are
pulled toward the upper end of forming stalk and differentiate into
spores. Finally a mature fruiting body contains about 100,000 spore
cells and the spores are held several millimeters above the
substratum by a vacuolated stalk. In the presence of food source the

spore cells germinate and repeat their life cycle (Loomis, 1982).

Regulation of Gene Exnression during Devel

Starvation induces the expression of a class of early genes in

development and represses the expression of vegetative-specific



genes (Kopachik et al., 198S; Singleton et al., 1987, 1988). During
growth, cells continuously secrete a factor, PSF (Prestarvation factor),
that accumulates in proportion to cell density (Rathi et al., 1991;
Clarke et al., 1988). PSF or a secreted density sensing factor,
conditioned medium factor (CMF), induces the expression of early
genes (Mehdy and Firtel, 1985; Gomer and Firtel, 1987). The
blocking of CMF expression by antisense RNA inhibits aggregation
impling that early gene expression is essential for proper
development in Dictyostelium (Jain et al., 1992). In many cases,
however the induction or repression of gene expression is controlled
by cAMP.

About four h after starvation, cells start to secrete cAMP and the
gene products for the aggregation process are induced (Mann and
Firtel, 1989; Singleton et al.,, 1988). These genes encode cAMP
receptors, guanylyl cyclase, adenylyl cyclase, phospolipase C, cCAMP
phosphodiesterase, adhesive contact sites A (csA) and G protein o2
subunit (Kessin et al., 1992; Gross, 1994). The activation of adenylyl
cyclase increases the intracellular cAMP concentration, mediates
actin and myosin mobilization and controls chemotaxis (Newell et
al.,1987). During this aggregation period some pre-stalk-related
genes are positively regulated by both nanomolar cAMP pulses or
continuous stimulation with micromolar cAMP concentrations.
Cysteine protease and other proteins of unknown function belong to
this group of genes (Barklis and Lodish, 1983; Mehdy et al. 1983;
Mehdy and Firtel, 1985). Several targeted mutants show abnormal
development suggesting that aggregation-specific genes are

necessary for normal development.
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After formation of aggregates, the expression of aggregation-
specific genes is reduced. During these stages, spore-specific genes
are expressed. Micromolar levels of cAMP is required for spore-
specific gene expression. The expression of some prestalk-specific
genes, such as ecmA and ecmB which encode extracellular stalk
matrix proteins, are induced by DIF in this slug stage (Jermyn et al.,
1987; Williams et al., 1987).

In Dictyostelium the expression of many genes are controlled at
the transcriptional level. Several cis-acting elements responsible for
gene induction by extracellular cAMP, folate, or DIF have been
identified (May et al., 1991; Blusch et al., 1992; Early and Williams,
1988; Datta and Firtel, 1987. 1988). In case of discoidin Iy,
transcription is induced by PSF and repressed by cAMP pulses
(Clarke et al., 1987; Bozzone and Berger, 1987). Sequence elements
for both transcriptional induction and repression have been
identified by promoter analysis (Vauti et al.,, 1990). Most cAMP-
inducible promoters have a G/C-rich element in the promoter,
termed GBRE (G-box regulatory element) (Datta and Firtel, 1987;
Pears and Williams 1987). The removal of GBRE results in a 50 to
100 fold reduction in the level of expression. Firtel's group identified
GBRE binding factor (GBF), which is developmentally regulated and
inducible by cAMP (Hjorth et al. 1990; Schnitzler et al., 1994). They
showed GBF is an extracellular cAMP-responsive transcriptional
activator which can regulate gene expression.

As in other eukaryotes mRNA stability in Dictyostelium is a major
control point in the regulation of gene expression (Mullner and Kuhn,
1988; Mangiarotti et al., 1982; Steel and Jacobson, 1988; Shapiro et
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al., 1988). The level of glycoprotein gp80 mRNA accumulates to a
maximum level between 4 to 6 h, remains high until 10 h, and then
is reduced rapidly to 10% of the maximum level at 12 h (Kraft et al.
1989). By using in vitro transcription assays, it was found that the
rapid reduction of gp80 mRNA level is due to decreased mRNA
stability (Chandrasekhar et al., 1990). Although there are many
possible factors determining mRNA stability, no clear cut answer is
present. Shapiro et al. (1988) showed no correlation between mRNA
decay rates and the length of poly A tail, the size of mRNA and the
number of ribosome per unit of mRNA. They found that unstable
mRNAs were more efficiently translated and suggested a
translational role for mRNA modifications that change in a time-
dependent manner. An unique example for the usage of endogenous
antisense RNA in the stability of mRNA was identified by
Hildebrandt and Nellen (1992). The prespore gene, EB4-PSV is
constitutively transcribed during growth and development but
mRNA levels only accumulate when cells form aggregates. They
found that the difference between synthesis and accumulation is due
to the developmentally regulated endogenous antisense RNA.

During the first hour of development the synthesis of many
proteins is rapidly reduced whereas the mRNAs for those proteins
persevere in the cell in a translatable form (Alton and Lodish, 1977).
It was suggested that a translational control is involved in the
reduction of protein synthesis. From the study of distribution of
ribosomal mRNAs in polysomes, Steel and Jacobson showed that the
blockage of translation initiation is not due to inactivation of these

mRNAs by decapping or deadenylation (Steel and Jacobson, 1988).
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Both papers suggest that lack of soluble factors such as initiation
factors leads to rapid reduction in protein synthesis during early
development.

Post-translational modification is another controling step for the
proper gene expression in Dictyostelium. The ribosomal proteins of
Dictyostelium are differentially phosphorylated and methylated and
those modification are considered an important step for the
biosynthesis of the ribosome and (or) its function (Ramagopal, 1990).
For proper cell-cell interaction the modification of cell surface
glycoprotein is important (Harloff et al., 1986; Stadler et al., 1989).
Prespore-specific Antigen (PsA) is a 32 KDa glycoprotein isolated
from the surface of prespore cells (Gooley et al., 1992). PsA is post-
translationally modified by addition of carbohydrate to the threonine
residues of the carboxy-terminal peptide domain, and a glycosyl
phosphatidylinositol anchor which attaches glycoprotein to the cell
membrane (Gooley et al., 1992).

Sienal Transduction in Di i

To coordinate the developmental program, the spontaneous
aggregation of thousands of isolated amoebae to a single aggregate,
Dictyostelium has to have a well controlled signal transduction
mechanism. Konijin et al. (1968) showed cAMP was an acrasin (a
chemoattractant) in Dictyostelium. The binding of cAMP to cell-
surface receptors is found in many responses associated with

chemotaxis (Dinauer et al., 1980; Gerish, 1987; Hall et al., 1989).
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Induction of developmentally regulated enzyme activity, mRNAs
and proteins by addition of exogenous cCAMP confirms that cCAMP acts
as a hormone by directly binding to cell-surface receptor. Four
different types (cAR1 to cAR4) of developmentally regulated cAMP
receptors have been cloned. The phenotype of targeted mutants
suggests cCAMP and cAMP-receptor interaction is essential for
development (Saxe et al., 1991a, b; Johnson et al., 1993; Saxe et al.,
1993; Louis et al., 1994).

Many recent studies showed heterotrimeric G proteins are coupled
to cAMP receptors. Eight different types of Ge and one G genes
have been cloned (Pupillo et al., 1989; Hadwiger et al., 1991; Wu and
Devreotes, 1991; Wu et al., 1994; Lilly et al., 1993). The stimulation
of G protein through cAMP bound receptors leads to activation of
adenyl cyclase (AC) and phospholiphase C (PLC) (Theibert and
Devreotes, 1986; Van Haastert, 1984; Europe-Finner and Newell,
1987). Activation of AC produces cAMP and sends a cAMP signal to
outside of cell and causes acitvation of cAMP-dependent protein
kinase in the cell. A targeted mutant of adenylyl cyclase A (ACA),
which is expressed only in early aggregate, did not aggregate (Pitt et
al., 1992).

Dictyostelium has a mechanism similar to mammals for
phospholipase-mediated signal transduction (Kimmel and Eisen,
1988; Janssens and Van Haastert, 1987; Newell et al., 1990).
Activated PLC synthesizes Ins(1,4,5)P3 (IP3) and diacylglycerol (DG)
from phosphoinositol biphosphate. DG and IP3 regulate gene

expression.
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(A) cAMP receptors.

Four cDNAs for different cAMP receptors (cCAR1-cAR4) have been
cloned. They have extracellular amino termini, seven
transmembrane domains and long cytoplasmic carboxy-termini
(Louis et al., 1994). cARs share about 60% amino acid identity in
transmembrane domains.

cAR1 mRNA is expressed early in development when the cAMP
relay system is being established and its level is decreased in late
development (Fig.3; Firtel, 1991). As cAR1l is reduced cAR3
accumulates to a peak at the mound stage and then gradual loss to
the fruiting body. The expression of cCAR2 is initiated during mound
stage and peaks at culmination stage. The cAR2 mRNA is enriched in
prestalk cells. cAR4 mRNA is initially expressed during tip
elongation and continues to accumulate into culmination. The
diverse expression of cARs implies that cARs may mediate specific
functions at different developmental stages.

CcAR1 appears to couple to a Ga2 protein. The addition of
guanidine nucleotides to the cell membrane from aggregation
competent cells converts the cCAMP binding sites from high affinity to
low affinity indicating the involvement of G proteins (Janssens et al.,
1986; Van Haastert et al., 1986). The expression pattern of Ga2 and
CAR1 is parallel. A targeted mutant of cAR1 by homologous
recombination fails to bind or sense cAMP and arrests in early
development (Sun and Devereotes, 1991). The expression of cAR1
utilizes two promoters that are activated at distinct stages of

development and respond to different extracellular cAMP conditions
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(Louis et al., 1993). One promoter is active with low-level oscillation
of cAMP; exposure to high cAMP concentrations will repress this
promoter and induce a second promoter.

cAR2 is structually similar to cAR1. Outside of the carboxy
terminal region cAR1 has about 75% sequence identity to cAR1 in
transmembrane domain and loop region. The null mutant of cAR2
shows normal development up to the tight mound stage but arrests
development at this stage. This suggests CAR2 may be required for
cAMP-directed sorting of prestalk cells during pattern formation
within the aggregation mound (Saxe et al., 1993).

The car3- cell lines display no obvious phenotype (Johnson et al.,
1993). The presence of multiple cARs suggests redundancy in cell-
cell signaling strategies in development. The cAR3 (Fig. 3) time
course of expression overlaps with cAR1 and cAR2.

The cAR4 mRNA is initially expressed during tip elongation and
continues to accumulate into culmination. The car4- cells initially
develop normally until aggregation and tip formation (Louis et al.,
1994). However, the slugs showed abnormal phenotype in the level
of prestalk and prespore gene expression. Certain prestalk markers
for prestalk expression is reduced, and prespore genes are expressed
in regions normally restricted to prestalk cells. cAR4 may regulate
cell type-specific gene expression and pattern formation during the
late stages of development. The following table shows the summary

of the proposed roles for cARs in Dictyostelium development.
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Phenotype change of null cells | Proposed role in development

cAR1

Arrest in early development | development

Fail to sensing cCAMP cCAMP signaling in early

CARZ Arrest development at mound|cAMP-directed sorting

stage. prestalk cells

of

cAR3

role of cAR3 in car3- cells

No obvious phenotype changes | cCAR1 or cAR2 may substitute the

cAR4

Improper gene expression in| cell type-specific gene expression

slug and culmination in the late stages of development

(B) G proteins

The Frigid A mutants show no chemotaxis to extracellar cAMP and
do not aggregate (Kesbeke et al., 1988; Mann et al., 1988). Frigid A
cells lack the activation of guanylyl cyclase and adenylyl cyclase and
developmentally induced genes are not induced by exogenously
applied pulses of cAMP. In severe Frigid A mutants, inhibition of
cAMP binding by GTP (a standard indicator of G-protein linked
receptors) is not detectable but GTP stimulates wild type level of
adenlylyl cyclase activities. These results suggested that Frigid A
mutants are defective in a G protein required for proper
Dictyostelium development.

By using redundant oligonucleotides from the highly conserved
sequence in putative guanine nucleotide binding protein of

mammalian « subunits, two Ga cDNAs, Ga1l and G« 2, were initially
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cloned (Pupillo et al., 1989; Kumagai et al., 1989). Six more different
Ga cDNAs have been cloned by PCR (Hadwiger et al., 1991; Wu and
Devereotes, 1991). Each G« subunit shares approximately 50%
sequence identity. Only one Gg subunit cDNA has been cloned (Lilly
et al., 1993). The comparision of primary sequences indicates they
can not be classified of into any of the Gs, Gj, Gq subtypes in
mammals.

Gal mRNA is present in vegetative cells through aggregate stages
(Fig. 4; Firtel, 1991; ; Wu et al., 1994). Loss of Gal shows no
detectable effects on growth and development (Kumagai et al., 1991).
Possibly other G « subunits substitute for the role of Ga1l. However
the over-expression of G« 1 results in large and multinucleated cells.
The majority of cells do not aggregate, and some aggregating cells
form small and abnormal fruiting bodies (Kumagai et al., 1989). Ga1l
expression is preferentially expressed in the prestalk AB cells and
anterior-like cells. The developmental phenotype of Geal
overexpression and cell-type-specific expresison of Ga1 suggest that
Gal-mediated signalling pathways play an important role in
regulating multicellular development by controlling prestalk
morphogenesis (Dharmawardhane et al., 1994).

Among eight G o subunits, G« 2 is the most studied. Ga2 mRNA is
induced by cAMP pulses and preferentially expressed in aggregation
(Kumagai et al., 1989). Ga2 null cells do not aggregate and lack
cAMP-mediated activation of adenylyl cyclase, guanylyl cyclase and
phospholipase C as do Frigid A mutants (Kumagai et al., 1991). Ga?2
couples to cAR1 during the aggregation phase of development
(Kumagai et al., 1991). An aa substitution in G2, Ga2[G206T], a
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putative dominant negative mutation, causes an inhibition of
receptor-mediated activation of adenylyl cyclase similar to
mammalian system (Osawa and Johnson, 1991). Transformed cells
with a preaggregation stage-specific promoter controlling expression
Ga2[G206T] do not aggregate. However, cells expressing G a« 2[G206T]
under the control of ecmA promoter show normal development
through slug formation but have culmination with an aberrant stalk
morphogenesis. These results suggest that Ga2 plays an essential
role in regulating stalk morphogenesis as well as early aggregation
(Okaichi et al., 1992; Carrel et al., 1994).

Ga3 mRNA is induced by cAMP pulses and preferentially
expressed in preaggregation stage (Fig. 4). The data for null cells of
Ga 3 is not available.

Ga4 is primarily expressed late in development and at a low level
during growth and early development. As expected from the
expression pattern of Ga4, the Ga4 knock-out cells aggregate and
form a tip. However, only the apical portion continues to elongate
producing a thin projection that in some cells become "knotted"
whereas the basal region remains more rounded (Hadwiger and
Firtel, 1992). This mutant forms fewer spores than does the wild
type. When ga4- cells co-aggregate with wild type cells normal
fruiting bodies. Possibly Ga4 is essential for multicellular
development by producing and secreting intercellular signals.

GaS is mainly expressed in late development, whereas Ga6 is
expressed primarily during growth and very early development (Fig.
4; Hadwiger et al., 1991; Wu and Devreotes, 1991).
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Ga7 mRNA reaches a maximum level in preaggregation and
followed by lower levels in aggregation and increasing levels until
culmination. The G«7 null cells show no defects in growth and
morphology in development (Wu et al., 1994).

Ga8 mRNA level is very low during growth and reaches a
maximum level during aggregation followed by declining levels (Wu
et al., 1994). In contrast to mRNA expression the protein is
constitutively expressed. Like Ga«7 null cells, G« 8 null cells do not
have detectable phenotypic change. The transformants
overexpressing Ga8 do not show any phenotypic change. These
results suggest that Ga7 and Ga8 subunits are functionally
redundant with other G« subunits.

Only one G g subunit has been cloned. The mRNA and protein are
constitutively expressed. Its sequence has about 60% identity to the
homolog of other systems. It is suggested that this g-subunit
interacts with other eight Ga subunits which are transiently
expressed during development. Targeted mutants in Gg subunit are
viable, but unable to aggregate (Lilly et al., 1993). The G- cells lack
the ability to move towards chemoattractant and their adenylyl
cyclase or guanylyl cyclase activity can not be stimulated by CAMP.
These results suggest that Gg links the chemoattractant receptor to
effectors and G is essential in many chemoattractant-mediated
processes (Wu et al., 1995).

The following table summarizes the phenotype of null cells and

possible roles of G protein subunits.
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Phenotype changes of null cells

Possible roles

Gal | No change Prestalk morphogenesis
Ga2 | No aggregation; resemble Frigid|Link to cAR1 and signal
A mutants transduction in  early
development and stalk cell
morphogenesis
Ga4 |Normal to mound; abnormal|Produce intercellular signals for
fruiting bodies development
Ga7 | No change May be fuctionally redundant
with other subunits.
Ga8 | No change May be fuctionally redundant
with other subunits.
Gp |No aggregation Not essential for cell viability.

Involved in many
chemoattractant-mediated

Processes

(C) Effectors for signal transduction

Binding of cAMP to surface receptors activates adenylyl cyclase
(AC), via a G protein (Kesbeke et al., 1988; Klein et al., 1988). AC

catalyzes the production of cAMP from ATP and leads to increased

intracellular and extracellular cAMP level.

An increase of

intracellular cAMP leads to activation of cAMP-dependent protein

kinase A (PKA). The extracellular cAMP is used for cAMP relay and

then destroyed by extracellular phosphodiesterase (PDE). The cells




22

are then ready for another pulse wave of cAMP signalling (Wang et
al., 1988).

A group of mutants, Synag7, fail to aggregate due to the lack of
adenylyl cyclase (Theibert and Devreotes, 1986) Two different types
of adenylyl cyclase, ACA (aggregation-specific) and ACG (germination
-specific) were cloned (Pitt et al., 1992). ACA is expressed during
early development whereas ACG is present only during spore
germination. cAR1 and unidentified other receptors are linked to
Gea2 and activates ACA activity (Pupillo et al., 1992).

The targeted mutants of ACA are blocked in development and
remain as single amoebae. The mutants show chemotaxis to cAMP
but do not have adenylyl cyclase activity. Mutants and wild type
cells synergize to restore normal development. These results suggest
the acacells can respond to, but cannot produce, a cCAMP signal.
Moreover cAMP is not required for chemotaxis, growth and cell
division which are unaffected in acacells.

CAMP relay signal activates a phospholipase C (PLC) coupled
pathway (Newell et al., 1988). Stimulation of receptors, through G
proteins, activate production of the intracellular messengers
diacylglycerol (DG) and 1,4,5 inositol triphosphate (IP3) by PLC. The
evidence suggests gene regulation is mediated by the second
messenger IP3 and DG rather than by intracellular cAMP (Ginsburg
and Kimmel, 1989). IP3 can mobilize intracellular Ca+*2 ions which
interact with calmodulin (Marshak et al., 1977) or activate a protein
kinase C (PKC). DG binds to PKC and activated PKC may lead to

regulation of gene expression.
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Guanylyl cyclase is another enzyme activated by the cAMP
receptor. Evidence suggests the accumulation of cGMP is essential for
chemotaxis. First, cGMP accumulation is induced by chemoattractant
folic acid in vegetative, and cAMP in developing, cells (Mato et al.,
1977). Second, the acrasin of Dictyostelium minatum and
Dictyostelium lacteum induces cGMP (De Wit et al., 1983). Third,
mutant stm (Streamer)F remain in the elongated state during
chemotaxis for about 5-fold longer than the parental wild type due
to lack of cGMP specific phosphodiesterase (Ross and Newell, 1981).

Fig. 5 shows a current model for signal transduction in

Dictyostelium.

Obiect 1 Oreanization of the Thes;

Many people in Dictyostelium research have tried to clone genes
which are induced by cAMP pulse or spore and stalk cell specific
genes. However, I have interested in the cloning of early
developmental stage specific genes and the role of these genes
during the transition from growth to development.

To isolate genes differentially expressed, a method, termed DDRT-
PCR (differential display reverse transcription PCR) was designed by
Liang and Pardee (1992). Since this method was invented, the DDRT-
PCR method has become popular for cloning of genes (Sager et al.,
1993; Aiello et al., 1994; Joseph et al., 1994; Wong and McClelland,
1994; Zimmerman and Schultz, 1994).

The DDRT-PCR approach can be used to find many Dictyostelium

genes whose mRNAs are induced or reduced by cAMP or otherwise
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Fig. 5. A model for signal transduction in Dictyostelium.

Look at text for details. CAM, calmodulin; DG, diacylglycerol;
PIP;, phosphoinositol biphosphate; IP3, 1,4,5 inositol
triphosphate; PLC, phospholipase C; R, cCAMP receptors; G2, G a2;
G, G proteins; PKC, protein kinase C; PKA, cAMP dependent
protein kinase; AC, adenylyl cyclase; GC, guanylyl cyclase; PDE,

phosphodiesterase.
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regulated. The constitutively expressed genes will be displayed as
equal intensity bands. The developmentally regulated genes will be
displayed as bands with reduced or induced intensity. I will use
DDRT-PCR to clone induced or repressed genes on early development.
After cloning of genes using DDRT-PCR, effort should be made to
determine the role of cloned genes. The roles of Dictyostelium
myosin heavy chain II and other genes on development were
analyzed using antisense RNA method (Crowley et al., 1985; Knecht
and Loomis, 1987; Fang et al.,, 1993). Antisense RNA producing
transformation vectors can be easily introduced into cells to block
the expression of targeted genes. Sometimes the transformation
vectors are used for the overexpression of genes (Luo et al., 1994).

The following are the main objectives for the thesis.

1. Cloning of developmentally regulated genes by DDRT-PCR. To
clone early induced or repressed genes I will compare RNAs
from vegetative and 3 h developing cells.

2. Determine the expression of cloned genes by Northern blot
analysis. DNA fragments from differentially expressed bands
on DDRT-PCR will be used as probes.

3. Screening cDNA library and sequencing for cloned genes. To get
full size cDNA, cDNA libraries of vegetative, or developing cells
will be screened. Sequencing and sequence analysis will be
done.

4. Determine the role of cCAMP in regulation of cloned gene

expression. Regulation of RNAs during development in shaken
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suspension cultures with or without cAMP pulses will be
checked using Northern blot analysis.

S. Determine the role of cloned genes in growth and development
by using antisense RNA. The portion of cloned cDNAs will be
inserted into a transformation vector and the growth and
development of transformants checked. If transformants have
Phenotypic changes, Northern blot analysis will be done to
check the level of endogenous RNAs.

6. Overexpression of cloned genes to determine the role of cloned
genes in development. The full, or close to, size cDNA will be
inserted into a transformation vector and the growth and

development of transformants checked.
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