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Function of a C-rich Region in the Transcriptional Regulation 

of the glycogen phosphorylase-2 Gene in 

Dictyostelium discoideum 

By 

Wen Wu 

Charles L. Rutherford, Chairman 

Biology (Molecular and Cellular Biology Section) 

(ABSTRACT) 

The cellular slime mold Dictyostelium discoideum is a simple eukaryote that has been 

used as a model organism for the investigation of eukaryotic cell signaling, regulation of 

gene expression and development. Transcription of the gp-2 gene is induced during 

development and is regulated by extracellular morphogens such as cyclic AMP (cAMP; 

Sucic et al., 1993) and differentiation induction factor (DIF; Yin et al., 1994a). These 

morphogens are known to be involved in regulating cellular differentiation and pattern 

formation in the multicellular development of Dictyostelium. This makes the gp-2 gene a 

good candidate for the investigation of the mechanisms of regulation of gene expression 

during cellular differentiation. The gp-2 gene has been cloned and previous analyses of the 

promoter with 5' deletions have revealed the presence of several regulatory regions which 

contain repeated sequence elements; TA-boxes, the TAG-boxes and C-boxes (Sucic et al., 

1993; Rutherford et al., submitted). The C-rich regulatory region contains two C-box 

repeats and is the most proximal of the regulatory regions. The aims of this investigation 

are the precise definition of regulatory elements within the C-rich regulatory region and



identification of the role played by these sequences in the transcriptional regulation of the 

gp-2 gene. The effects of disrupting regulatory sequences within the C-rich region with 

upstream regulatory elements intact were investigated using internal deletions and site- 

directed mutations. Using the luciferase reporter gene system it was shown that site 

directed mutation of the downstream C-box (CB-2) and adjacent bases results in a 50-fold 

decrease in the developmentally induced luciferase levels compared to a wild-type promoter 

construct (OS). An internal deletion of this mutant construct that deletes the upstream C- 

box (CB-1) and intervening sequences has no further effect on levels of expression induced 

during development. These data suggest that CB-2 and adjacent sequences are the 

regulatory sequences within the C-rich region that are involved in the transcriptional 

regulation of gp-2. The mutant promoter constructs regulate gene expression during 

development with the same temporal profile as the wild-type construct indicating that these 

sequences are not involved with the timing of induction of expression of the gp-2 gene. 

The induction of the gp-2 promoter constructs by extracellular cAMP was analyzed. The 

wild-type construct was induced approximately 10-20-fold by extracellular cAMP. 

However, the site directed mutated promoter construct was not induced by cAMP under the 

same conditions. This suggests that CB-2 and adjacent sequences are involved with the 

induction of gp-2 expression by extracellular cAMP. Previously, 5' deletion analyses have 

shown that upstream regulatory elements are involved in cAMP-responsive expression of 

the gp-2 gene (Sucic et al., 1993). The data presented here indicate that the regulation of 

expression of the gp-2 gene by extracellular cAMP also requires sequences in and around 

CB-2.
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Chapter 1 

Introduction 

The developmental processes of multicellular organisms embrace a myriad of complex 

biochemical events. All of those require precise and elaborate control mechanisms at the 

molecular level. Dictyostelium discoideum is a simple eukaryote which has been used as a 

model organism for the investigation of the mechanisms underlying eukaryotic cell 

differentiation during development. Two alternate life cycles, sexual and asexual, are 

observed in D. discoideum. The sexual cycle is difficult to reproduce under laboratory 

conditions. The asexual life-cycle involves differentiation of the amorphous amoebal 

population into one of two main cell types within a multicellular structure. Throughout 

development, Dictyostelium exhibits many features of development seen in higher 

organisms including cohesive cell contacts, cell signaling, cell sorting, the secretion of 

extracellular matrices, and cellular differentiation. The asexual cycle undergoes an entire 

cycle of its developmental program in the course of 24 hours and is easily manipulated in 

the laboratory (Loomis, 1982a and b). The simplicity of the life cycle, the fact that growth 

and development are temporally segregated, the ease of genetic manipulation and the 

availability of DNA-mediated transformation systems make Dictyostelium a useful model 

for the investigation of the fundamental processes that operate during the development of 

multicellular organisms. An understanding of the mechanisms underlying development in 

multicellular organisms will shed light on many diseases that arise from developmental 

anomalies such as cancer and birth defects.



1.1 The Life Cycle of D. discoideum 

D. discoideum exists as single-celled haploid amoebae which migrate through forest 

detritus feeding on a bacterial food source. These amoebae comprise a homogenous 

population of cells that are genetically, morphologically and biochemically similar. Upon 

depletion of nutrients, aggregation is initiated with the chemotaxis of up to 10° cells 

towards an aggregation center in response to a signal of cyclic AMP (cAMP) being emitted 

from the aggregation center (Konijn et al., 1967). 

The completion of aggregation coincides with the definition of the mound as a discrete 

multicellular entity by the surrounding of the mound by a sheath (see Figure 1). Within the 

mound cellular differentiation has occurred giving rise to two distinct cell types which are 

precursors of the spore and stalk cells that comprise the mature fruiting body. These cells, 

accordingly, are known as prespore cells and prestalk cells and comprise approximately 

80% and 20% of the total cell mass, respectively (Loomis, 1982a and b). Subsequent 

coordinated cell sorting occurs in which the prestalk cells are excluded from the prespore 

mass and form a tip on top of the mound (Loomis, 1975; Williams et al., 1989a and b; 

Esch and Firtel, 1991). This sorting is believed to be the result of expression of a prespore 

specific adhesion molecule and prestalk chemotaxis to cAMP emitted from cells at the tip of 

the mound (Schaap, 1986). The elongated ‘first finger’ structure then collapses onto the 

substratum forming a slug which is now spatially organized into an anterior prestalk zone 

and a posterior prespore zone (Loomis, 1975).
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Figure 1 Asexual life cycle of Dictyostelium discoudeum.



The slug is capable of migration and is phototactically sensitive. This directs the slug to 

the surface of the forest detritus where culmination occurs. This process involves further 

coordinated prestalk cell sorting which raises the prespore mass above the substratum 

supported on an elongating stalk (Devine et al., 1983; Williams et al., 1989b). During this 

process, terminal differentiation occurs giving rise to ellipsoidal spore cells, which are 

surrounded by a dense spore coat and exist as a sorus supported on the stalk; and 

vacuolated stalk cells which are encased in the cellulose sheath they secrete to form the 

stalk. When the environment becomes favorable for growth, spores will germinate and 

enter the free-living amoebae stage (Cotter et al., 1992). 

Current research of the mechanisms underlying the cell differentiation decision suggest 

that it may involve ‘position-dependent' and 'position-independent' factors. The 'position- 

independent' view hypothesizes that the tendency of amoebae to form prestalk or prespore 

cells is predetermined by the phase of the cell cycle that cells are in when starvation occurs 

(Weijer et al., 1984; Gomer and Firtel, 1987; Zimmermann and Weijer, 1993). Indeed 

analysis of cell type-specific markers supports this view since it appears that initiation of 

cellular differentiation occurs in a position-independent manner within the mound resulting 

in a random spatial pattern of cell type specific expression (Araki et al, 1994; Maeda, 

1993). 

The 'position-dependent’ hypothesis, on the other hand, suggests that the fate of 

amoebae is determined by their position in an aggregate (Strandmann and Kay, 1990). A 

number of extracellular factors are thought to influence subsequent morphogenetic events 

such as prestalk/prespore cell proportioning and cell sorting within the multicellular 

aggregate. These include cAMP (see Section 1.2; Schaap and van Driel, 1985; Schaap et 

al., 1986; Spek et al., 1988; Blumberg et al., 1988; Peters et al., 1991) and a group of 

small organic molecules known collectively as Differentiation Inducing Factor (DIF; see



Section 1.3; Kay and Jermyn, 1983; Kopachik et al., 1985; Morris et al., 1987; Kay et al, 

1993) of which DIF-1 is the most active as a morphogen. Additionally it has been 

suggested that extracellular ammonia and adenosine have some effects on cellular 

differentiation in vitro but the precise mechanisms by which they act and the effects on 

cellular differentiation remain poorly characterized (see Schaap, 1986 for review). 

1.2 The Role of cAMP During Development of D. discoideum 

Throughout development cAMP plays a pivotal role. During early development cAMP 

acts as a primary messenger which directs the aggregation of starving amoebae. During 

growth amoebae are able to sense the abundance of nutrients relative to cell number. Cells 

are able to sense a cell density due to the secretion by amoebae of a protein factor known as 

prestarvation factor (PSF; Rathi et al., 1991; Rathi et al., 1992; Clarke et al., 1988; Clarke 

et al, 1992). Amoebae sense bacterial food source indirectly since they express receptors 

during growth that bind specifically to pterins which are secreted during microbial activity. 

When PSF rises above a threshold level the expression of a number of genes is modulated. 

These notably include induction of the genes encoding a cAMP receptor (CAR1; Chisholm, 

1984; Klein et al., 1988); phosphodiesterase (PDE) and the phosphodiesterase inhibitor 

(PDI; Gerisch, 1987; Janssens and Van Haastert, 1987); adenylyl cyclase and a variety of 

cellular components involved in signal transduction (Kessin, 1988). Upon acquisition of 

this "aggregation competent state"; amoebae are entrained in an aggregation process that is 

mediated by the secretion of cAMP pulses by individual cells within the population of 

starved amoebae. When cAMP binds to its cell surface receptors, adenylyl cyclase is 

transiently activated. Intracellular cAMP accumulates for 1 to 2 min, and most of this 

cAMP is rapidly secreted, where it can diffuse to, and stimulate, neighboring cells 

(Devreotes, 1982). These cells then make a movement step in the direction of the cAMP



source and relay the signal to more distal cells. Prolonged occupancy of the receptors by 

cAMP results in an adaptation response involving receptor phosphorylation resulting in its 

dissociation from G proteins (see Devreotes, 1994 for review). In the vicinity of the cells 

cAMP is eventually destroyed by membrane-bound and secreted cAMP- 

phosphodiesterases. The cells are then capable of responding to the next cAMP stimulus. 

Thus, oscillations in the levels of cAMP are established and maintained within the 

population of amoebae. By the adaptation and de-adaptation of the cAMP receptors, 

chemotaxis results in the convergence of amoebae to form a multicellular mound. 

Early in development, as well as functioning as a chemoattractant, pulsatile oscillations 

in cAMP concentration modulate the expression of a number of genes, many of which are 

expressed in a cell-type specific manner (Mann and Firtel, 1987; Firtel et al., 1989). These 

include proteins involved in the aggregation process which are induced while the 

expression of other genes such as discoidins I and II is repressed by cAMP pulses (Firtel 

et al., 1989; Gerisch, 1987). 

At about the time that cells make tight contacts in streams, accumulation of aggregation- 

stage products ceases and a large number of new gene transcripts and proteins accumulate 

(Alton and Lodish, 1977; Blumberg and Lodish, 1980; Cardelli et al., 1985; Town and 

Gross, 1978). For the expression of these genes cAMP is required to be present at some 

10- to 100-fold-higher concentrations than during aggregation. In contrast to aggregation, 

the intracellular processes induced by the occupancy of cAMP receptors do not desensitize. 

Therefore cAMP signaling is no longer pulsatile and cAMP is required to be present 

continuously (Schaap et al., 1993; Schaap, 1985). 

At this stage of development, following differentiation of amoebae to produce prespore 

and prestalk cell populations, cAMP has profoundly different effects on gene expression in 

each of the two cell-types. In the case of prespore cells, the extracellular cAMP signal is



continuously required for cell-type specific gene induction and mRNA stability (Barklis and 

Lodish, 1983; Kay et al., 1978; Oyama and Blumberg, 1986a; Town et al., 1976; Weijer et 

al., 1985). Early prestalk-specific genes have an initial requirement for cAMP, however 

later prestalk cell-type specific expression is inhibited by cAMP and requires DIF for the 

differential gene expression that underlies the progressive differentiation of prestalk cells. 

This is exemplified by the expression of two extracellular matrix (ecm) gene products ecmA 

and ecmB. Exposure to cAMP as well as DIF-1 is necessary for the expression of ecmA in 

prestalk cells at around the formation of the early aggregate. Later, during culmination, 

further differentiation of prestalk cells is marked by the expression of the ecmB gene. 

Expression of ecmB requires DIF-1 and is inhibited by cAMP (Berks and Kay, 1990). 

This has led to the proposal that cAMP and DIF-1 levels are spatially orientated and this 

maintains correct cell-type proportions in a defined spatial pattern (Loomis, 1993). Four 

distinct cell surface cAMP receptors (CAR1 to cAR4) have been observed to be expressed at 

different times during development (see Devreotes, 1994 for review). These receptors 

differ with regard to the adaptation response and also a number are expressed in a cell-type 

specific manner. It has been suggested that these differences between the receptors underly 

the differential effects of cAMP on gene expression and cell differentiation in the different 

cell types (Devreotes, 1994). 

Clearly, an understanding of cell differentiation and morphogenesis during 

development of D. discoideum requires an understanding of how gene expression is 

modulated by extracellular signaling molecules such as cAMP and DIF-1. The gene 

encoding glycogen phosphorylase-2 (GP-2) is expressed in a developmentally regulated 

manner. Furthermore, as will be discussed later (see Section 1.4), transcription of the gene 

is modulated by both extracellular cAMP and DIF-1 as well as ammonia and adenosine. 

From this perspective an investigation into the mechanisms of the transcriptional regulation 
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of this gene should allow a valuable insight into the modes of action and interactions of all 

of these putative morphogens. 

1.3. Differentiation Inducing Factor (DIF) 

Differentiation inducing factor (DIF) is a central regulator of cell fate during 

Dictyostelium development. It accumulates in aggregates after about 10h of development 

(Brookman et al 1987). It comprises a group of closely related chlorinated alkali phenones 

among which DIF-1 is the predominant and the most morphogenetically active species. 

DIF-1 is able to induce isolated amoebae to differentiate into prestalk and stalk cells 

following an initial exposure to cAMP (Brookman et al., 1987; Brookman et al., 1982). 

Gene products whose expression is induced by in vitro exposure to DIF-1 appear only to 

accumulate in prestalk cells (Williams et al., 1987). When cells are disaggregated 

following 10h of development, DIF-1 represses prespore-specific expression (Fosnaugh 

and Loomis, 1991) leading to the suggestion that DIF-1 is involved with regulating cell- 

type proportions by inhibiting expression of prespore specific genes and inducing 

expression of prestalk-specific genes (Loomis, 1993). 

1.4 Glycogen Phosphorylase Activity During Development 

One of the major biochemical events in the development of D. discoideum is glycogen 

degradation (Marshall et al., 1970). The degradation of glycogen by glycogen 

phosphorylases provides glucose precursors for synthesizing components of differentiated 

cells. One such component is cellulose which is a structural polysaccharide present in 

spores and the major component of the stalk (Gustafson and Wright, 1972). Early studies 

revealed that glycogen phosphorylase activity appeared following the starvation of cells at



the point at which cells start to aggregate (usually at around 8h following starvation) and 

increased to maximal levels at culmination (Figure 2; Firtel and Bonner, 1972). The 

increase of phosphorylase activity is stopped if RNA and protein syntheses are inhibited 

(Firtel and Bonner, 1972). Evidence presented by Higgins and Dahmus (1982) also 

suggested that the enzyme was synthesized during development and the developmental 

regulation of phosphorylase was at the level of mRNA transcription. 

Rutherford and Cloutier (1986) observed a glycogen phosphorylase activity, which is 

now known as glycogen phosphorylase-1 (GP-1), that is distinct from the previously 

studied glycogen phosphorylase (known as glycogen phosphorylase-2; GP-2). GP-1 is 5' 

AMP dependent and present in vegetatively growing cells (Rutherford and Cloutier , 1986; 

Naranan et al., 1988). As development proceeds, GP-1 activity decreases gradually and is 

undetectable by the culmination stage (usually at around 20h see Figure 2; Rutherford and 

Cloutier , 1986). It is interesting that the developmental expression profiles of the two 

activities are complementary, presumably to maintain roughly constant levels of glycogen 

phosphorylase activity throughout development.



G
l
y
c
o
g
e
n
 

P
h
o
s
p
h
o
r
y
l
a
s
e
 

Ac
ti

vi
ty

 

(
n
m
o
l
e
s
/
m
i
n
/
m
g
 

dr
y 

we
lg

ht
) 

Figure 2 

8 
8 

o qT " t " J ad t 

  

aon gp! Aciwity 
ames gp -2 Activity 

    
  

4 8 12 16 20 24 

Time of Development (Hours) 

Glycogen phosphorylase activity during Dictyostelium discoideum 

development. Both GP-1 (5' AMP-dependent) and GP-2 (5'AMP 

-independent) activities were measured with the cells developed 

on buffer -saturated filters. 

10



Initial studies of the two activities suggested that they were associated with two distinct 

proteins (Rutherford and Cloutier, 1986). For instance, GP-1 and GP-2 activities were 

found to differ in their elution from DE-52 cellulose; their affinity constants; their 

thermostabilities; affinity for 5'-AMP Sepharose; sub-unit molecular weight; peptide map 

and are not immunologically cross-reactive (Rutherford, et al., 1988; Naranan et al., 1988; 

Sucic, 1988). Cloning of the gp-/ and gp-2 genes confirmed that the GP-1 and GP-2 

activities are associated with two unique proteins encoded by different genes (Sucic et al., 

1993). In contrast to Dictyostelium where two distinct proteins are identifiable, in other 

eukaryotes two forms of one glycogen phosphorylase protein are identified. The inactive 

"b" form and the active "a" form are biochemically interconvertible by phosphorylation or 

dephosphorylation of the protein (Krebs, 1981). 

1.5 Regulation of gp-2 Expression by Extracellular 

Morphogens 

Studies involving gp-2 promoter/luciferase reporter construct have revealed that the 

transcription of the gp-2 gene is modulated by various putative morphogens, such as 

cAMP, DIF-1, ammonia and adenosine (Yin et al., 1994a). As described above, the 

combinatorial action of cAMP and DIF is believed to regulate cell type proportioning in the 

developing aggregate by modulating gene expression. This raises the possibility that the 

gp2 gene is independently regulated in each cell type. Studies have indicated that at earlier 

developmental stages the gp-2 promoter directs prespore enriched expression of the GP-2 

protein and mRNA while prestalk enriched expression was observed later in development 

(Sucic et al., 1993). However cell-type-specific expression studies involving a gp-2/B- 

galactosidase reporter gene construct have shown that gp-2 is expressed in both cell types 

11



in the slug. Therefore it appears that the gp-2 gene is expressed to some degree in both 

cell-types during development. 

Previous reports initially showed that cAMP can induce GP-2 enzyme activity 

(Okamoto and Takeuchi, 1976; Takemoto et al., 1978; Okamoto et al., 1982; Schaap and 

Van Driel, 1985) as well as the appearance of the GP-2 protein (Brickey et al., 1990). 

Induction of gp-2 mRNA levels by extracellular cAMP has been examined by Sucic et al. 

(1993). Concentrations of cAMP as low as 1.0 UM can induce the appearance of the gp-2 

mRNA. The induction of expression of gp-2 mRNA occurs within 1h and 1.5h after the 

initial exposure of "aggregation competent" amoebae to cAMP. Induction of expression of 

the gp-2 gene by extracellular cAMP occurred in the present of caffeine. Caffeine is known 

to inhibit adenylate cyclase thereby blocking intracellular cAMP signaling (Brenner and 

Thomas, 1984). Therefore, it seems that extracellular cAMP induces expression of the gp- 

2 gene by a mechanism other than the induction of a rise in intracellular cAMP levels. This 

was further supported by the lack of induction of the gp-2 gene in the presence of the 

cAMP analogue dibutyryl-c AMP which diffuses across the cell membrane and binds to the 

regulatory sub-unit of the Dictyostelium cAMP dependent protein kinase (Sucic et al., 

1993). The cAMP analog 2'-deoxy cAMP has a higher affinity for the Dictyostelium cell 

surface receptor but a low affinity for the cAMP-dependent protein kinase (Oyama and 

Blumberg, 1986a and b). Inclusion of this analog in a starving cell suspension induces gp- 

2 mRNA by cAMP (Sucic et al., 1993). This suggests that cAMP regulation of gp-2 gene 

is mediated by cell surface receptors but is independent of intracellular cAMP signaling 

(Sucic et al., 1993). Other studies of cAMP modulation of gene expression have also 

strongly suggested that the effects of cAMP on gene expression is mediated by the cAMP 

12



cell-surface receptor are independent of intracellular cAMP (Oyama and Blumberg, 1986; 

Haribabu et al., 1986; Kimmel, 1987; Mann and Firtel, 1987). 

1.6 Transcriptional Regulation of the gp-2 Gene 

A genomic clone containing the entire gp-2 coding region and 1216 bp of sequence 

upstream from the translation initiation codon has been isolated. Sequence analysis of the 

region of DNA upstream of the gp-2 translation initiation codon revealed that this region is 

approximately 85% AT-rich (Sucic, 1992). This highly AT-rich sequence composition is 

typical of Dictyostelium non-coding sequences (Kimmel and Firtel, 1982). The upstream 

region contains several repeated sequence elements. One such element is repeated twice 

and is AT-rich (known as the "TA’-box). Another such AT-rich repeat element is the 

"TAG‘-box (see Figure 3) which is present as two copies. A C-rich sequence element 

(known as a 'C-box’) is also repeated twice in the promoter. 

The sequences that are involved in the transcriptional regulation of the gp-2 gene have 

been studied by 5' deletion analyses (Sucic et al., 1993; Rutherford et al., submitted). 

These have involved the fusion of the gp-2 upstream DNA with a luciferase reporter gene. 

DNA sequences are progressively deleted from the 5' end of the gene and transcriptional 

regulatory elements are identified by the corresponding effects on luciferase reporter gene 

expression in transformants. These analyses identified regions of DNA that are involved in 

the cAMP-inducibility of the gene (see above) and also sequences required for efficient 

expression of the gene (Rutherford et al., submitted; Sucic et al., 1993; Figures 4 and 5). 

These regulatory regions of the promoter contain the repeated sequences referred to above 

which is interesting since repeat sequences are commonly identified as regulatory elements 

in eukaryotic promoters (for example; Miwa and Kedes, 1987; Minty and Kedes, 1986). 

13
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Figure 3 The 5 noncoding region of thegp-2 gene. The repeated sequences (the TA- 

>d7 
GAATTCATTATAAAC TATGGTGAAAGAGCCATTTTCAATTICTCAAGAAATAAGAGTGAA 
GCTGAAAAGAAAGAAATCTCACCAAATTGGTTAACAAGCTCTTTACATGATCATGTAAAA 
ATAGATTATTGGAIFCTTGGTTGACTATTACAATAATACCAT TGAAAAAGGCTCTTGGAAA 
GAAGAAGATGSATCACTTATCTATATAACTAGTGTTTACTTTTATCTTGTICGAATCTCTC 
ATAAACACTATTCAAACCGCTACTGAACGTAGATTATTCTCTAGTAAACAAATACTTCAA 
TFCAC TT GAAAATCGTGAATCAACTTTCAAATCAATCTT TAATAGACAACAACGTTCTTCC 
CTCAATC AAGAAAC TATTAAAAAATTGGAACAATTATTAATT AAATT TGAAAAAATCATT 
TRATTTCARAATCTTTTAAAGATTTFTAGAGGT TATT AAAAARAAAAAAABAARABAAARA 
TCCAAAAAAAAAATCCAT AAAGTCCAAAATCAAATAATTTAAATTTAAATTATTITTAAA 

>d1-9 
TTAAAAACTAATCAAARAATAAAAAAAAT AAT AAAAATAAT ASAT AAAC AAATAAAAATA 

TTAAAAATTAATTATAATAAAGAACAAATAAATTAT TGATYGTIGTTTTTAAAAATAATAA 

>dil 

TAATTCAAAAAAAAAAAAAAAAAAAAAATT AAAAT TAAAAAAATAATTATAATAATTATA 

>diO 

ATAATAAAAATAATAGTAATAAT AATGAAAAT AAT TAAAAATGGAT AAAC TAAAAATGGA 

“ »d23 

aCTITVTTTTTTITTTTTTTYVTTATTAATTTTITTTAATAATGTAGTTTACAATGTATY 

*d29 > >d27 

ATTCTACCCACTATTGT TGGAAAAAAAAAACAGTGCAAACTCACCCACTCACAATTTITTT 

% 

AAACACAAAT AAAAAAATTITAGIGGTATCTGTGAAAAAATAGCTCCATACAAAAAACAA 

>d2.7 

ATTTTATCAAACACCACCAAATATATTATTTTTATTTAAATTAATTTACTTITITTITIWTYT 

>d2 
FATTAATATTATATTTYTYTTUITVITTTITITTITTTTTTATATTITGGITITTIICATTATT 

TATTATATTATTATTTITTTYCATCAATAAATTAATATTTCTTTIGTATTICTTTITATATT 

ATTCATTAAAAAAAAAAAAAT AAARAAAARAACT ABAAT AAAAAAAAAAATAAAATAATAA 

M £€ E€ K YT §& 

AACAAATT AAAAAARAATGGAAGAAAAAAGAAGT 17 

  

-1157 
-1097 
~1037 
~977 

“917 

~857 

-797 

-737 

~677 

-617 

~557 

-497 

-437 

~377 

“317 

-287 

~197 

~137 

~77 
~17 

boxes, TAG-boxes and C-boxes) are overlined. The symbol (>) is located at 

the 5' end of each construct used for 5' promoter deletion analysis. The 

transcription start site is marked with '#'. Position of nucleotides is relative to 

the translation start site (+1). 
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Figure 4 Deletion analysis of the GP-2 promoter-luciferase gene fusion. The clone 
numbers and their distance from the translational start site are shown to the left 
of the figure. The position of the "TAG" and "C” boxes are indicated by open 
and cross-hatched boxes respectively. Specific luciferase activity is expressed 

as units x 10°/mg protein. The values represent the mean and standard 
deviation from several independent experiments. 
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Figure 5 Identification of DNA sequence elements involved in the cAMP mediated 
regulation of the gp-2 gene. 

a) 

b) 

Schematic diagram of the gp-2 promoter and the deletions of this 
promoter used to drive the expression of a luciferase reporter gene. 
Results of luciferase assays on transformants carrying the gp-2 
promoter/luciferase constructs. Specific activity of luciferase for each 
construct is shown for four conditions: undifferentiated amoebae (Am), 
aggregation competent cells (AC), cells shaken for 8h in the presence 
(+cAMP) or in the absence of exogenous cAMP (-cAMP). The specific 
activities shown represent the average of between 4 and 7 experimental 
repeats. 
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It is interesting that C-rich sequence elements are located within a regulatory region (known 

as the C-rich region) of the promoter since studies of transcriptional regulatory elements in 

a number of other genes, the expression of which are cAMP-inducible, have shown that C- 

rich sequence elements are important for transcriptional regulation (Schnitzler et al., 1995; 

Powell-Coffman et al , 1994a; Powell-Coffman et al , 1994b; Schnitzler et al., 1994). 

1.7 Objectives 

The analysis of the gp-2 promoter performed previously (Sucic et al., 1993; see Section 

1.6) has identified the presence of 3 regions within the promoter that are involved in the 

transcriptional regulation of the gp-2 gene. These regions, as discussed above, contain 

copies of sequence elements that are repeated. These repeats are good candidates for cis- 

acting elements, and, accordingly a DNA binding activity has been identified (Rutherford et 

al., submitted) with specificity for a 25 bp oligonucleotide containing the downstream C- 

box (CB-2). However, owing to the nature of 5' deletion analyses, it is difficult to analyze 

the role of downstream elements such as the C-boxes, in the absence of upstream elements 

such as the TAG-boxes and TA-boxes. Additionally the previous 5’ deletions only crudely 

mapped regulatory elements. For example, the C-boxes are only implied as regulatory 

elements since they are present on the 80 bp fragment which, when deleted, results in 100- 

fold decreased levels of expression. Therefore the study described here analyzes the 

function of the C-rich region in transcriptional regulation and precisely defines cis-acting 

elements in this region. One strategy used involved the creation of an internal deletion 

which removes both copies of the C-box and intervening sequences. 

This allows the identification of the precise role of CB-1, CB-2 and adjacent sequences 

in gp-2 transcriptional regulation since all other regulatory elements are present in the 

promoter fragment. Site directed mutagenesis of CB-2 was also performed allowing 
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precise identification of the bases that constitute the cis-acting element(s) that regulate 

expression of the gene during development. These mutated promoter constructs were 

fused to the luciferase reporter gene in the Dictyostelium transformation vector pVTDH. 

Levels of reporter gene expression were monitored during development of resulting 

transformants in order to monitor the effects of mutation within this region on promoter 

activity. The generation of these mutations and analyses of the corresponding effect on 

luciferase activity during development are described in Chapter 2. It was found that the 

mutations generated in the C-rich region (i.e. internal deletion and site directed mutations) 

caused a average of 50 fold decrease in the levels of luciferase gene expression at the 

second finger stage of development. These data indicate that CB-2 is required for maximal 

gp-2 promoter activity. 

The mutant promoter constructs generated in Chapter 2 were used to analyze the precise 

role of CB-2 in the transcriptional regulation of the gp-2 gene. Investigations into the 

temporal role of CB-2 are described in Chapter 2 while analyses of the involvement of CB- 

2 in the cAMP-responsive induction of gp-2 expression is addressed in Chapter 3. It 

appears that CB-2 is required for cAMP-induction of the gp-2 promoter and is not involved 

in directing temporal expression. 

In the analysis of the gp-2 promoter described in this thesis, a 5' deletion of promoter 

sequences was created in addition to mutation of the CB-2 element. This construct 

expressed low but detectable levels of luciferase during development. This activity appears 

to be regulated with the same temporal profile as the 'wild-type’ promoter during 

development indicating that sequences downstream of CB-2 are involved in regulating the 

temporal expression of the gp-2 gene. 

Previous analyses of the gp-2 promoter using 5' deletions has indicated that the TA- 

boxes and TAG-boxes are involved in the cAMP responsive expression of the gp-2 gene 
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(Sucic et al., 1993). The role of C-boxes was not clear since these other elements lie 

upstream. The investigation described here disrupts the C-rich region while maintaining 

the upstream elements intact. This investigation reveals that CB-2 is required for cAMP 

responsive expression and suggests interaction between this element and upstream 

elements. 
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Chapter 2 

Identification of Transcriptional Regulatory Elements in 

the C-Rich Region of the gp-2 Promoter 

2.1 Abstract 

Deletion analysis of the gp-2 promoter has previously shown the presence of 

transcriptional regulatory regions (Sucic et al., 1993; Rutherford et al., submitted). These 

regions contain repeated sequence elements known as the TA-boxes; the TAG-boxes and 

the C-boxes which may be the regulatory sequences in these regions. In this report, we 

analyze the sequences within the regulatory region containing the C-boxes. Promoter 

constructs carrying internal deletions of this C-rich region and point mutations in one of the 

C-boxes (CB-2) and adjacent sequences were generated by PCR based strategies. These 

constructs express a luciferase reporter gene at about 50-fold decreased levels compared to 

the wild type promoter construct during development. This suggests that the CB-2 and 

adjacent sequences are important regulatory sequences. Both mutant promoter constructs 

are able to confer temporally regulated expression of the luciferase gene during 

development in the same manner as the wild-type promoter although at reduced levels. A 

construct carrying a 5’ deletion of the upstream regulatory regions and the 5' C-box (CB-1) 

as well as point mutations in CB-2 is also able to direct wild-type temporal regulation 

during development but at levels that are reduced about 500 fold lower than the wild-type 

promoter. This suggests that sequence elements that are downstream from the C-boxes are 

involved in the temporal regulation of the gp-2 gene during development. 
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2.2 Introduction 

The 5' deletion analyses carried out previously indicated that deletion of the gp-2 

upstream region to position -651 (deletion gp-2d1.9) had no effect on regulation of 

expression of the luciferase reporter gene (see Section 1.6). This promoter fragment 

therefore, contains all the transcriptional regulatory elements required for the expression of 

the gp-2 gene. Deletion analysis of this promoter fragment suggested that transcriptional 

regulatory elements may be located in the C-rich region of the promoter (positions -383 to - 

303). The repeated C-boxes are located at positions -360 and -326 upstream from the 

translational initiation site (denoted +1). This suggests that the C-boxes may be regulatory 

elements. However, it is necessary to precisely define cis-acting elements within this 

region. In addition, since the upstream elements (TA-boxes and TAG-boxes) are also 

deleted in this type of analysis it is not possible to define the precise role of regulatory 

elements within this region in the regulation of expression of the gp-2 gene. 

The approach involves site directed mutagenesis of the promoter and generation of an 

internal deletion. The site directed mutations were generated using a PCR based strategy. 

Briefly, this involves the design of primers that bind to adjacent sequences but on opposite 

strands of the promoter. Inverse PCR was performed using these primers and a pBlue 

clone containing deletion gp-2d1.9 as a template (p1.9Blue). One of the primers contains 

mismatches thereby generating point mutations which mutate CB-2. The internal deletion 

was generated by a "Two-PCR' method (see Figure 7a) which involves ligation of two 

PCR products. A second PCR reaction is performed to amplify the desired ligation 

product. These constructs were fused to the luc reporter gene in the Dictyostelium 

transformation vector PVTDH. Transformants resulting from the transformation of 

Dictyostelium with wild type promoter construct (OS) and mutant promoter constructs 

were isolated as individual clones. Levels of luciferase expression were then analyzed at 
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the second finger stage of development of all for these transformants. These transformants 

were also used in a detailed analysis of the effects of the mutations in the C-rich region on 

the temporal regulation of expression of the luciferase gene during development. 

2.3 Materials 

Oligonucleotides used as primers for PCR and sequencing were synthesized by 

DNAgency and the sequences and the positions of binding sites are shown in Table 1. 

Restriction endonucleases, T4 DNA ligase and Tag DNA polymerase were from New 

England Biolabs or Boehringer Mannheim Biochemicals. Geneclean II kit for DNA 

purification from agarose gels was obtained from BIO 101. QIAGEN plasmid kit for 

maxiprep of plasmid DNA was from QIAGEN. [a-*S]-dATP for sequencing was 

supplied by DuPont-New England Nuclear. Yeast extract, tryptone and bacto-agar were 

from Difco laboratories. Gelman GN-6 filters and absorbent pads used for developmental 

analyses were from Gelman Sciences. Unless otherwise indicated all other reagents were 

obtained at the highest purity available from Sigma chemicals. 

24



Table 1 Oligonucleotides used for PCR or DNA sequencing. 

  

  

Oligo Sequence Position(bp) 

Primer 1 TTTTTCCAACAATAGTGGGTAGA -352 -373 

Primer2 AAAAACAATGCAAACTCAAGTACTCACAAT -322 -351 

Primer 3 AATACATTGTAAACTACAT -377 -356 

Gp2xb GGGGGGGATCCGCTCGAGGGAATTTGATCTTGGTGGGTG +84 +104 

NBI3 GGAGCTATTTTTTCACGAATACCA -270 -295 

ALF GATCGAACAAATAAATTATTGATTGTGTT -570 -594 

LUC3 = GCTCTCCAGCGGTTCCATCCTCTAGAGG +45 +72 

  

The strand is written from 5' to 3'. Bases that are underlined and in bold face type are 
mismatched with the gp-2 sequence. The numbers represent the position of the binding site 
of the oligonucleotides in the gp-2 sequences relative to the translational start site of the gp- 
2 gene. LUC3 binds to sequences in the luciferase gene and its binding site is therefore 
numbered relative to the translational start site of the luciferase gene. 
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2.4 Methods 

2.4.1 Plasmid DNA Preparations 

Minipreparations of plasmid DNA were performed following standard protocols 

(Sambrook ef al., 1989). Maxipreparations of plasmid DNA were performed with the 

QIAGEN plasmid kit following the manufacturer's protocols. 

2.4.2 Agarose Gel Electrophoresis 

Horizontal gels containing 0.6- 0.8 % agarose were used for electrophoresis for 

analysis and purification of restriction fragments. Electrophoresis was performed at 

constant voltage (10-12 V/cm) with TBE buffer (0.05 M Tris-HCI, 0.05 M boric acid, 

0.002 M EDTA, pH 8.0) or TAE buffer (0.04 M Tris-acetate, 0.001 M EDTA, pH 8.0) 

where DNA purification was performed. 

2.4.3 Restriction Endonuclease Digestion 

Restriction enzyme digestion took place in a 50 yl volume under conditions 

recommended by the suppliers. The digestions were incubated at the appropriate 

temperature for 3-16h. 

2.4.4 Purification of DNA from Agarose Gels 

Extraction of DNA from agarose gels was carried out using the DNA Geneclean Kit II 

and the manufacturer's protocol. 

2.4.5 PCR Amplification 

The polymerase chain reaction was used to amplify DNA fragments using a Perkin- 

Elmer Cetus Instruments thermal cycler. The PCR conditions were varied with the 

template and primers used but generally consisted of 10 ng of plasmid DNA and 50 pmol 
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of each primer in a 100 ul reaction of 1x buffer (10 mM Tris-HCl pH 8.3, 50 mM KCI, 1.5 

mM MgCl, 200 »M dNTPs, and 2.5 U Tag DNA polymerase. The Mg” concentration 

was titrated to optimize PCR as required. The cycles were: denaturation of template DNA 

at 94 °C for 2 minutes followed by 30 cycles of denaturation at 94 °C for 30 seconds; 

annealing at 50°C for 1 minute and extension at 72° C for 2 minutes. An aliquot of 10 wl 

of each reaction mixture was run on a 0.8 % agarose gel to check the size and quantity of 

the product. 

2.4.6 Transformation of E. coli 

Transformation of E£. coli strain XL1-Blue was carried out using electroporation 

according to standard procedures (Sambrook et al., 1989). 

2.4.7 Nucleic Acid Sequencing 

Transformation vector constructs containing various mutated gp-2 promoters were used 

as templates. Primer NBI3 (see Table 1) was used to sequence the C-rich region in order 

to identify mutations. Primer ALF (see Table 1) was used to sequence the TAG-box and 

TA box region to detect extraneous mutations that may have occurred during PCR which 

would affect levels of expression. The sequenase version 2 sequencing kit from United 

States Biochemicals, Inc. was used for all sequencing experiments following the protocol 

from the manufacturer. 

2.4.8 Transformation of D. discoideum 

The gp-2/luciferase transformation vector constructs were transformed into 

Dictyostelium amoebae strain AX3K, using the calcium-phosphate precipitation/glycerol 

shock protocol of Nellen et al., (1984) with the following modifications. Stationary-phase 
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(about 1 x 10’ cells/ml) rather than log-phase amoebae were used for transformation. A 

lower concentration of glycerol (15%, v/v) was used in this study for the glycerol shock 

for 3 minutes as opposed to the 18 % (v/v) and 5 minutes by Nellen et al.(1984). After 

about 10 days selection for stable transformants with 10 pg/ml G418, isolated colonies of 

cells were picked with the aid of a microscope and plated onto DM agar (Podgorski et al., 

1984) containing 50 ug/ml G418, together with the G418 resistant E. coli strain B/r 

(Hughes et al., 1992). After 2-5 days when amoebal feeding produced isolated plaques, 

clones were further purified by streaking out a plaque onto a fresh DM/G418 plate with E. 

coli strain B/r cells. 

2.4.9 Cell growth and Developmental Analysis 

Dictyostelium cells of the strain AX-3K were grown in HL5 media in the presence of 

50 pg/ml of streptomycin at 21°C as previously described (Rutherford and Cloutier, 1986). 

Transformants were grown in HL5 medium further supplied with 10 ug/ml G418 at 21°C 

and heat killed B/r cells equivalent to 10° cells/ml (Sussman, 1987). 

For developmental analyses, vegetative transformates were grown to log-phase (which 

corresponds to a density lower than 5 x 10° cells/ml) in HLS media with 10 1.g/ml G418, 50 

ug/ml streptomycin. Cells were harvested by centrifugation and resuspended in ice-cold 

H,O, which was purified using the Milli-Q filtration system (Milli-Q H,O). This was 

repeated twice and after the final wash, cells were resuspended in starvation buffer PDF 

(20 mM KCl, 2.5 mM MgCl, 48.8 mM KH,PO,, 7.9 mM Na,HPO, pH6.7) and cell 

density was adjust to 4 x 10’ cells/ml. These cells were plated for multicellular 

development on Gelman GN-6 cellulose acetate filters supported by Gelman absorbent 

pads saturated with 1.5 ml PDF buffer. Synchronous development of cells on filters was 

verified by visual examination using a dissecting microscope. After 12h from plating, 
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discrete mounds were first observed. After around 16h, first finger structures were 

observed and after 20h, second finger structures were visible. This time course of 

morphology was similar in all developmental analyses and provides a crude method of 

ensuring that development is occurring at about the same rate for all plated cells. Cells 

were harvested from filters at various stages of development by washing with ice-cold 

1mM sodium vanadate solution. Sodium vanadate, if present at harvesting at a 

concentration of 1mM has previously been shown to increase sensitivity of luciferase 

detection in Dictyostelium (Rutherford et al., submitted). Following centrifugation cell 

pellets were stored at -80°C. 

2.4.10 Luciferase Assays 

Luciferase activity was assayed as previously described (Sucic et al., 1993). Frozen 

cell pellets were lysed by vigorously resuspending in 100 ul of 30 mM glycyl-glycine (pH 

8.3), which in some cases was supplemented with 5 ug/ml leupeptin (see Section 2.4.5). 

The pellet was disrupted with vigorous vortexing at room temperature for 5 seconds. The 

lysed cell extracts were centrifuged for 10 min at 12,000 x g and supernatant transferred to 

a fresh microcentrifuge tube with care not to disturb the cell debris. An 5 yl aliquot of the 

supernatant was added to the assay mixture for luciferase assay. The assay mixture 

contains 0.54 M glycyl-glycine, 4 mM MgCl, 2.1 mM ATP in a 100 pl total volume. 

Luciferase units were quantified by a Berthold luminometer (Lumat LB9501) following 

automated addition of 100 wl of 0.6 mM luciferin solution. Luciferase activity is expressed 

as LU/yg total protein. Total protein levels in cell extracts were determined by the Bradford 

method (Bradford, et al., 1976) using BSA Fraction V (Sigma) as a standard. 
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2.5 Results 

2.5.1 Generation of Site-Directed Mutations of CB-2 

A recombinant plasmid p1.9Blue was generated previously and consisted of a portion 

of gp-2 upstream DNA (+495 to -651 bp) cloned in pBluescript II SK+ (Stratagene). This 

region of the gp-2 promoter conferred the maximum gp-2 promoter activity in the previous 

5' promoter deletion analysis using the luciferase reporter gene system (Sucic et al., 1993). 

This fragment, since it is cAMP-inducible and regulated during development in the same 

manner as the GP-2 mRNA, will be known as the wild-type promoter (Rutherford et al., 

submitted). Site-directed mutagenesis was performed using a PCR based strategy in which 

mutations are induced as mismatches between the primer and the gp-2 promoter sequences. 

In this instance primer 2 is mutagenic and binds to the anticoding strand of the gene. 

Primer | contains no mutations and binds to the coding strand upstream of primer 2 (see 

Table 1 for primer sequences). As shown in Figure 6a, PCR amplification using these 2 

primers results in amplification of the entire p1.9Blue plasmid. The linear molecule 

contains mutations in three of the C residues of CB-2 (see Figure 10). Since primer 2 is 

phosphorylated the linear molecule can be religated following gel purification (to reduce 

levels of template DNA which are supercoiled and migrate with a higher mobility) and T4 

DNA polymerase mediated removal of overhanging A residues which are added onto the 3' 

termini by Taq DNA polymerase during PCR. The mutations induced by primer 2 result in 

the formation of a Sca I site which is unique in the gp-2 sequences. Therefore, following 

transformation of E. coli and miniprep of plasmid DNA, vectors harboring the desired 

mutations can be selected based in a Sca I restriction digestion. One such mutant (known 

as F16) was selected on this basis and the Sca I digestion of this construct is shown in 
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Figure 6 Generation and selection of a CB-2 site directed mutant 
1) p1.9Blue consists of the gp2d1.9 (see Figure 4) promoter deletion a) 

b) 

(hatched box) subcloned into the pBluescript SK+ vector (open circle). 
The position of CB-2 within the gp-2 promoter is shown as a dotted 
box. This plasmid was used as a template for inverse PCR using 
primer 1 and primer 2. Primer binding sites are shown as arrows 
which point from 5' to 3' direction and indicate the orientation of the 
bound primer. Primer 1 is complementary to the anticoding strand 
upstream of CB-2. Primer 2 is complementary to the coding strand at 
CB-2 and carries 4 mismatched nucleotides (for oligonucleotide 
sequences refer to Table 1) which generate a Sca I site at CB-2. 

2) Following PCR the entire template was amplified producing a linear 
product of 3.9 Kb. The Scal site (black ellipse) was introduced in CB- 
2 by mutagenic primer 2. Primer 2 was phosphorylated allowing self 
ligation of the PCR product. The ligation was then used to transform 
E. coli. 

3) Those transformant colonies that contain the mutated plasmid DNA will 
contain a Sca I site. Therefore a Sca I digestion is used to identify 
mutants. The promoter fragment is amplified from one such mutant 
(F16) using the T7 and Gp2xb primers. Again the arrows indicate the 
binding site and orientation of each primer. T7 binds to sequences in 
the pBlue vector upstream of the 5' end of the gp-2 promoter fragment. 
Gp2xb binds to gp-2 coding region sequences and induces a Xhol site 
owing to mismatches in the primer 

Identification of mutant plasmids. Mutant plasmids were selected 
based on the presence of an additional Sca I site at CB2. The 
identification of one such mutant (F16) is shown here as an example. 
Restriction digestion followed by electrophoresis of plasmid DNA. 
Lane 2 shows the template plasmid p1.9Blue following digestion with 
ScaI. Clearly Sca I cuts the template ‘wild-type’ plasmid once 
producing a linear DNA molecule of 3.9Kb. Lane 3 shows the 
linearized mutant plasmid DNA (F16) after Kpn I cut. The linearized 
mutant plasmid DNA is of the same size as that of the wild-type plasid 
DNA. Lane 1 shows digestion of F16 with Sca I. This digestion 
produces two fragments indicating that the PCR product has an 
additional Sca I site. These fragments are 2.5Kb and 1.4Kb which 
indicates that this extra Sca I site is in the gp-2 promoter fragment 
confirming that the mutation of CB2 has occurred. Lane 4 shows 
DNA size marker IV (Boehringer Mannheim) and the sizes of the DNA 
fragments are shown next to the corresponding band. 

ii) Lane 1 is a DNA size marker (Lambda DNA digested with HinD IIT). 
The gp-2 fragment amplified with primer T7 and Gp2xb from the 
template (p1.9Blue) plasmid DNA is shown in lane 3 and is 765 bp in 
size. Lane 2 shows a Scal digestion of the PCR product resulting from 
the amplification of the F16 mutated promoter with the T7 and Gp2xb 
primers. This digestion is partial thus allowing the size of the resulting 
bands to be compared to the uncut product. As can be seen in lane 2, 
as well as the 765bp uncut band two bands are produced which are 325 
bp and 440 bp in size. These are the sizes predicted if CB2 is mutated 
to a Sca I site. 
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Figure 6b along with the Sca I digestion of wild-type p1.9Blue. The Sca I recognition site 

is unique in p1.9Blue (position 2526). The gp-2 promoter fragment is cloned in the Sma I 

site (position 719) in the multiple cloning region of the plasmid. Therefore if a Sca I site 

were induced in the gp-2 promoter sequences now (at position 1044 relative to +1 of 

pBlue) then the mutant p1.9Blue (F16) would be cleaved at an additional site generating 

2.5 Kb and 1.4 Kb fragments. As predicted, this is the band pattern resulting from the 

digestion of F16 (Figure 6b). The resulting product is 765 bp (lane 3 in panel (ii); Figure 

6b). If a Sca I site were introduced by mutagenesis in the CB-2 of the gp-2 promoter 

sequences, the 325 bp and 440 bp bands will be generated in the Sca I digest of the gp-2 

fragment. That is the case when the product amplified from clone F16 using T7 and 

Gp2xb primers is digested with Sca I (lane 2 in panel (11); Figure 6b). Since it is a partial 

digestion, a band of about 765 bp is still observed in the same lane. This allows 

comparison of digested and undigested PCR product. 

The gp-2 fragment subcloned into the clone F16 is amplified with primer T7 (which 

binds to vector sequences upstream of the 5' end of the gp-2 promoter) and Gp2xb. The 

F16 mutated gp-2 promoter fragment was therefore isolated and subcloned into the 

Dictyostelium transformation vector pVTL2 as described in Section 2.4.3. 

2.5.2 Generation of an Internal Deletion of the C-Rich Region 

An internal deletion was generated that results in the deletion of a 25 bp fragment from 

the C-rich region of the promoter which includes CB-1. In addition to this deletion CB-2 is 

mutated as in F16 described above. This allows the analysis of the effects on expression of 

the removal of both C-boxes. The strategy used is shown in Figure 7a. This involves the 

amplification of fragments of the promoter by PCR, using 2 internal primers that bind to 

different strands of the promoter. Primer 3 binds to the coding strand of the gp-2 promoter 

to a sequence that flanks CB-1 (on the 5' side). Primer 2 binds to the anticoding strand and 
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Figure 7 Generation of an internal deletion of the C-rich region. 
a) 

b) 

1) An expanded view of the gp-2 promoter fragment (shown as a hatched 
box) in pBlue1.9 is shown. The gp-2 sequences are shown as the larger 
box which is flanked by pBlue sequences as shown. The C-box 
elements are shown as cross-hatched boxes. The hatched region and the 
open region of the gp-2 promoter indicate the two products produced by 
PCR described in 2) relative to one another. The vertical dotted lines 
indicate the extent of the internal deletion ultimately produced. Arrows 
indicate the location and orientation of primer binding sites. 

2) p1.9Blue was used as a template for two PCR reactions; one using 
primer 3 and T7 and the other using primer 2 and Gp2xb. These 
reactions produce products of 300 bp (hatched box,which is a 5' 
fragment of the promoter) and 440 bp (blank box which is a 3' fragment) 
respectively. Primer 2 carries mutations of CB-2 to a Sca I site therefore 
the 3' fragment is mutated at this locus. Primer 2 is phosphorylated 
therefore the 3' fragment is phosphorylated at only one terminus (shown 
by the encircled 'P'). The arrows within each fragment show the correct 
orientation of each fragment in the original gp-2 promoter. Sequences in 
the gp-2 promoter between the binding sites of primer 2 and primer 3 are 
not included in either product (represented by the vertical bars and 'A’ 
symbol). 

3) Since only the 3' fragment is phosphorylated and only at one end, 
ligation of the two PCR products give rises to only four possible 
products (i, ii, iii and iv). These result from the ligation of the 
phosphorylated end of the 3' fragment to both 5' and 3’ fragments. 

4) PCR reaction using T7 and Gp2xb primers and the ligation mixture as a 
template was then performed. Each fragment in the ligation contains one 
primer binding site. For amplification the ligated product must contain 
primer binding sites on opposite strands. Theoretically two ligation 
products (i and iii)will not be amplified and these are shown with crosses 
to the right. The sizes of the ligation products that will be amplified are 
shown adjacently. One of the amplified products (11) is predicted to be 
740 bp (= 300 bp + 440 bp) in size and this arises from the ligation 
between the phosphorylated end of the 3' fragment and the 5’ fragment 
with both fragments in the same orientation as in the original gp-2 
fragment. The amplified product (iv) arises from the ligation of the 
phosphorylated ends of two 3' fragments of 440 bp. The PCR product 
of interest is 740 bp in size and is isolated following gel electrophoresis. 
This fragment carries an internal deletion (denoted as a triangle) of gp-2 
fragment as well as point mutations in CB-2. 

Gel electrophoresis of PCR products. Lane 4 contains a DNA size 
marker (Sty I digested Lambda DNA) and fragment sizes are shown next 
to the corresponding bands. PCR product using p1.9Blue as a template 
with primer T7 and primer 3 is shown in lane 3 and is 440bp in size. 
Using the same template but primer 2 and the Gp2xb primer PCR yields 
a band of 300bp in size and this is shown in lane two. Following 
ligation and PCR using T7 and Gp2xb two products were observed (lane 
1). One product is 740bp (shown with arrow) and was isolated and 
cloned into the transformation vector pVTDH. 
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is the mutagenic CB-2-specific primer using for the site directed mutagenesis described 

above (see Table 1 for sequences). Using primer 3 and the vector-specific primer T7 a 

fragment of the promoter was amplified. Using a phosphorylated primer 2 and a primer 

binding to sequences in the gp-2 coding region (Gp2xb) a 3’ fragment of the promoter was 

amplified. The sequences between primer 3 and primer 2 are not contained in either PCR 

fragment. The 3' fragment carries a phosphate at only one 5’ end induced by the 

phosphorylated primer 2 but the 5' fragment is not phosphorylated at either end. 

Following PCR the ligation of these two fragments potentially yields four products as 

shown in Figure 7a. These result from the ligation of the phosporylated 5' end of the 

primer 2/Gp2xb product to the non-phosphorylated termini of both PCR products. PCR 

amplification of the ligation mixture with T7 and Gp2xb results in the amplification of two 

ligation products (see Figure 7a). These two expected products are of different sizes (880 

bp and 740 bp). However as shown if Figure 7b, only the 740 bp product and a smaller 

product (probably unligated product from the initial T7/primer 3 PCR reaction) were 

visible. The 740 bp fragment which presumbly contain the 5’ and 3’ fragments in the 

correct orientation was purified. 

2.5.3 Ligation of the gp-2 Fragments into the Dictyostelium 

Transformation Vector 

The luciferase reporter gene system was constructed in an extrachromosomal 

Dictyostelium transformation vector and is known as pVTL2 (Yin et al., 1994b). Figure 8 

shows the map of the vector pVTDH which is identical to pWTL2 except the HinD III has 

been deleted. This vector contains an FE. coli replication origin, a Dictyostelium replication 

origin from plasmid Ddp2, gene cassettes encoding the ampicillin resistance, neomycin 

resistance (neomycin phosphoryl transferase) and the luciferase coding region flanked at 

the 3' end by a Dictyostelium transcriptional terminator. The Dictyostelium origin of 
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replication allows the vector to replicate extrachromosomally, thereby eliminating the 

potential effects of insertion of the luciferase vector into the chromosome on the levels of 

vector-encoded expression. The transformation vector has been shown to be stably 

maintained in D. discoideum under G418 selection (Yin et al., 1994b). The vector exists in 

multiple copies allowing sensitive detection of even low levels of expression by luciferase 

assay (Yin et al., 1994b). The HinD III site of the luciferase vector was previously filled in 

by Dr. Ian McCaffery (underlined sequence) in order to allow sub-cloning of gp-2 

promoter elements into the Sal I site thereby placing the gp-2 gene in frame with the 

luciferase translation initiation codon (this vector is known as PVTDH). Translation is 

initiated at the gp-2 encoded ATG producing a fusion protein. The luciferase protein has 

previously been shown to tolerate large 5’ fusion with gp-2 encoded sequences (Yin et al., 

1994b). 

The F16 mutant promoter construct was then amplified using p1.9Blue(F16) template 

and T7 and Gp2xb primers. The internal deletion fragment was amplified from the ligation 

of PCR products using T7 and Gp2xb primers. The T7 primer introduces a Kpn I site at 

these 5’ end of the gp-2 fragment and Gp2xb introduces a Xho I site at the 3’ end which is 

in the gp-2 coding region. The amplified gp-2 promoter fragments were digested with Kpn 

I and Xho I and then ligated into the multiple cloning site of luciferase vector PVTDH 

which was digested with Kpn I and Sal I. Xho I and Sal I produce complementary 

overhanging ends. The ligations were transformed into E. coli cells and clones carrying 

mutations were identified according to the restriction digest pattern of their plasmid DNA 

when digested with both Kpn I and XbaI. The Kpn I site is unique in the PVTDH 

multiple cloning site whereas Xba I digests PVTDH at several sites (see Figure 8). Digest 

with both of these enzymes produces 8.0 Kb, 2.7 Kb, 1.4 Kb and 80 bp fragments (see 

Figure 9 lane 5; the 80 bp band is normally too faint to see in the ethidium bromide stained 

agarose gel). The Sal I site used for subcloning the promoter fragments is between Kpn I 
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Figure 9 Cloning of gp-2 promoter PCR products into pVTDH. gp-2 promoter PCR 
products were directionally cloned into the Kpn I and Sal I sites in pWTDH (see 
Figure 8 for position of sites). Where full-length promoter PCR products were 
cloned recombinants were identified by digestion of plasmid DNA from 
transformants with Kpn I and Xba I. KpnI digests recombinant DNA at a 
unique site which is 5' of the inserted sequences. As shown in Figure 8, Xba I 
digests at several sites in the vector one of which is approximately 80bp from 
the 3' end of the insert. Therefore recombinant plasmids are identified by the 
presence of an additional approximately 820bp fragment. Lane 5 shows 
fragments generated by digestion of the ‘wild-type’ vector with both Kpn I and 
Xba I. Lane 4 shows digestion of the FP recombinant with Kpn I and Xba I. 
The presence of the 800bp fragment indicates the presence of a gp-2 promoter 
insert. Likewise, lane 3 shows that the internal deletion was cloned into the 
vector. In clone DP, the subcloning of the 5' deletion of the promoter (about 
440 bp) results in destruction of the Kpn I site. Since this construct contains a 
mutation that generates a Sca I site at CB2 then this additional Sca I site was 
used as the basis for selection of recombinants. Lane 2 shows the fragments 
generated from the digestion of ‘wild-type’ plasmid with Sca I. Lane 1 shows 
the fragments produced from an identical digestion of a recombinant clone. 
Therefore the inserted Sca I site cleaves the larger fragment indicating the 
insertion of the mutated fragment. Lane 6 shows a DNA size marker (Lambda 
DNA digested with Sty I). 
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and Xba I site on the 80 bp fragment. Therefore gp-2 promoter recombinants are 

distinguishable by digestion with Kpn I and Xba I since this band now containing gp-2 

sequences is about 830 bp in size. Clone FP and NP were identified on this basis (see 

lanes 3, 4 in Figure 9). Clone OS contained a wild type gp-2 promoter fragment which 

was amplified from p1.9Blue and subcloned into the luciferase vector by Dr. Ian 

McCaffery. Clone DP was generated from the direct subcloning of the primer 2/Gp2xb 

PCR product. This was performed by digesting the product with Xho I and ligating to 

PVTDH which had been digested with Kpn I, filled in with the Klenow fragment of DNA 

polymerase I and then digested with Sal I. Recombinant clones were identified by 

digestion of plasmid DNA with Sca I. PVTDH cut by Sca I shows two bands (Lane 2 in 

Figure 9). The cloning of the primer 2/Gp2xb PCR product introduces a new Sca I site 

into recombinant PVTDH. As predicted the recombinant plasmid DNA of clone DP shows 

three bands following Sca I digest (as shown in Figure 9, lane 1). 

2.5.4 Sequence Analysis 

In order to verify that the predicted mutations had occurred, the C-box region of each 

construct was sequenced with primer NBI3 (see Table 1 for sequence). Clone FP 

(mutation originally generated by inverse PCR) is predicted to contain mutations of the 

three Cs of CB-2 to AGT. Clone NP generated from 'the Two PCR' method is predicted 

to contain an internal deletion of CB-1 and some of the sequences between CB-1 and CB-2 

as well as mutation of CB-2. Indeed all the predicted mutations had occurred in the C-box 

region (Figure 10a & 10b). However, in construct FP, an extraneous 2 bp mutation had 

occurred in the poly(dA) tract between the two C-boxes. This mutation is not due to errors 

in primer synthesis since they are not deleted in DP which also uses primer 2 to induce the 

C-boxes mutation. In order to verify that further extraneous mutations had not occurred in 

other regulatory elements, sequencing was performed using primer ALF (see Table 1 for 
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a) 
-379 -327 

L --CB1-- -~-CB2-- J 
OS: ATTATTCTACCCACTATTGTTGGAAAAAAAAAACAGTGCAAACTCACCCACTC 

FP: ATTATTCTACCCACTATTGTTGGAAAA--AAAACAATGCAAACTCAAGTACTC 

NP ATT--------------~---------- AAAAACAATGCAAACTCAAGTACTC 

DP:  --~---------------~---------- AAAAACAATGCAAACTCAAGTACTC 

b) 

-651 +1 (translation start site) 

¥ ¥ 
CB1 CB2 

os gg 
CB1 CB2 

re = ——___—__/+—_ 
CBl CB2 

Np ee 
CB1 CB2 

DP ------------ pith ee ex} S” 

Figure 10 Alignment of C-rich sequences of mutant and ‘wild-type’ gp-2 promoter constructs 
a) Sequence alignment of the C-rich regions of the gp-2 promoter constructs. OS is the 

‘wild-type’ sequence. C-boxes are underlined and labelled above the element. 
Downward pointing arrows indicate the positions of the ends of the sequence shown. 
Mutated bases are shown in bold. Spacing (-) is used to maintain alignment where 
sequences are deleted. 

b) Schematic diagram showing the C-rich regions of the mutant and wild-type 
constructs. Deleted sequences are represented by dashed lines and boxes where 
appropriate. The position of mutations are shown as black dots.



sequence). This sequencing confirmed that TAG-box and TA-box sequences in constructs 

FP and NP are not mutated. 

2.5.5 Effects of C-rich Region Mutations on Expression’ 

Ax3-K cells were transformed with the OS, FP, DP and NP constructs as well as wild- 

type PVTDH as a promoterless control. Stable transformants were selected using G418. 

From each transformation eight independently cloned transformants were selected and 

maintained (see Section 2.4.9). Previously, significant variation in levels of reporter gene 

expression were encountered during development between clones arising from 

transformation with the same construct (Sucic et al., 1993). These effects were presumed 

to be the result of integration of the transformation vector into transcriptionally 

active/inactive regions of the genome (since differences in vector copy number do not 

account for the differences in reporter gene expression). In those studies, the vector was 

found to be present in multiple copies per cell, varying from 55 to 100 copies (Sucic et al., 

1993). The lack of correlation between number of copies of vector and levels of luciferase 

activity suggests that trnas-acting factors of gp-2 promoter is saturated at this copy number. 

Since it is known that PVTL2 (and presumably therefore PVTDH) is present at 18-38 

copies per cell (Yin e¢ al., 1994b), then the copy number was not determined for 

transformants in this study. Large numbers of cloned transformants were analyzed in these 

studies (8 per construct) and variation between clones was analyzed. As shown in Table 

la, variation between replicate clones was low compared to the relative differences in levels 

of luciferase activity between OS clones, FP clones and DP clones at 20 h of development. 

Therefore differences in copy number between transformants does not appear to influence 

levels of luciferase expression and was therefore not measured. 

  

” Unless otherwise stated, work carried out in this section was performed in conjunction with Dr. lan McCaffery, currently at Dept. 
Biol, VPI & SU, Blacksburg, VA 24061 
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time course of Dictyostelium development. The relationship between time 

and stage of development was: Oh-vegetative amoebae, 10h-aggregation, 
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To determine levels of developmentally induced expression, stable transformants were 

plated for multicellular development. As shown in Figure 11, levels of luciferase and gp-2 

expression increase dramatically after approximately 10h of development. Levels are 

maximal after around 15h of development and roughly remain constant throughout the 

remainder of development. One problem in such an analysis lies in the inevitable 

differences in rates of development between plates that is not detectable by visual 

inspection. This is reduced to some degree by the multiple analyses of many independently 

cloned transformants. However, in order to minimize these effects further, luciferase 

activity was determined after 20h (indicated morphogenetically by the second finger). The 

levels of luciferase measured during this time period are less likely to be influenced by 

small differences in developmental progression in different experiments. Levels of 

luciferase activity were measured in cells harvested immediately prior to plating (t = Oh 

cells) in order to measure levels of luciferase induced by starvation during washing of the 

cells. Levels were also analyzed following 5h of development (t = 5h cells). 

Clones transformed with PVTDH (known as DH clones) showed no detectable levels 

of luciferase activity (see Table 2). This indicates that detection of luciferase in 

transformant cell extracts arises from transcription of the luciferase gene initiated by gp-2 

promoter sequences. 

As in Table 2, at Oh of development of OS clones show small but significant levels of 

detectable luciferase activities. This activity is not observed when vegetatively growing OS 

cells are lysed and luciferase activity is measured (data not shown). Relatively large 

variations in luciferase activity between transformants for each constructs are observed at 

Oh. This variation is not observed at 20h of development for each construct. This low 

level of induction of the gp-2 gene at Oh may occur as a result of the washing procedure 

since cell density is considerably different between tubes during the washing procedure 
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Table 2 

a) 

b) 

Levels of luciferase expression induced during development of 'wild-type' and 
mutant promoter constructs. 
Transformants were grown to log-phase, washed free of nutrient media and 
plated on buffer saturated filters to induce development. Cells were harvested at 
plating (t=Oh) and at the second finger stage of development (20h). For some 
transformants, cells were also harvested during aggregation (Sh). Luciferase 
activity and protein levels were measured and luciferase expression is shown as 
LU per pg of total protein. Data from five different experiments (a, b, c, d, e) 
are presented. In each experiment the number (#) of of independently cloned 
transformants analyzed is shown with the number of independent repetitions 
following in parentheses. In total, an average of eight independent transformant 
of each construct were assayed multiple times except in the case of NP where 2 
stable transformants were assayed 4 times. Average specific activity is shown 
at each developmental time point with standard error of the mean (S.E.M). 
However cells were only harvested at 5h in one clone from each construct in 
one experiment (a) and therefore S.E.M is not shown. Owing to the biology of 
the system experiment-to-experiment variability is inevitable therefore data from 
different experiments for each constructs are not averaged. Data for 
promoterless construct is shown only for experiment a. 
To compare between experiments, average levels of luciferase expression of the 
OS transformants at 20h of development is taken as 100% and levels of 
expression of luciferase for mutant promoter construct transformants at 20h is 
calculated relative to this value. These relative levels of expression are then 
averaged between experiments and shown with S.E.M. The construct NP is 
analyzed in only one experiment so S.E.M is not shown. 
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this may result in different levels of induction at Oh. However, after 5 hr of development 

on plates , this activity decreases significantly which is expected since the GP-2 mRNA is 

not expressed under these conditions (see Figure 2; Sucic et al., 1993). This suggests that 

the luciferase enzyme is not accumulated in developing cells. Therefore levels of luciferase 

activity after 20 hr of development of transformants reflects in vivo levels of luciferase/GP- 

2mRNA. Consequently, the levels of gp-2 expression measured at Oh of development of 

all the wild-type and mutant gp-2 promoter constructs are not used as a baseline, rather 

comparison of levels at 20 h are used to draw conclusions concerning levels of expression 

induced by each construct. 

The importance of the C-rich region is indicated by the analysis of construct FP which 

shows a average of 50 fold decrease in the levels of luciferase expression at 20 h of 

development relative to that of OS (Table 2a). This indicates that the mutations in the C- 

rich region of the gp-2 promoter in the FP construct disrupt the function of a 

transcriptional regulatory element. This demonstrates that with TA and TAG-box 

regulatory sequences present in the promoter, levels of expression of the gp-2 gene are 

drastically reduced when CB-2 and several adjacent nucleotides are mutated. The NP 

construct contains a deletion of CB-1 and the same mutatioons in CB-2 as in FP. The 

clones analyzed indicate that levels of expression are similar to FP clones at 20h of 

development (see Table 2). This confirms the importance of CB-2 sequences in gp-2 

expression. Additionally it indicates that if CB-1 is also an important regulatory element, 

then it requires two copies of the C-box to function. The DP 5' deletion which removes 

about half of the C-rich region from construct FP along with the entire region of the 

promoter upstream from CB-2 (therefore including TAG-boxes and TA-boxes) results in a 

500-fold reduction in levels of expression at 20 h of development compared to OS (see 

Table 2). This observation agrees with the previous 5' deletion analysis that the upstream 
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region of the C-box region contains regulatory regions of the gp-2 gene (Sucic et al., 1993; 

Rutherford ef al., submitted). 

2.5.6 Analysis of the Temporal Profile of C-rich Region Mutations’ 

The effect of mutation of the transcriptional regulatory element CB-2 on the temporal 

regulation of luciferase expression during development was investigated using OS and FP 

transformants. In addition the temporal regulation of expression of luciferase during 

development of the DP clones was investigated to show the effect on deletion of all known 

regulatory elements on temporal regulation. In the previous 5’ deletion analyses, deletion 

gp-2. d2.7 (the 5' deletion that removes both C-boxes as well as all sequences upstream) 

also deletes the gp-2 transcription start site (Sucic et al., 1993; Rutherford et al., 

submitted). 

Transformants from each construct were plated for multicellular development as 

described previously (Section 2.3.10). Cells were harvested at five development time 

points, Oh, 6h, 12h, 16h, 24h. These time points were chosen since they allowed a 

detailed analysis of expression of the induction of luciferase expression based on previous 

analyses of GP-2 mRNA levels during development (Figure 11). Luciferase expression 

data from four independent developmental analyses of OS, FP and DP clones for each 

construct are summarized in Figure 12. 

The OS transformants allows analysis of wild-type regulation of luciferase 

expression during development since this portion of the promoter is known to contain all 

transcriptional regulatory elements required for correct temporal expression of gp-2. No 

luciferase activity was detected Oh and 6h of development with either OS, FP or DP 

transformants. In all three cases, luciferase expression was first detected at 12 hr of 

  

” Unless otherwise stated, work carried out in this section was performed in conjunction with Dr. lan McCaffery, currently at Dept. 
Biol, VPI & SU, Blacksburg, VA 24061 
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Figure 12 Temporal regulation of wild-type and mutant promoter constructs. A clone 

resulting from transformation with ‘wild-type’ (OS), site directed mutant (FP) 

and 5' deletion/mutant constructs were used to analyse the effects of mutations 

on the temporal regulation of promoter constructs. Cells were grown to log- 

phase, washed free of nutrient media and plated on buffer saturated filters to 

induce development. Cells were harvested at the indicated times of 

development and luciferase levels measured. Levels of total protein were also 

measured and luciferase activity is expressed as LU per ug of total protein. The 

three charts are of different scale due to the different level of Luc expresson. 
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development, and increased as development proceeded. These data indicate that construct 

FP and DP are both able to direct the correct temporal expression of the luciferase gene 

during development. Relative levels of luciferase expression in mutant promoter 

transformants compared to wild-type at 20h of development were similar to those found in 

the previous section. 

2.6 Discussion 

Previously, 5’ deletion analyses have crudely defined 3 regulatory regions within the 

gp-2 promoter (Sucic et al., 1993; Rutherford et al., submitted). Within each of these 

regions repeated sequence elements are located; the TA-boxes, the TAG boxes and the C- 

boxes (see Section 1.6). These repeated sequences are obvious candidates as regulatory 

elements. The purpose of the study described in this Chapter has been the precise 

definition of cis-acting elements within the C-box containing regulatory region. To this end 

a number of mutations were generated in and around CB-2. 

The previous analyses indicated that a 5’ deletion of the gp-2 promoter that removes a 

region of DNA that contains CB-2 expresses a luciferase reporter gene at drastically 

reduced levels during development. This deletion (gp-2d2.7; See Figure 4; Sucic et al., 

1993), also resulted in the removal of the gp-2 transcriptional initiation site and therefore 

the role of CB-2 in the developmental regulation of the gp-2 gene remained unclear. 

Construct DP contains a 5’ deletion to position -350 bp which removes CB-1. Additionally 

CB-2 is disrupted in this construct owing to mutations that replace CCC with AGT (see 

Figure 10a). Cells transformed with this construct express luciferase at drastically reduced 

levels compared to the OS transformants (see Table 2a). This deletion results in an average 

of approximately 500-fold decrease in luciferase expression relative to the wild-type (see 

Table 2b). Previous 5' deletion analyses show an approximately 100-fold reduction in 
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activity (which is approximately a 1000-fold reduction relative to the wild-type) when the 

region of the promoter from position -345 to -242 is deleted (see deletion gp-2d2.7 in 

Figure 3). Deletion gp-2d2.7 also results in deletion of the transcription start site of the gp- 

2 gene (located at position -287). Therefore it is not possible to conclude that this decrease 

in levels of expression is due to the deletion of transcriptional regulatory elements. 

Therefore the data from the analysis of DP presented here confirms the conclusion from 

previous analyses that the region of DNA deleted from position -345 to -242 contains 

regulatory elements (see Figure 4). 

On the basis of these data constructs FP (containing site-directed mutations of CB-2 

and adjacent sequences) and NP (containing internal deletion of CB-1 and adjacent 

sequences from the FP construct) were analyzed for their affects on levels of reporter gene 

expression (see Figure 10a for sequence of the promoter mutations). Cells transformed 

with FP exhibited drastically reduced levels of luciferase expression compared to wild-type 

promoter constructs. This indicates that these mutations of the promoter disrupt a cis- 

acting element that is required for maximum expression of the luciferase gene. This region 

was defined by several mutations which occur within a 16bp region. Any of these 

individually or in combination may interfere with the binding of trans-acting factors. 

However, of the 6 mutations in this region (4 point mutations and the extraneous deletion 

of 2bp; see Figure 10), 3 point mutations alter the CCC sequence in the 7bp CB-2 to AGT. 

As discussed in Section 1.6, CB-2 shares a high degree of sequence similarity with C- 

boxes that have been defined by point mutation as cis-acting elements that regulate the 

expression of other cAMP-inducible genes. CB-2 contains 4/7 C residues which is striking 

since the gp-2 promoter is over 85% AT-rich. These characteristics suggest that this 

sequence element may be evolutionarily conserved. Therefore it seems highly likely that the 

mutations within CB-2 contribute to the reduction in levels of luciferase expression in FP 

clones compared to OS clones. 
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The construct NP contains an internal deletion of CB-1 and adjacent sequences as well 

as the point mutations in CB-2 that are contained in construct FP. This construct directs 

expression of the luciferase gene at similar levels to FP transformants indicating that no 

further regulatory elements are located within this region of the promoter. This deleted 

region contains the second copy of the C-box repeated element (CB-1). Therefore, either 

this element is not involved in gp-2 regulation or both C-boxes are required for maximal 

expression. Work is under way to elucidate the role, if any, of CB-1 in the regulation of 

gp-2. 

The analyses carried out using gp-2 promoter mutations described in this Chapter 

suggest that CB-2 is involved in the transcriptional regulation of the gp-2 gene. The role of 

this element in the regulation of the gene was therefore investigated. Previously, based on 

a 5’ deletion analysis of the promoter, it was suggested that this element (or sequences 

contained within this regulatory region defined by 5’ deletions) may be involved in the 

temporal regulation of the gene (Sucic et al., 1993). This conclusion was based on the fact 

that the 5’ deletion to position -242 bp (gp-2d2.7) is unable to drive detectable levels of 

luciferase expression during development. Since this study uses 5’ deletions it is not 

possible to explore this effect since CB-2 may simply act to enhance levels of expression 

and, in the absence of upstream elements, the residual levels may be temporally regulated 

but too low to be detectable. Luciferase expression driven by the mutant promoter in 

construct FP is lower than the wild-type OS but still high enough to be accurately measured. 

during development. This construct was therefore used to analyze the effects of disruption 

of CB-2 on the temporal regulation of luciferase expression. DP transformants were also 

analyzed to allow an analysis of the effects of deletion of all identified regulatory regions on 

temporal expression. Clones from OS constructs were analyzed to determine wild-type 

temporal regulation under the conditions employed here. The initial analyses indicated that 

all promoter constructs have induced luciferase expression after 20h of development (see 
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Table 2 and Section 2.5.5). However development is virtually over by this time and it is 

possible that differences in induction of expression driven by the promoter constructs may 

occur before this time. However, as shown in Figure 12 transformants from all promoter 

constructs express luciferase during development with the same temporal profile as the wild 

type promoter. This is surprising since construct DP contains only 42 bp upstream from 

the transcriptional start site. This means that temporal regulatory elements may be located 

within this short AT-rich sequence or downstream from the transcriptional initiation site. 

In conclusion, however, it seems that CB-2 and adjacent sequences are not involved in the 

temporal regulation of gp-2 expression. 

It is likely therefore that the CB-2 regulatory element is either simply involved in 

enhancing gp-2 expression or it is involved with other aspects of gp-2 transcriptional 

regulation such as induction of expression in response to extracellular signals. Previous 

analyses have shown that the TAG repeats are cAMP-responsive elements (Sucic et al., 

1993). Once again, this analysis doesn't allow an exploration of the cooperativety between 

upstream and downstream regulatory elements. Therefore the next Chapter describes an 

analysis of the role of CB-2 in the cAMP response using the promoter mutations generated 

in this Chapter. 
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Chapter 3 

Analysis of the Function of the C-rich Region in the cAMP 

Inducibility of the gp-2 Gene 

3.1 Abstract 

In the previous Chapter it was shown that the CB-2 and adjacent sequences are required 

for efficient expression of a luciferase reporter gene during development. In this study, I 

have examined the effect of the site-directed mutations within this C-box on the cAMP 

induction of luciferase reporter gene activity. Mutations within this region result in 

destruction of the cAMP-responsive expression of gp-2 gene under conditions where the 

wild type promoter is induced by extracellular cAMP. This indicates that the CB-2 element 

is required for cAMP induction of the gene. Previously, 5' deletion analysis of the gp-2 

promoter revealed the presence of regulatory regions that contain the TA-boxes and the 

TAG-boxes which are required for cAMP induction of gp-2 gene expression (Sucic et al., 

1993). Therefore it seems that all three regulatory regions are required for cAMP- 

responsive expression suggesting that these elements may in some way cooperate with 

upstream promoter elements to regulate the cAMP responsive expression of the gp-2 gene. 

3.2 Introduction 

cAMP is an important regulatory molecule in both prokaryotes and eukaryotes. As 

discussed in Section 1.2, cAMP plays several important roles in Dictyostelium 

development. Exogenous cAMP has been shown to be necessary for the expression of 
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many developmentally regulated genes and stabilization of a large number of 

developmentally controlled mRNA species (Landfear and Lodish, 1980; Mangiarotti et al., 

1983; Mehdy et al., 1983). Indeed, it has been shown that gp-2 mRNA levels are induced 

in response to exogenous cAMP (Sucic et al., 1993). 

Relatively little is known about how extracellular cAMP signals are ultimately integrated 

at the level of individual developmentally regulated promoters. Identification of promoter 

elements and associated nuclear factors involved in the cAMP mediated modulation of gene 

expression are necessary in order to understand these events. Regions of the promoter 

involved in cAMP regulation of the gp-2 gene have been studied using 5' promoter deletion 

analysis (see Section 1.6). Deletion of the TA-box regions and the TAG-box region 

between -462 and -437 bp completely eliminates cAMP induction of luciferase reporter 

gene expression (Sucic et al., 1993). CB-2 was shown in Chapter 2 to be important in the 

transcriptional regulation of the gp-2 gene but not involved in the temporal regulation of 

transcription during development. The involvement of CB-2 in cAMP inducibility of gp-2 

expression is not known as the previous analysis used 5'deletions and CB-2 may need 

other promoter elements present upstream. In order to study this, it is necessary to mutate 

sequences in the C-rich region and adjacent sequences by site-directed mutagenesis. 

Therefore we further analyzed the function of the C-box region in the cAMP response with 

the mutant gp-2 promoter constructs generated in Chapter 2. Our analysis has shown that, 

in addition to the TA boxes and TAG boxes implicated in previous studies (Sucic et al., 

1993), CB-2 and adjacent sequences are involved in the cAMP-responsive expression of 

the gp-2 gene. 
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3.3 Materials 

cAMP was purchased from Sigma Chemical Company. All other materials have been 

previously described in Chapter 2. 

3.4 Methods 

All methods not described here have been previously described in Chapter 2. 

3.4.1 cAMP Induction Experiments 

Log-phase vegetative cells were centrifuged at 1000 g for 5 minutes at 4°C and 

resuspended in an equal volume of ice-cold Milli-Q H,O. This wash was repeated twice 

and the cells finally resuspended in 0.5 volumes of the starvation buffer PDF (20 mM KCl, 

2.5 mM MgCl, 48.8 mM KH,PO,, 7.9 mM Na,HPO,, pH 6.7) with 1OmM EDTA. Cell 

density was adjusted to 2 x 10° cells/ml and cells were shaken at 200 rpm for 10h at 21°C. 

An EDTA concentration of 10 mM was used to prevent the formation of multicellular 

clumps of cells. Formation of such clumps is known to induce expression of cAMP- 

responsive genes presumably due to rises in local cAMP concentration in the multicellular 

aggregate because of cAMP secretion by the starving cells (Mehdy et al., 1983). After the 

10h starvation period light microscopy was used to verify that cells were not adhered in 

clumps. Starved cells were pelleted as above and resuspended at a density of 1x 10° 

cells/ml and split into two 10 ml cultures. cAMP was added to one of the 10 ml culture to a 

concentration of 1 mM (+cAMP) and an equivalent volume of PDF added to the other 

(-cAMP) to keep the same volume in both. The cultures were shaken at 200 revs/min at 

21° C with the addition of cAMP to a final concentration of 100 uM to the +cAMP culture 

or an equivalent volume of PDF to the -cAMP cells at 75 minutes intervals. After 6h, 

+cAMP and -cAMP cells were then pelleted as above and the pellets were frozen at -80°C. 
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After the 6h induction period, light microscopy was again used to verify that cell-cell 

adhesion was prevented. 

3.5 Results 

3.5.1 Analysis of the Effect of C-rich Region Mutations on the 

Induction of Gene Expression by Exogenous cAMP 

Previous results have shown that both the endogenous gp-2 gene and a gp-2 

promoter/luciferase fusion (containing the same promoter fragment as that cloned in the OS 

construct; see Section 2.5.5) are inducible by exogenous cAMP (Sucic ef al., 1993). 

Transformants generated in Chapter 2 were used to analyze the effect of mutations in the C- 

rich region on the cAMP inducibility of the gp-2 promoter. These include the OS 

transformants (containing the full-length, wild-type promoter); FP transformants (in which 

the several point mutations were generated in CB-2 and adjacent sequences) and the DP 

transformants (a 5' deletion of the gp-2 promoter to position -352 bp also with mutations in 

CB-2). The precise nature of these constructs is described in Section 2.5.4 and Figure 10. 

The DP transformants provide a non-inducible control since this promoter fragment lacks 

upstream sequences which have previously been shown to be implicated as required for 

cAMP induction of the gp-2 gene. 

After the 10h starvation period (t = Oh in Table 3), low but significant levels of 

luciferase are detected in all 3 sets of transformants in both independent experiments. This 

presumably represents the basal level of expression induced by starvation. This may also 

explain the levels of luciferase deleted at t = Oh in the developmental regulation experiments 

in Chapter 2 (Section 2.5.5). In Chapter 2, at 20h of development, FP clones are shown to 
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Table 3 Induction of ‘wild-type’ and mutant promoter constructs by extracellular cAMP. 
Transformants grown to log-phase were washed free of nutrient medium and 
starved in quick shaking culture in non-nutrient buffer with EDTA to avoid 
permanent cell-cell contacts. After 10h of starvation (t = Oh in table), one-half 
of the starved culture was given high continuous levels of cAMP (+cAMP), 
whereas the other half was given an equal volume of starvation buffer (-cAMP). 
After 6h +cAMP and -cAMP cells were harvested. Levels of luciferase activity 
and total protein in cell extracts were assayed. Luciferase expression is shown 
as LU/ug total protein. The number of different transformants assayed for each 
construct per experiment are shown after the construct name in the table. The 
number of repetitions for each transformant per experiment are shown in 
parentheses. Specific luciferase activities for each construct were averaged and 
error shown as S.E.M. 
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express 50-fold lower levels of luciferase compared to OS. Interestingly, this is not 

reflected in relative levels after 10h of starvation of single cells. 

In the presence of cAMP luciferase levels are induced in the OS clones by a factor of 

9.6- to 22-fold relative to levels following incubation in the absence of cAMP (Table 3; 

Figure 13). This degree of induction is lower than that encountered by Sucic et al. (1993). 

This may reflect the different conditions used in that study which allowed cell-cell contacts 

to form prior to disaggregation and incubation with cAMP. In any case it is clear from 

Table 3 that in multiple analyses the OS construct is cAMP-responsive. The levels of 

luciferase expressed in the -cAMP cells after the 6h induction period is not significantly 

higher than at t=0 in any of the transformants. This indicates that the cells remained as 

single cells throughout the incubations since formation of multicellular clumps induces gp-2 

promoter activity in OS transformants (data not shown). As predicted, the DP clones 

exhibit no cAMP induction of luciferase in any of the 10 replications using 4 independently 

cloned transformants. Similarly the 4 FP clones analyzed showed no cAMP-responsive 

expression of the luciferase gene in a total of 10 replications using 4 independently cloned 

transformants. Since OS clones display a significant CAMP mediated induction of 

luciferase expression when incubated under the same conditions, it is clear that the 

mutations in the FP construct destroy the cAMP-responsiveness of the gp-2 promoter 

fragment. 

3.6 Discussion 

Previously, 5' promoter deletion analyses indicated that two regions of the promoter are 

required for cAMP-responsive expression from the gp-2 promoter. These regions contain 

the TA-box and TAG-box sequence elements (Sucic et al., 1993). This suggests that 

regulation of cAMP-responsive expression involves cooperation between a number of 
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Figure 13 Induction of Luc expression directed by wild-type and mutant 

constructs by extracellular cAMP. Chart showing the induction fold 

of Luc expression of transformates carrying wild-type or mutant gp- 

2/luciferase constructs in response to extracellular cAMP (Specific 

luciferase activity of transformates (+cAMP)/ that of transformates (- 

cAMP) at 6h treatment) from two independent experiments (a and b). 

Overall four independent transformates of each constructs were 

assayed multiple times. Data are shown in Table 3.



regulatory elements in the promoter. However, following deletion of these regions of the 

promoter the residual luciferase expression is no longer cAMP-responsive, therefore, the 

potential role of elements in the downstream regulatory C-rich region is not known. In the 

previous Chapter it was shown that CB-2 and adjacent sequences constitute an important 

regulatory element(s). The constructs used for that analysis involved mutagenesis of 

sequences in the C-rich region with upstream regulatory elements intact. Therefore these 

constructs were used to explore the possibility that CB-2 is involved in the regulation of 

cAMP-responsive expression. 

Transformants from the wild-type promoter construct (OS) displayed cAMP-inducible 

expression of the luciferase reporter gene whereas FP transformants (mutations in CB-2 

and at two adjacent loci; see Figure 10) showed no induction of expression in response to 

extracellular cAMP. This indicates that the mutations in the FP promoter construct destroy 

the integrity of a regulatory element(s) that is required for cAMP-responsive expression of 

the gp-2 gene. The DP mutant construct (which is effectively a 5' deletion of the FP 

mutant to position -352) was used as a non cAMP- inducible control since the previous 5' 

analyses indicated that deletion to position -345 destroys cAMP-responsive expression 

(Sucic et al., 1993; Figure 5). Expression of the luciferase gene in transformants from this 

construct is not cAMP-responsive. These data indicate that the CB-2 element defined in 

Chapter 2 is essential for cAMP induction of the gp-2 promoter. 

The maximal level of luciferase activity in the OS +cAMP cells is much lower than in 

the developmental assay (see Table 2 and Section 2.5.5). This is probably due to the fact 

that luciferase expression in the cAMP induction experiments is analyzed in single cells 

rather than in a multicellular environment which was used in the developmental analyses of 

luciferase expression. Surprisingly, there is no significant difference in the levels of 

luciferase expressed by OS and FP transformants after 10h of starvation of single cells in 

the cAMP induction experiments (see Table 3). During developmental analysis OS 
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expresses an average of 50-fold higher levels of luciferase than FP at 20h of development 

(see Table 2b and Section 2.5.5). This indicates that the difference in levels of expression 

between OS and FP is specific for multicellular development which involve cell-cell 

contact. During starvation (at t=0; see Table 3), the gp-2 promoter is induced to the same 

degree in these two constructs. This suggests that the induction of the gp-2 promoter 

during starvation is mediated via regulatory elements in the gp-2 promoter that are upstream 

from the sequences mutated in construct FP. Therefore, since these sequences (which 

include CB-2) are essential for cAMP-responsive expression then the differences in the 

developmental induction between FP and OS may be the result of a lack of cAMP induction 

of the FP construct. Therefore, it seems that the residual, temporally regulated luciferase 

expression directed by the FP construct during development represents basal levels of gp-2 

promoter induction that is not regulated by extracellular cAMP. The gp-2 gene is 

modulated by other extracellular morphogens (Yin et al., 1994a). This raises the 

possibility that this basal level of expression is induced by one of these morphogens during 

development. Among these extracellular regulators of gp-2 expression is DIF-1. This 

morphogen appears to be involved in the induction of prestalk-specific gene expression 

during development (see Section 1.6). Therefore, further experiments will be carried out to 

analyze if the basal luciferase expression regulated by the FP construct is regulated by DIF- 

1. In addition the cell-type specificity of this basal level of expression will be investigated 

by in situ hybridization of developing aggregates using a probe specific to luciferase 

mRNA sequences. 

In conclusion, the data presented in this Chapter indicate that the sequences mutated in 

the FP construct are essential for the cAMP-mediated induction of the gp-2 promoter. 
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Chapter 4 

General Discussion 

The regulation of gene expression during development is fundamental to the processes 

that underlie cell differentiation and morphogenesis. Since these processes are regulated by 

extracellular morphogens, then an understanding of the mechanisms of how gene 

expression is modulated by these extracellular signaling molecules is essential. Two 

morphogens that are central to cellular differentiation in Dictyostelium are cAMP and DIF-1 

(see Sections 1.2 and 1.3). The gene encoding glycogen phosphorylase-2 (GP-2) is 

expressed in a developmentally regulated manner and transcription of the gene is modulated 

by both extracellular cAMP and DIF-1 as well as other morphogens such as ammonia and 

adenosine. Therefore an investigation into the mechanisms of the transcriptional regulation 

of the gp-2 gene will allow an insight into the processes that underlie cellular 

differentiation. 

Previously the gp-2 promoter was analyzed using 5' deletion constructs fused to the 

luciferase reporter gene. These analyses revealed that the promoter contains 3 regulatory 

regions containing sequence elements that are repeated (Sucic et al., 1993; Yin et al., 

1994a). Two of these upstream regions (containing copies of the TA and TAG-boxes) are 

known to be involved in the cAMP response (Sucic et al., 1993). The proximal regulatory 

region (C-rich region) contains 2 copies of a C-rich element (C-boxes; CB-1 and CB-2) 

and is thought to be involved in enhancing levels of expression. Owing to the nature of the 

5' deletion analysis, it was not possible to analyze the role of the C-rich region since the 
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upstream regulatory regions were deleted and, as a consequence cAMP induction of the 

gene was destroyed and levels of expression were already low. 

To directly analyze the role of sequences within the C-rich region in the developmental 

regulation of the gp-2 gene site-directed mutations and an internal deletion were created in 

the C-rich region. This preserves the integrity of upstream regulatory elements and allows 

precise definition of regulatory elements within the C-rich regulatory region. The data 

presented in Chapter 2 indicate that these mutations within the C-rich region result in a 

drastic reduction in levels of gene expression during development. The site-directed 

mutation construct destroys the CB-2 C-rich element since it results in the modification of 

‘CCC to "AGT". This strongly suggests that CB-2 is a transcriptional regulatory element. 

However this construct contains a further point mutation and 2 bp deletion adjacent to the 

site of CB-2 (see Figure 10). These two further mutations may constitute part of a 

regulatory element(s), however it seems likely that the substitution of 3 of the 4 'C' 

residues that constitute CB-2 results in the inactivation of a transcriptional regulatory 

element. This conclusion is based on two observations; i) this C-box element is repeated 

twice in the promoter; ii) the internal deletion construct which removes CB-1, mutates CB- 

2 and deletes sequences that intervene the two C-boxes expresses luciferase at similar levels 

as the site-directed mutant. This also suggests that either CB-1 is not a transcriptional 

regulatory element or that both copies of this repeat motif are required for their function. 

The second observation involves comparisons of the C-box element of the gp-2 

promoter with C-rich transcriptional regulatory elements identified in other Dictyostelium 

promoters. Several of these promoters direct cCAMP-responsive gene expression. For 

instance, the prespore-specific genes Dp87 and sp96 contain C-rich regulatory elements 

known as 'CA-boxes' which have the sequence 'ACACCCA’' (Ozaki, 1993). The 

promoters of the prespore genes sp70 and sp60 (the CAE-1 element) contain two 

CACCCAC repeats which are located within defined regulatory regions (Fosnaugh and 
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Loomis, 1993). These C-rich elements are clearly similar in sequence to the C-boxes of the 

gp-2 gene which have the sequence 'ACCCACT'. 

The mutant promoter constructs were used to elucidate the role of the regulatory 

sequences that consist of CB-2 and adjacent sequences. The role of these sequences in the 

temporal regulation of the gp-2 gene was analyzed. It appears however, that these 

mutations have no effect on this aspect of gp-2 regulation. Surprisingly, a construct that is 

effectively a 5' deletion of the site directed mutation construct to position -352 is still 

correctly temporally regulated which indicates that temporal regulatory elements are located 

downstream of this position. 

Chapter 3 describes the investigation of the role of CB-2 and adjacent sequences in the 

cAMP-responsive induction of the gp-2 promoter. It appears that these sequences are 

essential for cAMP induction. It is interesting that CB-2 may be involved in the regulation 

of cAMP responsive expression since C-rich regulatory elements appear to be involved in 

the cAMP-inducible expression of the prespore-specific sp60 gene. There are three C-rich 

elements (known as CAEs) in the sp60 promoter (Haberstroh and Firtel, 1990; Haberstroh 

et al., 1991). Small deletions or point mutations in any one of them results in a 10-25 fold 

decrease in promoter induction during development or in response to high levels of cAMP. 

One of these elements, CAE-1, bears a high degree of similarity to the CB-2 element of the 

gp-2 gene promoter (see above). In another functional analysis of the CAE elements of 

sp60, it was shown that CAEs from the sp60 promoter can replace putative cAMP 

responsive elements from the prestalk-enriched Cp2/pst-cath. gene. The replacement of 

this element with the CAEs of the sp60 gene promoter restore cAMP-induced expression 

indicating that the sp60 CAEs are important in cAMP inducibility (Powell-Coffman and 

Firtel, 1994). 

Previous 5' deletion analysis has shown that the TA-box regulatory region and the 

TAG-box regulatory region are involved in the cAMP-induction of the gp-2 promoter 
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(Sucic et al., 1993). The data presented in my thesis suggest that the CB-2 and adjacent 

sequences are also essential for cAMP induction. In the concurrent research in our lab, an 

DNA binding protein associated with the C-rich region has been purified and partially 

sequenced. Interestingly, the TAG-box region and C-rich region are cross-competitive for 

this activity in the gel-shift assay. This further suggests that the multiple regulatory 

elements cooperate to regulate expression of the gp-2 gene although it does not seem that 

this binding activity is cAMP-inducible. 

As discussed in Section 3.6, it seems that the reduction in levels of gene expression as 

a result of the site directed mutations is due to the disabled cAMP response. Further 

experiments would involve an investigation of the regulation of this developmentally 

induced basal expression. Since expression of the gp-2 gene is induced by DIF-1 then the 

induction of gene expression by this mutant promoter construct in response to DIF-1 will 

be investigated. Since DIF-1 is primarily involved in the modulation of gene expression in 

prestalk cells, then, based on the DIF-1 induction experiments, an investigation into the 

cell-type specificity of this basal expression may be carried out. This can be tested by 

analyzing the levels of luciferase expression in (pre)spore cells and (pre)stalk cells during 

development of transformants. Based on these findings further work would be carried out 

by histochemical staining using the B-galactosidase reporter gene system. Further 

experiments would also involve additional mutagenesis to identify further nucleotides in the 

C-rich region that comprise the cAMP regulatory element(s). 
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