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The cellular 811-0 mold.WW. is a

useful model for studying the regulation of growth-specific

gene expression because cells cease division while they

differentiate on an agar surface. A com library made to

vegetative cell transcripts was used to identify transcripts

preferentially expressed in vegetative cells. We are studying

the mechanism whereby the mRNA for one of these (D2) falls

during aggregation when starvation, aggregation specific cell

contacts and diffusible factors like cans are present. :n

gitrg transcription reactions performed with.nuclei isolated

from vegetative amoebae and from cells developing in

suspension indicates that starvation, the trigger for the

developmental program, inactivates the b2 gene transcription

early in development. However, the D2 transcript levels stay

high during suspension development and do not fall as a

result of starvation or aggregation-specific cell contacts.

Rather cells must be deprived of amino acids and cAMP

administered to SOnM periodically in pulses, to mimic cAnP

signal-relay in aggregation. This effect can be blocked.with

reagents that prevent can? from binding to the cell surface



receptor in aggregateless mutants known to be defective in

a Gcz protein. Experiments with membrane-permeable chap

analogues suggest that the loss of D2 transcript levels does

not require a rise in the intracellular can? levels. In

addition proper regulation of the D2 gene depends on cell

proliferation, because blockage of the cell cycle with

caffeine or incubation of temperature sensitive growth

mutants at a restrictive temperature caused an inappropriate

reduction in D2 mRNA levels.

I found evidence for both non-specific and specific

degradation of D2 mRNA by use of inhibitors: non-specific

degradation does not require protein synthesis but specific

degradation requires new RNA synthesis. Overall these results

indicate that the D2 gene is regulated at the transcriptional

and possibly the translational level. Although some of the

extracellular signals have been found, the intracellular

signal and.mechanisms that trigger a specific degradation of

02 transcripts remain to be determined.
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INTROWCTION

In order to study the regulation of gene expression, it

is important to have model systems.WMdiscoideum,

is one such favorable system for studies on the regulation of

growth cell-specific gene expression using available molecular

biology and molecular genetic techniques. The organism has a

small haploid genome and exhibits an experimentally useful

transition. from proliferating vegetative cells to non-

proliferating differentiating cells.

The life cycle

D. discoideum is a soil amoebae 'which grows on bacteria

as the food supply (Bonner, 1967). Although it is difficult

to grow the wild-type isolates in a defined medium in the

absence of bacteria, several derivatives of Q. discoideum NC-

4 (i.e Ax-2 and Ax-3) were selected for axenic growth in

liquid medium (Ashworth and Watts, 1970; Watts and Ashworth,

1970: Pirtel and Bonner, 1972 aab: Loomis, 1971: Rossomando

and Bussman, 1973). Pood exhaustion and starvation for amino

acids (Marin, 1976) trigger biochemical and morphological

differentiation in Dictyosteligm. Upon starvation, the cells

secrete cAMP which orients chemotaxis of the amoebae into

multicellular aggregates of 105 cells and these pass through

other distinct morphological stages: mound, mound with tip,
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slug and mature fruiting bodies which contain two cell types,

spore and stalk cells (Loomis, 1975) . Under optimal

environmental conditions, and with continued starvation, the

differentiation process is completed within 24 hours (Fig.1) .

These morphological changes are closely linked to specific

changes in cellular enzyme and protein composition and

correlate with changes in gene expression (Alton and Lodish,

1977: Pirtel, 1972: Gussman and Osmond, 1964 and 1976: Newell

and Bussman, 1970). Completion of the differentiation

process requires the expression of early and late

developmental genes. Genes expressed during the pre-

aggregation stage (i.e. discoidin I and cAKP receptor genes)

are called early developmental genes, while those expressed

after aggregation (i.e. prespore and prestalk genes) are late

developmental genes.

Another-chemoattractant of Q. discoideum cells is folic

acid. It is believed to be used by amoebae to sense the

bacterial food sources (Pan gt _a_l., 1972, 1975: De Wit and

Bulgakov, l986a,b,c,d). Polio acid is a more effective

attractant of preaggregation amoebae, attracting vegetative

cells and early developing cells until cAnP signals are

initiated (Pan gt _a_]_.., 1972 and 1975). When supplied in

pulses, folic acid induces biochemical oscillations

accompanied by periodic changes in cAMP concentration and

stimulation of the development of preaggregation amoebae to
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aggregation-competent ones (Wurster and Schubiger, 1977) . If

these aggregation competent cells are removed from the

suspension culture and transferred onto a coverslip, they

immediately aggregate into streams (Gerisch, 1968) .

The organisation of the genome

L discoideum has a genome sise only about 1% that of

mammalian cells. A single haploid cell contains about 4.!5x107

base pairs of DNA and is about seven times the sequence

complexity of z. 9&1)“ three times that of yeast, and one

sixth that of grosgphila (Pirtel and Bonner, 1972a) . The

genome has A-T regions (~ 72% of the genome) and exhibits

similar gene organization and transcription as higher

eucaryotes. It contains repetitive and single copy sequences

interspersed (Pirtel g3; AL, 1976 stub), and the combination

of coding, non-coding and untrenscribed (Minty and Newmark,

1980) sequences is- also found (Kimmel and Pirtel, 1983). If

all the genome coded for mRNA; there could be up to 20,000

genes. However, about half of the DNA present as A-T rich

sequences is not transcribed. RNA hybridization analyses

indicate that growing cells express only about 5,000 genes.

Nany of these genes are also expressed throughout development

(Pirtel, 1972). The genes of Qictyostelium have structural

features common to other eucaryotes like the Goldberg-Hogness

box (the "TATA" box) and the "CAAT" box, found, respectively,
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about 31 and 80 nucleotides upstream from the eucaryotic

transcription initiation sites (Denoist 23 $1., 1980). These

conserved sequence elements (the TATA homology and the CAAT

homology) are believed to determine the fidelity and

efficiency of transcription in yin and in mm in most

eucaryotic systems studied (Ninty and Newmark, 1980: McKnight

and Kingsbury, 1982: Breathnach and Chambson, 1981). Unlike

other eucaryotes, many but not all,W genes

contain an oligo (dT) sequence, 5' to the transcription site.

The 5‘ upstream region contains two long homopolymers,

respectively, of T and A and the 3‘ flanking regions also

contain almost homopolymers of A and T. Dictyostelium has

also a consensus sequence AAUAAA following the stop codon.

This sequence is a poly-adenylation signal in higher

eucaryotes and is found at the 3‘ ends of all the Q.

discoideum genes analyzed (Kimmel and Pirtel 1983: Proudfoot

and Brownlee 1976) . Dictyostelium mRNA molecules, as in other

eucaryotes, contain a 3' terminal polyadenylic acid sequence

(Adesnik and Darnell, 1972; Darnell gt 51., 1973) and a 5'

terminal cap structure, the unusual nucleotide, 7-methyl

guanosine, linked to a 5'-5'-triphosphate bridge (Shatkin,

1976). Both are added post-transcriptionally.

Gene expression during growth and development

Global analyses of gene expression during growth and

development have resulted from solution hybridization
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analysis of RNA. Growing cells synthesise about 4000-5000

different mRNA-sised, polyadenylated sequences found in the

cytoplasm. The same value is obtained from the polysomes

which indicates that the corresponding genes (4000-5000) are

actively expressed..An additional 9000 transcripts are found

in the nucleus, but are transferred very poorly, if at all,

to the cytoplasm (Blumberg and Lodish., 1980). During

aggregation, abundant RNA species of vegetative cells were

found to drop to low levels (Jacquet gt g;., 1981). New

species of mRNAs, however, are induced before and after

aggregation. During the preculmination stage (~ 18 hour of

development), the newly synthesised mRNAs are estimated to

be 700-900 species. The number of expressed genes during

growth and development (~400 proteins) estimated from two-

dimensional (2-D) gel electrophoresis (Alton and Lodish 1977:

Cardelli gt g;., 1985) represents a minimum estimate since

proteins from mRNAs present at less than 10-20 copies per

cell would not be detected.

Physiological signals regulate gene expression

Gene expression in Dictyostelium is affected by cell

associated developmental or environmental stimuli such as

starvation, cell-cell contacts, cANP and other factors

(Marin, 1976 and 1977; Landfear and Lodish, 1980: Chung gt

g_l_., 1981: Nangiarotti gt gt” 1982; Nangiarotti gt g1.”
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1983: million gt 51., 1984: N011” and .Pittol, 1985).

alienation

Narin (1976, 1977) showed that the transition from growth

to development is initiated by amino acid starvation. Amino

acids are the only nutrients that specifically inhibit the

initiation of development. There are two classes, essential

and conditionally essential. The essential amino acids are:

methionine, glycine, leucine, isoleucine, veline, arginine,

histidine, tryptophan, phenylalanine, threonine and lysine.

These amino acids have .the following properties: (1) each is

required to inhibit the initiation of development maximally,

even when all other amino acids arecpresent: and (ii) each

is specifically required for meximal~growth, even when all

other nutrients are present. 21 .gisggigggn is either

deficient in the endogenous~synthesis or the retention of

these amino acids, therefore, an adequate exogenous source

is required to maintain growth. The conditionally essential

amino acids (Glutamic acid, Glutamine, Aspartic acid,

Asparagine, Alanine, Berine and Praline) have the following

properties: (i) individually they are not essential for

inhibiting the initiation of development: (ii) individually

they are not essential for growth: (iii) as a group, they are

essential for the amino acid-mediated inhibition of the

initiation of development in the absence of, but not in the

presence of, glucose: and (iv) as a group they are essential

for growth in the absence of, but not in the presence of,
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glucose. L gigggtgggg can synthesise the conditionally

essential amino acids from Rrebs' cycle and glycolytic

precursors. These conditionally essential amino acids

required for growth in the absence of glucose can also serve

as a source of "Rrebs" cycle and glycolytic intermediates or

be utilised as carbon and energy sources for cell metabolism.

Without glucose, available pools of the conditionally

essential amino acids would be depleted more rapidly than the

essential amino acids. The resulting starvation for the

conditionally essential amino acids would then initiate

development. Adequate endogenous levels of the conditionally

essential amino acids are maintained in the cells by the

addition of glucose or those amino acids to the medium. Under

these conditions, the essential amino acid pools become the

limiting factor for starvation. The role of glucose in

enhancing the amino acid-induced inhibition of development,

or slightly inhibiting when present alone may spare the

conditionally essential amino acids. There is no positive

evidence to support any direct role of glucose in the primary

regulation of the transition from growth to development.

Chisholm (1987) found starvation to be sufficient for

the induction of cANP receptors whereas cANP pulses might

further increase numbers of receptors (Chisholm gt gl. ,1987:

Schaap gt gt” 1986). Receptor accumulation during

development might therefore be a two-step process. An
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additional prestarvation response occurs as exponentially

growing cells gradually deplete their food supply (Clarke gt

3;. , 1988). Synthesis of certain proteins, discoidin I and

the lysosomal ensymes alpha-mannosidase-l and beta-

galactosidase-2 (Clarke gt g1., 1987) , was detected

approximately three cell generations before the food supply

became limiting for growth. nigtygstglim amoebae produce a

soluble substance (prestarvation factor, P8!) that

accumulates in the medium in direct relation to cell density

and can induce these proteins. The cell density required for.

induction of these proteins is also affected by the

concentration of food bacteria. This cellular response to

environmental conditions during growth is distinct from

starvation responses and was termed the prestarvation

response, to distinguish it from the starvation response that

occurs in the absence of bacteria or axenic broth.

Cell oontggts

Cells; acquire‘oell adhesion surface molecules (contact

sites A) which enable them to‘ adhere to other cells during

aggregation and in the multicellular aggregates. Evidence has

been presented that the: appearance of these contact sites on

the cell surface requires exposure to pulses of cANP which

the cells normally encounter during chemotactic signaling in

aggregation (Gerisch gt gt. , 1975). The immunological studies

suggested at least three glycoproteins, with molecular



0
g
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weights of 80,000, 95,000 and 150,000 daltons ( Parish gt

g1., 1978: Steineman and Parish., 1980: Geltosky gt 31., 1976

), plays some role in developmentally regulated cell-cell

adhesion. my studies suggested that the interaction between

cell-to-cell surface molecules also controls cell

differentiation and the regulation of developmental gene

expression. The induction of ~ 2500 new mRNA species

(aggregation-stage mRNAs) occurs concomitant with formation

of tight-cell-oell aggregates (Nangiarotti gt 31., 1981b:

Chung gt 31., 1981). Furthermore, disruption of cell-cell

contact results in decay of these mRNAs and in rapid

cessation of synthesis of postaggregationrstage proteins.

Pinney and his co-wonkers proposed that the 7 hour period

between the initiation of development and the onset of

multicellular morphogenesis, is. composed of two rate limiting

components which are identified by a lack of, or dependency

on, cell-cell contactscand fig gm protein synthesis (Pinney

gt 91., 1985); The: first component, which includes the

initial 4.5 .hours, will progress in the absence of close

cell-cell contacts as :well as new protein synthesis. In

contrast, the second one that includes the final 2.5 hours

depends on cell-cell contacts and protein synthesis. They

also tested the developmentally associated changes in protein

synthesis during the first and the second rate-limiting

period. They found significant increases and decreases in the
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rates of protein synthesis of approximately 262 polypeptides.

The majority of changes (748) that occur during the first

rate-limiting component are independent of close cell-cell

contacts, while the majority of changes (66%) accompanying

the second period occur in the present of cell-cell contacts.

These results might suggest that many genes expressed or

repressed during the first 4.5 hours of development do not

need cell-cell contacts or protein synthesis for their

expression or repression.

M

Cylic ANP is an important second messenger and it affects

many processes in other organisms (Robison gt gl., 1971) Its

role in growth gene expression is, however, poorly

understood (Paul and Robison, 1984).

In 12. gigggiggn‘ cANP serves as a chemotactic agent and

also influences the expression of large numbers of genes

during early and late development. Aggregation is coordinated

through a developmentally regulated cANP signaling system by

periodic synthesis and secretion of cANP approximately at 6

minute intervals. , The two responses essential to this

coordinated aggregation are chemotaxis (cells move up a cAHP

gradient) and signal relay (i.e. the synthesis and secretion

of cANP in response to extracellular cANP) . Both are mediated

by cell-surface cANP receptors and provide excellent models

for transmembrane signaling in eukaryotic cells (Gerisch,
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1987). van Baastert and others classify cANP receptors into

two classes depending on the rate of dissociation of cANP

( Van Haastert, 1987 and Van Haastert gt 31., 1989) . The fast

receptor present at ~ 50-100 zloilcell is probably involved

in the activation of adenylate cyclase, while the slow

receptor (~4n03/c'ell) is associated with the chemotaxis

response. Activation of the chemotaxis pathway is accompanied

by a 2-3 fold increase in inositol triphosphate (1,4,5-IP3)

levels as well as a transient 5-10 fold increase in cGNP

levels. The elevation of 1P3 levels might result in an

increase in the intracellular Ca2+ levels since the addition

of 1P3 to permeabilised cells results in a release of Ca2+

frommmitochondrial stores (Newell gt g;., 1988: van Haastert

gt 94., 1989). A cANP receptor gene was cloned by Klein

(1988), but it is not known if it represents the cAMP

receptor class associated‘with one or*both receptor classes.

The two cANP receptor classes could be the products of two

distinct genes or different products of one gene resulting

in two classes of receptors.

Spontaneous oscillations of the fast cANP receptor begin

at ~ 3.5 hours of development and continue through 7 hours.

The periodic cANP signaling, in turn, regulates early gene

expression as well as proper morphogenesis. Oscillation-

defective mutants termed "Synag" strains fail to
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differentiate unless a periodic exogenous cANP is added.

However, a constant level of extracellular cAKP, which is

necessary for prespore gene expression, does not rescue these

mutants, and additionally, suppresses early gene expression

in wild-type cells. Oscillations of cAIP'require the surface

receptor, adenylate cyclase, and cANP phosphodiesterase. When

cANP binds to its receptor, adenylate cyclase is activated

and cANP synthesised. If the cells are stimulated with a

higher cANP concentration more cANP is synthesised until the

receptors are saturated (or desensitised) . After several

minutes of continuous occupancy, the receptor 'will be

phosphorylated ‘and the cells will adapt and be unable to

respond to cANP. Thereafter, cANP-phosphodiesterase will

hydrolyze cANP to effect a gradual loss of receptor

phosphorylation and the return of the cells to the sensitised

state. The cANP ,receptor, identified by photoaffinity

labeling (Juliani and Rlein, 1981), oscillates between two

interconvertible forms.designated R (40Kb),and D (43 Rb) in

parallel with the oscillations in cANP. stimulation with cANP

will phosphorylate and convert the R form to the D form.

Devreotes and his co-workers propose a model in which there

are seven transmembrane domains, the an-terminus is

extracellular, and the serine-rich coon-terminal tail is

intracellular and is the site of ligand-induced

phosphorylation (Klein gt g;., 1988).
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Another important factor involved in transmembrane

signaling are the G proteins. The biochemical and genetic

evidence indicates that the cANP-mediated signal transduction

pathways are regulated through heterotrimeric G proteins with

alpha, beta and game subunits as in mammalian cells (Theibert

and Devreotes 1986: Janssens and Van Reastert, 1987: Gnaar-

Jagalska gt g1., 1988: Rumagai gt g1., 1989: Pupillo gt g"

1989) .

Pirtel and his group discovered and cloned two G-alpha

protein subunits, Gel and Gcz (Pupillo gt g1., 1989: kumagai

gt g1., 1989). These proteins have ~45% amino acid sequence

identity with each other as well as with G alpha protein

subunits from yeast and mammalian cells. Furthermore, the

GTP/GTPase binding domains show 100% amino acid sequence

identity with those of mammalian cells. The Gal protein is

expressed in vegetative cells through aggregate stages while

Gcz is inducible by cANP pulses and preferentially expressed

in aggregation. The Gal appears to function in both the cell

cycle and development. overexpression of Gal results in large

multinucleated cells that develop abnormally. The expression

of Gcz is highly developmentally regulated. Rece88888888888nt

results suggest that the Gcz protein subunit is coupled to

the chemotaxis receptors that activate phospholipase C that

hydrolyzes the membrane bound protein phosphoinositides into
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inositol triphosphate ( 1,4,5 IP3 ) and diacylglycerol (DAG)

(Resbeke gt 31., 1988: 8naar-Jagalska gt 31., 1988: Rumagai

gt 31., 1989).

The aggregateless mutant strains termed frigid (fgd)

strains have been well characterised genetically and

biochemically with respect to chemotactic ability ( Coukell

gt 31., 1983) . These mutants are unable to respond to

exogenous cANP signals. Parasexual genetic studies indicate

that the mutants fall in five complementation groups, fgd A,

8, C, D and B. The fgd 8 ,D and D mutants fail to produce

detectable levels of cAnP receptors, cANP phosphodiesterase

or extracellular phosphodiesterase inhibitor and the cells

continue to respond chemotactically to folic acid. Therefore,

these strains are probably arrested at the vegetative stage

or in early development. strains of groups fgd A and C

produce low levels of cANP receptors and secrete

phosphodiesterase inhibitor: some of these mutants elicit a

weak chemotactic response to cANP. The Prigid A and C mutants

initiate development when starved.but the process is blocked

at an early stage (Coukell gt 31., 1983). Present data

suggest that the Goz protein coupled to the chemotaxis

receptor is encoded at the Prigid A locus. strains NCBS and

RC112 of the Prigid A group and strain HC317 of Prigid C

group were used in our studies.
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Although it is well known now that the cell surface

receptor mediates gene regulation, the second messengers that

might be involved in this type of regulation are not clear

yet. several studies indicate that intracellular cANP and/or

cGNP might not be involved in the gene regulation. For

example, although the synthesis of intracellular cANP and

cGNP becomes insensitive to continuous stimulation by cANP

(Devreotes and stack, 1979) the expression of many late

developmental genes requires constant high levels of

extracellular cANP (Nehdy gt 31.,1983: Oyama and Blumberg,

1986: Haribabu and.Dottin, 1986: Rimmel, 1987). Furthermore,

the proper regulation of late gene expression is still

observed in response to exogenous cAMP, despite the

inhibition of adenylate cyclase (Rimmel, 1987: Oyama and

Blumberg, 1986: Schaap gt 31., 1986). Recent studies show

that the addition of IP3 to permeabilised cells results in

mobilizing calcium from intracellular stores and in a rapid

transient elevation of cGNP (Europe-Pinner and Newell, 1985) .

similar responses can be evoked by addition of Ca2+ ions to

permeabilised cells. The IP3 and diacylglycerol formed by

hydrolysis of phosphoinositides were identified as second

messengers in the control of several physiological processes

(Berridge, 1984). In _D_._ discoideum, as well as in higher

organisms, IP3 stimulates the liberation of Ca2+ from

cellular, non-mitochondrial stores, while diacylglycerol
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activates protein kinase C. To determine whether these second

messengers are involved in the cAMP receptor-mediated gene

regulation, the effect of various agonists and antagonists

that modulate the pathways regulated by 1,4,5 P13 and DAG was

studied (Pavlovic gt 31 1988: blumberg gt 31., 1988). They

show that the addition of the dihydropyridines, a highly

specific class of Ca2 ‘ channel blockers, or Tub-8, a

putative inhibitor of calcium release, caused a complete

inhibition of cAMP-regulated expression of prespore specific-

genes and prevented the repression of a growth gene. Their

results strongly suggest that calcium may play a role in the

signal transduction pathway.

Control of gene expression

Gene expression in Digtygstelium, as in other eucaryotes,

is controlled at both transcriptional and translational

levels. Transcriptional control of eukaryotic genes means

that increases or decreases in the synthesis of a primary RNA

transcript in the cell nucleus are the main cause of changes

in the rate of synthesis of a particular protein.

Transcriptional initiation and transcriptional termination

are both potentially subject to control, but control of

initiation appears to be most important (Platt, 1986). Post

transcriptional control can occur at different levels: RNA

processing, RNA transport and message stability. Messenger
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RNA decay (message stability) is now recognised as a major

control point in the regulation of gene expression. The

changes in the turnover rates of various mRNAs are important

to the ability of a cell to replicate and differentiate

normally and to respond quickly to changes in its

environment. The wide diversity in mRNA decay rates seen both

in procaryotes and eucaryotes is evidently due to recognition

of some structural features in individual mRNAs. special

structures at the 3' termini of’many’mRNAs appear to provide

protection against rapid exonucleolytic digestion (Drawerman,

1987), but the selectivity of the decay process appears to

be determined to a large extent by interaction between

endonucleases or other factors and.internal.mRNA structures.

The regulated decay of histone mRNA in mammalian cells

requires the presence of a stem-loop structure at the 3‘ end

(Levine gt 31., 1987). Bistone mRNA stability probably is

achieved by a factor that protects this 3‘ structure from

nucleases. Transferrin receptor mRNA also is predicted to

form a stem-loop structure which is iron-responsive: the mRNA

decays in the presence of iron (Mullner and Ruhn., 1988).

This particular sequence, inserted at the 5‘ non-coding

region in another mRNA, promotes translation of the mRNA in

the presence of iron (Casey gt 31., 1988). Thus, probably

there is an iron dependent factor that can control either the

translation initiation or mRNA decay depending on the

location of this recognition sequence on the mRNA molecule.
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Furthermore, it was shown that there is a group of AU-rich

sequences in the 3\non-coding region in many mRNAs that have

short half-lives (Drawerman, 1987) . The. AU-rich sequence

probably causes destabilisation of the poly (A) tail whereas

a short poly (A) tail often results in accelerated mRNA decay

(Wilson and Treisman, 1988) . Nowever, the decay of some mRNAs

seems to require more than one structural element: for

example the decay of c-‘fos mRNA is determined by the AU-rich

recognition sequence as well as another sequence in its

coding region (Rabnick and Housman, 1988). Translation of

mRNA plays an important role in controlling the degradation

of some mRNAs as well. The addition of the cycloheximide, an

inhibitor of polypeptide chain elongation, causes

stabilization of many unstable mRNAs. Several lines of

evidence indicate that mRNA degradation requires the

progression of the ribosomes through at least part of the

coding region (Graves gt 31., 1987). Per example, it was

found that the signal for the degradation of tubulin mRNA

lies in the first four amino acids of the growing polypeptide ,

chain. Therefore, the translation of a portion of the coding

region of that mRNA is necessary for its degradation.

Although different decay processes were identified, still

little is known about how the cellular factors affect the

susceptibility of mRNA to degradation.



x
x
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The analysis of mRNA stability in growing and developing

nigtyggtgunl cells has received considerable attention as

well (Casey gt 31., 1983., Chung gt 31., 1981). The effects

of several features of mRNA structure (i.e. 5‘ caps, 3‘ poly

(A) tails, mRNA sise and specific sequences within the

transcript) in determining mRNA stability were examined

(Nanrow and Jacobson, 1988: Nanrow gt 31., 1988). There is

a good agreement .that an intact 5‘ cap is essential for the

stability of mRNAs, but the destabilisation varies

significantly between different mRNAs ( Dru-mend gt 31.,

1985: Puruichi gt 31., 1977: Green gt 31., 1983: kreig and

Melton 1984: 1978: NcCrae gt 31., 1981) . studies of mRNA with

coding region .deletions. indicate that there is no correlation

between the size of an individual mRNA and its stability (

Gay gt 31., 1987: Graves gt 31., 1987). The hypothesis that

poly (A) tail lengths determine the mRNA stabilities was

suggested by microinj ection experiments using adenylated and

deadenylated mRNAs (Drummond gt 31., 1985: Hues gt 31., 1974:

Marbaix gt 31., 1975: Nudel gt 31., 1976). However, similar

experiments with different poly (A)* and poly (A)' mRNAs do

not support this hypothesis (Deshpande gt 31., 1979: Hues gt

31., 1983: NcCrae gt 31.,1981: 8ehgal gt 31., 1978). Recent

data suggest that there is no direct correlation between the

mRNA stability and the length of the poly (A) tail in Q.

discoideum (8hapiro _e_t 31., 1988). Furthermore, there is
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strong evidence that UT rich regions located at the non-

coding 5‘ or 3‘ end of mRNAs might play important roles in

mRNA stability (Ross and Pizarro, 1983) . Recent experiments

show that the deletion or replacement of these UT rich

regions results in substantial changes in the decay rate of

individual mRNAs (Graves gt 31., 1987: Luscher gt 31., 1985:

Morris gt 31., 1986: Rabbitts gt 31.,1985: Shaw and Ramon,

1986: Gimcox gt 31., 1985). The UT rich sequence is

particularly important because of the extremely high A-I-T

content of noncoding regions in n. gigggiggug mRNAs (Romans

and Pirtel, 1985).

OBJECTIVES AND ORGANIZATION OF THE THESIS

Cell proliferation is a complex process that requires

many genes, however, few of those genes have been identified.

In eucaryotes, even a good genetic estimate of the number of

genes involved in proliferation is unavailable. Because of

the unusual life cycle of Q. discoideum some genes whose

expression is proliferation-specific were isolated (Ropachik

gt 31., 1985). A cDNA library made to vegetative cell

transcripts was constructed in the mammalian expression

vector pc-D developed by Okayama and Berg (Okayama and Berg,

1982). A subset of 950 clones of the library were

differentially screened with 32p-labeled cDNA probes made to

vegetative and slug stage cell transcripts. The results show
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that most of these cloned sequences (646 clones ) represent

a class of "vital " genes. These are probably genes encoding

gene products necessary for basic cellular metabolic

processes or cell structure and the cDNA, therefore,

hybridized to both probes. Another class representing 304

genes are termed "proliferative" because they are

preferentially expressed in vegetative and cells early in

development. We chose ten of those clones that gave the

strongest signals of expression in the vegetative cells.

These'vegetative‘genes exhibit coordinate regulation: steady

state mRNA levels as measured by northern blot analysis show

a drastic decrease during aggregation beginning 4 hours into

the developmental phase (Ropachik gt 31., 1985). The major

objective in this project was to determine the nature of the

mechanism regulating proliferation-specific gene expression.

The hypothesis that differentiating cells have the ability

to repress specifically expression of vegetative genes was

examined.

At present there is a limited understanding of genetic

and physiological signals responsible for the regulation of

proliferation-specific gene expression. Whereas little is

known about the physiological signals triggering the

repression of vegetative gene expression during early

development, the induction of differentiation.-specific gene

expression is mediated by a variety of signals such as
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starvation for amino acids, cell to cell contacts, cAMP,

differentiation inducing factor (DIP), and other low

molecular weight factors (Mehdy and Pirtel, 1985) . These

signals might also affect the expression of vegetative genes.

In this work, an examination was made on the effect of these

signals on the expression of two genes: one is a gene highly

expressed in vegetative amoebae and‘whose corresponding cDNA

sequence was cloned in the insert of the plasmid pcD-D2 and

the other is a differentiation-cell-specific gene, pcD-D29,

whose expression begins in the life cycle when D2 gene

expression begins to be inactivated. Therefore, the analysis

of the D29 gene expression provides a useful comparison.

The specific objectives of the project were:

1. To determine the role of starvation in the repression of

the D2 gene during development.

2. To determine the role of cell-cell contacts in the

inactivation of the D2 gene during development.

3. To test the hypothesis that cAMP might play a role in

regulating the selective expression of this gene. since

a current hypothesis implicates the involvement of cAMP

in the induction and stabilization of some differentiation

specific genes. lutants strains defective in the cAMP

chemotaxis will be used comparatively. A

4. To determine if the physiological signal(s) affect the D2

gene expression at the transcriptional or post-

transcriptional levels.



MATERIALS AND METHODS

strains

I. mc-4

Digtmtgum gigggiggtn NC-4 is a wild type strain from

which all the following strains were derived (Raper, 1935):

1. XPSS and ms

IP55 is developmentally competent which carries cycloheximide

resistance. IP95 is a thermosensitive mutant that grows at

22 °C but the growth is arrested at 27°‘°'C. (Ratner and

Newell, 1978).

2. KAI-3

This strain carries the genetic markers axe A and axe B. It

was selected for growth in liquid HL5 medium in the absence

of bacteria (boomis, 1971 and Bell gt_31., 1976).

3. aces, aciiz and nosiw “‘

These are aggregation deficient mutants termed "frigid" (fgd)

strains: they were characterized genetically and

biochemically with respect to chemotactic ability (Coukell

gt al., 1983: Resbeke gt g1” 1988). The strains are
 

chemotactically unable to respond to exogenous cAMP signals.

The HC85 and HC112 strains were derived from the parental

strains HC6 and HC91, while HC317 was derived from the XP55

strain.

24
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Parasexual genetic techniques indicate that HC85 and HC112

strains fall in the complementation group fgd-A, and the

HC317 in the complementation group fgd-C. strains of both

groups produce low levels of cANP receptors but only HC317

shows some chemotactic response to cANP. The fgd strains

appear to initiate development when starved but become

blocked at an early stage.

II. V121l2

This is a developmentally competent strain (Ropachikzgt 31.,

1983) .

Growth conditions

All the Qt_gtggg1gggg strains, except for KAI-3, were grown

in association with 31gtg1g113 pggggggtgg either on 1/2 an

agar plates ( per liter: Bacto peptone 5 g, yeast extract 0.5

g, glucose ‘5 g, Mgso4.7 H20 1g, RHZPO4 2.2 g, NaZHPO4 1 g and

agar 20 g: Sussman, 1966) or on a suspension culture shaken

at 150 rpm. The concentration of amoebae was determined using

a hemocytometer and 2x106 cells were dispensed on plates or

5x105 cells/ml in a suspension with pregrown bacteria. The

cells were incubated at 22°C. The plates were harvested within

~ 40 hours when the amoebae started to run out of bacteria:

or when the cells growing in suspension reached the

concentration of 51106 cells/ml. Cells multiply with a

generation time of 4-5 hours. A new amoebae culture from

spores stored on silica gel was started every month.
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For axenic strains “-3 and RAT-3 , the spores were.

inoculated in ~ 2ml of HL5 medium ( per liter: Thiotone 14

g, yeast extract 7 g, glucose 14 g, Na2P04 0.5 g and kHzP04

0.5 9: pH 6.5) at the concentration of 1x106 spores/ml until

they germinated. This culture was used to inoculate 50 ml of

HL5 medium in a 500 ml flask which was shaken at 150

rev./minute at 22°C. When the cell concentration reached

about 52106 cells/ml, it was diluted into fresh medium at the

concentration of 5x105 cells/ml. The axenic cells multiply

with a doubling time of 10-12 hours.

Developmental conditions

The growing cells were harvested when the plates start to

clear in NC-4 and HP55 strains or when the axenically growing

cells reached the density of 2-31106 cells/ml. The bacteria

cells were removed from amoebae by differential

centrifugation in the buffer Hz at 1000 rpm: at that speed

the amoebae will pellet out while bacteria stay in

suspension. The amoebae were washed 3 times in cold xxz

buffer(16.6 arr-105204, 3.8 mM-RZHPO” 2 nn-ngso4: pH ~ 6.1).

Por normal development, about 21:108 cells were placed on KHZ

agar plates and incubated at 22°C. The cells aggregate within

5 hours and took about 24 hours to form fruiting bodies. For

suspension development, the cells were suspended at the

7
concentration of 2x10 cells/ml in development buffer (DB)
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(SmM sazsrou sax NaH2P04, 2.x 119804, :00 mt CaClz: min and

Rothman, 1980) . The total volume of the medium was 1/10 of

the flask volume. The cells were shaken at.230 rpm to prevent

cell-to-cell contacts or at 70 rpm to allow contacts (Nehdy

gt 31. , 1983) .

Pulsing with can

Cells developed in suspension were given cAMP at a 50 nM

final concentration at 10 minute intervals. The pulsing began

at 3 or 4 hours of development and continued until 12 hours

of development.

Plasmid preparation

Large scale plasmid preparation

Asulifimstieamfmm

1. A single bacterial colony was picked from an L-agar plate

(per liter: bacto-tryptone 10 g, Bacto-yeast extract 5 g,

NaCl 10 g and 2% agar: medium pH is 7.5) containing

ampicillin (50 ug/ml) and inoculated in 5 ml of h-broth with

ampicillin allowed to grow overnight at 37°C.

2. The culture was transferred to 1 liter of L-broth

containing ampicillin and grown at 37°C until the optical

density 595 nm (OD595) reached 0.5-0.7 which is the mid-log

phase (about 5x107 cells/ml).

3. Chloramphenicol (375 mg) was added to amplify the plasmid.

The cleared lysis
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1. The cells were spun down in GGA rotor at 5,000 rpm for 5

minutes and the cell pellet resuspended in 50 mN tris buffer

pH 7.4. Then the suspension was spun again.

2. The pellet was resuspended in 15 ml of 20% sucrose] 50 mM

tris pH 7.4 then 1 ml of 15mg/ml lysosyme was added.

3. Three ml of 250 mM HDTA pH 8 was added and the tube was

placed an ice for 30 minutes.

4. Twelve ml of Triton.x-100 solution (0.4% Triton 1-100, 50

ml! tris pH 8, 25 mM HDTA) was added slowly while stirring and

the mixture was left at room temperature for ~ 10 minutes

until it was clear and viscous.

5. The tube was centrifuged at 18,000 rpm in a 88-34 rotor

for 45 minutes at 4°C with no brake or was spun in an

ultracentrifuge in 30 ml poly-carbonate tubes in a T-865

rotor at 20,000 for 30 minutes.

W

1. The supernatant was decanted into a 50 ml centrifuge tube.

The chromosomal DNA was strained out with a tea strainer or

mesh.

2. The volume was measured and 1 g. CsCl per ml of

supernatant was added and dissolved.

3. For every 1 ml of the supernatant, 0.1 ml of 5 mg/ml

ethidium bromide (EtBr) solution was added.

4. The supernatant was poured into a 35 ml polyallomer tube

and the tube was balanced within 0.1 g with mineral oil or
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a CsCl solution of the same density to fill up any extra

volume.

5. The tubes were centrifuged at 40,000 rpm for at least 36

hours at 20°C.

6. Two bands were evident under UV light (366 mm, long wave

length): the lower hand. contains the plasmid DNA and the

upper one is chromosomal DNA.

7 . The tube cap was removed and tube was punctured just below

the plasmid to withdraw with. an 18 gauge needle and a 1 ml

syringe.

8. The star was removed with salt saturated isopropanol (250

ml of isopropanol with 250 ‘ml of 5N Neel/10 mM tris pH

8.5/1mN HDTA to saturate). One voltuae of saturated

isopropanol was added to the plasmid solution (invert to

mix), then the tube was undisturbed for ~ 2 minutes to allow

phase separation. The Bthr layer was removed and the

extraction was repeated until no more star was visible in the

CsCl plasmid solution.

 

1. The plasmid containing solution was poured into prepared

dialysis tubing and dialysed overnight against cold 10 all

tris pH 8/1mN BDTA (~ 4 liters).

2. The contents of the bag were removed to 30 ml Corex tube,

then 1/10 volume of 3 M NaAoc and 2 volumes of cold Ethanol





30

was added. The tube contents were mixed well and stored at

20°C overnight or at -70°C for at least 1 hour.

3. The tube was spun down in HB-4 rotor at. 10,000 rpm for 20

minutes at 4°C to pellet out the plasmid, then the pellet was

dried under the vacuum.

4. The plasmid DNA was resuspended in a small volume (200 ul

to 1 ml) of TB buffer (:0 mM tris pH 8/1mM BDTA). 5 ul of DNA

was placed in 1 ml of H20: the OD260 was measured to determine

the concentration (1.0‘ 0D unit a 50 ug/ml) .

small scale plasmid preparation

MW

1. Bacterial cells were grown in 100 ml L-broth .with 50 ug/ml

ampicillin.

2. The cells were spun down in the HB-4 rotor at 7,000 rpm

for 5 minutes and resuspended in 2 ml of cold sucrose buffer

(25% sucrose, 50mM tris pH 8 and 10 mM BDTA).

3. To the cell suspension, 0.6 ml of lysosyme was added

(Sag/ml lysozyme in 50 ml tris pH8/ 10ml! BDTA buffer) and the

contents were placed on ice for 5 minutes. Then 1.2 ml of

50m tris/10ml! BDTA buffer and 25 ul of 10 mg/ml RNase were

added and the tube was returned to ice temperature for

another 5 minutes.

4. Five ml of Triton x—100 solution (50 mM tris pH 8, 10 an

BDTA and 2% Triton x-100) was added slowly and the contents
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were mixed by tipping.

5. To separate supernatant from cell debris, the tube was

spun in an HB-4 rotor at 12,000 rpm at 4°c for 10 minutes.

6. The supernatant was diluted to 10 ml with H20 containing

0.4 ml of 5 mg/ml BtBr, then 9.6 g CsCl was dissolved and

the tube was spun at 2,500 rpm for 10 minutes to remove the

protein particles that were formed as a thin film on the top

of the supernatant.

7. The supernatant was transferred to 15 ml polyallomer

tubes and the tubes were spun in VT-865 rotor at 50,000 rpm

at 20°C for 18 hours.

8. The DNA plasmid was collected, dialysed, precipitated and

the concentration was determined as mentioned before.

Isolation of D2 and D29 DNA inserts from an agarose gel

1. The cDNA inserts of the D2 gene (0.45 kb.) and the D29

gene (0.4 kb.) cloned in the pcD-Vl plasmid (Pig. 2) were

released by cutting the plasmid with BamHl restriction enzyme

(~4 units of the enzyme/ug of the plasmid DNA). The digestion

reaction was run overnight at 37°C to make sure that the

cutting of the plasmid was complete, then the reaction was

inactivated by incubating the tubes at 70°C for 10 minutes.

2. The digested pcD-D2 or pcD-D29 plasmid was run on a 1.2%

agarose gel for about 3 hours, along with the molecular

weight markers, to separate the insert. The gel was stained
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with ethidium bromide containing H50 (0.5 ug/ml) for ~ 30

minutes.

3. The band of interest was localized using the long wave

length UV lamp (366 nm) to minimise the damage to the DNA.

4. The band was cut with a sharp rasor blade and placed into

a dialysis bag filled with 0.5: THE buffer then most of the

buffer was removed leaving only ~ 2ml or less and the bag was

tied.

5. The bag‘was immersed in a shallow layer of 0.5! TBB in an

electrophoresis tank and with a voltage of 100 volt for 30

minutes at which time the current was reversed for ~ 30

seconds to release the DNA from the wall of the dialysis bag.

6. The bag was opened carefully and the buffer surrounding

the gel slice was collected. The DNA insert was recovered by

ethanol precipitation as mentioned before.
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FIGURE 2

The cDNA cloning vector. The plasmid has the 8V40 early

region promoter upstream of ”the cDNA cloning site and an 8V40

late polyadenylation sequence downstream of the cDNA insert.
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RNA isolation

Total cellular RNA was isolated according to Chirgwin's

method (Chirgwin gt 31., 1979) by centrifugation of cells

lysed in guanidinium thiocyanate placed over a cesium

chloride cushion, or by using the phenol/chloroform

extraction method (Jacobson, 1976) . All glassware were baked

at 350°C for at least 3 hours and most of the reagents were

treated with the RNase inhibitor, diethyl-pyrocarbonate

(dep) . Wherever possible, the solutions were treated with

0.1% diethylpyrocarbonate for at. least 12 hours and then

autoclaved for 20 minutes.

The guanidinium thiocyanate amethod .,

1. The cells (~ 2k108 cells) were dissolved in 10 m1 of 4N

guanidinium] 0.1M 2-mercaptoethanol (pH5) and frozen at -70c.

2. To isolate total RNA, the samples were thawed and spun at

3000 rpm/20 minutes to pellet the insoluble materials.

3. In an RNAse free AH-629 polyallomer tube 2.5 ml of 5.7 N

CsCl/0.1 N BDTA (pH5) was added to form a CsCl cushion: the

sample was layered over the cushion up to ~ 1 millimeter from

the top of the tube using 4M guanidinium to balance if

necessary.

4. The tube was centrifuged for 24 hours at 25,000 rpm at

15°c.
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5. All of the sample was removed by aspiration down to the

CsCl layer and the tube walls were washed with 3 ml of .dep'd

water. The wash of H20 and most of the CsCl were aspirated so

that ~ 1 ml is left in the bottom. The tube was inverted and

its bottom was cut with a sharp razor blade.

6. The area around the pellet was washed again with 0.5 ml of

dep'd H20 and drained with a pipette. .

7. The pellet was jabbed with a blue tip in order to break

it up then 0.5 ml of dep water was‘ added and the RNA pieces

were transferred to a microfuge tube.

8. Another 0.5 ml of 'dep H20 was added and RNA was broken to

small pieces by pipetting up and ‘down several times then

vortexed continuously until the RNA was dissolved completely.

9. The microfuge tube was spun for ~ 5 minutes to pellet the

insoluble materials, ‘if any, and the supernatant was

transferred to a baked corex tube. To the supernatant was

added 2 ml of dep H20, 75 ul of 414 NaCl and 7.5 ml of cold

100% Ethanol. After mixing well the tube was stored at -20°C

overnight or at -70°C for at least an hour.

10. The tube was spun at 13,000 in HB-4 rotor/20 minutes at

4°C to pellet RNA. The supernatant was aspirated and the RNA

pellet was washed gently with ~ 0.5 cold 80% ethanol to

remove NaCl residues.

11. The RNA pellet was dried in a vacuum until the ethanol

and the H20 were evaporated. The pellet was dissolved in
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small volume of depId H20 '(~200 ul).

The phenol/chloroform method

1. The cell pellet was suspended in 10 ml .of cold HNR buffer

(50ml Hopes, 40ml NgC12 and 20m RC1) and to- this was added,

with vortexing, 200 ul 10% EDD, 10* ml phenol saturated with

1M tris pH 7.5, 0.5 ml 411 NaCl and 10 ml chloroform.

2. The tube was centrifuged at 3000 rpm for 10 minutes.

3 . The aqueous phase was removed and extracted alternately

with an equal volume of phenol and chloroform until the

interphase disappeared.

4. RNA was precipitated by the addition of NaCl to 0.314 and

2 volumes of ethanol to the aqueous phase.

5. The tube was centrifuged at 13 ,000 rpm in an HB-4 rotor

for 30 minutes, at 4°C and the RNA was resuspended at a

concentration of 1 mg/ml in dep'd H20.

Northern blot analysis

1. The denatured RNA was sized-fractionated on 1.3% agarose

gels containing formaldehyde (Lehrach gt 31. , 1977) and

transferred to Gene Screen (New England Nuclear) according

to the manufacturer's directions.

2. The filters were baked at 80°C for 2 hours.

3. The blots were prehybridized in hybridization buffer

containing (50% Pormamide, 10% Denhardt's solution 50x,
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5o mM tris pH 7.5, 1% of ultra-pure SDS, :10% Dextran Sulfate,

1 M macl, 1% denatured Salmon DNA and ~ 4% or less H50) at

42°C overnight.

4. Oligolabeled plasmid probes (~ 51:108 to 1x109 cpm/ug) were

hybridized to the blots (21106 cpm/blot) in the hybridization

buffer for 2 days at 42°C.

5. The blots were washed twice (for 10 minutes each) in 2x

SSC ( 0.3M Nacl/.003 M trisodium citrate) at room

temperature, and then in 0.5! SSC with 1.0% SDS for 30

minutes at 65°C and in 0.1: SSC for 30 minutes at room

temperature.

6. The blots were visualized by autoradiography at -70°C

overnight using intensifying screens.

Oligolabeling

This technique was used for radiolabeling DNA restriction

fragments to high specific activity (Peinberg and Vogelstein,

1983) . The technique is very good for radiolabeling small DNA

fragments (less than 500 bp). A brief description of this.

technique is as follows:

1. Sixty to 100 ng of D2 or D29 insert DNA was diluted to 11

ul in distilled H20 in a 0.5 ml microfuge tube (if the entire

plasmid was used, it was linearized with the appropriate

restriction enzyme).
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2. The tube was boiled for 5 mdnutes and cooled quickly in

ice in order to denature DNA (single stranded DNA), then the

following reagents were added to the tube:

A. 18 ul LS ( L8 is a mixture of 1M Hepes buffer pH 6.6: TM

: on at the ratio of 25: 25: 7 respectively: TM contains

250mM tris pH 8, 25 MgClz. and 50mM B-Mercaptoethanol: 01.

contains 90 O.D. units/ml Hexamers, 1mM tris pH8 and lmM EDTA

pH 8).

B. 1 ul of 16 mg/ml BSA.

C. 3 ul of 100uM dNTPs minus dCTP.

0. 4 ul of (329) corp (3000 Ci/mmol).

E. 1/2 ul of DNA polymerase I, Rlenow fragment (9 units).

3. The tube was incubated at room temperature overnight.

4. The unincorporated 32P was removed using the spun column

procedure.

5. A one ml disposable syringe plugged at the bottom with

glass wool was used as a column.

6. The column was filled with Sephadex G-50 equilibrated in

SDS buffer (100mM NaCl, 10mM tris pH 8, 1mM EDTA and 0.4%

SDS), then it was spun at about 1,500 rpm for 5 minutes in

a bench centrifuge in order to pack down the Sephadex (the

packed column volume was about 0.9 ml).

7. The DNA sample was applied to the column and the column

was recentrifuged at the same speed and for the same time

as before. The effluent from the column was collected in a



40

decapped eppendorf tube which represents the labeled DNA,

while the unincorporated (32P) dNTPs remain in the syringe.

8. The counts per minute (cpm) of the labeled DNA (probe) was

measured using a scintillation counter and the probe specific

activity was determined.

Nuclear transcription assays

Nuclear run-on transcription assays ‘were performed

essentially as described by Nellen (gt 31., 1987: Landfear

gt 31., 1982: Williams gt 31., 1980 ).

I. Nuclei isolation

1. Axenic cells were grown in the rich medium (HES) until

they reached the concentration of 4x10°rcells/ml. Developing

cells were shaken on suspension in DB under thevconditions

mentioned before.

2. Upon harvesting (3000 rpm/10 minutes), cells were washed

3 times with RR2 buffer.

3. Cells were resuspended in 1/10 of the original volume of

lysis buffer II (lysis buffer I + 10% percoll).

4. Cells were lysed by the addition of NP-40 detergent at the

final concentration 1%.

5. Nuclei were collected by centrifugation at 5000-6000 rpm

for 5 minutes.

6. The pellet was resuspended in 1/10 of the original volume

of lysis buffer II, then unlysed cells were spun down at 1000
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rpm for 5 minutes.

7. The nuclei were collected again from the supernatant as

before, and washed once in 1/20 original volume of lysis

buffer I ( 50 mM Hopes-pH 7.5, 40 mM NgClz, 20 mM RC1, 0.15

mM Spermidine, 5% Sucrose, 14 mM Mercaptoethanol and 0.2 mM

Phenyl methyl sulfonyl fluoride \PMSP') , then they were

precipitated again.

8. As soon as the nuclei were isolated, they are used in the

tglgtttg transcription reaction.

II. In vitro transcription

1. The reaction was set up as follows:

A. 34 ul 1120

B. 20 ul 5! transcription buffer (200 mM Tris pH 7.9, 1.25

M RC1, 50 mM MgC12, 25% glycerol and 0.5 mM DDT)

C. 5 ul Of 4TH ATP, 4mN GTP and 4mM CTP.

D. 1 ul (30 units/ul) of the RNase inhibitor (RNasin).

E. 10 ul (100 uCi) of a fresh 32P UTP (3000 Ci/mmole).

P. 20 ul nuclei (from 21107 cells)

Incubation was at 23 °C for 30 minutes.

2. The reaction was stopped by the addition of:

A. 10 ul 1M tris, pH 8.4.

B. 10 111 0.214 EDTA.

C. 10 ul 20% SDS.

D. so ul 1120).

E. 200 ul phenol-chloroform.
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3. Unincorporated nucleotides were removed by passing the

aqueous phase over a Sephadex G-50/SDS spun column.

4 . Equal numbers of incorporated counts from each time point

were hybridized to filter-immobilised DNA for 48 hours 42°C

as mentioned above.

Chemicals

Unless otherwise stated all the chemicals used in this work

were purchased from Sigma Chemical Company. Adenosine 3':5'-

monophosphothioate cyclic Sp-isomer (cAMP—S) was obtained

from Boehringer Mannheim Biochemicals. Pormamide and

guanidinium thiocyanate was from Pluka. 32P-CTP and 32P-UTP

was from New England Nuclear.



RESULTS

I . The expression of the vegetative specific D2 and the

differentiation specific D29 genes in vegetatively

growing and differentiating cells

The vegetative RP55 cells, a derivative of the wild type

strain NC-4, were grown with W113Won 1/2 8M

agar plates (Ray and Trevan, 1981) and were collected for RNA

isolation before being starved. Por normal development with

cell aggregation, the vegetative amoebae were harvested,

washed three times with RR2 buffer, placed on RR2 plates

(2x108 cells/ plate) and observed to aggregate in response to

cAMP. At the end of the aggregation stage tight aggregates

with tips had formed by 12 hours.

Total RNA isolated from vegetative cells and developing

cells (at 4 hour intervals) was size-fractionated on 1.3%

formaldehyde agarose gels and electroblotted onto "Gene

Screen" membrane. The blot was hybridized with the

oligolabelled pcD-D2 and.pcD-D29 plasmids that have the cDNA

inserts for these ‘genes. The D2 and. D29 cDNA inserts

hybridized to small transcripts on.northern.blots (Pig. 3A).

The ethidium bromide stained blot of (A) is shown in (Pig.

3B) as a control for RNA analysis to indicate that equal

43
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FIGURE 3

The expression pattern of the growth gene (D2) and the early

developmental gene (D29) in the developmentally competent

strain XP55 during normal development on agar (A). RNA

isolation and northern blot analysis were performed as

described in the materials and methods section. The

autoradiogram shows that the D2 transcripts are abundant in

growing cells and early in non-growing differentiating cells

but are lost when cells begin to aggregate. The levels of D29

transcripts, in contrast, rise during this period. The

ethidium bromide stained blot of (A) is shown in (B) as a

control for RNA analysis to indicate that equal amounts of

RNA (10 ug) as judged by the equality of the amount of RNA

in the 26S and 17S ribosomal bands were loaded in the lanes.

All blots shown in this work were stained with ethidium

bromide and observed to have an equal RNA loading by this

method.
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amount of RNA (long) were loaded in the lanes as judged by

equality of the amount of RNA in the 26S and 178 ribosomal

bands. D2 transcript levels were high in. growing cells but

fell dramatically by 8 hours of differentiation. D29

transcript levels, however, were undetectable in growing

cells but increased by 4 hours of differentiation (Pig. 3A) .

Similar results were obtained with V12M2 and NC-4 strains

(data not shown). Thus, D2 gene expression is inactivated

while the D29 gene expression is activated.

The D2 gene might be an important growth gene because its

expression is reduced in the life cycle when cells are no

longer proliferating. The D2 transcript levels are high

during cell proliferation, decline dramatically to

undetectable levels during development when the cells are

arrested at the G2 phase ( Weijer gt 31., 1984: Rats and

Bourguignon., 1974) and increase again upon the resumption

of growth after the germination stage (Ropachik gt 31. ,

1985). To investigate if cessation of cell proliferation

alone affects D2 transcript levels, we used two mutant

strains which are thermosensitive for. growth (tsg) , RP95 and

HM27. The RP95 mutant, whose defect maps to tsg A on linkage

group IV, and H1427 (unmapped mutant) grow normally at 22°C but

cease proliferation at 27°C (Ratner and Newell, 1978: Ropachik

gt 31., 1983). RNA isolated after 18 hours of incubation at
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these temperatures was analysed on a northern blot to

determine the D2 and D29 mRNA levels (Pig. 4A). The

interruption of the cell proliferation.ceused a loss of D2

transcript levels in both strains whereas D29 transcripts

were detected only in the HN27 strain. However, the

transcript levels of another gene, pr 326, were unchanged

which indicates that the loss of 02 transcripts was specific

and it was not due to a heat shock response. In the control

experiments, where cells grew at 22°C for 18 hours, the D2

transcript levels were high, while D29 transcript levels were

not detected. We also blocked the cell proliferation of an

axenically growing strain “-3 with caffeine (Hagmann, 1986)

to investigate whether D2 transcript levels can be affected

in a strain without a thermosensitive growth mutation. In

order to determine the appropriate dose of caffeine that

arrests cell proliferation, we grew the cells in the presence

of different caffeine doses (i.e. 0.0, 0.625, 1.25, 2.5, 5

and 6.25 mM). The 5 mM dose inhibited cell division

completely, the 2.5 mM caffeine,had an intermediate effect

and the 1.25 mM dose or less had no effect on the growing

cells. Thus, caffeine affects the growing cells in a dose

dependent manner (Pig. 4B). These results were confirmed by

northern blot analysis of RNA isolated from cells under

different concentrations (Pig. 4C) Caffeine has a reversible

inhibitory effect on cell growth. When the caffeine arrested
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cells were washed thoroughly with n2 buffer and resuspended

in fresh medium, they recovered from the inhibitory effect

of caffeine (Pig. 4 D). Purthermore xanthine, a caffeine

precursor, was found to have a similar effect as caffeine

(Pig. 4 E). Different strains might vary in their responses

to the addition of caffeine. Por example, the RP55 strain is

less responsive to the caffeine addition in lowering the D2

transcript levels than AR-3 strain (data not shown).

When caffeine (5mM) was added to the growing cells, D2

transcript levels were lowered, but interestingly D29

transcript levels increased as if the early developmental

events were induced as occurred in the H1427 strain at 27°C

(Pig. 4 P). The increase in D29 transcript levels were

comparable to that of normal developing cells. Thus blockage

of cell proliferation resulting from caffeine or from

incubation of some growth mutants at a restrictive

temperature lowers D2 and raises D29 transcript levels. These

results suggest that the cell cycle might play a role in the

regulation of D2 gene expression. On the other hand, when we

added to growing cells the DNA synthesis inhibitor,

hydroxyurea (1mM), known to arrest the cell cycle at the S-

phase, there was no effect on the D2 transcript levels (Pig.

4G) .
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FIGURE 4A

Blockage of the cell proliferation lowers Dz mRNA levels. The

expression pattern in vegetative amoebae of two tsg mutants

( XP95 and H1427) incubated at 21°C and after shifting an

identical culture to 27°C for 18 hours. The autoradiograms

show that the interruption of the cell cycle caused a loss

in the D2 transcript levels whereas D29 transcripts in the

HM27 strain were induced. The transcript levels of the

control gene, pLR326, were unchanged.



50

 

 
NNZT



51

FIGURE 48

Caffeine affects cell proliferation in a dose dependent

manner. Caffeine was added to axenically growing cells at

different concentrations,0, 1.25, 2.5 and 5 mM.
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FIGURE 4C

Caffeine lowers D2 mRNA levels. RNA isolated from cells

treated with various concentrations of caffeine was analysed

for D2 mRNA levels.
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FIGURE 40

The inhibitory effect of caffeine is reversible. Ax-3 cells

were incubated in the presence of 5mM caffeine, then half of

the SmM caffeine treated cells were removed from caffeine,

and resuspended in fresh medium. These cells recovered from

the caffeine inhibition effect.
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FIGURE 4E

Xanthine inhibits cell growth. Ax-3 cells were grown in the

presence of different concentrations of’xanthine, 0, 2.5 and

SmM. Xanthine at 5mM is as effective as caffeine at the same

concentration.
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FIGURE 4. F AND G

P. Caffeine reduced D2 transcript levels, but induced D29,

gene expression. “-3 strain was grown in nutrient .broth

(HL5) for 12 hours in the presence (+) or absence (-) of

caffeine. The autoradiogram shows that when the cell

proliferation was blocked with caffeine (5mM), the D2 mRNA

levels were lowered, but the D29 mRNA levels increased.

G. Hydroxyurea does not affect D2 mRNA levels. Ax-3 cells

were grown in the presence (+) or absence (-) of the DNA

synthesis inhibitor, hydroxyurea (1mM) . The autoradiogram

shows that the addition of hydroxyurea did not change the D2

transcript levels.
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Thus, arresting the cell cycle at the 8 might not affect the

D2 transcript levels.

II. The physiological signal (s) that regulates D2 gene

expression

 

The loss of D2 transcripts during normal development

might be due to (1) starvation for nutrients, (2) the effect

of cell-to-cell ~ contacts which develop during

differentiation, (3) cAMP which is an essential signal for

both chemotaxis and morphogenesis during the developmental

program, (4) the cell cycle effect just described, or (5) a

combination of these signals. Development of cells in a

suspension was used to study the effects of these signals on

the expression of the D2 and D29 genes. Development in

suspension allows for close

monitoring of the concentration of extracellular cAMP and the

easy introduction of drugs or analogues that might affect

signaling. Amoebae will develop and retain aggregation

competence in shaken sudpensi'on but will proceed no further

with development (Gerisch, 1968) . Although suspension

development prevents normal morphogenesis, cells do initiate

the early developmental events.“ Several studies indicate that

cAMP receptors are induced in Qictyostelium cells shaken in

suspension ( Henderson, 1975: Chisholm gt a_t., 1984) and

cell-cell contacts termed contact sites A form (Gerisch gt

_a_l., 1975). The addition of cAMP in pulses to cells in
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suspension was shown to stimulate maximal cAMP binding

activity (Chisholm gt 31., 1987: Schaap gt 31., 1986). Rimmel

showed that cells shaken at a high density (23107 cells/ma)

and low speed (90 rpm) in suspension culture may emit pulses

of cAMP and stimulate the entire culture to produce

endogenously generated pulses of cAMP (Rimmel and Carlisle,

19863 £151.81, 1987).

1. The effect of suspension development and cell-cell

contacts

 

Starvation was initiated by washing cells three times

with phosphate buffer (n2) , and placing in flasks shaken in

suspension in development buffer (DB) at the concentration

2x107 cells/ml at 230 rpm to prevent cell-cell contacts or at

70 rpm to allow contacts. Cells shaken at high speed remain

substantially as single cells while cells shaken at a low

speed form cell masses ( Mehdy gt 31., 1983). RNA isolated

at.4 hour intervals (0, 4, 8 and 12) was analyzed.on.northern

blots. In the slow and fast shaking experiments, the D2

transcript levels did not fall whereas the D29 transcript

levels rose by ~8 hours of development in suspension (Pig 5

A and B ). Thus, starvation alone, which might be an

effective physiological signal in the activation of the D29

gene, is not a sufficient signal for the inactivation of D2
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FIGURE 5

Starvation or cell-cell contacts are not sufficient signals

for lowering the D2 transcript levels. XPSS cells were

developed in suspension in the presence (slow shaking) or

absence (fast shaking) of cell-cell contacts. The

autoradiogram shows that the levels of D2 transcripts

remained high during development in suspension.
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gene expression. Moreover, cell-cell contacts, which play an

important role in the induction of several thousands of genes

during aggregation ( rirtel, 1972: Landfear and Lodish, 1980:

rinney gt g1., 1985) , had little effect on the D2 transcript

levels. Nevertheless, cell-cell contacts or probably cm

signals spontaneously emitted from cell aggregates on

suspension did enhance the expression of D29 gene. The D29

gene expression was induced by 4 hours in cells developing

on agar but by 8 hours in suspension. Additionally, the D29

transcript levels were higher in slow shaken cells, where

small aggregates are formed, than in fast shaken cells, where

cells remain substantially as single cells. Athough cell-cell

contacts appear to play a role in inducing the expression of

D2! gene, the induction of this gene in vegetative cells by

caffeine or in the tsg mutant disagrees with the cell contact

hypothesis. Presumably another signal other than cell-cell

contacts activates D29 gene expression.

2. The effect of elevating the extracellular

or the intracellular can levels

Extracellular can? is known to induce some

differentiation 'specific transcripts and repress other

transcripts (see Introduction, P.9) when added to cells

shaken in suspension cultures (Darklis and Lodish, 1983;

Bozsone and Berger, 1987 and Chung g; g;., 1981). To study

the effect of cm on D2 gene expression, cam: (1mM) was
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added four hours after the cells were placed in suspension

at slow or fast shaking speed and the cells were allowed to

differentiate for another 8 hours. an isolated from aliquots

of cells collected at 4 hour intervals (0, 4, B, and 12) was

analysed as before. The D2 transcript levels remained high

and did not respond to the addition of cAMP (Pig. 6 A ). We

also tried the cAMP thioanalogue cAMP-8 which inhibits

aggregation in.NC-4 derived strains ( Rossier g; g;., 1978).

Cyclic AMP-8 is about 10,000 times more slowly hydrolyzed.by

cAMP-phosphodiesterases but its affinity for the cAMP

receptor is only about 10 fold less than cAMP. The cAMP-8

added at a lower physiological level (Sun) also was

ineffective (Pig 6 D ). In the meantime, there was no

significant change in the D29 transcript levels with the

addition of can? or cane-s. Therefore, high levels of cAMP

or cAMP-8 do not affect D2 and D29 mRNA levels. On the other

hand, cells of the v12n2 strain differentiating under the

same conditions lowered D2 transcript levels (Fig 6 C ).

However, the levels of D2 transcript remained high in V12M2

cells differentiating in suspension in the absence of can?

(Fig.6 D). The difference in the response between IP55 and

v12u2 strains to l mu can? might be due to the ability of the

V12M2 strain to develop in the presence of cAMP-8

concentrations which prevent aggregation in NC-4 derived

strains.
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FIGURE 6 A,B,C,D

Non-oscillating extracellular cAMP levels do not affect D2

gene expression. The expression pattern of XPSS during

suspension development with the addition of mu can? (A) , Sun

cAMP-8 (B) or V12M2 in the presence (C) or absence (D) of mu

cAMP. The autoradiograms show that although D2 mRNA levels

fall in v12x2, they do not in XPSS.



 

 

 



Possibly high intracellular but not high extracellular

levels of cAMP will lower D2 gene expression. The s-bromo

canP analogue, which is capable of entering the cells (xwong

g; 51., 1988: Ray, 1989), added at a so and loOuH to XPSS

cells developing in suspension did not affect D2 gene

expression (Fig. 6 B ). Another cAMP analogue, 8-

chlorophenylthio cth (200 ux), added under the same

conditions also was ineffective ( data not shown). These cAllP

analogues are known to affect gene expression for some genes

(Oyama and Blumberg 1986: Theibert and Palmisano, 1986: Van

Haastert and Klein, 1983: De wit, 1982). Therefore, if those

analogues are membrane permeable and capable of acting like

intracellular cnnP, they should have lowered D2 transcript

levels if an increase in intracellular levels of cMIP is

required for lowering D2 mRNA levels. In conclusion,

increasing the extracellular or the intracellular cAMP levels

does not affect D2,gene expression.
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FIGURE 6 E

Elevating the intracellular cAMP levels does not affect the

D2 gene expression. The expression pattern during suspension

differentiation with the addition of the cAMP membrane

permeable analogue (B-bromo cAMP) at the concentration of

100uM and SOOuM. The autoradiogram shows that increasing the

intracellular cAMP was ineffective in lowering the D2 mRNA

levels.
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3. Oscillation of extracellular can levels is required for

D2 gene expression

 

Chemotaxis activation as well as the induction and

repression of different classes of genes expressed early in

development requires that a cell surface cuP receptor

receives an intermittent cAMP signal. This will result in an

oscillation of the receptor between the active and the

inactive forms, and thus activate the intracellular signal

transduction process that leads to chemotaxis and regulation

of gene expression (see Introduction, p11) . Furthermore,

recent studies (Klein. g; ;g;., 1988) indicate that the

oscillation of extracellular cAMP levels is required for the

induction of the receptor gene expression. We, therefore,

tried to mimic the normal developmental conditions by

applying cAMP in pulses to cells shaken in suspension. Pulses

of cAMP were applied (at scan final concentration) to XPSS

cells in 10 minute intervals starting after 3 hours in

suspension culture and continuing for another 9 hours. Total

RNA isolated at 4 hour intervals was analyzed on a northern

blot. Surprisingly, cAMP pulses caused a gradual loss of D2

transcript levels by S and 12 hours of development in

suspension, but no significant change was detected in the D29

transcript levels (Fig. 7A ). In the Ink-3 strain, the 200

mu cAMP pulses were the most effective in lowering D2

transcript levels (2-3 fold less than the control).
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FIGURE 7A

Oscillation of extracellular cAMP levels is necessary to

lower the D2 mRNA levels. The expression pattern during

suspension differentiation in the presence of cAMP pulses.

XPSS cells were developed in suspension at a slow or fast

shaking speed and with the addition of cAMP pulses. Pulsing

was begun after 3 hours and continued for another 9 hours at

a 50 nM final concentration at 10 minute intervals. The

autoradiograms (a and 8) show a gradual loss of the D2 mRNA

within S and 12 hours of development, while pLx326 mRNA

levels remained unchanged.
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Higher doses of pulses (more than so nH‘with the XPSS strain

or more than 200 nl with the sax-s strain‘) were not as

effective (data not shown). The nextracellular cAHP-

phosphodiesterase will effectively degrade a cAHP pulse

within few minutes and before the addition of another one:

therefore as in normal development cum-phosphodiesterase

prevents the camp level from building up (see Introduction,

p11). However, the level will be built up quickly with the

addition of high chHP doses because high concentrations of

cAHP may saturate the system and inhibit the

phosphodiesterase activity. Therefore, the oscillation of the

extracellular cAMP level is required for the inactivation of

the D2 gene expression.

The vitamin folic acid, which is given off by bacterial

food sources, is another chemoattractant of gictyostelium

cells. It attracts vegetative cells and continues to attract

developing cells until cAHP signals are initiated early in

development. Polio acid induces biochemical oscillations,

accelerates development to the aggregation stage and elevates

intracellular anP levels when applied in pulses ( lurster

and Schubiger, 1977). xPss cells were shaken in suspension

(in development buffer at the concentration of 5x107

cells/ml) for'2 hours, then the oscillations were induced by

means of 11 pulses of folic acid (at 200 an final
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concentration) supplied at.intervals of 8 minutes. RNA was

isolated and analysed on a northern blot as before. Polio

acid pulses had no effect on the D2 transcript levels during

development (Pig. .13). 'This 'reinforces the idea that

increasing the intracellular.levels of cAHP is not required

for the repression of the D2 gene. On the other hand, when

1 mn folic acid is added to cells developing in suspension

in the presence of cAHP pulses, the effect of cAMP pulsing

was blocked (Pig. SB) . Therefore a high concentration of

folic acid, as a chemoattractant or as a nutrient, probably

is a signal to continue the expression of the D2 gene.

Similarly, we found that the addition of 1 mg/ml of a mixture

of essential and non-essential amino acids (at the beginning

of development) to cells developing in suspension in the

presence of cAMP pulses blocked the pulsing effect and

prevented the loss of the D2 gene mRNA.(Pig. SA). The effect

of amino acids may be due to the retardation of starvation

response. The results indicate that both starvation and cAMP

oscillations are necessary for the inactivation of D2 gene

expression.

In another experiment we tried to study if the protein

synthesis is required to lower the D2 transcript levels.

There are probably two major'mechanisms for the deactivation

of gene expression during early development, one dependent

upon and.one independent of protein synthesis (Singleton, gt

gl., 1988). We found that when the protein synthesis
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inhibitor, cycloheximide, was added (500 ug/ml) to PIC-4 cells

developing on suspension in the presence of cAMP pulses, it

accelerated the loss of D2 transcripts (Pig. 8 C ). These

results suggest that, unlike other genes, the loss of D2

transcript levels does not require protein synthesis

(Singleton g; g;., 1988).
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FIGURE 78

Polic acid pulses do not affect the D2 transcript levels. The

expression pattern during suspension differentiation in the

presence (+) or absence (-) of folic acid pulses. XPSS cell

were developed in suspension at the concentration of 5x10

cells/ml for 2 hours, then 11 pulses of folic acid (at 200nH

final concentration) were added at intervals of 8 minutes.

The autoradiogram shows the D2 transcript levels did not

change.
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FIGURE 8 A,B,C

The expression pattern during suspension development for

strain XPSS with the addition of 1mg/ml amino acids (A) , 1mH

folic acid (8) or cycloheximide (C) in the presence of cAMP

pulses. The autoradiograms show that the nutrients blocked

the pulsing effect, while cycloheximide lowered the D2 and

D29 mRNA levels.
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III. Cyclic ANP signals that inactivate D2 gene expression

are transduced through cell surface cAIP receptors

 

The cANP receptors in Digtyggtgligg, similar to other

cell-surface receptors in eukaryotes, respond to

extracellular signals and activate an intracellular signal

transduction mechanism by interaction with GTP-binding

regulatory proteins. The intracellular signal regulates the

expression of a number of genes during early development and

it may also control the D2 gene expression.

1. Activation and deactivation of the cell surface receptor

is necessary for D2 gene inactivation

 

If the pulsatile signal that results in lowering D2

transcript levels requires the phosphorylation and the

dephosphorylation of the cell surface cAHP receptor,

blocking the oscillation of the receptor should prevent the

loss of D2 transcripts. we, therefore, used reagents such

as cANP-S and adenosine that are capable of blocking the

' signal transduction. XPSS cells were developed with cANP

pulses and the addition of SuN cAMP-S (A) and Sun adenosine

(3). RNA isolated from.aliquots of cells collected at 4 hour

intervals was analysed on northern blots. The D2 transcript

levels did not respond to cANP pulses and remained high under

all cases (Pig. 9 A and S ). Cyclic ANP-S probably

antagonixes the effect of cAMP pulses by occupying the
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FIGURE 9 A AND 8

Activation and deactivation of a cell surface cAHP receptor

is necessary for lowering the D2 mRNA levels. The expression

pattern during suspension differentiation for sts strain

developing with cAMP pulses and the addition of Sun cAMP-S

(A) or SmN adenosine (B). The autoradiograms show that the

D2 mRNA levels remained high under these conditions.
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cell surface. .cANP receptors continuously. Adenosine

competitively inhibits binding of cAMP to cell-surface cAMP

receptors (Theibert and Devreotes, 1984). Thus, the

oscillation of cAMP receptors is necessary for the regulation

of the D2 gene.

2. Signal transduction.mutants show defective responses

 

we also sought genetic evidence to show that cANP signals

are transduced through the cell surface cAHP receptor. We

used aggregation-deficient mutants termed " Prigid" strains

(fdg A and fdg C). These mutants accumulate cAHP receptors

but they do not respond chemotactically to cANP (except the

HC 317 mutant that has a*weak.response to cAMP) and they have

no detectable activation of intracellular adenylate and

guanylate cyclase ( Coukell gt g1, 1983: Kesbeke gt g1.,

1988). The HC112 mutant has a missense mutation in G alpha-

2 (Pupillo gt g;., 1989: Numagai gt g1., 1989). The fdg C

HC317 mutant has low levels of cANP receptors but shows some

chemotactic response to cAHP. HC112 cells developed on agar

and RNA was isolated at 12 hour intervals. The HC112 strain

did not lower the D2 transcript levels (Pig. 10 A) but the

HC317 cells did (data not shown). when these mutants were

allowed to develop in suspension cultures for 4 hours and

then pulsed with cAHP, both strains failed to lower D2

transcript levels, however, the D29 mRNA levels increased

only in the HC 317 strain (Pig. 10 B and C). Thus, the cAMP
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signal is transduced through the cAMP receptor and the G

alpha-2 protein might be involved in the intracellular

response.
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FIGURE 10

Signal transduction mutants show a defective response to cAHP

pulses. The expression pattern during development on agar for

strain HC112 defective in a Caz protein (A) and during

suspension development for HC112 (D) and HC317 (C) in the

presence (+) or absence (-) of cAMP pulses. The

autoradiograms show that HC112 and HC317 cells do not lower

the D2 transcript levels.
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IV. Levels of D2 gene regulation

 

The regulation of the .92 gene might reflect its

importance as a putative cell proliferation dependent gene.

The gene is regulated by a combination of transcriptional and

post-transcriptional mechanisms as most of the cell cycle

dependent genes (i.e. histones, thymidine kinase or c-fos,

c-myc proto-oncogenes: Rittling and Saserga, 1987).

1. Transcriptional and post-transcriptional regulation

of the D2 gene

 

We investigated if the effect of cAMP pulsing on the

inactivation of D2 gene expression occurs by shutting off the

transcription machinery or by shortening the half life of D2

transcripts. Ln mtg transcription reactions (Nellen gt g. ,

1987: Landfear gt gt” 1982: Williams gt g1,” 1980) were

performed with nuclei isolated from vegetative cells and from

cells developing in suspension for 3, s, 6, S and 12 hours

in the absence of cAMP pulses. Equal counts of labeled

transcripts at each time point were hybridized to 1 ug of

these target DNAs: the D2 gene insert, the D29 gene insert,

and pcD-V1 plasmid as a control. The D2 gene was transcribed

during the growth phase. However, the transcription declined

during suspension development and almost ceased by 5 hours.

In contrast, the D29 gene transcription was inactive during

vegetative growth and then activated during development (Pig.



‘
7



90

11). Since the previous results showed that high transcript

levels of the D2 gene can be detected by northern blot

analysis at 12 hours of suspension development ( and up to

24 hours in another experiment), the D2 mRNA might have a

very unusual long half life in the absence of cAMP pulses.

Therefore, starvation alone might be the signal that

inactivates D2, and activates D29, gene transcription while

the loss of D2 transcripts when cAHP is administered is

probably due to selective destablization of the D2 mRNA.
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FIGURE 11

Starvation inactivates the D2 gene transcription, but

activates the transcription of the D29 gene. Lg littg

transcription reactions were conducted with nuclei from

vegetative cells and from cells developing in suspension in

the absence of cAMP pulses as described in the materials and

methods section. The labelled transcripts from vegetative

cells or from developing cells were hybridized to 1 ug of

pcD-Vl plasmid control DNA or 1 ug of D2 and D29 inserts

cDNA. The autoradiograms show that the D2 gene transcribed

during the growth phase was inactivated during suspension

development by about 5 hours. In contrast, the D29 gene was

activated during development.
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DISCUSSION

The goal of this work was to uncover cell signals that

regulate the loss of growth-specific transcripts during early

development. Using starved amoebae, triggered to initiate the

developmental cycle, we were able to investigate the effects

of the cell cycle, starvation, cell-cell contacts and cAMP

on the deactivation of D2 gene expression.

D2 seems to be an important gene because D2 mRNA levels

correlate well with changes in cell proliferation in the life

cycle. We used thermosensitive (tsg) growth mutations and

found blockage of cell proliferation reduced D2 transcripts

both in HN27 and XPSS mutants, however D29 transcripts were

induced only in HH27. The transcript levels of the control

pLK 326 gene remained unchanged under the same conditions.

These results indicate that the loss of D2 transcripts in

growing cells incubated at a restrictive temperature is

specific and is not simply due to a heat shock response. The

observation that HN27 and XP95 differ in their responses to

the restrictive temperature suggests that they might be

blocked in the same phase but have different defective genes

or blocked at different phases in the cell cycle when the

restrictive temperature was imposed. Similarly, a genetic

analysis of tsg mutants in yeast, Saccharomyces cerevigige,

93
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indicates that they are blocked at various points in the cell

cycle (Pringle and Hartwell, 1981).

Another agent that can.block the cell cycle is caffeine.

Caffeine exhibits a variety of modifying effects in mammalian

cells: it delays or arrests cell division depending on the

concentration being used. The cell cycle in mammalian cells

is viewed as an interdependent sequence of biochemical events

with the completion of DNA replication a prerequisite for the

initiation of mitosis (Baserga, 1976) . Nuclei undergo mitosis

only after the S-phase nucleus has completed DNA replication.

Addition of caffeine to SHR mammalian cells (Syrian hamster

fibroblast), arrested at the S-phase, causes premature

chromosome condensation, nuclear envelope breakdown,

morphological "rounding ‘up" and. mitosis-specific

phosphoprotein synthesis (Schlegel and Pardee, 1986, 1987).

Caffeine (s an) could also induce multiple entries into

mitosis while cells are blocked in DNA synthesis (Schlegel

and Pardee, 1987). Inhibitors of protein synthesis (i.e 1

ug/ml cycloheximide) block these caffeine-induced events,

while inhibitors of RNA synthesis (i.e. 2 ug/ml actinomycin

D) have little effect. These results suggest that caffeine

induces the translation or stabilizes the protein products

of mitosis-related RNA that accumulates in S-phase cells when

DNA.replication is suppressed. Similar results were obtained

from the studies on the cyclin gene, the auxiliary subunit
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of DNA polymerase whose synthesis correlates with the

proliferative state of the cells. The levels of cyclin

protein fluctuate during the cell cycle, with a clear

increase during the S phase (Bravo and Celis, 1980 a 1985).

Purthermore, caffeine might activate mitotic factors and

uncouple them from the O1 phase and S-phase controls of the

normal cell cycle. In t. giscoideg, the drug affects cell

proliferation in a dose dependent manner. Addition of Sun

caffeine to growing cells will completely block cell

proliferation (Hagmann, 1986) . The mechanism by which

caffeine arrests cell proliferation is not known yet.

Nevertheless, in our studies caffeine seems to be a useful

drug to study the *cell cycle in p. gigggigggm because it

arrests cell division without affecting cell viability.

Brenner found that when cells on a filter are perfused with

caffeine, cAHP synthesis is inhibited. However, when caffeine

is removed from the perfusate, normal cANP synthesis is

restored (Brenner and Theme, 1984). we also found that the

caffeine inhibition effect on cell growth is reversible.

lanthine is a caffeine precursor and was found to have a

similar inhibition effect on growing cells. Both xanthine and

caffeine could be converted to purine and the effects of

xanthine or caffeine on growth in D. gtgggtggtg might occur

because of purine rather than these drugs. In fact, our

studies showed that the addition of 5 ml! purine to growing
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cells arrested cell proliferation. However, the inhibition

effect was reversible once the cells were washed from purine

and resuspended in a fresh medium (data not shown).

It is known that caffeine, as well as xanthine, inhibit

cANP’ phosphodiesterase in. mammalian cells (Butcher and

Sutherland, 1962), while in D. gigggtdgm caffeine has no

effect on. phosphodiesterase (Brenner and. Theme, 1984).

Instead, caffeine activates adenylate cyclase in vegetative

amoebae and increases the basal cAMP levels but inhibits the

cAMP mediated activation of adenylate cyclase during

development (Brenner and Thoms, 1984: Devreotes., 1986:

Hagmann, 1986). When developing cells are pulsed with cAMP

in the presence of caffeine, the relay mechanism is not

activated, and the cells see only the exogenous cANP signal

(Brenner and Thoms, 1984). There is also indirect evidence

that caffeine might also increase cytosolic calcium levels

in D. discoigegg. Brenner found that caffeine has similar

effects on cell shape changes as measured by light scattering

and cAHP and cGNP accumulation, to the cation ionophore

A23187 known to increase the intracellular Ca2+ levels

(Brenner and Thoms, 1984). Hagmann showed that when growing

cells were treated with caffeine then washed and developed

in starvation buffer, their development was accelerated by

2 hours as judged by stream formation and the appearance of
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contact sites A. Thus, he suggested that caffeine stimulates

the expression of early developmentally regulated genes

(Hagmann, 1986) . We found that the D2 'transcript levels

decrease after caffeine addition but D29 transcript levels

increase as if early developmental events were induced in

spite of. nutritional signals from the food source. Since

caffeine increases the basal cANP levels in vegetative

amoebae, therefore, the intracellular can or Ca2+ might be

responsible for the inactivation of the D2, and the

activation of the D29, genes. These possibilities will be

discussed further later on in this chapter.

The important point is that the cell cycle control can

bypass the nutritional control and induce developmental

events during. vegetative growth. We also found that g.

gigggigggg strains have different responses to the caffeine

addition. Por example the Ax-3 strain was less responsive to

caffeine in lowering D2 transcripts than the XPss strain. The

different responses are probably attributed to the genetic

differences from one strain to another or to the nutritional

differences since the xpss strain grows in the presence of

bacteria, while the Ax-3 strain grows axenically.

The 32 phase is the longest phase of the Dictygsteligtn

cell cycle and almost all cells are in 62 during both growth
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and development ( Ieijer, gt gl_., 1984). Purthermore,

starvation causes a decline in the rate of cell division to

negligible levels and.blocks the cells in the 62 phase (Hats

and Bourgignon, 1974: Ieijer gt g;., 1984). Therefore, the

62 phase might play an important role in the regulation of

proliferation genes as well as developmental genes. Since no

62 blocking drugs are available, we blocked the cell cycle

at the S phase by the addition of hydroxyurea or at mitosis

with nocadazole (data not shown), but there was no effect on

D2 transcript levels. These results suggest that the S or N

phases do not play a role in the regulation of the D2 gene

expression. However, hydroxyurea inhibits protein synthesis

as well. Therefore, we cannot conclude that the S phase is

not involved because the addition of cycloheximide also

lowered D2 mRNA levels.

Qigtyggtgligm cells have a very short 61 phase, if any,

and most of the cell cycle consists of the 62 phase which is

longer in axenically growing cells than in cells growing in

the presence. of bacterial: food sources (weijer gt 31. , 1984) .

By this evidence and the fact that aggregating cells are

blocked in the 62 phase some regulatory events might occur

in the 62 phase which requires protein synthesis.

Consequently addition of cycloheximide to vegetative cells

might arrest some of the cells at the 62 phase. The

possibility that the 62 phase plays a role in the regulation
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of the D2 can be tested by arresting growing cells at the 62

phase and adding cANP pulses which was found to inactivate

the D2 gene during development. Cells could be synchronized

in the stationary phase at which time they accumulate at a

point late in the 62 phase of the cell cycle (Sada-names &

Ashworth, 1978: Yarger gt, g;., 1974). In the control

experiment the exponentially growing cells will be pulsed

with cAHP. This particular experiment was done before and it

was found that cANP pulses had no effect on the D2 transcript

levels when applied to growing cells (data not shown).

However, pulsing the stationary phase cells with cAMP might

lower the D2 mRNA levels. Thus, our working model is that

there are probably two important events to be completed in

order to inactivate D2 gene expression: the first one is the

cells must arrest in the cell cycle possibly in the 62 phase:

the second one is an appropriate physiological signal that

will act secondarily to lower the D2 transcript levels.

Starvation for amino acids is a necessary trigger for the

developmental program.( Harin, 1977). Here it was found that

starvation is a necessary but not sufficient physiological

signal to lower D2 transcript levels. The starving cells in

suspension shaken culture did not inactivate D2 gene

expression while developing cells at the same age on an agar

plate did inactivate D2 gene expression. These results again

reinforce the idea that starvation alone or blocking cells
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in the 62 phase is not enough. Another signal must be present

which is generated at the onset of development but disrupted

in suspension culture. I found the main signal to be

oscillating extracellular levels of cANP. It is now of

interest to see if nutritional controls acting to increase

D2 mRNA levels can reverse the effect of cANP to decrease D2

mRNA levels.

We found that addition of a 1 mg/ml mixture of essential

and non-essential amino acids (added at the beginning of

development) to cells pulsed with cANP prevented the loss of

D2 transcript levels. This concentration of amino acids

prevents growing cells, when they are starved, from

aggregation (data not shown). Noreover, the addition of

amino acids to starved cells might stimulate cell

proliferation again (Harin, 1977) . Starvation is the stimulus

that induces the formation of cAMP receptors, therefore, the

addition of amino acids will probably prevent the appearance

of cAMP receptors. Thus, it is not surprising that amino

acids antagonize the cANP effect. Nevertheless, if the amino

acids were added by 4 hours of development when the cAMP

pulsing started, probably the amino acids will not prevent

the loss of D2 transcripts because by that time cANP

receptors already had formed.

Similarly, we might expect folic acid to play a role in
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the regulation of transcript levels because vegetative

amoebae detect folic acid given off by bacterial food

sources. He found that m folic acid added to cells

developing in the presence of cANP prevented the loss of

transcript levels. Therefore, folic acid probably as a

chemoattractant or as a nutrient, is a signal to continue the

expression of vegetative genes. Purthermore, it is known that

folic acid administered in pulses can induce cANP

oscillations in amoebae mimicking those induced by cANP

pulses (Hurster 8 Schubiger, 1977: Devreotes, 1983: 6erisch

g gt. , 1975) . The connection between the two chemotactic

systems might occur by the membrane bound adenyl cyclase (

Devreotes, 1983). It was found, however, that folic acid

pulses had no effect on the loss of D2 transcript levels.

Perhaps cAHP oscillations induced by folic acid pulses were

not sufficient to trigger the intracellular signal

responsible for the inactivation of the D2 gene expression

or cAMP is not an intracellular signal.

Although some studies suggest that cell-cell contacts

rather than cAHP can control gene expression, it was found

that cell-cell contacts do not affect the D2 transcript

levels and that cAHP, administered in pulses, is the primary

signal that lowers the D2 transcript levels. As mentioned

earlier in the introduction the preaggregative period of Q.

disgoidegt (~ 7 hours) is composed of two rate limiting
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components in terms of their dependency on cell-cell contacts

and g ngyg protein synthesis. The first component of the

preaggregative period ( the first 4 .5 hours) is independent

of cell-cell contacts as well as new protein synthesis, while

the second one (2.5 hours) depends on cell-cell contacts and

protein synthesis. Cells developing in suspension will

progress completely through the first rate-limiting

component, but will make no progress through the second one

even with the addition of cANP (Pinney gt g;., 1988) . These

results might suggest that the actual effect of cell-cell

contacts or the signal that might result from contacts is

absent in suspension culture.

Although cell-cell contacts play an important role in

developmental gene expression by- stabilizing 2000-3000 mRNA

species the induction of expression of prespore genes

requires cANP (Chtmg gt g1., 1981) . Nehdy found that cANP can

stimulate isolated cells' in suspension to express mRNAs

preferentially accumulated in prestalk cells . Thus, it

appears that» cANP is necessary and sufficient under the

culture conditions used for the expression of these genes,

while the establishment of sustained cell-cell contacts is

not. However, the results on four different prespore genes

indicate that sustained cell association is necessary for

induction of expression of these genes (Mehdy, gt _a_l_. , 1983) .

Barklis' studies indicate that there is coordinate control
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of prespore and prestalk gene expression. All prespore mRNAs

they studied are comparable in all aspects of regulation.

Prespore mRNAs begin to accumulate at 8-12 hours, during or

just after the onset of aggregation. The level of prespore

mRNAs is drastically reduced by disaggregation. Addition of

cANP partially or completely prevents the loss of these mRNAs

in disaggregated cells. Prestalk clones can be subdivided

into two classes on the basis of their temporal patterns of

accumulation. The messages complementary to clones of class

1 are present at low levels in vegetative and early

developing cells but accumulate to 10-20 fold higher levels

during later stages of development. The mRNAs encoded by

clones of class 2 accumulate only between 8 and 15 hours and

decrease thereafter. Disaggregation causes a decrease in the

abundance mRNAs in class 2 of at least 30 fold, whereas it

stimulates the accumulation of mRNAs in class 1. Purthermore,

in postaggregation cells, the half-life of developmentally

regulated mRNA as well as the constitutive mRNAs present

throughout growth and differentiation is about 4 hours. After

disaggregation, the developmentally regulated mRNA sequences

but not constitutive RNAs are degraded and decay with half

lives of 25-45 "minutes. Addition of cANP to disaggregated

cells restored levels of these mRNA (Hangiarotti gt g1.,

1981a: Landfear and‘ Lodish, 1980). These findings might

suggest that cell-cell contact is nonessential for the

maintenance of late gene expression in the late stage
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aggregates. Instead, it appears that the levels of

extracellular cAHP is the critical parameter at this stage

of development.

Our results showed that cAHP pulses are a necessary

signal for the inactivation of D2 gene expression. Pinney and

coworker‘s data might represent indirect evidence besides

ours that there is no role of cell-cell contacts in the

inactivation of our D2 gene. On the other hand, the D29 gene

was expressed by about 4 hours in normal development and by

8 hours during suspension development either in slow or fast

shaking culture. However, the D29 transcript levels were

always higher in slow shaking cells than on fast shaking

cells whether or not cAHP pulses were added. These results

suggest that cell-cell contacts might play a role in the

expression.D29 expression. However, the induction of the D29

gene in a tsg mutant or by caffeine addition to growing cells

is not in agreement because cell contacts do not form under

these conditions. Perhaps the signal(s), responsible for the

induction of D29 in vegetative cells as well as in developing

cells is not cell-cell contact per se, but a intracellular

signal(s) induced by contact. In addition, caffeine or the

tsg mutant might activate this signal(s) bypassing the normal

requirement for cell-cell contact. It is also possible that

the tsg defect, as well as caffeine, causes the cell to act

as though it is starving or is blocked in the cell cycle.
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Development in suspension is a convenient system that

allows for close monitoring of the effect of different

physiological signals. However, development in suspension is

not completed to form spore and stalk cells (6erisch, 1968) .

In addition the cANP signalling system might not work. Himmel

found that the endogenous cANP signaling is inhibited in

cells developing in suspension culture at a high shaking

speed (200» rpm) and low cell density (1x106 cells/ml).

However, when cANP was added to 25 ml! at 6. minutes intervals

to cells developing under the same conditions, the cAMP

signal-relay system was expressed normally. Purthermore,

cells, developing in shaking culture at a low speed (90 rpm)

and at a high density (2:107 cells/ml) , were able to express

the cAMP signal-relay system (Himmel and Saxe, 1986) . In our

studies cells were developed in shaking culture at a fast

(230 rpm) or a low speed (70 rpm) and at a high density

(2x107 cells/ml). Although cells developing at a low speed

and at a high density might express the cANP-signal relay

system, our results showed that it has no effect on the

inactivation of the D2 gene.

Cyclic AMP is known to induce some differentiation

specific transcripts and repress other transcripts when added

at high levels (i.e. 1 ml!) to cells shaken in suspension

cultures (Barklis and Lodish, 1983; Bozsone and Berger,
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1987: Chung gt gl., 1981), but D2 gene expression was

unaffected. we also tried the poorly hydrolyzable analogue

of cANP ( cANP-S) to avoid the possibility that the 1mN,cANP

dose was degraded too quickly by phosphodiesterases. Cyclic

ANP-S is about 10,000 times more slowly hydrolyzed by cAMP

phosophodiesterases but the affinity for the cANP receptor

is only reduced about 10 fold. Cyclic ANP-S added at the

concentration of 5uH to cells developing in suspension was

ineffective as well. Perhaps adding such high doses of cAMP

and cANP-S will saturate the system and inactivate the cAMP

receptors by continuously occupying them. Higher

concentrations of cAMP induce a decrease in the number of

cANP binding sites, a phenomenon termed down-regulation

(Klein and.Brachet 1979: Klein and.Juliani, 1977: Sibley and

Lefkowits, 1985) . Van Haastert found that a half-maximal loss

of cAMP binding sites was induced by exposing cells for 15

minutes at 20°C to 50 nN cAMP (Van Haastert, 1987). These

results suggest that exposing the cells to 25 nH of cANP is

completely sufficient to occupy the cAHP receptors. The 5 uN

cANP-S dose added to the cells would be about 10 times higher

than what is needed to occupy the receptors.

Several studies suggest that aggregation as well as the

expression of some genes during early development require the

oscillations of cANP signals- released by cells at 6 minutes
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intervals. when mRNA was extracted from cells developing in

suspension in the presence or absence of cAHP pulses

translated it zitzg and the polypeptides separated by two

dimensional gel electrophoresis, of about 400 polypeptides

visualized, 8 decreased and 15 increased (Hassanain and

Ropachik, 1989). These results reflect a significant number

of specific reductions and inductions in mRNA levels in cells

pulsed with cANP. when cAHP was added in 50 mil pulses to

cells shaken in suspension, the D2 transcript levels

decreased. The cells of RAH-3 required a higher concentration

of cANP pulses (200nm) to lower D2 mRNA levels and,

interestingly, high concentrations (more that 50“ in HP55

or more that 200 all in RAH-3) resulted in less repression

which reinforces our idea that high cANP levels result in the

inactivation of cANP receptors. Apparently the oscillation

in cAMP levels is necessary for the loss of D2 transcripts

in NC-4 derived strains. The different response to cAMP

pulses between different strains might be due to a different

number of cAHP receptors or different cANP binding

affinities. The reasons why the 712142 strain is able to

inactivate D2 expression in the absence of cAMP pulses or in

the presence of high levels of cAMP are not known. It may be

relevant that this strain is largely insensitive to the

inhibition of aggregation by cANP-S ( Rossier gt _a_l_., 1978) .

V12N2 might have uncoupled the inactivation of vegetative

gene expression from the cAMP receptor oscillation or
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perhaps the receptors are irreversibly modified and become

responsive only to a high concentration of cANP.

The affinity of the cAMP receptor to higher levels of

cAMP can.be explained.by understanding that the cell surface

cAHP receptor can interconvert between multiple affinity

forms (receptors with different dissociation constant, Rd

values) and that the different cellular events mediated

through the receptor occur at different cANP concentrations.

While chemotaxis and cAHP relay are induced at a

concentration as low as 0.1 nu in the aggregated.mcunds, the

concentration is as high as 1-2uN. Such high concentrations'

will enable the cells to express the prespore mRNAs (Shaap

and Spek, 1984: Schaap and Driel, 1985). Those mechanisms

that activate late developmental changes will suppress some

of the growth and early aggregation stage events. Por

example, the nanomclar cAHP pulses that activate chemotaxis

and signal relay will also inactivate the expression of the

growth gene, D2 (Hassanain and Ropachik, 1989). A similar

conclusion was reached by kimmel and Carlisle who showed that

the N4-1 gene is repressed.by low level oscillations of cAMP

early in development (Rimmel and Carlisle, 1986).

In general, 2. discoideum genes probably fall into four

classes regarding their responses to cAMP: (1) some genes
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respond to non-oscillating cANP levels by increasing their

mRNAs (i.e. the prespore gene, PL3): (ii) in the second

class, genes respond to non-oscillating cANP levels and

decrease their mRNAs, (i.e. the early developmental gene,

discoidin-I) and growth genes, D3, C3 and C5 (Blunberg gt

gl., 1988): (iii) in the third class, genes respond to

oscillating levels of cAMP by increasing their mRNAs (i.e.

the early developmental gene, H5): and (iv) in the fourth

class which is rare, genes respond to oscillating levels of

cANP by lowering their mRNAs (i.e. the H4-1 gene as well as

our D2 gene).

The studies were extended to find if the cell surface

receptor and its two interconvertible forms are involved in

this signal transduction. Cyclic ANP-S, capable of inhibiting

aggregation in NC-4 derived strains and adenosine, a

competitor of cell-surface cANP binding were added, but the

D2 transcript levels remained high. These reagents have a low

turnover rate. They prevent cANP from binding to its receptor

and thus inhibit the cAHP mediated repression of the D2 gene.

These results suggest that the cANP receptor must oscillate

in parallel with the oscillations of cANP levels and that

cAMP signals are transduced through cell surface cANP

receptors. Binding of cAMP to the receptor (R form) will

induce the receptor phosphorylation and convert it to the

phosphorylated D form. The phosphorylated form continues to
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have cANP bound which prevents another pulse of cAHP within

a few minutes from triggering activation of adenylate cyclase

and the subsequent release of newly synthesized cAHP. After

several minutes the R fon is reformed and another cAMP

signal can be relayed. Thus, adding these reagents will

prevent the oscillations of receptor between the two

interconvertable forms which are necessary in order to

trigger the intracellular signal(s) and inactivate the D2

gene expression (Juliani and Klein, 1981: Rlein and Saxe,

1988) .

Present data suggest two classes of cAMP receptors (see

the model Pigure 12) , the signal relay receptor which might

be associated with the activation of adenylate cyclase and

the chemotaxis receptor that is probably linked to the enzyme

phospholipase C (Newell gt g;., 1988: Pirtel gt g1,” 1989).

The 6c2 protein is probably coupled to the chemotaxis

receptor and is encoded by the Prigid A gene (Resbeke e_t gt. ,

1988: Snaar-Jagalska gt g)", 1988: Rumagai gt g1., 1989) . The

observation that cANP stimulates the production of 1,4,5 IP3

in permeabilised wild type, but not in fgd A mutant cells,

suggests that the chemotaxis receptor might be coupled to

phospholipase C by the 602 protein (Newell gt gt” 1988:

Pirtel gt gl.,1989: Janssens and Van Haastert., 1987: Snaar-

Jagalska gt g;., 1988: Rumagai e_t_ g;., 1989). Noreover, the

602 protein might be indirectly coupled to adenylate cyclase
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because neither the chemotaxis pathway nor the signal relay

pathway can be activated in Prigid A mutants in vivo.

Nevertheless, other studies show that the non-hydrolyzable

6TPrS analogue can activate adenylate cyclase 12 ytttg (in

isolated membranes) in wild type strains as well as in fgd

A mutants, which suggests that a 6 protein other than 6oz is

linked to adenylate cyclase (Resbeke gt g;., 1988: Snaar-

Jagalska, 1988). Therefore, the chemotaxis and the signal

relay pathways are probably interconnected and the activation

of the signal relay pathway is dependent on the activation

of chemotaxis pathway.

The aggregation defective mutants provide strong evidence

of the mode of action of cAHP pulses in D2 gene expression.

The HC112 and HC317 cells accumulate cANP receptors but do

not efficiently induce the intracellular responses of

adenylate cyclase and guanylate cyclase activation and they

are unable to aggregate (Coukell gt g;., 1983., Reskebe gt

gl., 1988). These strains can neither inactivate D2

transcripts during development on agar nor when pulsed with

cAMP in shaken suspension. However, we found that the HC112

strain is capable of responding to cANP pulses in part by

studying the proteins synthesized in comparison to other

strains that respond to cAHP pulses, using the two

dimensional gel electrophoresis technique. Poly (A) mRNA
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isolated from HC112 or RAH-3 cells developing on suspension

in the presence of cANP pulses was translated in 11.21.- The

translated polypeptides were separated by two-dimensional gel

electrophoresis and the flourographs compared. It was found

that some of the polypeptides induced by cANP pulses and

visualized in the RAH-3 fluorographs were also visualized in

the HC112 fluorographs (Hassanain and Ropachik, 1989) . The

results indicate that the HC112 strain can synthesize some

of the proteins induced in other strains when cAMP pulses are

applied. The hypothesis is that a new gene product(s) is

needed in order to lower the D2 mRNA levels and that cAMP

pulses, which might increase the intracellular Ca2+ levels

and activate protein kinase C, will induce the expression of

the gene(s) that results in destabilizing the D2 messagess

(Pigure 12).

All the mutants in the Prigid A complementation group

affect receptor mediated processes and 6 c2 protein levels

(Lo e_t gt” 1978: Coukell gt g1., 1983: Rumagai gt a_t.,

1989) . However, the actual defect in the intracellular

response of the Prigid C mutant, HC317, is not yet known.

Since the HC112 strain is in the Prigid A class and the

stimulatory effect of cANP'on 6TP 6S binding to membranes is

lost in this strain, it is believed to be defective in

interaction between the chemotaxis receptor and a 6 c2
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protein. In conclusion, our results suggest that the

chemotaxis receptor as well as the 6 «:2 protein are probably

involved in the inactivation of the D2 gene as mentioned

before (Pigure 12).

Our studies went further in trying to find the

intracellular signal that causes the inactivation of D2 gene

expression. We used cAHP analogues that are capable of

entering the cells, 8-bromo cAMP and 8-chlorophenylthio cANP,

to elevate the intracellular levels. These analogues were

ineffective in lowering D2 transcript levels. Purthermore,

the addition of folic acid in pulses to developing cells,

known to induce intracellular cAMP oscillations, did not

lower the D2 mRNA levels. Although intracellular cANP appears

to modulate expression of some genes regulated during early

development possibly by activating a cAMP-dependent protein

kinase, intracellular cANP signaling might not be required

to inactivate the expression of D2 gene. The inactivation of

D2 gene expression can. be functionally independent of

adenylate cyclase activation and a consequent increase in

intracellular cAMP levels. Blumberg\s group found that

different signal transduction systems are utilised for cAMP

receptor mediated accumulation of prespore (PL3 and D2) and

prestalk (D11) mRNA (class 1). They showed that cAHP can

induce prespore and prestalk mRNAs accumulation even under
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the conditions, where the receptor-associated adenylate

cyclase is inactivated by conditions of high osmolarity or

by placing the cells into a medium containing 5% glucose and

2% albumin (Darman and Klein, 1978: Oyama and Blumberg,

1986) . Pirtel and his group reached similar conclusions. They

studied the expression of two genes expressed during

aggregation: cANP pulses induce the expression of one class

3 gene and repress another class 4 gene. They found that

pulsing the developing cells with cANP in the presence of

caffeine to inhibit the activation of adenylate cyclase or

pulsing the cells of Synag mutants, unable to activate

adenylate cyclase, will repress and induce these genes as

usual. Thus, they concluded that the full induction, of or

full repression, of these genes requires cycles of activation

and deactivation of the cAMP receptor but does not require

a rise in the intracellular cAMP (Mann _e_t_ g1.” 1988).

However, since caffeine appears to have different effects on

vegetative and developing cells (see results section and

discussion pages 2,3 and 4), caffeine might not be a proper

drug to inhibit the activation of adenylate cyclase. On the

other hand, Pirtel‘s results on the Synag mutants provide

some evidence that the intracellular cAMP is not required for

the regulation of these genes. Similary, the extracellular

cAMP administered in pulses is a necessary signal to

inactivate the D2 gene expression, but intracellular cAMP

does not seem to be the second messenger involved in the
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inactivation. Therefore, it must be another second messenger

induced by the extracellular cANP signal that inactivates the

expression of the D2 gene. The binding of the extracellular

cANP to its receptor promotes the accumulation of other

intracellular second messengers such as 1,4 ,5 inositol

triphosphate (IP3) and diacyglycerol (DAG) (Europe Pinner and

Newell, 1986, 1987). Production of IP3 permits mobilisation

of intracellular Ca2+, which is suggested to promote c6NP

synthesis ( Europe Pinner and Newell, 1985). Purthermore, a

rapid influx of Ca2+ occurs immediately following cANP

binding to the cell surface receptor, and an efflux of Ca2+

out of the cells is observed following removal of cAMP

(Bumann gt gt” 1984, 1986; Europe-Pinner 6 Newell, 1985).

In mammalian cells these second messengers can activate

a family of protein kinases, including protein kinase C.

2+ is the possible secondThese results suggest that Ca

messenger that inactivates our gene. Himmel showed that cAHP,

in part, regulates the expression of the postaggregation

gene, 2-H6 (class 1), by activating the 1,4,5 inositol

triphosphate (IP3) synthetic pathway (Rimmel and Eisen,

1988) . Slumberg's group also believe that Ca2+ is involved in

the signal transduction pathway and thus in the regulation

of gene expression. In order to examine this possibility they

2+
tested the effects of four Ca antagonists (TNB-S,
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nifedipine, nitrendipine and '7) on cANP-mediated expression.

Although TNB-S is a relatively nonspecific Ca2+ antagonist,

it was shown to block Ca2+ uptake and intracellular Ca2+

mobilization (Chiou and Nalagodi, 1975: Brand and Pelber,

1984: Europe-Pinner and Newell, 1985) . The nifedipine and

nitrendipine compounds specifically bind to the proteins

comprising Ca2+ channels and thereby block the influx of Ca2+

into cells (Murphy and Snyder, 1982). The '7 compound is an

anticalmodulin agent that binds to calmodulin and inhibits

Ca2+/calmodulin regulated enzyme activities (Ranamori, gt

gt. , 1981) . However, one should be careful about interpreting

these data because the effects of these drugs have not been

attributed to Ca2+ in Q. discotdegg. Blumberg's group found

all four antagonists inhibit the cANP-dependent accumulation

of prespore mRNAs (class 1) as well as the cANP dependent

repression of D3 (class 2), a growth-phase gene. However, the

antagonists have only a small effect on the accumulation of

cAMP-dependent prestalk mRNA (D11, class 1). Therefore, they

suggest that a Ca2+ dependent signal transduction system

possibly plays a role in cANP-dependent accumulation of these

prespore mRNAs as well as in the cAHP-mediated suppression

of the group of growth phase mRNAs (Slumberg gt gt., 1988) .

our results showing intracellular cAHP to. not be involved in

the inactivation of D2 gene expression could be explained if

Ca2+ is the intracellular signal. Noreover, the effect of 5
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mM caffeine on growing cells causing inactivation of D2, and

activation of D29, gene expression, can now be explained if

caffeine increases the intracellular Ca2+ levels, therefore,

we think the intracellular second messenger that inactivates

D2 expression possibly is Ca2+. Caffeine has a similar effect

on other organisms, in mammalian cells the drug is known to

raise cytosolic Ca2+ levels in the skeletal and heart muscle

by releasing Ca2+ from the sarcoplasmic reticulum (Hats gt

gt., 1977) , and in the acellular slime mold Physarum

o e a caffeine triggers release of Ca2+ from

intracellular vesicles (Matthews, 1977) . Since caffeine might

a2+
increase C as well as cANP when added to growing amoebae,

it could have multiple effects on the cells.

Some experiments can be done to support our speculations.

The Ca2+ ionophore A23187, which increases the intracellular

Ca2+ levels (Pfeiffer e_t gt., 1978), can be added to cells

developing in suspension to see if that will inactivate D2

expression. Purthermore, nifedipine and nitrendipine that

block Ca2+ channels could be used as well. In conclusion, our

model, states that, in order to inactivate D2 gene

expression, the cells have to be arrested at the 62 phase

which is initiated by starvation that induces development.

The next step is to elevate the intracellular Ca+ level which

is mediated by pulsing developing cells with cAMP or by
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adding caffeine to growing cells.

Analysis of inactivation of the D2 gene suggests the

repression of the D2 gene does not require the activation of

adenylate cyclase and the accompanying .rise in the

intracellular cAMP levels. However, it might require a rise

in the intracellular Ca2+ levels. Thus the inactivation of D2

gene expression might be mediated through the chemotaxis

receptor and protein kinase C. In contrast, the pulse-

repressed gene, M4-1 (class 4), appears to require a rise in

the intracellular cAMP in order to be inactivated (Himmel and

Saxe, 1986: Kimel, 1987) . The N4-1 gene can be repressed in

wild type cells by cAMP pulses. However, this gene can not

be repressed by cAMP pulses in Synag mutants, which are

unable to activate adenylate cyclase by cAMP (Theibert and

Devreotes, 1986: Van Haastert gt gt., 1987: Humagai gt gt.,

1989) . These results suggest that the repression of the M4-

1 gene requires a rise in intracellular cAMP, which might be

mediated through the signal relay receptor and cAMP dependent

protein kinase.

Our tn ztttg run-off transcription experiments showed

that the transcription of the D2 gene was inactivated by ~

5 hours in cells shaken in suspension. The repression was

probably initiated by starvation because it occurs with or

without addition of cAMP in pulses. High levels of D2
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transcripts, however, can be detected by northern blot

analysis up to 24 hours in cells developing in suspension in

the absence of cAMP. when cm is added in pulses to the

cells in suspensiom, we observed a significant loss in the

D2 mRNA levels. This observation. raises the question of how

the D2 messages are protected from degradation in the absence

of pulses.

Amara and Lodish (1987) found that disaggregation induces

the instability of the prespore mRNAs (class 1). Incubating

disaggregated cells with the RNA synthesis inhibitors,

daunomycin and actinomycin D, prevented the loss of the

prespore mRNAs. Purthermore, the addition of cycloheximide

prevented the loss of these mRNAs as well ( Amara and Dodish,

1987) . These results indicate that the destabilization of

specific prespore mRNAs requires RNA and protein synthesis.

In contrast, Nangiarotti and his group reported that

destabilization of sensitive prespore mRNAs is induced by

cell dissociation even in the presence of concentrations of

nogalamycin that inhibit RNA synthesis (Mangiarotti, gt gt. ,

1989) . The nogalamycin results indicate that RNA synthesis

is not required to trigger the degradation event. The

disagreement between Lodish and Hangiarotti's conclusions

probably is due to a secondary effect of actinomycin D and

daunomycin other than the inhibition of transcription. On the

other hand, there is a remote possibility that nogalamycin
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failed to inhibit the synthesis of a minor species of RNA

essential for the induction of mRNA decay, which is inhibited

by actinomycin D and daunomycin. In recent studies, Manrow

and Jacobson (1988) used a 32'P pulse-chase protocol to

analyze the rate of decay of individual mRNA species in

aggregated cells and in cells disaggregated in the presence

and absence of cAMP. They found that in aggregated cells, the

amount of 32P label decreased very slowly in some of the

mRNAs studied while it remained constant in other mRNAs. In

cells disaggregated without cAMP, the cell-type-specific

mRNAs decayed quickly with half-lives of 20-30 minutes but

with cAMP the half-lives were about 4 hours. We found that

the addition of nogalamycin (300 ug/ml)to cells developing

in suspension culture in the presence of cAMP pulses,

prevents the loss of D2 mRNA (data not shown). These results

indicate that new gene product(s) is needed to specifically

lower the D2 transcript levels. Cyclic AMP pulses that might

increase the intracellular Ca2+ and activate protein kinase

C could induce the production of a specific RNAse that

degrades the D2 transcripts (specific degradation). On the

other hand, blockage of protein synthesis with cycloheximide

might exclude the D2 as well as D29 mRNAs from the polysomes

and expose them for degradation with non-specific RNAse (non

specific degradation: Pigure 12).
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The results with cycloheximide showed that the drug

lowered the D2 mRNA levels with or without cAMP pulses. The

results suggest that, unlike other genes, the loss of D2

transcript levels by cAMP does not require protein synthesis.

There are probably two major mechanisms for the deactivation

of gene expression during early development: one dependent

upon and one independent of protein synthesis. Therefore, our

gene seems to fall in the second class (Singleton gt gt.,

1988). In addition, the results also indicate that the D2

gene is under the translational control: the D2 mRNA might

be protected from degradation by being in the polysomes and

as soon as the message is translated or the protein synthesis

is inhibited by cycloheximide the D2 mRNA will be excluded

from the polysomes and degraded with non-specific RNAse

(Pigure 12) . Thus our results indicate that protein synthesis

is not required to non-specifically destabilize the D2 mRNA

but it is probably necessary to specifically destabilize D2

mRNA by cAMP pulses but RNA synthesis is required.

Dtctyostettum probably has mechanisms in place for shutting

down the expression of certain genes while maintaining the

expression of others when development is initiated. Genes

repressed early in development need RNA synthesis to decay

their mRNAs while the decay of late gene mRNAs do not require

RNA synthesis. Purthermore, extracellular cAMP may play a

double role, it stabilizes late developmental mRNAs but

destabilizes vegetative as well as early developmental mRNAs.
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A question that remains to be answered is how cAMP pulses

trigger the degradation of D2 transcripts. As mentioned in

the introduction, there is a 5‘ cap sequence that seems to

be important for mRNA stability in n. gtgggtggnn ( Shapiro

gt gt., 1988: Casey gt gt., 1983: Chung g_t_ gt., 1981 ).

Cyclic AMP which is the primary signal might stimulate

nucleases to remove the 3‘ or 5' terminal sequences and may

lead to degradation of the RNA molecules at a rapid rate.

Moreover, these messages might be protected by polysomes and

the destabilization occurs by the exclusion of these messages

from polysomes. In this case, the primary control would be

at the level of mRNA translation rather than mRNA stability

per se (non specific action of cycloheximide) . Similarly, the

degradation of histone mRNA has been shown to depend on the

translatability of histone1mRNA itself (Sive, gt gt., 1984),

and the destabilization of tubulin mRNA depends upon the

recognition of the first amino acids of the alpha-tubulin as

they emerge from the ribosome (Yen gt 31., 1988). Steel and

Jacobson (1988) reached similar conclusion regarding

ribosomal protein mRNAs. The expression of these genes was

drastically and specifically reduced by a block to

translational initiation at the start of development. while

the r-protein mRNAs were almost fully loaded on polysomes

during vegetative growth, they were specifically excluded

from polysomes early in development.
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To investigate if there are 5‘or 3‘ specific sequences

targeting the degradation of D2 mRNA after the addition of

cAMP pulses, the D2 genomic DNA could be cloned into a

Qigtyggtgtm transformation vector and different sequences

can be deleted or replaced at the 5‘ or 3‘ non-coding regions

of the D2 gene in order to define putative regulatory

sequences. The stability of the altered D2 mRNAs could be

studied in the vegetative amoebae as well as in developing

cells in the presence or absence of cAMP pulses.

In summary, as shown in the model (Pig. 12) the D2 gene

is regulated at transcriptional and translational levels.

Starvation alone is a sufficient signal to inactivate the D2

gene transcription. Starvation for amino acids and cAMP

pulses are the primary signals that destabilize D2 mRNAs. The

loss of the D2 mRNA levels mediated through the chemotaxis

receptor and the 6oz protein does not require the activation

of adenylate cyclase and the accompanying rise in the

intracellular cAMP

levels. Instead it might require a rise in the intracellular

Ca2+ levels .
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Regulatory signals affecting a selective loss of mRNA in chtyostelium

discoideum

HAMDY H. HASSANAIN and WILL KOPACHIK'

deJrue-nammfimmam. USA

'Aiahorforoorrespendenoe

Summary

We identified signals that affect mRNA levels comp-

lementsrytoagenethatishighlyempreasedin

vegetative Dictyostelium discoideum cells. This

has been cloned as cDNA in the plasmid pcD-

DZ. The level of transcripts homologous to pcD-DZ

fell dramatically in strain XPSS during the aggre-

gation stage of development when cells differen-

tiate on agar. The level, however, did not fall

simply as a result of starvation or aggregation-

specific cell contact. Rather, before the level is

reduced cells must be deprived of amino acids and

cyclic AMP administered in amounts and at inter-

vals in pulses to mimic cyclic AMP signal-relay in

aggregation. This effect can be blocked either with

cyclic AMP-S (a non-hydrolysable cyclic AMP ans-

Iogue) or adenosine. both of which prevent cyclic

AMP binding to the cyclic AMP cell surface recep-

tor. It is also blocked in ‘t‘rigid' aggregation-

deficient mutants H085 and HC112 known to be

defective in a Ca protein. We conclude that the

transcript level is balanced by positive nutritional

signals acting against negative signals transduced

in part through a cell surface cyclic AMP receptor.

Key words: gene expression. Dictmstelium discoideum. cyclic

AMP.

 

Introduction

Amoebae of the cellular slime mould Dirrwrtclimn

discoidcmu exhibit an experimentally useful transition

from proliferating vegetative cells to non-proliferating

developing cells. which become fully differentiated spore

or stalk cells. Although the induction of transcripts and

proteins during development is well studied, much less is

known about the mechanisms governing the loss of

transcripts and proteins. A number of mRNAs and

proteins are lost from cells during the period of aggre-

gation. Two-dimensional gel electrophoresis studies of

proteins synthesized during vegetative growth or early in

development show that some previously synthesized

proteins disappear during development (Alton and

Lodish. I977; Cardelli el al. I985). Transcripts that

decrease in abundance have been detected using DNA

solution hybridization methods (Firtel and Jacobsen,

I977; Blumberg and Lodish, I980; Jacquet er al. I98!)

and some of these transcripts have been cloned in

genomic or cDNA libraries (Kopachik el al. I9850; Steel

and Jacobsen. I986. I987; Faurer el 0!. I988; Singelton

rt (1!. I988). Genes whose expression is high in vegeta-

tive. but undetectablv low in developing. cells have been

identified using a cDNA library made from vegetative

cell in RNA (Ropachik er al. 19850). Although high levels
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of the transcripts are present in vegetative amoebae and

early in development there is a drastic loss during

aggregation of the amoebae beginning four hours into the

deveIOpmental phase. Transcripts are barely detectable

by twelve hours of development but reappear during

spore germination when vegetative amoebae are released

and resume cell proliferation.

Whereas little is known about the physiological signals

triggering an inactivation of vegetative gene expression in

early development. the induction of differentiation-

specific gene expression is mediated by a variety of

signals: starvation for amino acids (Marin. I976. I977);

cell-to-ccll contacts (Chung el al. I98l; Mehdy er al.

1983); cyclic adenosine monophosphate (Town and

Cross. 1978; Chung er 0!. I981; Mehdy er al. l983;

Barklis and bodish. I983; Oyama and Blumberg, I986;

Bozzone and Berger, I987) differentiation inducing fac-

tor (Kopachik el al. 1983. l985b; Williams el al. I987)

and other low molecular weight factors ()ledhv and

Pirtel. I985). It is conceivable that these signals and

others may also play roles in repressing vegetative gene

transcription. Here we examine the effect of physiological

signals on the expression of two genes: one is a gene

highly expressed in vegetative amoebae and whose corre-

sponding cDNA sequence is cloned in the insert of the

plasmid pcD-DZ and the other is a differentiation-cell-

SOI
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specificgenewhose cDNAscquenceiscorresponding

clonedintheinsertoftheplasmidpcD-DZ9(Kopachiket

(11.19850).

Nhflenhmsandineflwxhi

Strain: asdgromtlr ofasioebae

NC—4isawiId-typeiaolsteofD.dimmidauwfromwhiehthe

following strains were derived with the relevant markers

indicated: XPSS (Ratner and Newell, I978) and HC317 derived

from XPSS and carrying fgdC for aggregate-deficient develop-

ment(Coukelloetal. I983); KAX4withaxeAandaxeB for

ability togrow in axenic media (Loomia. I971); HC6and HC91

whichareparentalstrainsoffgdAcarryingstraimHCXSand

HCIIZ (Coukell et al. 1983). V12M2 is a developmentally

competent strain and the parent of HM27 from which HM“. a

strain that lacks accumulation of Differentiation Inducing

Factor, was derived (Ropachik er al. I983). Amoebae. except

for KAXt. were grown in association with [Gabriella pneumo-

nia: and harvested as described by Kay and Trevan (I981).

KAX4wasgrownin HL-S brothasdescribcdbySolletal.

(1976).

Developmental conditions on agar and in suspension

Harvested amoebae were allowed to develop on 2% Bacto-agar

buffered with KK; (20 mat-potassium phosphate. pH 6.2) as

described by Kopachik et al. (l985b). Conditions for develop-

ment in suspension were according to the methods described by

Medhy er al. (1983). except that cells were shaken in develop-

ment buffer (5 mM-Nazl-IPO“ 5 mM-NaHzPO4. Zmu--Mg$0.

and zoo m-CaClz, pH 6. 5) Fast and slow shaking cultures

were maintained at 230 and 70 revsmin' '.respectively.

RNA isolation and analysis

Total cellular RNA was isolated by the method previously

described (Chirgwin er al. 1979; Kepachilt er al. I98Sa). by

centrifugation of a guanidinium thiocyanate extract through a

cesium chloride cushion or by extraction of a cell pellet with

phenol and chloroform (Jacobsen. I976). Procedures for North-

ern blotting followed the methods previously described (Kopa-

chik er al. 19850).

Tito-dimensional gel electrophoresis

Proteins were separated by the two dimensional gel electropho-

resis procedures previously described (Kopachik el al. 1985)

except that pH 5-7 ampholytes were used.

Chemicals and materials

Adenosine, adenosine cyclic monophosphate. 8-bromo-

adenosine cyclic monophosphate. folic acid. and EMS amino

acids were obtained from Sigma Chemical Co. Adenosine 3': 5'

L —plwhimtr cyclic Sp-isomer (cyclic AMP-S) and

8-(4-chlorophenylthio) adenosine cyclic monophosphate were

obtained from Boehringer Mannheim Biochemicals. Rabbit

reticulocyte lysates and HYBOND-mAP paper was from Amer~

sham Corporation.

 

Results

Gene expression during growth and differentiation

For normal development harvested starving amoebae

were placed on agar buffered with RR; and observed to

502 H. H. Hassrmaiu and W. Ropachik

aggregatein rcsponsetocyclicAMPsignaIswithinSh.At

the completion of aggregation by l2h tight aggregates

with tips had formed. In contrast, harvested starving

cells placedin flasks containing development buffer (DB)

and shaken as suspensions of cells at 230mvsmin‘

remain substantially as single cells or if shaken at

70rcvamin“"' form multicellular cell masses within 12h

(Medhy er al. 1983). Total RNA was isolated and then

analyzed by Northern blotting to determine whether

differentiation on agar or in a suspension affected the

expression of the pcD-DZ and pcDDZ9 genes (Ropachik

er al. 19850).

Levels of transcripts homologous to pcD-DZ fell dra-

matically during the period that pcD-DZ9 transcript

levels rose during normal development on agar (Fig. 1A).

Thus expression of the pcD-DZ gene during this early

development period is inactivated when expression of the

pcD-DZ9 gene is activated.

It is conceivable that pcD-DZ transcript levels are

lowered solely in response to starvation from removal of

the bacterial food source. We therefore examined the

mRNA levels in cells placed in suspension cultures.

which prevents normal aggregation. The pcD-DZ tran-

script levels. unexpectedly. did not fall whereas the pcD-

DZ9 transcript levels rose in cells differentiating in

suspension cultures (Fig. IC and D). Thus starvation

alone cannot be a sufficient physiological signal for

inactivation of pcD-DZ gene expression but may be

sufficient for activation of the pcD-DZ9 gene. Further

support for this can be seen in Fig. 7, below, which

presents results using an aggregation-deficient mutant

strain HCI l2. Starving cells of this strain plated out on

agar for normal development never complete aggregation

and do not inactivate the pcD-DZ gene. Cell-to.cell

contacrs that develop during differentiation may be in

part responsible for the induction of many transcripts

that appear at the tight aggregate stage of development

(Chung et al. 1981). These contacts. however. had little

effect on the pcD-DZ transcript levels in cells that formed

large adhesive cell masses with extensive cell-cell con-

tacts (Fig. ID).

Other differentiation-specific transcripts are induced

in cells after cyclic AMP is added to suspension cultures

(Chung er 0!. I981; Barklis and Lodish, I983; Medhye!

01. I983; Bozzone and Berger. I987) whereas some

transcripts are repressed after cyclic AMP addition (Wil-

liams el 0!. I980; Bozzone and Berger. 1987). To

investigate the possiblity that cyclic AMP might similarly

affect gene expression from these two genes. cyclic AMP

(lmM) was added 4h after cells were placed in DB

buffer. The results in Fig. 2.—\ show that the pcD-DZ

mRNA did n0t fall after the addition of C_\'ClIC AMP or of

a poorly hydrolysable analogue of cyclic AMP. adenosine

3':5'-mon0phosphothioatc cyclic Sp-isomer (cyclic

AMP-S) added at Sim (Fig. 213).

Not all developmentally competent strains were ob.

served to be insensitive to cyclic AMP. Cells of the strain

V12M2 differentiating under the same conditions re-

Sponded to cyclic AMP addition by substantially lower-

ing pcD-DZ mRNA levels (Fig. 2C). This difference in

response bctwccn XI’SS and \" lZ.\lZ may be related to the
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Fig. l. Theeexpression of the pcD-DZ and pcD--DZ9 genes in the developmentally competent strain XPSS during normal

development on agar (A) and during differentiationin suspension cultures at fast-shaking (C) or slow-shaking (D) speeds Total

cellular RNA isolated from cells at the indicated hours of development was electrophoretically size-separated on

formaldehyde-agarose gels (l.3 %) and electroblotted onto hybridization transfer membranes (GeneScreen). The membrane was

hybridized with oligolabelled (Feinberg and Vogelstein. I983) plasmid DNA. washed. and exposed to X-ray film. Hybridization

of the cDNA plasrnids pcD-DZ and pcD-DZ9 to homologous mRNA is shown (A.C and D). The ethidium bromide-stained blot

of (A) is shown in (B) as a control for RNA analysis to indicate that equal amounts of RNA (10 pg) as judged by equality of the

amount of RNA in the 265 and Us ribosomal bands were loaded in the lanes. All blots shown in this work were stained with

ethidium bromide and used further if they had equal RNA loading.

latter strain's ability to develop normally on agar in the

presence of concentrations of cyclic AMP-S that prevent

aggregation of NC-4-derived strains (Rossier el al. 1978).

No difference was observed between these two strains

during development on agar. When developing normally

\'12MZ cells show the same loss of pcD-DZ. and gain of

pcD-29. transcripts (Ropachik el al. 1985a).

Cvclic AMP delivered in pulses Iort‘err pcD-DZ

transcript levels

The expression of some genes is affected by the appli-

cation of cyclic AMP in amounts and in intervals that

mimic the extracellular oscillations of cyclic AMP levels

caused b\ its release from cells and degradation by

extracellular cyclic AMP-phosphodiesterase during nor-

mal aggregation (Kimmel and Carlisle. I986; Kimmel

and Saxe, l986; Kimmel. 1987; Mann and Firtel. 1987).

However. only one gene (M4-l) expressed in vegetative

cells has been shown to be repressed by pulses of cyclic

.-\.\lP (Kimmel and Carlisle, I986). We estimated the

extent of changes in transcript abundance by translating

mRNA extracted from cells developing with or without

addition of cvclic A\lP in pulses. The translated poly—

peptides “ere separated in tw-odimensional gell electro

phoresis and the fluorographs compared. Of the ~400

polypeptides visualized eight decreased and 15 increased

in levels consistently in several experiments (Fig. 3).

Since these changes reflect altered mRNA abundance we

conclude that there are a significant number of specific

reductions and inductions in mRNA levels in cells pulsed

with cyclic AM P.

To check for an effect of cyclic AMP pulses on the

expression of the pcD--DZ gene \PSS cells were given

50 nM (final concentration) pulses of cyclic AMPin 10-

min intenals starting after 3h in suspension culture.

Expression of the pcD-DZ gene was repressed by pulses

of cyclic AMP (Fig. 4A). Cells of another strain, KAX4,

were found to require a higher concentration of cyclic

AMP (200 nM) for optimal reduction of pcD~D2 mRNA

levels and. interestingly. higher concentrations resulted

in less repression (Fig. 4 ).

The cyclic AMP signal received by cells chemotacti-

cally responding to cyclic AMP is transduced through a

cell surface cyclic AMP receptor, which has recently been

shown to be required for cyclic AMP chemotaxis (Klein

el al. l988). If the transduction of the pulsatile signal that

results in lowered pcD-DZ transcript levels requires the

activation and deactiiation oscillations of the cyclic AMP

receptor (Juliani and Klein l98l; Klein el al. I987) the

addition of too large an amount of mclic AMP to be

Regulation of mRNA m Dictyostclium 503
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Fig. 2. The expression pattern during suspension

differentiation for strain XPSS with the addition of l mM-

cyclic AMP (A) or S uwcyclic AMP-S (B) or VIZ/Ml \Iith

the addition of l mil-cyclic AMP (C). RNA blot

hybridizations were conducted as described in the legend to

Fig. l.
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effectively degraded before the next pulse might cause

the rweptor oscillations to cease. Further preliminary

support IuI

might be obtained by pulsing cells with the optimal

concentration of cyclic AMP in the presence of cyclic

AMP-S. Cyclic AMP-S is an effective cyclic AMP

analogue for chemotaxis (Rossier er al. 1978) and cyclic

AMP-S (5 W) did inhibit the cyclic AMP-mediated loss

of pcD--D2 transcripts (Fig. 5A). Perhaps the increased

occupancy of the cyclic AMP receptor, which might be

ed to occur from cyclic AMP-S at this concert-

tIation. prevented signal transduction. Adenosine, albeit

at very high concentrations (5 mil). competitivelyIn-

hibits binding of cyclic AMP to the receptor (Newell and

Ross, 1982; Theibert and Devreotes, I984) and when

added at the start of cyclic AMP pulsing prevented the

cyclic AMP-mediated loss of transcripts (Fig. SB).

We found that some nutrients can also inhibit the effect

of cyclic AMP pulses When cells are placedIn DB buffer

supplemented with a [mg ml" mixture of essential and

non--essential amino acids (Fig. SC) or lmM folic acid

(Fig. SD) the effect of cyclic AMP pulses is nullified.

These observations reinforce the theory that both star-

vation and cyclic AMP receptor oscillations are necessary

for the inactivation of the pcD-DZ gene expression.

Interestingly, folic acid pulses, which accelerate develop-

ment to the aggregation stage (Wurster and Schubi

I977) and raise intracellular cyclic AMP levels. had no

effect on pcD-DZ transcripts levels in developing cells

(Fig. 6A).

One response to cyclic AMP binding to the cell surface

receptor is an increase in intracellular cyclic AMP levels.

To determine if an increase in intracellular Cyclic AMP is

a sufficient signal to cause pcD-DZ transcript levels to fall

the membrane-permeable cyclic AMP analogues 8-bromo

 

diurng in turn translation of nIR.\A from KAX4 cellsFIIg. 3. of '

chcloping IIith (B) or IIItlIout(Mraddition of cyclic AMPInpulses. Amoebae (5X10 ml' ) IIcrc alloued to deIelopIn DB

bufferIn flasks shaking at l50 rcIsInin at Zl °.C

every l0 min for the next Sh. RNA was extracted from the cells after a total of th of development. l’olI' .-\' mRNA was

selected with HYBOXD-mAl' papcr and the mRNA IIas translated in tilm in rabbit rcticulncytc lysates. The pol_Ipeptidcs were

separated lvy IIIII--d|lll€n§l(lllfll gcl electrophoresis as describedIn dctaIl pIL-Iinusly (lxnpachik ('I (II. [985]») A line IIas drawn

almIc spots lhat II"I:tI darkcrIn (ll) and l‘ClO“ spots that wen: darker In (A).
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-\ftcr 4 h of chelopnIcnt cyclic AMP (final concentration 2(X) mt) was added



147

Hours

04 812

 

pLK 326

029

02

 

Fig. 4. The expression pattern during suspension

differentiation with the addition of cyclic AMP pulses.

Pulsing of XPSS cells (A) was begun after 4 h and continued

for another 8 h at 50 nu final concentrations at 10 min

intervals. The timing of cyclic AMP addition was similar for

KAX4 cells (B) but RNA was extracted only after l2h of

development and the cyclic AMP concentration was varied:

lanes a. no cyclic AMP; b. 10 on; c. 50 nu; d. ZfX)n_M; e.

SOOnM; f. lOOOnH. RNA blot hybridizations were conducted

as described in the legend to Fig. l. The blot shown in B was

probed with oligolabelled plasmid pLK326 in addition. to

show the constituitive expression of the pLK3Z6 gene.
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cyclic AMP (Fig. 6B) and 8-chlorophenylthIo-cyehc

AMP (not shown) were added to developingcella.

pcDDZ transcript levels. however. did not fall in re-

aponsetotheacandogquhichareapableofaffecting

DI'ayIMJI'Im differentiation (Kwong er al. 1988; R. R.

Kay. unpublished data).

Defective signal transduction inW

mutant strain: .

Certain don-deficient mutants termed 'frigid’

(fgd) atraimhavebeénwellcharacterizedgcncticallyand

biochemically with to chemotactic ability

(Coukell er al. 1983; Keabeke er al. 1988). The fgdA

strains, HC85 and HC112, produce low levels of cyclic

AMP receptors but are unable to respond chemotactically

to cyclic AMP. The defect in signal transduction may

reside in a Ca protein-mediated step (Kumagai er al.

1989). Cells of the strain HC317 (fgdC) also possess low

levels of receptors but show some chemotactic response

to cyclic AMP. An analysis of the ability of there frigid

strains to lower pcD-DZ transcript levels is shown in

Fig. 7: HCHZ cells when developing on agar did not

lower pcD-DZ. or raise pcD-D29. transcript levels (A)

but HC317 cells did (data not shown).

When amoebae were starved in suspension cultures for

4h and then pulsed with cyclic AMP, both HC112 and

HC317 cells failed to inactivate pcD-DZ expression

(Fig. 7B and C). HC8$ amoebae were similar in response

to HC112 amoebae in their lack of response (data not

shown). Not all cyclic AMP-mediated changesIn gene

expression are defectiveIn the fgdA mutants. Poly(A)

mRNA was extracted from HC112 cells taken from

cultures in the absence of or with cyclic AMP pulsing and

translated in vino. The translated polypeptides were

separated by two-dimensional gel electrophoresis and the

flourographs compared. Some polypeptides were visual-

ized in the HCllZ fluorographs only if the cells from

which the RNA was obtained were pulsed with cyclic

AMP and these polypeptides were visualized also in the

fluorographs from the experiment in which KAX‘l cells

were pulsed with cyclic AMP (Fig. 3).

  

Fig. 5. The expression pattern during auspensron

differentiation for strain XPSS developing with cyclic

AMP pulsmg and the addition of 5 (III-cyclic AMP-S

(A). 5 nm adenosine (B). l mg ml‘ amino acids (C)

and l mM-folic acid (D). Addition of cyclic AMP was

conducted as described in the legend to Fig. 4.

Itegululiou of mRNA in Dictyostelium 505
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Fig.6.“: eapremonpatternin developingwithtlte

additionoffolicaeid(A)arId8-bmmocyclieAMP(B).

$5cel.ls(lanea): RNAirnmcclls

pulse (folic acid was added to XPSS cells after- Zh of

for eight additions at lZ-min intervals with cells

ltzsto’ pcrrnl") (lane c) a. RNA rm KAXI cells the:

ofdevcloprnent (lanethea); with Mus-cyclic AMP added

ilnpulsesasasdeaeribedin dielegendtoFig.3(lapeb)f;lwith

8-brort'tocyclicAMPaddedata fioonoenalntruionof Intsl

alter 4 h of development (lane c). RNA blot hybridizations

were conducted a ducribed in the legend to Fig. l.

Discussion

It is interesting to contrast the regulatory mechanisms

guiding the loss of transcripts with the mechanisms found

to romote increases in transcripts and gene products.

Marin (I976. I977) used morphological markers of aggre-

gation and showed that starvation for amino acids is a

necessary trigger for the appearance of aggregates and the

continuation of the developmental program. Although

amino acids will prevent aggregation we could not assume

that amino acids would also prevent pcD-DZ mRNA

levels from falling and pcD-D29 mRNA levels from

rising. Since we found that amino acids prevented the

loss of pcD-DZ transcripts. it is conceivable that the

regulation of genes expressed in vegetative cells and early

in development might be coordinated with nutrient

levels. Essential amino acids could make good candidates

 

 

 

expression pattern during development on agar

for strain HC112 (A) and dunng suspens ondevelopment for

HCIlZ (B) and HC3I7 (C) with (+) and without ( ) the

addition of cyclic AMP pulsea. Pulsing was conducted as

nthe legendoto

for substances whose levels might be monitored by cells.

Similarly, one might expect the vitamin folic acid to play

a roleIn regulation of transcript levels because vegetative

amoebae detect folic acid given off by bacterial food

sources (Pan et al. I972). Folic acid is a chemoattractant

for feeding amoebae and continues to attract developing

amoebae until cyclic AMP-mediated chemotaxis takes

over early in development. Our finding that folic acid

(1mM) given to developing cells prevented the loss of

vegetative transcripts. indicates that elevated concen-

trations of folic acid may. as a chemoattractant or as a

nutrient. be a signal to continue expression of this gene.

It is well known that folic acid delivered in pulses can

induce intracellular oscillations of cyclic AMP in

amoebae that mimic the oscillations triggered by cyclic

AMP pulses (Gerisch and Wick. 1975; \Vurster and

Schubiger. I977; Devreotes. I983). We, however. found
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Fig. 8. Autofluorograms of polypeptides incorporating L-[”S]methionine during in rill!) translation of mRNA front HCl l2

cells developing with (B) and without (A) addition of cyclic AMP in pulses. The autofiuorogrants were prepared as described in

the legend to th. 2. The mRNA was extracted from cells after th ol development.
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noeffectoffolicacid pulsesonthclossofvegetstive

. In addition 8-bromo cyclic AMP and

8-chlor0phenylthio cyclic AMP. analogues capable of

entering some cells. were without effect on pcD-DZ gene

expression, whether added to growing or developing

cells. This preliminary evidence suggests that pcD-DZ

transcripts do not respond to elevation of intracellular

cyclic AMP concentrations. Mann and Firtel (1987) have

reachedasimilarconclusiontoaccountfortheabsenceof

intracellular cyclic AMP signals in the regulation of

several genes repressed or stimulated by cyclic AMP

pulses early in development.

Aggregation depends on the induction of mRNAs

encoding many new proteins, some of which are depen-

dent on oscillations consisting of cyclic AMP signals

released by cells at about 6-min intervals (Gerisch er a1.

1979; Devreotes and Steck, 1979). This coordination of

gene expression may be necessary for gene products that

are mential for aggregation and post-aggregation devel-

opment. [t is. however. less clear why the loss of some

transcripts would be controlled by oscillations of extra-

cellular cyclic AMP. Nevertheless. as our data indicate a

number of transcripts are lost in cells alter pulsing with

cyclic AMP. Hitherto. only Kimmel and Carlisle (1986)

had reported a gene. M4-l. expressed in vegetative cells

and repressed by low.level oscillations of cyclic AMP.

Since we have confirmed this interesting discovery in one

other gene. it might be possible to compare the sequence

and structure of the two genes in an effort to find

common, possibly regulatory elements responsible for

this control. Here we have extended the analysis to ask

whether the cell surface receptor and its two interconvert-

ible forms are involved in this signal transduction. The

cyclic AMP analogue cyclic AMP-S is capable of inhibit. ‘

ing aggregation in NC-4-derived strains (Rossier et al.

1978). Cyclic AMP-S is about 10000 times more slowly

hydrolysed by cyclic AMP phosphodiesterases but the

affinity for the cyclic AMP receptor is reduced only about

lO-fold. Thus cyclic AMP-S added at Sun might be

expected to occupy the receptor almost continuously.

The capacity of cyclic AMP~S to inhibit suggests if the

cyclic AMP receptor oscillates in parallel with the extra-

cellular cyclic .-\MP oscillations this oscillation may be

necessary for the loss of pcD-DZ in NC-4-derived strains.

If this model is correct, then the absence of an effect

resulting from the addition of high levels of cyclic AMP.

and the inhibition of cyclic AMP pulsing by cyclic AMP-

S and adenosine is easily explained: the receptor cannot

oscillate under these conditions. The reasons why the

V12M2 strain is able to inactivate pcD-DZ expression in

the absence of cyclic AMP pulses or in the presence of

high levels of cyclic AM? are obscure. VlZMZ cells are.

however, largely insensitive to the inhibition of aggre-

gation by cyclic AMP-S (Rossier er al. 1978) and may

uncouple the inactivation of pcD-DZ gene expression

from the cyclic AMP receptor oscillations. or the cyclic

AMP receptor oscillations continue to occur in spite of

cyclic AMP or cyclic AMP-S binding.

Another approach to understanding the mode of action

of cyclic AMP pulses on pcD-DZ mRNA levels is the use

of well-characterized aggregation-defective mutants. The
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frigid aggregation mutants are excellent for this purpose.

These strains accumulate cyclic AMP receptors but do

not efficiently induce the intracellular responses of adeny-

late and guanylate cyclase activation. and they are unable

to respond chemotactically to cyclic AMP (Coukell at al.

1983; Keskebe et al. 1988). The fgdA mutants are

believed to be defective in interaction between the surface

receptor and a Gaprotein (Kesltebe et al. 1988; Kumsgai

er al. 1989). As shown here, HCllZ is not entirely

defective in response to cyclic AMP because it responds

to cyclic AMP pulses by selectively increasing some

transcript levels. Because the straim can neither inacti-

vate pcD-DZ transcripts during development on agar nor

when pulsed with cyclic AMP in shaken suspensions. it is

possible that the Ga protein is involved in the signal

transduction. The insensitivity of the fgdA mutant

strains also confirms that starvation and the capacity to

undergo some early developmental changes is not suf-

ficient for pcD-DZ gene inactivation. This suggests that

the switch to reduce vegetative mRNA levels may not be

made until cells are aggregation competent. ln wild type

cells the loss begins during aggregation after 4h of

development and continues throughout completion of

aggregation after 12 h. Thus before cells become commit-

ted to reducing vegetative mRNA levels they must also be

able to respond to cyclic AMP signals from the surround-

ing cells. Other mutants in fgdB, -D and -E. which are

blocked earlier than the fgdA and -C classes, would be

expected not to inactivate pcD-DZ gene expression. but

these strains have not been used. Two other mutants.

TSZ a strain blocked early in development when develop-

ing at 265°C (Loomis et al. 1976). and HM“, which is

unable to accumulate the morphogen DlF (Kopachilt el

al. 1983), were able to inactivate pcD-DZ gene expression

when the amoebae were developing on agar (data not

shown). T52 at 265°C and HM“ must be blocked after

the switch to inactivate the genes is made and DlF

accumulation is not necessary for the inactivation in

HM“.

It is conceivable that many of the losses of mRNA in

early development could occur by accelerated turnover of

the mRNA using existing RNases. and cyclic AMP

pulses may stimulate this specific degradation. It is of

course possible that pcD-DZ transcripts have short hallo

lives and the transcript levels could drop quickly. It will

be interesting to determine the mechanism of action of

cyclic AMP oscillations and whether gene transcription is

repressed. or transcripts are degraded, or both.
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