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Abstract 
 

 Regulation of gene expression is known to be a critical factor involved in proper 

development, responses to environmental cues, metabolism, energy conservation, and 

disease.  Gene expression is regulated at several levels including transcription, mRNA 

splicing, post translational modification, and the rate of protein degradation.  The 

developmental control of alkaline phosphatase (alp) in Dicytostelium has provided a 

focal point for the study of gene regulation at the level of de novo synthesis.   

 The localization of alp expression during development was characterized by 

fusing the 5’ flanking sequence to the lacZ reporter and using an in situ β-galactosidase 

staining method.  The localization of lacZ expression corresponds with that of the 

endogenous ALP enzyme suggesting that alp is regulated at the level of transcription. In 

order to identify temporal regulatory elements within the alp promoter a series of 5’ and 

internal promoter deletions were generated and fused to the lacZ reporter.  The data from 

these promoter deletion constructs indicated a regulatory element within the -683 to -468 

bp sequence that is required for normal expression of alp during development.  A series 

of small internal and 5’ promoter deletions were designed within the -683 to -468 bp 

regulatory sequence. The results from these promoter deletion-reporter gene fusions 
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suggested a DNA regulatory element is located within a 26-bp sequence beginning at the 

-620 bp site.   

 The function of cis-acting regulatory elements were evaluated using the 

electromobility shift assay (EMSA) to identify sequence specific DNA-protein 

interactions on the alp promoter.  We report the characterization of three DNA-binding 

activities with the 20% ammonium sulfate (AS) slug nuclear fraction.  These DNA-

binding activities appear to be related as they all require magnesium or calcium for 

effective binding to the alp promoter.  Interestingly, the DNA-binding proteins appeared 

to interact with a GT-rich sequence that contained a G-box binding factor (GBF) 

consensus element.   

 Additionally, a DNA-binding activity observed in the 80% AS slug nuclear 

extract was characterized and sequentially purified using conventional and affinity 

chromatography techniques.  The DNA-binding protein was identified as TFII, a protein 

that was previously identified during the investigation of glycogen phosphorylase-2 (gp2) 

regulation.  A comparison of the alp and gp2 probes used to identify TFII suggests a 

DNA-binding site, ACAATGN8-12CACTA.  The ability of TFII to bind specifically with 

the promoter of two functionally different genes suggests that it may regulate the 

temporal and/or spatial expression of several Dictyostelium genes.   
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Dictyostelium as a Model Organism 

Dictyostelium discoideum was first discovered in the forests surrounding Little 

Butt’s Gap near Asheville, North Carolina (Raper, 1935).   D. discoideum is the most 

studied and understood social amoebae, also commonly called a cellular slime mold.  

Dictyostelids live in the soil and feed on bacteria until the onset of starvation results in a 

developmental cycle that protects them from the harsh environment.  After consumption 

of their prey, the cells will undergo one of the three distinct survival responses: formation 

of macrocysts, microcysts, or fruiting bodies.  The most studied response is the formation 

of fruiting bodies because it exhibits many of the characteristics observed in more 

complex developing systems.   

 Dictyostelium has proven to be an effective model for studying signal 

transduction, cell motility, cell sorting, chemotaxis, cell-type differentiation, and 

developmental gene regulation (Loomis, 1996).  Several key features make Dictyostelium 

an excellent system for studying the aforementioned processes.  Dicyostelium discoideum 

has a small haploid genome (34 Mb) that has been completely sequenced and annotated.  

In addition to its manageable size, the genome contains very little non-coding sequences 

simplifying genetic analysis of the mechanisms leading to morphogenesis and 

differentiation.  The genome can be saturated with mutations very easily by generating 

REMI (restriction enzyme-mediated integration) or conventional gene disruption mutants 

(i.e. homologous recombination). Dictyostelium has proven to be a comparatively simple 

model to study the basic processes that result in differentiation because only two cell 

types are generated in the development of fruiting body structures.  Dictyostelium is also 

appealing due to the relatively low cost and short time that is required to grow kilogram 
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quantities of cells.  Furthermore, spores can be lypholized, frozen, and stored for decades 

and remain viable. 

 Dictyostelium is a widely studied model for the molecular understanding of cell 

motility and chemotaxis.  Amoebae rapidly aggregate in response to an extracellular 

cAMP or folate gradient by stimulating chemotactic receptors and activating signal 

transduction pathways which results in the mobilization of the cytoskeletal matrix.   

 Completion of the genome sequencing project has provided researchers additional 

tools and resources.  Dictybase (www.dictybase.org) was formed by a small team of 

Dictyostelium researchers and computer scientists.  They manage a database of the 

annotated and curated genome sequence.  The database contains computer and curated 

gene predictions in addition to cDNA and expressed sequence tag (EST) alignments. 

Some of the other feature include: predicted protein domains, null-mutant phenotypes, 

related literature, and gene expression data.   
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The Life Cycle of Dictyostelium discoideum 

  For years D. discoideum cultures were grown and maintained on dung until 

Kenneth Raper found an effective way of growing the cells on bacterial lawns.   In 

response to this finding, Raper made extremely detailed drawings of the phagocytosis of 

the prokaryote Bacillus. megatherium (Raper, 1937).  Starvation of D. discoideum causes 

a major change in the life cycle resulting in cellular differentiation and morphogenesis.  

The onset of starvation leads to an aggregative period where cells swarm in response to 

chemotactic signals followed by rapid differentiation and cellular rearrangement.   

Interestingly, it was not until the late 1960s that the aggregation chemoattractant 

(commonly referred to as ‘acrasin’) was identified as cyclic adenosine monophosphate 

(cAMP) (Bonner, 1969; Konijn et al., 1967)  During this time, it was speculated and later 

confirmed that the chemoattractant was emmitted in pulses by genetically indistinct 

“pace-maker” cells present in the center of the aggregate (Bonner, 1960; Ennis and 

Sussman, 1958).   

The depletion of bacteria and/or nutrients results in mitotic arrest and the 

induction of numerous genes involved in the ability to synthesize, detect, and excrete 

chemoattractants.   The signal is relayed over a large area so that thousands of cells will 

aggregate towards a single aggregation center.  The aggregating cells become adhesive 

and form a sheath comprised of a layer of mucopolysaccharide and cellulose (Fig. 1.1).  

A tip emerges from the aggregate that acts as an organizing center for the post-aggregate 

stages of development.  Elongation of the aggregate results in a standing slug or finger 

structure.  The standing slug has two options: 1) proceed towards production of fruiting 

bodies or 2) fall on to the substratum and migrate towards light and heat (Fig. 1.1).  
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 During the aggregation stage, cells begin to show obvious signs of differentiation 

into the two progenitor cells types, prestalk and prespore cells (Fig. 1.2).  At the “tipped” 

aggregate stage, the prestalk cells sort towards the anterior tip, with the prespore cells at 

the base of the structure.  Thus, a distinct interface separates the two cells types (Fig. 

1.2).  A small subset of cells that resemble prestalk cells, called anterior like cells 

(ALCs), are known to be scattered throughout the prespore region (Fig. 1.2). These cells 

will later go on to form the upper and lower cups of the fruiting spore.   

Prestalk cells have been subdivided into three categories: PstA, PstO, and PstAB 

cells (Fig. 1.2).  PstA cells are positioned to the front of the slug and are known to 

strongly express the extracellular-matrix A (ecmA) gene.  PstO cells reside behind the 

pstA cells during slug stage and also express ecmA but to a lower degree.  PstAB cells 

express both ecmA and ecmB and are localized to the inner core in the front of the 

developing slug.  It has been suggested that a gradient of inducer in the prestalk zone may 

result in the differentiation of the prestalk subsets through a position dependant 

mechanism (Early et al., 1995).   

Regardless of the size of the developing slug, the anterior 20% of the organism 

will contain the prestalk lineages and the remaining 80% in the posterior region of the 

slug will be prespore cells.  The exact mechanism of this phenomenon has yet to be 

determined. A lateral inhibition model suggests that a prespore cell differentiation 

inhibitor is secreted by some cells.  The excreting cells become sensitive to this inhibitor 

and form prestalk cells as a default mechanism (Loomis, 1993). 

 Culmination is the developmental transition that occurs between slug stage and 

the formation of mature fruiting bodies (Fig. 1.1 and 1.2). During this phase of 



 
 
6 

development, cells undergo a massive sorting and rearrangement process.  The stalk is 

formed when pstAB cells at the tip of the slug filter down through the collar region at the 

interface of the two differentiated cell types.  These stalk cells form a vacuole and 

produce cellulose that provides a rigid stalk structure that will hold the spore head (Fig. 

1.1 and 1.2).  This process elevates the prespore cells that become encapsulated by the 

production of a number of spore coat proteins that interact with cellulose.   
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Figure 1.1. The Life Cycle of Dictyostelium.  Early development causes the 
aggregation of starving amoebae towards cAMP aggregation centers.  A 
prestalk tip emerges from the tight aggregate 9 hours into development.  The 
organism then elongates formed a structure that is commonly called the first 
finger.  The structure can topple over and migrate as a slug towards light and 
heat (14-15 hours into development).  During culmination stage the prestalk 
cells form a rigid stalk that elevates the encapsulated spore head (16-24 hours).  
Figure modified from Raper, 1935.  This figure is now a public domain and is 
not protected by copyright law.   
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Figure 1.2. Cell Types and Sorting Events of the Mound, Slug and Fruiting Body 
Developmental Stages. A. After the aggregation of amoebae, differentiation between 
prestalk and prespore becomes apparent. The prestalk cells form the tip of the structure with 
the prespore mass underneath  B. The slug forms after the elongated aggregate topples over. 
The prestalk cells generally comprise the anterior 20% of the organism and the prespore 
cells generally comprise the posterior 80% of the organism, there are ALCs scattered 
throughout the prespore zone. The location of PstA, PstAB, and PstO cells in the prestalk 
zone are depicted C. The formation of a fruiting body is the result of a massive cell sorting 
process during culmination stage.  The PstA and PstO cells sort to the stalk tube elevating 
the prestalk mass.  The ALCs form the upper and lower cups of the spore head and the 
PstAB cells form the upper portion of the stalk that is surrounded by the spore mass.   
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cAMP and DIF in Dictyostelium  

As mentioned above, cAMP is a chemoattractant in Dictyostelium that is required 

for the initiation of fruiting body development (Fig. 1.3). Two density-sensing 

mechanisms function early in development when the levels of nutrients are depleted, 

prestarvation factor (PSF) and conditioned medium factor (CMF).   These factors induce 

expression of genes required for the cells to generate and respond to chemoattractants.  

PSF is synthesized when the ratio of Dictyostelium amoebae to bacteria decrease (Clarke 

et al., 1992).  PSF induces carA, the early development cAMP receptor, among other 

genes that are required for the initiation of development (Louis et al., 1993)(Sun and 

Devreotes, 1991). 

The transition from growth to development results in more than a ten-fold 

increase of another developmental regulator, protein kinase A (PKA).  This protein 

activates expression of both adenylyl cyclase (acaA) and carA, both crucial for proper 

chemotaxis and aggregation  (de Gunzburg et al., 1986) (Mann et al., 1997); (Wu et al., 

1995). 

During starvation, cAMP oscillations are detected by the membrane bound cAMP 

receptor, CAR1 which activate secondary messengers, including a trimeric GTP-binding 

protein. The G protein interacts with an AcaA which propogates this signal by producing 

more cAMP.  Additionally, the guanylyl cyclase G protein subunit catalyzes the synthesis 

of cGMP, which initiates events resulting in motility.  Thus, the synthesis and detection 

of cAMP results in an elevated concentration of the chemoattractant and initiation of a 

cGMP signal transduction cascade that allows the cells to chemotax towards the cAMP 

oscillations.  The signal is relayed from the starving amoebae so that a large area and 
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number of cells (roughly 100,000) can aggregate towards a single aggregation center 

(Kessin and van Lookeren Campagne, 1992). 

cAMP is also the most characterized and understood Dictyostelium morphogen.  

During the early stages of development, cAMP is required for regulating gene expression 

in both prestalk and prespore cells.  During culmination stage, cAMP has been shown to 

induce prespore cell differentiation while inhibiting differentiation of prestalk cells 

(Williams and Jermyn, 1991).  A cAMP-phosphodiesterase (cAMP-PDE) gene, regA is 

expressed in the prestalk region during the latter stages of development.  Degradation of 

cAMP by RegA produces 5’AMP and relieves the inhibition of stalk differentiation 

(Brown and Rutherford, 1980); (Hall et al., 1993).  Thus, a cAMP gradient is produced in 

developing culminants.  The high levels of cAMP in the prespore region promote 

prespore specific gene expression, while the lowered levels in the prestalk region 

stimulate prestalk differentiation.  

Differentiation inducing factor (DIF) has recently been shown to have 

morphogenic properties in Dictyostelium.  DIF, a chlorinated hexaphenone is 

undetectable in vegetative cells but is synthesized during aggregation with its highest 

levels present in slugs (50-200 nM) (Fig. 1.4) (Kay, 1997); (Kay, 1998); (Brookman et 

al., 1982).  DIF is known to reduce the expression of some prespore-specific genes and is 

required for transcription of several prestalk-specific markers (Kopachik et al., 1985); 

(Berks and Kay, 1990).  It has been hypothesized that the induction of all prestalk genes 

is dependant on DIF (Kay, 1997).  DIF induction of prestalk genes requires prior 

exposure to cAMP and PKA, a regulatory protein that is critical at a number of 

developmental transitions. DIF levels are higher in the prespore region due to high levels 
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of dechlorinase in the prestalk zone. The mechanism by which DIF induces prestalk 

differentiation yet inhibits prespore-specific gene expression in unknown.  
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Figure 1.3. The Chemical Structure of cAMP 

Figure 1.4. The Chemical Structure of the Differentiation Inducing Factor (DIF) 
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Mechanisms of Gene Regulation 

Eukaryotic DNA prevents RNA polymerase and transcription factor accessibility by 

being assembled into condensed histone-chromatin structures.  The first step in gene 

regulation involves chromatin remodeling by histone acetylases and ATP-dependent 

remodeling enzymes.  This process results in decondensation of the chromatin structure 

allowing accessibility of the transcriptional machinery to the gene promoter. The gene 

coding sequence itself must also be un-masked so that RNA polymerase II (Pol II) can 

successfully move along the gene sequence after initiation of transcription.   

A typical gene promoter can be classified into two parts: the core promoter and the 

regulatory promoter.  The core promoter contains DNA elements that interact with Pol II, 

general transcriptional regulators, and other members of the transcriptional preinitiation 

complex.  This core promoter complex (holoenzyme) positions Pol II at the transcription 

start site and responds to adjacent and distant activators and repressors.   

A TATA motif is a core promoter DNA element that has a consensus sequence, 

TATAA and is located 25 to 30 bp upstream of the transcription initiation site.  A protein 

subunit, TATA box-factor (TBF) of TFIID binds to this element and initiates the 

formation of the holoenzyme at the start site.  Many core gene promoters contain the 

initiator and BRE (B recognition element) elements which also bind with general 

transcription factors of the holoenzyme (Smale, 1994; Lagrange et al., 1998).   

Low-basal levels of transcription can occur without the association of transcriptional 

activators. Induction of transcription in response to environmental cues requires the 

binding of an enhancer to the regulatory promoter and/or the release of a transcriptional 

repressor.  The transcription factor binds specifically to a DNA sequence element (cis-
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element) and then interacts with the core transcriptional machinery.  This complex results 

in the initiation of transcription; however, the exact mechanism of this process is unclear.  

Several common transcription factors motifs have been identified including zinc-fingers, 

helix-turn-helix domains, and leucine zippers.   

The most common mechanism of gene regulation exists at the level of transcription.  

However, numerous other regulatory mechanisms have been identified and utilized by 

most eukaryotic organisms.  These include post-translational modifications, RNA 

splicing, mRNA stability, and rate of protein degradation.   
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Gene regulation in Dictyostelium 

Dictyostelium discoideum has a small genome around 34 megabases (Mb) with an 

unusually high AT content (~77%)  (Kuspa and Loomis, 1996); (Kimmel and Firtel, 

1982).  It has been estimated that the genome contains 10,000 genes, many of which have 

been shown to be developmentally regulated in recent microarray studies (Shaulsky and 

Loomis, 2002) (VanDriessche et al., 2002). 

 Protein kinase A (PKA) is a dimer that contains a regulatory and a catalytic 

subunit that is induced 10 to 20-fold in the first 3 hours of development (de Gunzburg et 

al., 1986); (Anjard et al., 1993).  cAMP binds tightly to the regulatory subunit resulting in 

dissociation of the catalytic subunit and activation of PKA.  Deletion of the PKA 

catalytic subunit results in an aggregateless phenotype because the mutant strains are not 

capable of expressing a number of genes required for early development and chemotaxis 

including the early development cAMP receptor (carA), cAMP phosphodiesterase 

inhibitor (pdiA), and acaA (Mann et al., 1997); (Wu et al., 1995).  It has been shown that 

the inability of PKA-null mutants to aggregate is not due to the loss of adenylyl cyclase 

activity.  Protein kinase A activity is necessary for gene induction during aggregation as 

well as a number of later stage transitions, including post-aggregative development and 

culmination.   

As discussed above, nutrient deprivation causes a series of transcriptional transitions 

that lead to the onset of aggregation.  However, a number of vegetative genes need to be 

inactivated before development can proceed.  YakA represses transcription of a number 

of genes that are expressed in growing amoebae.  A defective yakA gene results in an 

aggregateless mutant that does not repress vegetative gene expression (Souza et al., 
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1998).  A member of the YakA signaling pathways, PufA, was identified by a REMI 

suppressor screen on yakA-null cells (Souza et al., 1999).  This suppressor mutant 

reverses the aggregateless phenotype.  PufA is a known translational regulator of 

anterior-posterior patterning in both Drosophila and Caenorhabditis. elegans (Zhang et 

al., 1997).  The Puf or pumilio/FBF family of proteins bind specifically to the 3’ end of 

mRNA transcripts that code for novel developmental regulatory proteins.  The 

Dicytostelium PufA binds to a nanos reponse element (NRE) that has been identified 

toward the 3’ end of the PKA coding sequence.  

REMI mutants have been a valuable tool for the identification of other transcriptional 

regulators that are important for the processes the lead to the initiation of development.  

The Myb2 transcription factor was identified by this methodology.  Myb2 REMI mutants 

do not express acaA and fail to aggregate (Otsuka and van Haastert, 1998).  Interestingly, 

constitutive expression of acaA with the actin promoter in the myb2 REMI mutant stain 

rescues the aggregateless phenotype.  Thus, it has been assumed that Myb2 may regulate 

expression of other genes but none that are required for aggregation. 

 Two additional Myb proteins have been identified in Dictyostelium. Myb1 binds 

to the TAACT/GG sequence but its importance in regulating cell-type specific expression 

is unknown (Stober-Grasser et al., 1992).  Myb3 expression is localized to the prestalk 

region and appears to regulate expression during culmination stage (Guo at al., 1999).   

Investigation of the regulation and expression of carA lead to the identification of 

a zinc-binding protein called cAMP response transcription factor (CRTF) (Mu et al., 

1998).  This 100-kD zinc finger is required for induction of the cAMP receptor during 

aggregation but is not required for post-aggregative induction and does not bind to the 
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carA late promoter sequence. CRTF is constitutively expressed and disfuntional CRTF 

mutants do not aggregate.   

The characterization of regulatory gene promoters has lead to the identification of 

several cell-type specific transcription factors.  STATa (signal transducers and activators 

of transcription) localizes to the nucleus of pstA cells in developing slugs (Araki et al., 

1998).  cAR1 has been shown to localize STATa to the nucleus when stimulated with 

cAMP.  STATa binds to the TTGA sequence in the ecmB promoter and represses 

transcription.  STATa-null cells show a higher level of ecmB expression in PstA cells and 

fail to culminate.  PKA appears to relieve STATa inhibition of ecmB expression 

(Zhukovskaya et al., 1996).  Interestingly, STATa bind to distal promoter element of the 

ecmA gene and induces its expression in PstO cells.   

Prespore-specific coat proteins, cotC (SP60), cotB (SP70), and cotA (SP96) are 

induced by high levels of cAMP.  Analysis of the cotC promoter lead to the identification 

of three CA-rich elements.  Deletion of these CA-rich sequences resulted in lower 

expression levels and an altered localization pattern (Haberstroh and Firtel, 1990).  This 

CA-repeat element does not appear to bind a prespore-specific transcriptional regulator 

but a multicellular regulator, G box-binding factor (Powell-Coffman et al., 1994). 

GBF regulates expression of post aggregative prestalk and prespore genes by 

binding to a G-rich sequence (Firtel, 1995).  GBF can recognize and bind to a variety of 

G-rich sequences and GBF-null mutants only form loose aggregates and show improper 

adhesion systems (Firtel, 1995); (Schnitzler et al., 1994). 
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Point mutations of the AT-rich cotB promoter sequence between -318 and -355 bp 

prevents expression of the β-galactosidase reporter.  The transcriptional regulator that 

binds this AT-rich sequence has yet to be identified. 
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Previous Data on Alkaline Phosphatase in Dictyostelium  

Knowledge of the localization of a phosphatase activity to the prestalk region during 

development was first described more than 40 years ago (Krivanek and Krivanek, 1958); 

(Bonner et al., 1955).  Krivanek and Krivanek showed the localization of a phosphatase 

activity during several developmental stages using a histochemical technique that causes 

the colorimetric liberation of phosphorus by the reduction of phosphomolybdic acid.  

Migrating slugs appeared to have activity dispersed throughout the organisms (due 

perhaps to ALCs scattered in the prespore zone) but activity is enriched in prestalk cells.  

The activity becomes concentrated to the boundary separating the prestalk and prespore 

zones during early and mid- culmination stage.  Phosphatase activity is then down-

regulated in the prestalk cells as they filter down into the stalk tube during late 

culmination stage.   

Further enzymatic localization studies were performed by microdissection of 

culmination stage organisms (Fig. 1.5). The dissected tissue was then assayed for 

5’nucleotidase (5NT) activity by measuring the release of radioactive phosphate (Armant, 

1980).  This study, like the previous ones, show localization of enzymatic activity to a 

narrow band at the interface of the two distinct cell populations (Fig. 1.5).  Electron 

microscopy of cytochemically staining cells showed 5NT activity to be enriched at the 

cell surface, suggesting the enzyme is anchored to the plasma membrane and may have 

an extracellular function.  Furthermore, the prestalk cells directly adjacent to the prespore 

zone were histochemically stained.  The two cell types appeared to be in close contact at 

the interface, and no physical barrier appeared to separate the prestalk and prespore cells.  

A population of cells that are morphologically identical to prestalk cells, ALCs, are 
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scattered throughout the prespore region and appear to be responsible for the low levels 

of 5NT activity that is dispersed in the prespore zone (Armant, 1980). 

 The confusion about the nature of this enzyme, as to whether it was a classical 

alkaline phosphatase or 5’ AMP phosphatase, was due to its apparent preference for the 

substrate 5’AMP (Armant and Rutherford, 1982).   Specificity studies shows the enzyme 

is capable of degrading the artificial substrate ρ-nitrophenyl phosphate (ρNPP) the 

substrate used by classical alkaline phosphatase as well as 5’AMP.  Interestingly, the 

enzyme shows a much higher preference for 5’AMP than any other natural substrate.  

The enzyme did not show a broad range of specificity that is common to alkaline 

phosphatases, however, studies shows an optimal alkaline pH of 9.5.  Armant and 

Rutherford (1981) showed that both 5NT and ALP activities copurify using 

diethlaminoethyl (DEAE) Sephadex, phenyl Sepharose and concanavalin A 

chromatography (Armant and Rutherford, 1981).  The ratio of the two activities remains 

constant throughout the purification process.  Additionally, the activity of both ALP and 

5NT was inhibited with ammonia and inorganic phosphate (Armant and Rutherford, 

1981).  The enzyme activities migrated identically on a non-denaturing polyacrylamide 

gel containing the detergent Triton X-100 (Bhanot and Weeks, 1985).  Das and Weeks 

(1981 and 1984) suggested the increased ALP activity observed during development was 

due to protein regulation as opposed to de novo synthesis.  They suggest a low-molecular 

weight inhibitor regulates the level and spatial localization of the phosphatase activity.  

 A polypeptide associated with 5NT activity was purified by Chanchao et al.  PCR 

amplification of genomic DNA using degenerate oligonucleotides resulted in the 

identification of a DNA fragment with sequence corresponding to the 5NT peptide.  A 
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search of the Dicyostelium cDNA project database revealed a cDNA with a sequence that 

encodes for 5NT. A search of known protein databases revealed that the 5NT sequence 

shared very little similarity with any other protein.  Additionally, a cDNA was identified 

with a classical alkaline phosphatase sequence (Chanchao et al., 1999).  The alp and 5’nt 

cDNA sequence were not similar, suggesting that both 5NT and ALP are present in 

Dictyostelium.   

 To determine the gene product responsible for the phosphatase activity at the 

interface of the two cell types, insertional mutants of both alp and 5nt were generated by 

integrating a blasticidin-S resistance (BSR) cassette into the coding sequence through 

homologous recombination (Rutherford et al., 2003).  The null mutants were developed 

on nitrocellulose filters and were assay for in situ phosphatase activity.  During 

aggregation the 5nt-null mutants formed multiple tips instead of the normal single tip 

(Fig. 1.6).  However, the 5nt mutants showed normal localization of phosphatase activity 

to the prestalk-prespore boundary.  The alp-null mutants appeared to develop normally 

but lacked the phosphatase activity that becomes localized to the interface of the two 

distinct cell types (Fig. 1.6).  These studies show clearly that the phosphatase that is 

localized between the two cell types is a classical alkaline phosphatase and not 5NT. 

 The unique localization of ALP to the interface of the prestalk-prespore zones has 

resulted in speculation that its activity may play a role in the positional differentiation of 

the two distinct cell types.   As previously stated, cAMP is known to be a cell-type 

specific regulator in developing culminants.  It has been established that a cAMP gradient 

is generated late in development due to degradation of cAMP by cAMP-PDE.   We 

postulate that ALP prevents accumulation of 5’AMP and prevents feed-back inhibition of 
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cAMP-PDE (by the degradation of cAMP-PDE) and therefore, insulates the two 

differentiating cell types by maintaining the cell-specific levels of cAMP.  

It should be noted that dephosphorylation of 5’AMP results in the production of 

adenosine which has been shown to have morphogenic properties (Schaap and Wang, 

1986).  It has also been speculated that adenosine competes with cAMP for cell-surface 

receptor binding.   
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Figure 1.5:  Localization of 5’ Nucleotidase Activity at the Culmination 
Stage of Development.  The specific activity (y-axis) is expressed in 
mol/h/kg of dry weight.  This figure was reproduced from Armant et al, 
1980.   
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Figure 1.6:  In situ Phosphatase Activity of wt, alp, and 5nt Knockouts .  alp-
ko and wt (left) were developed until late culmination stage and then stained with a 
BCIP/NBT reaction mixture.  The 5nt knockout cells (right) were developed until 
mid and late culmination stage (left to right).  The dark red/blue ring indicates 
phosphatase activity is present in the wt and 5nt-ko but not the alp-ko.  Rutherford 
et al. 2003.   
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Significance of Proposed Research and Basic Strategy  

The process of development requires a complex program of events that ensures 

specific genes are activated at the proper location and at the precise time.  Developmental 

biologists have shown that different cells express different sets of genes based on their 

location in the developing organism, pattern of cell division, and their interactions with 

surrounding cells.   

It has been suggested that ALP plays a role in regulating and maintaining the 

cAMP gradient by insulating the prestalk zone from high levels of cAMP that are present 

in the prespore region.    Furthermore, ALP has been shown to become pstO localized at 

the interface separating the two differentiated cell types during culmination stage.  

Interestingly, very little data has been published on the regulation of genes in pstO cells.  

Additionally, it has been observed that ALP activity becomes down-regulated as the 

prestalk cells pass through the ‘collar’ and form the slender stalk tube.  The proposed 

research will allow for the understanding of the mechanisms of transcriptional control of 

alp and may provide a more detailed model of morphogenesis in Dicyostelium. 

The research objectives include:  1) determination of the spatial and temporal 

expression pattern of alp during development of Dictyostelium,  2)  delineation of cis-

acting elements within the alp promoter that are required for proper temporal regulation,  

3)  identification of trans-acting factors that function in the regulation of alp, and  4)  

characterization and purification these trans-acting factors.   

The temporal and spatial expression pattern of alp was determined by fusing the 

alp 5’ flanking sequence to the LacZ reporter gene and measuring reporter levels at 

several developmental stages (Fig. 1.7).  Additionally, we utilized an in situ staining 
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method that will allow for the rapid determination of the spatial expression pattern.  It 

should be noted, when these studies began in the Summer of 2001 roughly 400 

nucleotides of the 5’ flanking sequence was available in the various Dicyostelium 

databases.  In order to identify more of the 5’ flanking sequence we generated a sub-

genomic library and screen for clones that contain the alp coding and flanking sequence.  

Fortunately, progress by the Dictyostelium genome project allowed for the identification 

of several kilobases of 5’ flanking sequence by late Fall, 2001 (Fig. 1.8).   

DNA regulatory element within the alp promoter were resolved by generating 5’ and 

internal deletions fused to the LacZ reporter gene (Fig. 1.7).  The alp promoter-LacZ 

contructs were transformed into Dictyostelium using a calcium/glycerol shock method 

(Knecht et al., 1990).  Clones will be grown, developed until slug stage, and then assayed 

for reporter levels.   

The promoter sequences that are essential for regulation of alp expression were 

amplified by PCR and end-labeled with γ-32P ATP using T4 polynucleotide kinase.  

These probes were used to detect DNA-protein interactions using the electrophoretic 

motility shift assays (EMSA), also called the gel shift assay.  The specificity of these 

interactions were determined in competition experiments.  DNA-specific binding proteins 

were characterized using conventional chromatographic techniques including: ion 

exchange, gel filtration, and affinity chromatography.  Purified proteins were subjected to 

mass spectrometric analysis at the Virginia Bioinformatics Institute (VBI). 
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Figure 1.7. Features of the 63-iDQgal Reporter Vector. This 12 kb vector contains the 
reporter gene, lacZ. The pstO element was removed and the alp 5’ flanking sequence was 
inserted into the XbaI site.  Transformants were screened with G418 and assayed for β-
galactosidase activity using the artificial substrates ONPG and BCIP.  
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AAAATTGATTTTTATCACAATCAATATTTTTGTGAATTTGTAAGATTATAACTATTAATA 
TTAATTTTTTTATTTTATTTTTATTTTTATTATTATTTATTTTATTTTTTTCCTTAATTG 
TAATTAGCTAAAACAATAACAATGATAATTCACACTAATTTTTAAAAATTTCACCTTCAA 
GAAGAAATTAATATTTATTACTCCAAATCAAAGTTATTAATAATTTTAAAAAAACAAAAA 
ACAAAAAAAAACAGAACCAATCCTGTTTTTTTTTTTTTTTTTTTTGTTCTAATTCTAAAA 
AATTCTATTTTTAAAATTTTACCTCGAATTAAATATGTTTTCGATCATGTATTAAGAGTG 
ATAAAAATAAAAAAAAAACAGAAACCTTAATGGTGTGTGTGTTTGTGTTTGTGTGTGTGT 
GGTTTATATTCTAATAATAATTTCTATTACTATTAACACACACATTTTTTTATTCTTCTT 
TTGTTCTTTTTCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 
TTTTTTTTTTAATCTTATAATTTTTTTTTTTTTTTAAATCTTATTTATTATTATTATTTT 
TTATTCTTATTTTATCTTTTTTTATGTAAAATAAAAATTAAAAATTAAAAATTAAACTGT 
TAAATTAAAAAATAATAAAAAAAAAAACAAAATAAAAAAACGTTGGTAAATATTTTTATT 
TTTGTTTTTATTTTTTTTATTTTTAATTGTTTTTTTATTTTTTTTTTTCCCAATTTTTTT 
ATTTTTTTATTTTTTTTTATTTTTTTTTTAAATTAATTAAAATATCATATTAATAATAAT 
TATAATAATACTTTTTATATAATTTCAAAATCTTTTATAGTTTTGTTTGAAATTATTATT 
TTTTTTTTGTTAAAGAAACTATTAGGATTAATAAAGCACAATTACAAATCCCAGTAACAT 
TACAAATAATTCTACTTCTTCAAAAGTAAATTATACAAAGATGGAACAAGCACCAAATTC 
ATCATCAATCCGTGAATCGGGTATTGGCGGTGGTGGTGGTGGTGGTGGTGGTGGTAATGA 
TAAAGATGAAATGGATGGATCCACTGCAATTCCAATGGAGCCAATGACATCATCATCAGG 
TGTAAGTAGTGGTGGTGGTGGTAAAGTTGTATCCCACTTTTTATTAGAAGAAGATTTTGA 
TAGCAAGAAAAGATTCACAAGTACACATAAGAGAATTTTTTACATATTGACATCATTGGC 
AATACTAGTGACTGTTGTGTTATTGATTGTGTTTTTATTACCAAGAGGATGGGAAGGCCC 
AAAGAAAAAGACAAATATAATTATGATGATTGGTGATGGTATGGGACCAGCAGCGTTGAC 
CATGGCAAGAGTATGTTTTCATACAAAAGGTGAGAGTACAAGTCAGGCACATTTACATTT 
AGACCCATATATAGTGGGCACAGTGAAGACATACTCAAGCAACAGTGTGGTTACCGACAG 
TGCCGCAGCGGCAACGGCCTATGCAAGTGGTGTCAAGACGTATAATAATGCAGTGGGTGT 
CGATGCAAATGGCAAGCCAGCAGGCACAATCATTGAGGCAGCTAAAAAGTTGGGTATGAA 
GACAGGATTGGTCGTCACAACTCGTATCTCTGATGCGACACCAGCATGCTATTTCGCACA 
CAGCGCAACGCGTCATGACGAGGCATTCATTATCGATCAATTGTTGGACAAGGAGATCGA 
TGTGATATTGGGTGGTGGTAAACAATTCTTTAGCAATAAAACACTTCAAGATGCTGTATC 
AAGCAAATACAACTACTCGTATGTTGAGAGTAAACAAGAGATGGAACAAGTTGAAGCAGG 
TAGAATTTTAGGACTCTTTGCAGATTACAACATACCTTGGGAAATCGATCGTTTAAGAGA 
TCCAACATTACTTTCAACCAAACCATCCCTACAGGAGATGACCACCAAAGCATTGAATTT 
AATCTCACAAAACAATGAAAATGGTTTCTTTTTAATGGTGGAAGGCTCAAAGATTGATGT 
GGCAGCTCATATCAATGACGCACCCACTCAGATTTGGGAGACTGATGCATTTGATCAAAC 
TTTTAATCTAGTTAGAGAATGGGCAGAGAAGGATGGTAATACCATTGTAATTGTGACAGC 
AGATCATGAAACTGGTGGTCTTACATTAGCAAATCAAATGGTTATCGATGGTAATCCAAA 
ATATTCATGGTCACCAGAGACATTATTGACAGTGAATAAATCTGCTGATCTCATGGCAGAT 
ACTTATCAAAGGTGGTGCTGATCCAACGAAATTGATTTTCGATAATACAGGTTACACATT 
AACATCAGATGATTTAAAAGAAATCAATAGAACCAAGTCTGCCTATTATCTCAATCAAGT 
GATTGGTCGTATCGTTTCAAACTATGCTGATATTGGTTTCACCACTGGTGGTCATACTGG 
TGAGGATGTCAATCTCTACACCTTTGGTGATACAATCTCTGAAGGTAAATTTGAAACTCG 
TCTAAAAGATCATCAAACTGAAATAGTTGATAATTATATTGATCCAATCTTAAGAGGTAA 
TATAAATAATATAGATATTGCTTCATTTATCATTAAAACTTTAAATTTAGATATTCAATC 
AATTACAGAATCATTAAAAGATTTTATTCCTAAACCATAA 
 

 

 

 

 

 

Figure 1.8:  The alp 5’ flanking and coding sequence.  The start codon 
ATG and stop codon TAA are underlined.  One kilobase of the 5’ flanking 
sequence precedes the start codon 
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Abstract 

 Two techniques were used to study the localization and expression pattern of 

alkaline phosphatase (alp) in Dictyostelium.  In situ staining of the endogenous enzyme 

activity showed a steady increase during development.  Early in development, the 

localization of enzyme activity was limited to cells emerging from the aggregate that 

would later form the tip of the early slug.  At the completed slug stage, the activity was 

greatly enriched in anterior prestalk cells, then during culmination stage, became 

restricted to a narrow band at the interface of the prestalk and prespore zones. In the 

mature fruiting body, the activity was confined to the upper and lower cups of the spore 

head in mature fruiting body.  A β-galactosidase reporter gene under the control of the 

alp promoter was used to evaluate the levels and localization of transcription.  Low 

reporter activity was observed in vegetative cells growing in nutrient rich liquid medium 

but increased approximately four to five fold between vegetative and slug stage.  

Localization was limited to PstO cells during the slug stage before being restricted to 

prestalk cells at the interface separating the prespore and prestalk regions.  Fruiting 

bodies showed expression in the upper and lower cups.   

 

 

The data presented in Chapter 2 was completed by Bradley Joyce, Muatesum Ubeidat, 
and Dr.Charles Rutherford.  Bradley Joyce was responsible for generating the alp 
promoter-lacZ fusion contruct and transforming this plasmid into Dictyostelium.  
Muatesum Ubeidat conducted the in vitro assay and the in situ staining procedure.  Dr. 
Charles Rutherford designed the experimental procedures and was responsible for 
obtaining the funds to conduct these studies. 
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Introduction  

 Dictyostelium is a cellular slime mold that undergoes a developmental life cycle 

in response to nutrient deprived conditions.  As a result, the cells chemotax towards 

extracellular cyclic adenosine monophosphate (cAMP) forming a mound of 

approximately 100,000 cells in less than eight hours (Bonner, 1969). A series of events 

results in morphogenesis and differentiation of cells within the aggregate and the 

formation of a slug that stands up and culminates to generate a fruiting structure.  

Differentiation inducing factor (DIF), a chlorinated hexaphanone, and cAMP have been 

identified as Dictyostelium morphogens and have apparent cell-type specific regulatory 

functions associated with the differentiation of the two distinct cell types produced during 

development, prestalk and prespore cells (Williams and Jermyn, 1991); (Kay, 1997); 

(Kay, 1998); (Brookman et al., 1982).   

 The recent use of super-labile reporter genes such as LacZ have allowed for the 

identification of numerous cell-type specific genes that are required for proper transitions 

during critical stages of development.  The use of super-labile reporters are required in 

Dictyostelium due to the short, 24-hour life cycle.  During the 1950s, the spatial 

localization pattern of a phosphatase activity was identified using a histochemical assay 

(Bonner et al., 1955); (Krivanek and Krivanek, 1958).  The phosphatase activity was 

enriched in the prestalk zone of developing slugs, but also observed to a lesser degree, to 

be scattered throughout the prespore region.  The scattered phosphatase activity in the 

prespore region was hypothesized to be associated with a cell type that is 

morphologically similar to prestalk cells, called anterior like cells (ALCs) that are 

dispersed throughout the prespore zone. The activity becomes confined to a small 
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population of posterier prestalk cells at the boundary separating the prestalk and prespore 

zones during culmination stage.  Quantitative analysis using ultramicrotechniques 

showed the enzyme activity to have a preference for 5’AMP (Armant and Rutherford, 

1982; Armant et al., 1980).  Biochemical analysis of  5’AMP and its degradation 

products using dissected culmination stage tissue suggested that an enzyme with 5’AMP 

nucleotidase (5’NT) activity becomes localized to a narrow band at the prestalk/prespore 

boundary.  Electron microscopy of histochemically stained culminants showed only 

anterior prestalk cells have 5’NT activity (Armant et al., 1980).  Knockout mutagenesis, 

by homologous recombination of both 5’nt and alp, led to the conclusion that the 

enzymatic degradation of 5’AMP is the result of alkaline phosphatase (alp) and not 5nt 

(Rutherford et al., 2003) .   

 We report here an analysis of endogenous ALP localization using a simple in situ 

staining method.  These studies confirm previous localization studies using less sensitive 

colorimetric procedures (Armant et al., 1980; Krivanek, 1956; Krivanek and Krivanek, 

1958).  Furthermore, we identify the localization pattern of alp expression by generating 

a LacZ reporter construct controlled by the alp 5’ flanking sequence.   The results show 

the alp expression corresponds with the localization of the endogenous enzyme activity 

suggesting the gene is regulated at the level of transcription. Additionally, in vitro assays 

of reporter activity from different stages of development showed a gradual increase in 

expression levels from the onset of starvation until culmination stage.  The expression 

pattern exhibited between streaming aggregation and production of a tight aggregate 

suggests a cell-sorting model of pattern formation. 
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Materials and Methods 

Growth and Development of Dictyostelium 

Dictyostelium AX3K spores were germinated in HL5 medium (55 mM glucose, 

10 g peptone, 5 g yeast extract, 1.8 mM Na2HPO4, 2.9 mM KH2PO4, pH 6.5 in 1 L milliQ 

water) with 100 ug/ml ampicillin and 50 ug/ml streptomycin sulfate (Roger et al., 1992).  

The cells were allowed to grow to a density of approximately 5.0 x 106 cells per ml. To 

initiate development, AX3K cells were washed several times in 1X MES-LPS buffer (7.7 

mM N-morpholinoethanesulfonic acid pH 6.5, 20 mM KCl, and 5 mM MgSO4) to 

remove the nutrients medium.  The cells were harvested and resuspended in 5X volume 

of MES-LPS and plated on Gelman GN-6 cellulose filters.  The cells were incubated at 

room temperature until the desired developmental stage. 

 

Histochemical assay of ALP enzyme activity 

Wild-type AX3K cells were developed on nitrocellulose filters until the desired 

stage.  The filters were fixed in ALP buffer (100 mM Tris-HCL, pH 9.5, 100 NaCl, and 5 

mM MgCl2) containing 1% glutaraldehyde for an hour and a half and then dried for an 

hour at room temperature.  The dried filters were soaked in ALP buffer containing 0.1% 

NP-40 for 30 minutes and then washed twice in ALP buffer.  Each filter was then 

immersed in ALP buffer containing BCIP (110 µg/ml) and NBT (140 µg/ml) for up to 90 

minutes.  The filters were washed and stored in 50% methanol.   
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Amplification of the alkaline phosphatase 5’ flanking region 

Using Dictyostelium genome sequence databases, the alp coding and flanking 

sequences were identified by searching with the consensus sequence.  Two 

oligonucleotides were designed (AP8R, 5’-CGGTGCTTGTTCCATCTTTG-3’ and 

AP12F, 5’-AGCTAAAACAATAACAATGATAAT-3’) and used to amplify 888 base 

pairs of the 5’ flanking sequence. PCR was carried out with a single 94 °C denaturing 

cycle for 2 and one half minutes, followed by 30 cycles including denaturation at 94 °C 

for 30 seconds, annealing at 50 °C for 30 seconds, and elongation for 2 minutes at 72 °C.  

A single 10 minute extension cycle at 72 °C concluded the amplification.  The PCR 

reactions contained 3 mM MgCl2 and 2.5 units of TaqI polymerase.  The amplified 

fragment was precipitated with ethanol and resuspend in 20 ul of milliQ water.  The DNA 

product was then digested overnight with XbaI (New England Biolabs) in the supplied 

buffer at 37 °C and the resulting fragments were separated on a 1% TAE agarose 

(SeaPlaque GTG agarose, FMC BioProducts) gel for 1 hour at 120V. The amplified PCR 

product was gel purified (GeneClean III, Bio101) and stored at -20 °C.  

 

Ligation and transformation of E.coli 

Two hundred and fifty nanograms of the digested alp 5’ flanking sequence was 

ligated into 100 ng of 63-iDQgal plasmid that was previously digested with XbaI and 

dephosphorylated with calf intestinal alkaline phosphatase (CIP, New England Biolabs).  

The ligation was carried out overnight at 15 °C.  The ligation reaction was precipitated 

with ethanol and resuspend in 10 µl of autoclaved milliQ water.  Forty microliters of 

electro-competent cells (XL1-Blue, Stratagene) were added to the ligation mixture and 



 
 
40 

then transferred to a pre-chilled 0.1 cm cuvette (BioRad Gene Pulser).  One pulse was 

applied to the DNA/cell mixture at the following conditions: 25 µF (capacitor) 1.8 kV 

(voltage), and 200 ohms (controller).  The cells were incubated in 1 ml of SOC medium 

for 1 hour at 37 °C while shaking at 200 rpm.  One-hundred µl of suspension was spread 

on LB-ampicillin (100 µg/ml) plates and then incubated overnight at 37 °C.   

 

Screening bacterial transformants 

A small amount of cells from each bacterial colony was lysed in 5 ul of colony 

lysis buffer (10 mM Tris pH 8.0, 1 mM EDT, 0.1% Tween-20) at room temperature.  

Fifteen microliters of ‘PCR reaction mix’ (see above) was added to each tube and briefly 

mixed. The oligonucleotides, AP12F and AP8R  were used to identify clones that 

contained the proper insert.  Small scale plasmid preparations (Wizard Plus SV 

Minipreps DNA Purification system, Promega) were used to obtain enough plasmid DNA 

for sequencing.  

 

DNA sequencing 

DNA sequence analysis was done at the Virginia Bioinformatics Institute (VBI) 

on the Virginia Tech campus.  Two hundred nanograms of plasmid isolated using a 

miniprep kit was sent to the sequencing facility as a template. The T7 oligonucleotide 

that is complementary to vector sequence adjacent to the multiple cloning site was used 

to obtain the sequence of the DNA inserted into the XbaI site in the pBluescript KS+ 

vector.  The resulting sequence was analyzed with Megalign (DNAStar).   

 



 
 
41 

 

Plasmid DNA purification 

Large scale plasmid isolations were accomplished using a hi-speed Midiprep kit 

(Qiagen).  A single colony was inoculated in 3 ml LB-ampillicin medium and incubated 

at 37 °C for 8 hours.  One milliliter of culture was then used to inoculate 300 ml of LB-

ampicillin medium, that was grown overnight at 37 °C at 250 rpm.  The following day, 

the plasmid was purified according to the instruction manual that was supplied with the 

kit.  The yield and purity of the plasmid isolation was determined spectrophotometrically.  

 

Dictyostelium transformation 

AX3K cells were grown in HL5 medium until the cells reached a density of 

approximately 5x106 cell/ml.  The cells were harvested at 3100 x g for 3 minutes (IEC, 

CRU-5000 Centrifuge) and washed once with MES-HL5 (pH 7).  The cells were then 

resuspended in MES-HL5 pH 7 at a final density of 5x105 cells/ml and grown at room 

temperature at 150 rpm overnight.  On the following morning, 10 ml of cells was 

dispensed into sterile plastic Petri dishes and incubated for 2-3 hours to allow the cells to 

attach to the bottom. Ten µg of each construct was precipitated with calcium phosphate in 

1X HBS for 30 minutes.    The medium was carefully removed from the adhered cells 

and the precipitated DNA was added slowly to the center of the Petri dish.  The Petri dish 

was incubated for 30 minutes to allow the cells to take up the vector. Ten milliliters of 

MES-HL5 pH 7 was added to the cell/DNA mixture, followed by a 4 hour incubation 

period to allow the cells to flatten and stick to the bottom of the dish.  Again the medium 

was removed from the dishes and 2 milliliters of 18% glycerol in 1x HBS was slowly 
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added to one side of the dish. The plates were gently rocked back and forth for 5 minutes 

before the glycerol solution was removed and replaced with 10 ml of HL5 containing 100 

µg/ml ampicillin.  The following day, the HL5 solution was replaced with fresh HL5 

containing 100 µg/ml ampicillin and 20 µg/ml G418.  The plates were incubated at room 

temperature for a total of 3 days.  On the fourth day, the cells were removed from the 

bottom of the plate with a sterile cell scraper and transfer to a 15-ml falcon tube.  The 

cells were harvested at 3200 x g for 4 minutes.  The cells were resuspended in 500 µl of 

1x PBS containing one loop of B/rR cells.  One hundred sixty-six microliters were spread 

onto 3 DM agar plates (0.2% glucose, 1% oxo  peptone, 1.5% bacto agar, 3 mM 

Na2HPO4, 10 mM KH2PO4) containing 20 µg/ml G418.  The plates were incubated for 3 

to 4 days until the plaques were 1 cm in diameter.  Cells from individual plaques were 

transferred to HL5 medium containing 20 µg/ml G418 in 24-well plates.  The medium 

were replaced periodically and the cells were kept at a density of less than 5 x 106.   

 

In situ β-galactosidase localization 

Transformed Dictyostelium cells were grown in 50 ml of HL5 containing 20 

µg/ml G418 until the cell reach at density of 1-5x106 cell/ml.  Transformants were 

developed on nitrocellulose filters as described above until the desired stage of 

development was reached. The in situ staining procedure was previously described 

(Dingermann et al., 1989).  In short, each filter was transferred to a small plastic Petri 

dish (60 x 15 mm, Fisher) containing a pad soaked in Z-buffer (60 mM Na2HPO4, 40 mM 

NAH2PO4, 10 mM KCl, 1mM MgSO4 (pH 7.0)) containing 1% glutaraldehyde.  The 

filters were gently sprayed with Z-buffer containing 1% glutaraldehyde to fix the tissue 
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every 15 minutes for one hour.  The nitrocellulose membranes were transferred to a fresh 

Petri dish and allowed to dry at room temperature for approximately 1 hour.  Z-buffer 

containing 0.1% NP-40 was added to the membranes until the structures were completely 

covered.  After a 30 minute incubation, the filters were washed in Z-buffer twice and B-

galactosidase reaction mixture (5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6], 1 mM EGTA, 1 

mM X-gal in Z-buffer) was slowly added to cover the tissue.  After incubation for several 

hours, the cells were washed with Z-buffer and then fixed in 50% methanol.   

 

In vitro β-galactosidase assay 

Dictyostelium transformants were grown on nitrocellulose membranes until the 

individuals reached mid culmination stage.  The cells were washed from the membrane 

with phosphate buffer (14.7 mM KH2PO4, 2 mM Na2HPO4, pH 6.0) into a 50 ml Falcon 

tube.  The tubes were vortexed vigourously and harvested at 3200 x g for 2 minutes.  The 

cell pellet was resuspended in 500 µl phosphate buffer and divided into two aliquots (per 

nitrocellulose filter). The cells were again pelleted for 2 minutes at 3200 x g (Centrifuge 

5402, Eppendorf).  After aspiration, the cell pellets were stored at -20 C.   Following a 

freeze/thaw cycle, the lysate was diluted and mixed in 100 µl of phosphate buffer. The 

samples were centrifuged at 14,000 x g for 5 minutes and the supernatant was transferred 

to a fresh tube.  Ten microliters of the sample was diluted in 490 microliters of milliQ 

water.  Thirty-five microliters of the diluted lysate was transferred to a 96 well plate and 

the remaining sample was stored at -20 °C. 165 µl of β-galactosidase reaction mixture (Z-

buffer containing 4 mg/ml ο-nitrophenl-β-D-galacopyranside) was added to the diluted 

lysate.  The absorbance was measured at 415 nm (microplate reader, BioRad) every 10 
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minutes for one hour.  The absorbance data were plotted using Microsoft Excel to 

generate a slope.  Five microliters of the previously thawed sample was assayed using the 

BCA protein assay kit (Pierce) and the supplied protocol.  A standard curve was 

generated using serial dilutions of BSA (Bovine Serum Albumin).  The β-galactosidase 

activity was calculated as absorbance at 420 nm/min/mg protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
45 

Results 

Endogenous ALP Localization 

 A simple yet effective in situ staining method was employed to localize 

endogenous ALP activity at several key developmental stages.  Low levels of activity are 

present in growing amoebae but a steady increase in activity appears until mid 

culmination stage.  At the mound stage, activity is dispersed throughout the developing 

individual (Fig. 2.1A), then becomes enriched in the prestalk cells as the tip emerges 

from the tight aggregate, roughly 9 hours into development (Fig. 2.1B-C).  Cells in the 

prestalk zone have high levels of activity at the ‘first finger’ and ‘slug’stages of 

development with low levels scattered throughout the prespore zone (Fig. 2.1D-F).  

During culmination stage, activity becomes restricted to a small subset of prestalk cells at 

the interface of the two differentiated cell types (Fig. 2.1G-I).  Fruiting bodies, formed 

22-24 hours into development, show activity localized in the upper and lower cups of the 

spore head (Fig. 2.1J-L).  
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Figure 2.1:   In situ Localization of Endogenous ALP Activity.  ALP 
activity was localized during development of Dicyostelium using a BCIP/NBT 
reaction mixture.  (A) tight aggregate  (8 hr.), (B) tipped aggregate (10 hr.), (C) 
side view of tipped aggregate, (D) first finger (12 hr.), (E) elongated first 
finger (14 hr.), (F) slug (16-18 hr.), (G) culminate fixed w/ 1% glutaraldehyde 
(20 hr.), (H) culminate fixed w/ 20% ethanol, (I) magnified culminate tip, (J-L) 
fruiting body (22-24 hr.).  
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Analysis of alp Expression using the LacZ Reporter 

The consensus alkaline phosphatase coding sequence was used to search the 

Dictyostelium genome database (dictybase.org) in order to identify the 5’ flanking 

sequence.  The 5’ flanking sequence was amplified from genomic DNA using promoter-

specific oligonucleotides containing a 5’ Xba I restriction site.  The digested polymerase 

chain reaction (PCR) product was then ligated into the pBluescript KS+ multiple cloning 

site.  Clones containing the insert were sequenced at the Virginia Bioinformatics Institute 

(VBI) using the T7 promoter oligonucleotide.  A clone was identified that contained an 

insert with a sequence that was identical with that observed from the search of genome 

sequence database.  The insert was digested and cloned into the 63-iDQ gal reporter 

plasmid.  Dictyostelium transformants were developed and assayed for reporter activity 

from several developmental stages including; early aggregation, tight aggregate, slug, 

culmination, and fruiting bodies.   

 Amoebae grown in nutrient rich medium had low levels of reporter activity based 

on their ability to hydrolyze the artificial substrate ο-nitrophenyl-β-D-galactopyranside 

(Dingermann et al., 1989).  A two-fold increase in reporter levels was observed between 

growing amoebae and streaming aggregation stage (5 hours into development) (Fig. 2.2).  

The activity appeared to remain constant during the next few hours of development as 

reporter level changes in tight aggregate and first finger stage individuals were minimal 

(Fig. 2.2).  An increase in activity occurred during the transition from first finger to slug 

stage, while reporter activity remained essentially identical in slug and culmination stage 

extracts (Fig. 2.2).  Overall, a 3-4 fold increase in reporter levels was seen between the 
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vegetative and culmination stages with a slight decrease in activity in fruiting bodies 

structures (Fig. 2.2 and data not shown).   

 Clones containing the alp 5’ flanking sequence fused to the LacZ reporter were 

stained for in situ localization using a technique derived from Dingermann et al. (1989) 

throughout different stages of development.  As expected, low levels of staining are seen 

early in development as the cells stream towards the extracellular cAMP aggregation 

centers (Fig. 2.3A).  Interestingly, the activity does not appear to be uniformly distributed 

through aggregate as might be anticipated.  This phenomenon is also seen in the latter 

stages of aggregation as is apparent in figure 2.3B and 2.3C.  The localization of alp 

expression based on the use of the LacZ reporter correlates with that of the endogenous 

enzyme activity reported previously in figure 2.1.  The prestalk cells in the tipped 

aggregate and the standing or migrating slug showed intense levels of reporter activity 

(Fig. 2.3D-E).  At the slug stage of development, the localization became restricted 

towards the boundary separating the prestalk and prespore cells (Fig. 2.3E-G).  The 

localization is further concentrated at the interface of the two differentiated cell types 

during culmination stage and then becomes localized to the upper and lower cups of the 

fruiting body spore (Fig. 2.3H-I).    
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Figure 2.2 β-galactosidase Activity during Dictyostelium Development.  Reporter 
levels driven by the alp promoter at different stages of development; amoebae, 
streaming aggregate, tight aggregate, first finger, slug, and culmination stage.  
Enzyme activity is expressed as absorbance (420 nm)/min./mg protein x 10-3. 
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Figure 2.3.  In situ Localization of β-galactosidase Expression Controlled by the alp 
Promoter:  (A) streaming (5 hr.),  (B) early aggregation (7-8 hrs.), (C) tight aggregate (10 hr.), 
(D) first finger (12 hr.), (E) slug-standing (15 hr.), (F) slug-migrating (18 hr.), (G) magnified 
anterior tip of the slug (18 hr.), (H) culmination (20 hr.), (I) fruiting body (24 hr.). 
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Discussion 

 The data presented above confirms and extends previous studies showing a 

phosphatase activity localized to the prestalk zone during the developmental life cycle of 

Dictyostelium discoideum (Krivanek and Krivanek, 1958), (Armant, 1980).  During 

culmination stage, the localization is restricted to a narrow band of prestalk cells adjacent 

to the boundary separating the two cell types.  This subpopulation of  posterior prestalk 

cells has been termed PstO cells (Jermyn et al., 1989; Jermyn and Williams, 1991).  

Interestingly, ALCs, that are scattered throughout the prespore zone and contain ALP 

activity express PstO markers and appear morphological identical (Early et al., 1993). 

 The mechanisms of PstO specific gene regulation are largely unidentified; 

however, several reports have provided insight into the restricted spatial expression to 

one or more of the prestalk subpopulations.  EcmB has been shown to be expressed in 

PstAB cells in the interior tip of the prestalk zone during slug and early culmination 

stages.  An inhibitory sequence, TTGA has been identified as a proximal element within 

the ecmB promoter that causes the repression of ecmB expression in PstA cells 

(Ceccarelli et al., 1991); (Harwood et al., 1993; Kawata et al., 1996).  Dd-STATa (Signal 

Transducers and Activators of Transcription) was identified as the transcriptional 

regulator that binds specifically to the TTGA sequence and represses expression of ecmB 

in PstA cells (Kawata et al., 1997).  Studies showed that Dd-STAT is present in growing 

cells but does not become localized to the nucleus until induced by CarA, the major 

cAMP receptor.  At the slug stage of development, STATa becomes localized to pstA 

cells where it represses the activation of ecmB (Araki et al., 1998) 
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 The other major prestalk-specific marker, ecmA is expressed in pstA cells and to a 

lesser degree in pstO cells.  A distal element contained within a 132 bp sequence 1 kb 

upstream from the cap-site directs expression of ecmA in pstO cells as well as ALCs 

(Early et al., 1993).  Interestingly, this distal element binds STATa that acts as an inducer 

of ecmA expression in the pstO subpopulation.   

 Recently two transcriptional regulators, DimA and DimB have been identified as 

bZIP transcription factors that function in prestalk-specific gene expression.  DimB is not 

required for ecmA expression but is required for proper localization in pstO cells 

(Zhukovskaya at al., 2006).  Mutagenesis of the cap-site (-510) greatly decreases 

expression of ecmA in pstO cells and ALCs that are scattered throughout the prespore 

region.  Although the exact mechanisms of prestalk-specific gene regulation by DimA 

and DimB have yet to be determined, it appears that these proteins are required for the 

cells to respond to DIF-1 (Huang et al., 2006).  Roughly half of pstO-specific genes show 

altered expression patterns in mutants that fail to synthesize DIF-1 (Maeda et al., 2003). 

 In this report 880-bp of the alp 5’ flanking sequence was amplified and fused to a 

super-labile LacZ reporter.  The striking similarity of reporter localization and 

endogenous ALP activity suggests that this enzyme is primarilly regulated at the level of 

transcription. This contrasts with the studies of Das and Weeks that suggested that ALP is 

regulated by a low-molecular weight inhibitor (Das and Weeks, 1981; Das and Weeks, 

1984).   

 Unexpectedly, the reporter localization did not appear to be uniformly dispersed 

throughout the streaming and tight aggregate stages of development.  The scattered 

pattern of localization suggests that cellular differentiation begins during the first several 
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hours of development.  The transitional mechanisms required for the development of the 

fully differentiated organism containing two distinct cell types from an aggregate of 

identical cells remain largely in question.  Two feasible mechanisms can explain this 

phenomenon; 1) a lateral inhibition model and 2) a cell-sorting model.  The first model 

suggest that a position-dependent pattern of differentiation is generated based on a 

gradient of inducer that results in the differentiation of cells exposed to the highest level 

of inducer while the remaining cells, exposed to lower concentration of inducer, undergo 

a different fate.  This type of mechanism has been shown to be involved in the body plan 

of the fruit fly Drosophila.   The second mechanism, suggests that the cells differentiate 

by some other variable, such as cell division timing and then sort in response to an 

external signal.  The salt and pepper fashion of alp expression during aggregation 

provides support for this model during the early stages of development.  Studies tracing 

prestalk markers during the initial stages of development have provided similar evidence 

that differentiated prestalk cells dispersed throughout the aggregate migrate to form the 

tip.  This suggests the cell-sorting model to be the likely mechanism of pattern formation 

in the mound (Williams et al., 1989); (Datta et al., 1986). 

 During the culmination stage, the pstA cells at the tip of the prestalk zone sort 

through the prespore mass and initiate the formation of a stalk tube.  The pstO cells 

precede behind the pstA cells down the stalk as the prespore mass becomes elevated from 

the substratum.  During the latter stages of culmination when the pstO cells are being 

funneled into the stalk, alp expression becomes repressed.  

 The mechanism of alp expression appears to be highly regulated at several key 

developmental transitions.  Reporter levels show a dramatic increase during two distinct 
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phases of development; 1) the transition from starving amoebae to streaming aggregation 

and 2) the formation of slugs.    

Studies focused on the identification of components involved in the regulation of 

alp expression may lead to further understanding of pstO cell differentiation.  The results 

suggest that alp is regulated at the level of transcription; however, a number of potential 

mechanisms can explain these findings. Is alp expression inhibited in prespore cells 

throughout development as well as pstA and pstAB cells in developing culminants?  Do 

ALCs and pstO cells regulate alp expression using a common mechanism?  How is alp 

repressed as the pstO cells filter into the stalk tube during late culmination stage? 

 In conclusion, we clearly demonstrated that alp is regulated at the level of 

transcription. It appears that alp would be a suitable pstO marker and elucidation of the 

components that regulate de novo synthesis of alp may lead to further understanding of 

pstO differentiation.  The expression pattern provides further evidence that differentiation 

in the mound occurs by cell-sorting model as oppose to a lateral inhibition mechanism.   
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Chapter 3 

 

 

 

 

Identification of cis-Elements that Regulate the Spatial and Temporal Expression of 

Alkaline Phosphatase during Development of Dictyostelium discoideum 

 

 

 

Chapter 3 is written as a manuscript, to be published at a later date. 
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Abstract 

Alkaline Phosphatase (ALP) activity becomes restricted to pstO cells at the 

interface of prestalk-prespore zones during culmination, suggesting a novel function in 

the regulation of prestalk cell differentiation.  The localization of alp de novo synthesis 

was previously determined using a LacZ reporter under the control of the alp promoter.  

These studies clearly demonstrated that the unique ALP localization pattern is the result 

of regulation at the level of transcription.  The transcription start site was mapped using a 

primer extension assay that indicated a starting position 192-bp upstream of the start 

codon.  In order to understand the regulatory mechanism by which alp is expressed to a 

small population of prestalk cells, the promoter was dissected by generating 5’ and 

internal deletions that were fused to the LacZ reporter gene. In vitro assays of reporter 

activity and in situ staining of Dictyostelium transformants containing large 5’ promoter 

deletions suggests that the -683 to -467 bp sequence is required for developmental 

expression of alp.  Deletion of this sequence results in a loss of about 90% of reporter 

activity; however, localization is unaffected.  Small internal and 5’ deletions within the 

-683 to -467 bp sequence suggest important regulatory sequences required for activation 

of alp expression exist between -620 and -594 bp.  In situ localization of the promoter 

deletions suggest that alp is activated in the pstO and ALCs rather than being repressed in 

prespore, pstA, and pstAB cells.   

 

Bradley Joyce conducted all of the experiments described within Chapter 3.  Dr. Charles 
Rutherford obtained the funding to conduct these studies and provided valuable insight 
into the experimental procedures that were used. 
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Introduction 

 Gene regulation is critical for the proper response to environmental cues during 

the development of Dictyostelium.  The onset of starvation requires that vegetative genes 

are repressed and genes needed for chemotaxis and the initial stages of development are 

activated.  Several key components that regulate gene expression during the transition 

from growth to development have been identified.  YakA kinase is essential for 

repressing vegetative genes when the nutrient supply becomes deplenished (Souza et al., 

1998).  Mutants lacking a functional YakA fail to repress vegetative genes and aggregate.   

 Protein Kinase A (PKA) has been identified as an important regulator of early 

development because it is required for the proper expression of genes involved in 

chemotaxis and aggregation.  These genes include acaA , adenylyl cyclase, carA, the 

early development cAMP receptor, and pdiA, the phosphodiesterase inhibitor (Mann et 

al., 1997); (Wu et al., 1995).  PKA regulates the expression of two transcription factors, 

Myb2 and CRTF (cAMP response transcription factor) that regulate the expression of 

genes required for the transition from growth to development.  Myb2 REMI mutants fail 

to activate acaA and can not aggregate because the chemoattract signal, cAMP is not 

produced (Otsuka and van Haastert, 1998).  CarA expression is dependent upon a 100-kD 

zinc-finger transcription factor, CRTF that is required for aggregation (Mu et al., 1998).  

Mutants that do not express carA do not respond to the cAMP pulses and fail to chemotax 

up the gradient and propogate the signal to surrounding cells.   

Differentiation occurs in part when the mound of cells formed during aggregation 

begin to transcribe cell type-specific genes.  At this stage in development, cell type-

specific genes are induced by promoter specific transcriptional regulators and multi-
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cellular developmental regulators, such as G-box factor (GBF) (Haberstroh et al., 1991); 

(Schnitzler, 1993).  Several regulators of prestalk and prespore-specific genes have been 

identified including Dd-STATa that is essential for prestalk cell differentiation during the 

transition from slug to culmination stage.  Dd-STATa has been shown to repress the 

ecmB prestalk marker in pstA cells while activating expression of ecmA in pstO and 

anterior like cells, ALCs (Kawata et al., 1997). 

Alkaline phosphatase (alp) is expressed in growing cells but is quickly up-

regulated during the initiation of development (Chapter 2).  In situ localization of alp 

expression was determined by observing the staining pattern of β-galactosidase activity 

after the alp promoter was fused to the LacZ reporter.  Activity is scattered throughout 

the streaming and loose aggregate and is later enriched in the prestalk cells that are 

emerging from the tipped aggregate.  As development progresses, the activity becomes 

restricted to pstO cells at the posterior region of the prestalk zone in slugs and 

culminants.  The activity is then repressed in the pstO cells as they pass into the stalk tube 

during late culmination stage leaving residual activity in the upper and lower cups of the 

spore head in fruiting bodies. 

ALP has been speculated to regulate and maintain the low cAMP levels observed 

in the prestalk zone during the latter stages of development.  This speculation is due to its 

apparent preference for the substrate 5’AMP and its unique localization to the interface of 

the two differentiated cell types (Armant, 1980; Armant and Rutherford, 1982).  A cAMP 

gradient is produced in the developing organism due to a cAMP phosphodiesterase (PDE) 

in the prestalk zone (Hall et al., 1993).  Accumulation of 5’AMP (the degradation 

produced formed by cAMP-PDE) causes feedback inhibition of cAMP-PDE that is 
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relieved by dephosphorylation of 5’AMP by ALP.  Thus, it has been hypothesized that 

ALP insulates the prestalk region from high cAMP levels that are present in the prespore 

zone allowing for proper stalk differentiation. 

 In this report, we analyze the alp promoter by mapping the transcription start site 

and identifying DNA regulatory elements by generating 5’ and internal deletions within 

the 5’ flanking sequence.  A 215-bp sequence identified through a series of large 5’ 

deletions appears to be required for proper regulation of alp.  A smaller series of internal 

and 5’ deletions between the -683 to -468 bp sequence allowed for the identification of a 

26-bp sequence that is essential for activation of alp during development. Identification 

of corresponding trans-acting factors that bind to these regulatory elements will be 

addressed in Chapters 4 and 5.  We tested the effect of cAMP on the expression pattern of 

alp because many prespore and some prestalk genes are activated or repressed by cAMP.  

We conclusively show that alp expression is independent of cAMP levels.   
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Materials and Methods 

Primer Extension 

AX3K Dicyostelium cells were developed on nitrocellulose filters until the 

desired stage was reached.  Total RNA was isolated from the developed cells using 

RNApure (GenHunter Corporation) according to the manufacturer’s instructions.  The 

AP16R oliogonucleotide (located 100 bp upstream of the alp start codon) was end-

labeled with γ-32P ATP using T4 polynucleotide kinase (New England Biolabs).  The 

labeled primer (100,000 CPM) was hybridized to 10 micrograms of total RNA in 40 mM 

PIPES, pH 6.4, containing 400 mM NaCl, 1 mM EDTA, and 80% formamide in a final 

volume of 20 µl.  The reaction mixture was incubated at 85 °C for 2 minutes and then 

overnight at 45 °C.  The nucleic acids were ethanol precipitated and the pellet was 

resuspended in RT buffer containing 500 micromolar of each dNTP, 2 µg actinomycin D 

and 200 U of Moloney Murine Leukemia Virus (MMLV) reverse transcriptase (Promega) 

in DEPC (diethyl pyrocarbonate)-treated water.  The annealed oligonucleotide was 

elongated at 42 °C for 1 hour followed by the addition of 4 µl of formamide loading 

buffer and heating at 90 °C for 10 minutes.  The sample was briefly cooled on ice and 

loaded on a 6% polyacrylamide/7M urea denaturing gel.  The θX174/HinfI standard 

(Promega) was end-labeled and used as a standard size marker.  The DNA was 

electrophoresed for 6 hours at 150 V.  The gel was dried and exposed to film for 

autoradiography.  A standard curve was generated based on the molecular weight and 

migration distance of the standard marker DNA fragment to determine the size of the 

primer extension product. 
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Generation of 5’ promoter deletions 

A PCR-based strategy was used to generate a number of 5’ deletions within the 

alp promoter.  Various upstream promoter-specific oligonucleotides were paired with a 

single downstream oligonucleotide, AP8R, that spanned the alp start codon.  AP8R and 

the upstream oligonucleotides contained a 5’ terminal XbaI recognition sequence 

(TCTAGA).  The promoter fragments were amplified from a full-length alp promoter 

construct in a reaction containing 3 mM MgCl2 and 2.5 units of Taq polymerase. An 

initial 2.5 minute denaturation cycle was followed by 30 cycles at 94°C for 30 secs, 50°C 

for 30 secs, and 72 °C for 2 minutes and a final 10 minute extension period at 72°C. The 

amplified products were extracted with phenol:chloroform:isoamyl alcohol (25:24:1), 

precipitated with ethanol, and resuspended in 10 µl of milliQ water.  The DNA fragments 

were digested overnight with 10 units of XbaI (New England Bio Labs) at 37 °C.  The 

digested fragments were separated on a 1% TAE agarose gel at 100 V for 1 hour.  The 

DNA bands were excised with a razor blade and placed in a fresh microfuge tube.  Each 

fragment was purified from the agarose gel using the GeneClean (Bio101) kit.  The 

recovery and concentration of the purified, digested fragments was determined by 

agarose gel electrophoresis using a 1000-base pair marker (New England Bio Labs). Two 

hundred-fifty nanograms of each fragment were ligated into the XbaI site in the 63-iDQ 

gal plasmid and used to transform electrocompetent E.coli cells. 
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Generation of internal promoter deletions 

Internal deletions were generated using a two-step PCR-based method as 

previously described (Ali and Steinkasserer, 1995).  The first involves the amplification 

of two fragments that flank either side of the deleted sequence.  The upstream fragment 

was generated using the AP12F oligonucleotide with a reverse promoter-specific 

oligonucleotide.  The downstream fragment was amplified using AP8R, an 

oligonucleotide that spans the alp ATG and an upstream promoter-specific forward 

primer.  The two fragments were then phosphorylated using T4 polynucleotide kinase 

(New England Biolabs) and ligated together with T4 DNA ligase (New England Biolabs) 

for 20 minutes at room temperature. The ligation reaction was used as a template for the 

second PCR reaction using AP8R and AP12F, both containing a 5’ XbaI restriction site.  

The PCR product was extracted with phenol and ethanol precipitated before digestion 

with XbaI.  The digested DNA was separated on a 1% TAE agarose gel for 1 hour at 100 

V.  The band was excised from the gel and purified with the GeneClean kit (Bio101).  

The internal deletion fragments were ligated into the XbaI site in the MCS of 63-iDQgal 

plasmid.  XL1-Blue (Stratagene) cells were transformed with the ligation product and 

colonies were screened for the proper size and orientation. 

 

DNA sequencing 

DNA sequence analysis was done at the Virginia Bioinformatics Institute (VBI) 

on the Virginia Tech campus.  Two hundred nanograms of plasmid isolated using the 

Wizard Plus SV Minipreps DNA purification system (Promega) was used as a template. 

Gal-1F (TCCAACCAAACCGACTCTGAC), an oligonucleotide that is complementary 
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to vector sequence adjacent to the multiple cloning site was used to obtain the sequence 

of the DNA inserted into the XbaI site in the 63-iDQ gal plasmid.  The resulting sequence 

was analyzed with Megalign (DNAStar).   

 

Plasmid DNA purification 

Large scale plasmid isolations were accomplished using a hi-speed midiprep kit 

(Qiagen).  A single colony was inoculated in 3 ml LB-ampillicin medium and incubated 

at 37 °C for 8 hours.  One milliliter of culture was then used to inoculate 300 ml of LB-

ampicillin medium, that was grown overnight at 37°C at 250 rpm.  The yield and purity 

of the plasmid isolation was determined spectrophotometrically.  For small scale plasmid 

isolations, the Wizard Plus SV Minipreps DNA purification system (Promega) was used. 

The purified plasmids were stored at -20 °C.   

 

Dictyostelium transformation 

AX3K cells were grown in HL5 medium until the cells reached a density of 

approximately 5x106 cell/ml.  The cells were harvested at 3100 x g for 3 minutes (IEC, 

CRU-5000 Centrifuge) and washed once with MES-HL5 pH 7.  The cells were 

resuspended in MES-HL5, pH 7, at a final density of 5x105 cells/ml and grown at room 

temperature at 150 rpm overnight.  On the following morning, 10 ml of cells were 

dispensed into sterile plastic Petri dishes and incubated for 2-3 hours to allow the cells to 

attach to the bottom of the plate. Ten µg of each construct was precipitated with calcium 

phosphate in HBS for 30 minutes.  The medium was carefully removed from the adhered 

cells and the precipitated DNA was added slowly to the center of the Petri dish.  The Petri 
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dish was incubated for 30 minutes to allow the cells to take up the vector. Ten milliliters 

of MES-HL5, pH 7, were added to the cell/DNA mixture, followed by a 4 hour 

incubation period to allow the cells to flatten and adhere to the bottom of the dish.  The 

medium was removed from the dishes and 2 milliliters of 18% glycerol in HBS was 

slowly added to one side of the dish. The plates were gently rocked for 5 minutes before 

the glycerol solution was removed and replaced with 10 ml of HL5 containing 100 µg/ml 

ampicillin (Sigma).  The following day, the HL5 solution was replaced with fresh HL5 

containing 100 µg/ml ampicillin and 20 µg/ml G418.  The plates were then incubated at 

room temperature for a total of 3 days.  On the fourth day, the cells were removed from 

the bottom of the plate with a sterile cell scraper and transfered to a 15-ml Falcon tube.  

The cells were harvested at 3,200 x g for 4 minutes.  The cells were resuspended in 500 

microliters of PBS containing one loop of B/rR cells.  One hundred sixty-six microliters 

were spread onto 3 DM agar plates (0.2% glucose, 1% oxide  peptone, 1.5% bacto agar, 3 

mM Na2HPO4, 10 mM KH2PO4) containing 20 µg/ml G418.  The plates were incubated 

for 3 to 4 days until the plaques were 1 cm in diameter.  Cells from individual plaques 

were transferred to HL5 medium containing 20 µg/ml G418 in 24-well plates.  The 

medium was replaced periodically and the cells were kept at a density of less than 5 x 106    

cells/ml.   

 

In situ β-galactosidase localization 

Transformed Dictyostelium cells were grown in 50 ml of HL5 containing 20 

µg/ml G418 until the cell reach at density of 1-5x106 cells/ml.  Transformants were 

developed on nitrocellulose filters as described above until the desired stage of 
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development was reached. The in situ staining procedure was described by Dingermann 

et al. (1989).  Each filter was transferred to a small plastic Petri dish (60 x 15 mm, Fisher) 

containing a pad soaked in Z-buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 

1mM MgSO4, pH 7.0) containing 1% glutaraldehyde.  The filters were gently sprayed 

with Z-buffer containing 1% glutaraldehyde every 15 minutes for one hour to fix the 

tissue.  The nitrocellulose membranes were transferred to a fresh Petri dish and allowed 

to dry at room temperature for approximately 1 hour.  Z-buffer containing 0.1% NP-40 

was added to the membranes until the structures were completely covered.  After a 30 

minute incubation the filters were washed twice in Z-buffer and the β-galactosidase 

reaction mixture (5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6], 1 mM EGTA, 1 mM X-gal in 

Z-buffer) was slowly added to cover the cells.  After incubation for several hours the cells 

were washed with Z-buffer and then fixed in 50% methanol.   

 

In vitro β-galactosidase assay 

Dictyostelium transformants were grown on nitrocellulose membranes until the 

individuals reached the mid-culmination stage.  The cells were washed from the 

membrane with phosphate buffer (14.7 mM KH2PO4, 2 mM Na2HPO4, pH 6.0) into a 50 

ml falcon tube.  The tubes were vortexed vigourously and harvested at 3,200 x g for 2 

minutes.  The cell pellet was resuspended in 500 ul phosphate buffer and divided into two 

aliquots (per nitrocellulose filter). The cells were again pelleted for 2 minutes at 3200 x g 

(Centrifuge 5402, Eppendorf).  After aspiration, the cell pellets were stored at -20 C.   

Following a freeze/thaw cycle, the lysate was diluted in 100 µl of phosphate buffer and 

mixed. The samples were centrifuged at 14,000 x g for 5 minutes, and the supernatant 
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was transferred to a fresh tube.  Ten microliters of the sample was diluted in 490 µl of 

milliQ water.  Thirty-five µl of the diluted lysate was transferred to a 96 well plate, and 

the remaining sample was stored at -20 °C. One-hundred sixty-five µl of β-galactosidase 

reaction mixture (Z-buffer containing 4 mg/ml ONPG) was added to the diluted lysate.  

The absorbance was measured at 415 nm (microplate reader, BioRad) every 10 minutes 

for one hour.  The absorbance data was plotted using Microsoft Excel to generate a slope. 

Five µl of the previously thawed sample were assayed using the BCA protein 

determination kit (Pierce) according to the manufacturer’s instructions.  A standard curve 

was generated using serial dilutions of BSA (Bovine Serum Albumin).  The β-

galactosidase activity was calculated as Absorbance at 415 nm per minute per mg protein. 

 

cAMP induction assay 

Amoebae were harvested from HL5 by centrifugation at 3,200 x g for 2 minutes 

using an IEC centrifuge (CRU-5000) and washed with MES-LPS, pH 6.5.  The pellet was 

resuspended in MES-LPS so the density (mass/volume) of the cells was 1 x 107 cells/ml. 

The cells were divided into two flasks and then shaken at room temperature overnight 

(~14 hours) at 130 rpm.  One millimolar cAMP (Sigma) was added to one of the two 

flasks.  The cells were shaken at room temperature at 130 rpm with or without cAMP.  

One milliliter of the sample was removed every two hours over a 12 hour period.  The 

samples were centrifuged for 1 min at 3,000 x g in a microcentrifuge.  The supernatant 

was removed by aspiration and the pellets were stored at -20 C until they were used for 

the β-galactosidase assay (see above).  
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Results 

Transcription Start Site Mapping using the Primer Extension Assay 

 The alp transcription start site was mapped using a primer extension assay.  A 

promoter specific oligonucleotide, AP16R, was annealed to total RNA isolated from 

AX3K Dictyostelium cells at a several developmental stages.  The annealed primer was 

elongated with Moloney Murine Leukemia Virus (MMLV) reverse transcriptase before 

being separated on a 7 M urea denaturing polyacrylamide gel.  The transcription start site 

was mapped to 92 nucleotides upstream of the 5’ end of the annealed oligonucleotide and 

192-bp upstream of the start codon during each stage studied (Fig. 3.1).  Thus, a single 

transcription start site regulates alp expression throughout development.  

 Alignment of Dictyostelium alp expressed sequence tags (ESTs) shows the 5’ of 

the untranslated sequence to begin 192-bp upstream of the ATG start site, thus providing 

further evidence that this is the location of the transcription start site (Dictybase.org).   A 

consensus TATA-box sequence is not present, however a series of three direct repeats 

with the sequence, TAT7-10 immediately precedes the transcription start site.  A large 

majority (over 80%) of the 100 nucleotides upstream of the -1 site are T residues which 

may act as a spacer for regulatory sequence upstream of the transcription start site.  
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V    A    S    C 

Figure 3.1 Transcription Start Site Mapping using Primer Extension:  Total RNA was 
isolated form vegetative (V), aggregation (A), slug (S), and culmination (C) stages of 
development.  The end-labeled promoter-specific oligonucleotide AP16R was annealed to the 
alp transcript and elongated with Moloney Murine Leukemia Virus (MMMLV) reverse 
transcriptase. The resulting primer extension products were separated on a 6% 
polyacrylamide/7 M Urea gel with the DNA marker  θX174/HinfI (Promega) (on left side).   
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5’ Deletion Analysis of the alp Promoter 

 In Chapter 2, the alp 5’ flanking sequence was identified in the Dictyostelium 

genome database and 888-bp of the flanking sequence was fused in-frame with the LacZ 

reporter.  Results in Chapter 2 suggested that 888-bp of the flanking sequence was 

sufficient for temporal and spatial expression of alp.  To characterize cis- regulatory 

elements within the alp promoter, a series of large 5’ deletions were generated using a 

PCR-based approach.  The promoter sequences were amplified using AP8R, an 

oligonucleotide that spans the alp start codon in combination with a series of upstream 

primers that resulted in promoter fragments with the following sizes; 888, 673, 572, 416, 

and 193-bp (the oligonucleotides used to make these promoter deletions are shown in 

Appendix 1).  The promoter deletion fragments were ligated into the Xba I site of the 63-

iDQgal plasmid and used to transform AX3K Dictyostelium cells.  Positive clones were 

developed on filters until the slug stage of development was reached.  The slugs were 

collected, and protein extracts were generated and assayed for β-galactosidase activity.  

Full-length alp promoter-LacZ fusion clones had high reporter levels as expected based 

on the data presented in Chapter 2, Fig. 2.2 (Fig. 3.2).  Deletion of the 215-bp (construct 

#2) from the 5’ end of the full-length alp promoter resulted in loss of 90% of β-

galactosidase activity suggesting a cis-regulatory element existed within the -683 to -468 

sequence (Fig. 3.2).  Interestingly, the pattern of reporter localization throughout 

development was unaltered despite the tremendous loss in expression levels (data not 

shown) suggesting that the deleted promoter sequence did not contain any prespore-

specific repressor elements.   
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 Further deletion of the alp promoter resulted in clones lacking significant reporter 

levels, as was observed with clones containing the deletion constructs 3, 4, and 5 (Fig. 

3.2).   The amount of reporter activity was so small that slugs failed to show in situ β-

galactosidase localization when stained overnight.   

 In order to determine if the -683 to -468 bp sequence was sufficient to restore β-

galactosidase activity in deleted promoters that failed to express LacZ, the -683 to -468 

fragment was fused to the 5’ end of the deleted promoters (construct 6-9, Fig. 3.2).  

Fusing this sequence to the 5’ end of promoter deletion #2 restored the full-length 

promoter sequence and as expected normal β-galactosidase levels (construct 6, Fig. 3.2).  

Interestingly, the – 683 to -468 bp sequence failed to rescue activity of promoter 

deletions 3, 4, and 5 suggesting that the spacing of downstream regulatory elements 

within the -468 to – 211 bp region was critical for expression of alp (construct 7-9, Fig. 

3.2).   
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 -700   -600   -500   -400  -300   -200   -100     +1             +192  
ATG 

  0     0.3     0.6   0.9    1.2    1.5 

Abs 415/min/mg 

1          -683 

2          -468 

3          -367 

4          -211 

5           +11 

6          -683 

                            7      -468, -367 

                           8      -468, -211 

                            9      -468, +11 

Figure 3.2:  Large 5’ and Internal Deletions of the alp Promoter:  5’ and internal 
deletions of the alp promoter were generated using PCR-based approach.  The deletions 
were fused to the LacZ reporter in the 63-iDQgal plasmid and used to transform AX3K 
Dictyostelium cells.  Clones were developed and assayed at the slug stage of development.  
The construct number and the location of the deleted sequence are indicated on the left 
side of the figure. Construct 6 represents the fusion of the -683 to -468 bp sequence to a 5’ 
deletion beginning at the -468 bp site (construct 2).  β-galactosidase activity was 
calculated at Abs 415nm/min/mg protein x 10-3.  The standard deviation of reporter 
activity from separate clones was minimal.     
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5’ and Internal Deletion of the -683 to -468 sequence 

To further characterize DNA regulatory elements within the -683 to -468 bp 

sequence of the alp promoter, an additional series of 5’ and small internal deletions were 

generated and fused in-frame with the LacZ reporter gene.   Deletion of the -683 to -620 

bp sequence did not significantly reduce reporter levels, indicating that this 63-bp 

sequence does not contain cis-elements required for temporal regulation (construct 1-2, 

Fig. 3.3). The increasing size of the 5’ promoter deletions downstream of the -620 bp site 

resulted in a progressive loss of β-galactosidase activity (construct 3-5, Fig. 3.3).   

Construct 6 has a 53-bp internal deletion between -620 and -567 bp and showed 

highly reduced activation of the LacZ reporter (Fig. 3.3).  A smaller deletion within this 

sequence, between -594 and -567 bp resulted in intermediate reporter levels indicating 

the presence of a DNA regulatory element within the -620 to -594 bp sequence of the alp 

promoter.   

The nine 5’ and internal  promoter deletions within the -683 to -483 sequence 

showed normal localization of LacZ expression as previously reported in Chapter 2, with 

the exception of construct 4 and 5 which showed no β-galactosidase activity.   
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 -700      -650     -600      -550      -500      -450      -400       +1     
 

ATG 
0     0.3     0.6   0.9    1.2    1.5 
         Abs 415/min/mg 

1          -683 

2          -620 

3          -567 

4          -525 

5          -468 

6      -620, -567 

7      -594, -567 

8      -594, -525 

9      -543, -525 

Figure 3.3:  5’ and Internal Deletions of the -683 to -468 sequence:  5’ and internal 
deletions of the -683 to -468 were generated as described in the Materials and Methods.  
Clones for each construct were indentified and assayed at the slug stage of development 
using the substrate, ONPG.   The construct number and the location of the deleted 
sequence are indicated on the left side of the figure.  β-galactosidase activity was 
calculated at Abs 415nm/min/mg protein x 10-3. The standard deviation of reporter 
activity from separate clones was minimal.     
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cAMP Induction Assay 

To determine if alp expression is dependent upon cAMP, like many other 

Dictyostelium genes, we conducted a cAMP induction assay.  Six full-length alp 

promoter-LacZ fusion clones were shaken overnight in MES-LPS, pH 6.5, at a density of 

1 x 107 cells/ml.  cAMP was added to the cells to a final concentration of 1 mM and β-

galactosidase activity was measured every two hours over a 12 hour period (grey bar, Fig. 

3.4).  As a control, each clone was shaken in MES-LPS but was not exposed to cAMP 

(black bar, Fig. 3.4).  During the twelve hour incubation, no reproducible change in β-

galactosidase activity was observed between the cells that were exposed to 1mM cAMP 

and those that were not.   Therefore, alp expression is not regulated during development 

by the presence of extracellular cAMP.   
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Figure 3.4.  Cyclic-AMP Induction Assay:  The full-length alp promoter was fused to 
the lacZ reporter in the 63-iDQgal plasmid.  Clones were shaken overnight in MES-LPS, 
pH 6.5 and then were shaken in the presence or absence of 1 mM cAMP for a total of 
twelve hours.  One milliliter of sample was removed from each sample (with and without 
cAMP) every two hours.  The cells were pelleted and assayed for β-galactosidase activity.  
The grey bar represents clones that were grown in the presence of 1 mM cAMP and the 
black bar represent clones were not exposed to cAMP.  A total of six clones were 
separately assayed for reporter activity. 
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Discussion 

 Alp is upregulated during the 24-hour life cycle in Dictyostelium and has a unique 

localization pattern that suggests a function in the regulation of cAMP levels in the 

prestalk zone during the latter stages of development (Chaper 2) (Armant, 1980; 

Krivanek and Krivanek, 1958).  Initial studies on the regulation of alp were accomplished 

by fusing the full-length promoter to the LacZ reporter, thus providing an accurate 

method to study the temporal and spatial pattern of alp expression (Chapter 2).  To locate 

the DNA elements within the promoter that are required for the regulation of alp, we 

constructed a series of deleted promoters fused to the reporter gene.  A reduction of 

reporter gene expression would suggest the deletion of a regulatory element and activated 

reporter levels may indication the deletion of a repressor.  Deletion of spatial cis-elements 

would be expected to result in altered localization of LacZ expression as determined by in 

situ staining of β-galactosidase activity. 

 The data from the initial series of large 5’ deletions indicated the presence of a 

regulatory element within a 215-bp sequence located between -683 and -468 bp 

(construct 1-2, Fig. 3.2).  However, it could not be concluded that this sequence alone can 

direct expression of alp because fusion of the -683 to -438 bp sequence to deleted 

promoters that failed to express the LacZ reporter did not rescue normal β-galactosidase 

levels (construct 7-9, Fig. 3.2).  It is possible that the failure to regain reporter activity 

was due to a steric hindrance that is caused by the altered spacing of the upstream 

activators that reside in the -683 to -438 bp promoter sequence.  The proper spacing of 

the upstream regulatory sequence can be restored by inserting a random DNA fragment 

of the correct size in the location of the deleted promoter sequence.  However, due to the 
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AT rich promoter sequence no convenient restriction sites are available.   Additionally, 

deletion of the internal promoter sequence may result in alter facing of the regulatory 

binding sites, such that the corresponding transcriptional regulators can not effectively 

interact with the basal transcription machinery.   

 Despite the apparent requirement of the -683 to -438 bp sequence for activation of 

alp expression, it is possible that additional elements downstream of the -438 bp 

sequence exist.  Interestingly, a GT-rich sequence is present between -417 and -384 bp, 

which contains several potential G-box factor (GBF) half-binding sites,  T/G G T/G G 

T/G G T/G  (Schnitzler et al., 1994).  GBF is a multi-cellular regulator of development 

that does not express genes in the cell-type specific fashion (Ceccarelli et al., 1992).  

However, GBF is critical for the initiation of development as gbf-null mutants result in an 

aggregateless phenotype (Haberstroh et al., 1991) .  It should be noted that GBF 

developmentally induces expression of genes that are regulated by cAMP, presumably 

due to the fact that gbf is activated when stimulated with the morphogen (Hjorth et al., 

1989; Hjorth et al., 1990).  Analysis of the full-length alp promoter fused to the LacZ 

reporter in cAMP induction assay experiments indicates the expression of alp is 

independent of cAMP (Fig. 3.4).   However, it is conceivable that GBF regulates the 

expression of alp late in development in a cooperative mechanism with other regulatory 

components in a cAMP-independent fashion.   

A series of small internal and 5’ deletions were generated within the -638 and 468 

bp sequence to further localize cis-elements within the 215-bp regulatory region of the 

alp promoter.  A 5’ deletion beginning at the -620 bp site appeared to have near full-

length promoter reporter activity suggesting the -683 to -620 bp sequence lacks DNA 
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regulatory elements required for the expression of alp.  However, a 5’ deletion starting 

53-bp downstream of the -620 bp site results in a greatly reduced reporter levels.  An 

internal deletion of the 53-bp sequence was constructed that also lacked the ability to 

express LacZ indicating a possible regulatory element between the -620 and -567 bp site.  

Deletion of -594 to -567 bp sequence results in a relatively small decrease of β-

galactosidase activity suggesting the sequence between -620 to -594 bp contains a 

regulatory element responsible for activation of alp expression.    

 Several transcriptional regulators of pstO cell type-specific genes have been 

identified including Dd-STATa, DimA, and DimB.  STATa is homolog of the 

mammalian transcriptional regulators that have yet to be identified in any other lower 

eukaryotes including S. cerevisiae.  Dd-STATa has been shown to act as an enhancer and 

a repressor of prestalk specific genes including the two most characterized markers ecmA 

and ecmB (Araki et al., 1998; Kawata et al., 1997)  The corresponding Dd-STATa DNA 

binding site has been identified as having the 4-bp sequence, TTGA.  The TTGA motif is 

absent in the alp full-length 5’ flanking sequence; however, recent studies show that 

STATa may bind other regulatory sequences including an A/T-rich sequence within the 

promoter of acetyl-CoA synthetase-like A (aslA)  (Shimada et al., 2005). 

 Although, the deleted alp promoters showed varying levels of reporter activity 

allowing for the identification of temporal regulatory elements within the 5’ flanking 

sequence, not a single promoter deletion showed altered localization of lacZ expression.  

Several possible explanations may clarify this observation.  First, spatial elements may 

have gone undetected in promoter deletions that had minimal β-galactosidase activity if 

proximal temporal and spatial regulatory elements were simultaneously deleted.  As 



 
 
82 

stated above, altered spacing of regulatory elements within the alp promoter may impair 

the ability of regulatory components to associate with the basic transcriptional machinery 

(Fig. 3.2).  Hence, the deletion of a spatial regulatory element may have been unidentified 

due to failure of temporal expression caused by alternative spacing of the upstream 

regulatory sequence (-683 to -468 bp).   The most rationale explanation is that alp 

transcription occurs through a cell-sorting mechanism as opposed to a lateral inhibition 

mechanism.  The cell-sorting model suggests that differentiation occurs followed by 

sorting of the differentiated prestalk cells to the anterior tip of the mound.  The lateral 

inhibition model suggests that a position-dependent pattern of differentiation is generated 

by a gradient of inducer.  Thus, cells exposed to high levels of the inducer undergo a 

particular fate while the cells exposed to lower concentrations of the inducer undergo a 

different fate. 

Thus, the alp transcriptional regulatory components are expressed in a gradient 

with high levels present in PstO cells at the interface of the two differentiated cell types 

and a lower concentration in the tip of the slug, the PstA cells.   This model suggests that 

the spatial expression of alp is not the result of repression in cells that fail to activate alp, 

but rather the localization of gene expression is dependent upon cells that express the 

required regulatory components. 

 

 

 

 

 



 
 
83 

References 

Ali, S.A., and Steinkasserer, A. (1995).  PCR-ligation-PCR mutagenesis: a protocol for 
creating gene fusions and mutations.  Biotechniques 18, 746-50 
 
Araki, T., Gamper, M., Early, A., Fukuzawa, M., Abe, T., Kawata, T., Kim, E., Firtel, R. 
A., and Williams, J. G. (1998). Developmentally and spatially regulated activation of a 
Dictyostelium STAT protein by a serpentine receptor. EMBO J 17, 4018-4028. 
 
Armant, D. R. (1980) Purification, characterization and localization of 5'AMP 
nucleotidase during pattern formation in Dictyostelium discoideum., PhD, Virginia 
Polytechnic Institute and State University, Blacksburg, VA. 
 
Armant, D. R., and Rutherford, C. L. (1982). Properties of a 5'-AMP specific 
nucleotidase which accumulates in one cell type during development of Dictyostelium 
discoideum. Arch Biochem Biophys 216, 485-494. 
 
Ceccarelli, A., Mahbubani, H. J., Insall, R., Schnitzler, G., Firtel, R. A., and Williams, J. 
G. (1992). A G-rich sequence element common to Dictyostelium genes which differ 
radically in their patterns of expression. Dev Biol 152, 188-193. 
 
Dingermann, T., Reindl, N., Werner, H., Hildebrandt, M., Nellen, W., Harwood, A., 
Williams, J., and Nerke, K. (1989). Optimization and in situ detection of Escherichia coli 
beta-galactosidase gene expression in Dictyostelium discoideum. Gene 85, 353-362. 
 
Haberstroh, L., Galindo, J., and Firtel, R. A. (1991). Developmental and spatial 
regulation of a Dictyostelium prespore gene - cis-acting elements and a cAMP-induced, 
developmentally regulated DNA binding activity. Development 113, 947-958. 
 
Hall, A. L., Franke, J., Faure, M., and Kessin, R. H. (1993). The role of the cyclic 
nucleotide phosphodiesterase of Dictyostelium discoideum during growth, aggregation, 
and morphogenesis: overexpression and localization studies with the separate promoters 
of the pde. Dev Biol 157, 73-84. 
 
Hjorth, A. L., Khanna, N. C., and Firtel, R. A. (1989). A trans-acting factor required for 
cAMP-induced gene expression in Dictyostelium is regulated developmentally and 
induced by cAMP. Genes Develop 3, 747-759. 
 
Hjorth, A. L., Pears, C., Williams, J. G., and Firtel, R. A. (1990). A developmentally 
regulated trans-acting factor recognizes dissimilar G/C-rich elements controlling a class 
of cAMP-inducible Dictyostelium genes. Genes Devel 4, 419-432. 
 
Kawata, T., Shevchenko, A., Fukuzawa, M., Jermyn, K. A., Totty, N. F., Zhukovskaya, 
N. V., Sterling, A. E., Mann, M., and Williams, J. G. (1997). SH2 signaling in a lower 
eukaryote: A STAT protein that regulates stalk cell differentiation in Dictyostelium. Cell 
89, 909-916. 



 
 
84 

 
Krivanek, J. O., and Krivanek, R. C. (1958). The histochemical localization of certain 
biochemical intermediates and enzymes in the developing slime mold, Dictyostelium 
discoideum Raper. J Exp Zool 137, 89-115. 
 
Mann, S. K. O., Brown, J. M., Briscoe, C., Parent, C., Pitt, G., Devreotes, P. N., and 
Firtel, R. A. (1997). Role of cAMP-dependent protein kinase in controlling aggregation 
and postaggregative development in Dictyostelium. Dev Biol 183, 208-221. 
 
Mu, X. Q., Lee, B., Louis, J. M., and Kimmel, A. R. (1998). Sequence-specific protein 
interaction with a transcriptional enhancer involved in the autoregulated expression of 
cAMP receptor 1 in Dictyostelium. Development 125, 3689-3698. 
 
Otsuka, H., and van Haastert, P. J. M. (1998). A novel Myb homolog initiates 
Dictyostelium development by induction of adenylyl cyclase expression. Genes Devel 12, 
1738-1748. 
 
Schnitzler, G. R. (1993) Characterization, purification and cloning of the G-box binding 
factor, a cAMP-responsive transcription factor required for late-developmental gene 
activation in Dictyostelium (Dictyostelium discoideum). PhD, University of California, 
San Diego (UCSD), La Jolla, CA. 
 
Schnitzler, G. R., Fischer, W. H., and Firtel, R. A. (1994). Cloning and characterization 
of the G-box binding factor, an essential component of the developmental switch between 
early and late development in Dictyostelium. Genes Devel 8, 502-514. 
 
Souza, G. M., Lu, S., and Kuspa, A. (1998). YakA, a protein kinase required for the 
transition from growth to development in Dictyostelium. Development 125, 2291-2302. 
 
Thompson, C. R. L., Fu, Q., Buhay, C., Kay, R. R., and Shaulsky, G. (2004).  
A bZIP/bRLZ transcription factor required for DIF signaling in Dictyostelium. 
Development 131, 513-523. 
 
Wu, L., Hansen, D., Franke, J., Kessin, R. H., and Podgorski, G. J. (1995). Regulation of 
Dictyostelium early development genes in signal transduction mutants. Dev Biol 171, 
149-158. 
 
 
 
 
 
 
 
 
 
 



 
 
85 

 
 
 
 
 
  
 
 
 
 
 
 
     Chapter 4 
 
 
 
 

Identification of TFII, a Protein that Binds to the Regulatory Promoter of Alkaline 
Phosphatase in Dictyostelium 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 4 is written as a manuscript, to be published at a later date. 
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Abstract 
 

During development of Dictyostelium, alkaline phosphatase (ALP) activity 

becomes localized to a subset of posterior prestalk cells at the interface of the prestalk 

and prespore boundary.  Previous data suggested a regulatory element is located within 

the -683 to -468 bp sequence of the alp promoter that is required for expression.  A series 

of overlapping PCR probes that span this regulatory sequence were used to identify 

DNA-protein interactions using the electrophoretic motility shift assay (EMSA).  A 

protein that specifically interacts with the alp promoter sequence was identified with the 

EMSA.  The protein was purified using conventional chromatography techniques 

including DEAE sepharose, heparin-sepharose, DNA-affinity, and gel filtration.  The 

protein was identified on an SDS-PAGE gel as having a molecular weight of 

approximately 28 kD and was sequenced by mass spectrometry.  The peptide sequences 

correspond to a 26 kD protein that was previously termed TFII, a DNA-binding protein 

that was identified and purified during the investigation of glycogen phosphorylase-2 

(gp2) regulation.  A comparison of the alp and gp2 probe sequences used to identify this 

DNA-binding protein suggests a common binding site, ACAATGN8-12CACTA.   

 

 

 

Bradley Joyce conducted all of the experiments described within Chapter 4.  Dr. Charles 
Rutherford obtained the funding to conduct these studies and provided valuable insight 
into the experimental procedures that were used. 
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Introduction 

   The aggregation of undifferentiated amoebae towards cyclic adenosine 

monophosphate (cAMP) pulses marks the onset of the developmental life cycle in 

Dictyostelium (Bonner et al., 1969; Ennis and Sussman, 1958).  Cyclic AMP and 

Differentiation Inducing Factor-1 (DIF-1), the most characterized Dictyostelium 

morphogens, are known to have varying concentrations in prestalk and prespore cells 

(Kay, 1997; Merkle et al., 1984; Rutherford et al., 1981). During the early stages of 

development, cAMP is known to regulate both prestalk and prespore cell type specific 

gene expression. However, during the culmination stage, cAMP induces prespore 

specific-genes while repressing stalk differentiation.   

Alkaline phosphatase (alp) has been implicated in the cAMP degradation pathway 

by maintaining the low levels of cAMP in the prestalk region during the latter stages of 

development. The principle component of this pathway is a cAMP-phosphodiesterase 

(PDE) that degrades cAMP to 5’AMP (Brown and Rutherford, 1980; Hall et al., 1993).  

Expression of the gene encoding the cAMP-PDE (regA) is enriched in the prestalk zone.  

Accumulation of 5’AMP causes feed-back inhibition of RegA resulting in increased 

cAMP levels in the prestalk zone and repression of stalk differentiation.  It has been 

hypothesized that ALP relieves the feed-back inhibition of RegA by dephosphorylating 

5’AMP producing adenosine, a known Dictyostelium morphogen (Schaap and Wang, 

1986).    Furthermore, the unique localization of ALP activity and expression to the 

boundary separating the prestalk and prespore zones has prompted speculation of its 

potential role in regulating cell-type differentiation  (Armant et al., 1980; Krivanek and 

Krivanek, 1958).   
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Several laboratories have conducted studies to identify the mechanisms that 

regulate the spatial and temporal expression of alp during development.  In situ analysis 

of de novo synthesis using a LacZ reporter controlled by 888-bp of the alp 5’ flanking 

sequence resulted in a localization pattern of β-galactosidase activity that was consistent 

with the spatial pattern of the endogenous enzyme (Armant and Rutherford, 1982; 

Krivanek and Krivanek, 1958).  Additionally, comparative analysis of in vitro reporter 

activity and endogenous enzyme levels showed identical localization to the posterior 

prestalk cells (Chapter 2).  These results contradict previous studies that suggested ALP 

was regulated at the protein level by a low molecular weight inhibitor (Das and Weeks, 

1980; Das and Weeks, 1984).  During the 18-20 hour transition from starvation to 

culmination stage, a four-fold increase in alp expression occurs (Chapter 2).  

Additionally, alp is universally transcribed in prestalk cells in the tipped aggregated but 

becomes restricted to a small population of pstO cells during slug stage.   

A precise series of mechanisms must be employed to regulate the spatial and 

temporal pattern of alp expression during the development of Dictyostelium.  In Chapter 

2,  I described studies aimed at identifying DNA regulatory elements that are required for 

proper transcriptional activation of alp.  5’ and internal deletions of the alp promoter 

allowed for the identification of a general regulatory region that appeared to be required 

for proper induction of gene expression (Chapter 3).  In this chapter, I evaluate DNA-

binding proteins that interact with the alp regulatory sequence using the electrophoretic 

motility shift assay (EMSA).  A series of end-labeled DNA probes were generated that 

spanned the putative alp regulatory sequences as defined in Chapter 3.  These probes 

were used to identify DNA-protein interactions from both nuclear and cytoplasmic 
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protein extracts of the slug stage.  Overlapping probes were designed such that the DNA-

protein interactions could be mapped to a particular nucleotide sequence within the 

regulatory region of alp promoter.  To determine the specificity of DNA-binding 

proteins, competition assays were utilized by adding 100-fold excess unlabeled DNA 

probe to the reaction mixture.   Sequence specific DNA-binding proteins are 

characterized by a decrease in band intensity whereas non-specific interactions result in 

band intensities comparable to the no-competitor control.   

We report the identification of a DNA-binding protein specific for an 89-bp probe 

located towards the 5’ end of the alp promoter regulatory sequence.  The effects of 

different non-specific carriers, divalent cations, and salts were tested to optimize the 

binding conditions and characterize the nature of the DNA-protein interactions.  This 

study will detail the methodology used to purify the sequence specific DNA-binding 

protein.  The purified protein was analyzed by mass spectroscopy and the resulting 

peptide sequences align with a single Dictyostelium protein.  The identified protein, TFII 

was previously characterized during the investigation of glycogen phosphorylase-2 (gp2) 

regulation (Warner and Rutherford, 2000).  The ability of TFII to bind specifically with 

the regulatory promoter of two functionally different genes suggests that it may regulate 

the temporal and/or spatial expression of several Dictyostelium genes.   
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Materials and Methods 

Generation and labeling of DNA probes 

DNA fragments, approximately 100 base pairs in length, were generated by PCR 

using different oligonucleotide combinations.  The PCR conditions were identical to 

those described in Chapter 2 with the exception of a decreased 20 second extension time 

(72°C) during each cycle.  Each PCR product was precipitated with ethanol and separated 

on a 2% TAE agarose gel alongside a 100-bp marker (New England Biolabs, Inc.).  The 

appropriate bands were removed from the gel and purified using the MerMaid kit (Bio 

101).  One hundred nanograms of each fragment was end-labeled with 30 µCi of γ 32P 

ATP using 10 units of T4 polynucleotide kinase (New England Biolabs, Inc).  Each 

reaction was incubated at 37 °C for 1 hour followed by heat inactivation of the kinase at 

65 °C for 20 minutes.  Unincorporated nucleotides were removed using BioSpin-6 

columns (BioRad).  A scintillation counter (Beckman LS 6000SC) was used to measure 

the radioactivity of each probe.  The probes were diluted prior to each gel shift 

experiment so that each binding assay contained 30,000 CPM.    

 

EMSA Binding Assay 

Two microliters of extract were added to a sterile microfuge tube containing 

30,000 CPM of DNA probe in a final volume of 15 µl.  The reaction was carried in 

Hepes binding buffer (20 mM Hepes, pH 7.9, 10% glycerol, 1 mM DTT, 1 mM EDTA, 2 

mM MgCl2, 0.1% NP-40, 500 ng nonspecific carrier (polydAdT-poly dAdT, polydIdC-

polydIdC, or polydA-polydT) for 20 minutes at room temperature. Several additional 

components were tested for their effect on DNA binding (i.e.  NaCl) by removing them 
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from the reaction buffer.  The binding reaction was loaded onto a pre-run 5% native 

polyacrylamide gel and separated at 230 V for 120 minutes.  The polyacrylamide gel was 

transferred to chromatography paper and dried at 80 °C for 45 minutes.  The blot was 

then exposed to Kodac film (X-OMAT, AR) overnight at -80 °C and developed the 

following day.  Competition assays contained 100-fold excess unlabeled probe in 

addition to the other reaction mixture components. 

 

Preparation of nuclear and cytoplasmic extracts 

AX3K cells (12L) were grown in HL5 until the density was approximately 5 x 106 

cells/ml was reached.  The cells were then harvested using a flow-through centrifuge 

(IEC Clinical centrifuge).  Cells were washed twice in 300 ml MES-LPS, pH 6.5, and 

pelleted at 2,100 x g for 5 minutes.  The pellet was weighed and resuspend in 2 cell pellet 

volumes of MES-LPS.  A 3.5 ml sample of cells was developed on 2 % water agar plates 

and incubated at room temperature until slug stage was reached (18 hours).  The cells 

were scraped from the plates using glass spreaders and placed in a 50 ml Falcon tube.  

The cells were resuspended in MES-LPS and harvested at 3,200 x g for 2 minutes.  Five 

pellet volumes of lysis buffer (50 mM Tris, pH 7.5, 10% glycerol, 2 mM MgCl2, 1% NP-

40, 1 mM DTT, 20 ug/ml TLCK, and 100 ug/ml PMSF) was added to the packed cells.  

The mixture was then forced through a 21G needle to break the slugs, followed by 

centrifugation at 10,000 x g for 10 minutes (Sorvall, SA-600).  The supernatant was 

transferred to 50-ml Falcon tubes and stored at -20 °C.  The pellet was washed once with 

lysis buffer and pelleted as described above.  The pellet was resuspended in 2 volumes of 

lysis buffer and placed on ice.  NaCl was slowly added to the mixture to a final 
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concentration of 0.42 M.  The mixture was gently mixed and then incubated on ice for 1 

hour.  The mixture was centrifuged at 11,000 x g in a polycarbonate tube for 10 minutes.  

The supernatant (nuclear fraction) was collected, transferred to a fresh tube then stored at 

-20 °C.  

 

Ammonium sulfate fractionation 

The nuclear and cytoplasmic extracts were fractionated by mixing solid 

ammonium sulfate with the protein preparations.   Ammonium sulfate was slowly added 

to both extracts until a 20% saturation level was reached.  The mixture was stirred on ice 

for 30 minutes and then pelleted at 10,000 x g for 20 minutes.  The pellet was 

resuspended in 5 ml of 50 mM Tris, pH 7.8, and stored at -20 °C.  The remaining extract 

was fractionated by saturation with 40, 60, and 80% ammonium sulfate.  Each 

ammonium sulfate fraction (resuspended pellets) was dialyzed overnight at 4°C against 2 

L of 50 mM Tris, pH 7.8.  The samples were harvested in polycarbonate tubes at 20,000 

x g for 15 minutes to remove any particulate material and then stored at -20 °C.   

 

Chromatography  

Proteins were separated using a Waters model 650E Advanced Protein 

Purification System.  Precipitates were removed from the protein extract by filtration or 

centrifugation before loading on the column.  Fractions were stored at 4 °C. 
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DEAE-Sephacel Chromatography 

Twenty milliliters of DEAE-Sephacel (Sigma) was equilibrated to pH 7.5 in 50 

mM Tris (pH 7.5) and tightly packed to form a 0.8 x 12 cm column.  The resin was rinsed 

thoroughly in 20 mM Tris (pH 7.5) until pH of the elutant reached 7.5.  A five milliliter 

syringe was used to load the extract onto the column.  Twenty mM Tris pH 7.5 was 

applied to the column at a rate of 2 ml/minute to wash the unbound proteins from the 

column.  The ‘flow through’ (FT) was collected in a 50 ml Falcon tube and stored at 4 

°C.  A 30 minute linear salt gradient from 0 to 1 M NaCl in 20 mM Tris, pH 7.5, was 

applied to the column to remove bound proteins at a flow rate of 2 ml/minute.  One 

minute fractions (2 ml each) were collected during the gradient.  Following the gradient, 

2 M NaCl was applied to the column to release any proteins still bound to the resin.  The 

resin was then rinsed in 20 mM Tris (pH 7.5) and stored in 20% ethanol at 4°C.   

 

Heparin Sepharose Chromatography 

DEAE fractions containing the DNA-binding protein of interest were 

concentrated using YM-10 centricon (Amicon) filtration columns.  A pre-packed HiTrap 

Heparin Sepharose column was equilibrated with H buffer (20 mM Hepes, pH 7.6, 10% 

glycerol, 0.5 mM EDTA, and 0.5 mM DTT).  The extract was loaded onto the washed 

column using a plastic syringe and the unbound proteins were eluted with H buffer at a 1 

ml/min flow rate.  A 20 minute linear gradient from 0 to 0.5 M NaCl in H-buffer was 

used to elute the bound proteins.  One minute fractions were collected and stored at 4 °C.  

The column was washed with 2 M salt and stored in 20% ethanol at 4 °C. 
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DNA Affinity Chromatography 

Two complementary oligonucleotides (20 nmol) of the probe #1 sequence were 

annealed in 50 mM Tris, pH 7.5, containing 100 mM NaCl by heating the reaction mix to 

80°C for 10 minutes and slowly cooling the sample at room temperature.  The DNA was 

then coupled to CNBR (cyanogen bromide)-activated Sepharose-4B (Pharmacia) as 

previously described (Ausubel et al., 1995).  One gram of the resin was swelled in 1 mM 

HCl for 10 minutes and then transferred to a glass filter and washed with 200 ml of 1 mM 

HCl, 300 ml autoclaved milliQ water, and 100 ml of 10 mM potassium phosphate, pH 

8.0.  The slurry was transferred to a 15-ml plastic tube and the resin was allowed to settle.  

The supernatant was removed and was replaced with 3 ml of potassium phosphate 

containing the annealed oligonucleotides.  The DNA was coupled to the resin overnight 

at room temperature with gentle rocking.  The resin was applied to a glass filter and 

washed with 10 mM potassium phosphate to remove the unbound DNA.  The resin was 

washed with 1 M ethanolamine (pH 8.0) and transferred to a 15-ml test tube to block any 

remaining active sites.  The slurry was rocked at room temperature for 4 hours and then 

washed over a glass filter with 100 ml of 10 mM potassium phosphate (pH 8.0), 1M 

potassium phosphate (pH 8.0), and 1 M KCl containing 1 mM EDTA, pH 8.0.  The resin 

was packed into a 13 mm x 25 mm column and washed with H-buffer.  The concentrated 

active fractions from the heparin column were applied to the affinity column at a 1 

ml/min flow rate.  A linear gradient of 0 to 1M NaCl in H-buffer was used to elute the 

bound proteins.  Fractions were collected every minute and stored at 4 °C.  The DNA 

affinity resin was stored in 20 % ethanol.   
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Gel Filtration Chromatography 

Active fractions from DNA affinity chromatography were pooled, concentrated, 

and applied to a Waters 300SW column.  The 300SW column was washed with 50 mM 

Tris (pH 7.5) containing 300 mM NaCl.  The concentrated DNA Affinity fractions (~500 

ul) were injected onto the column, and the column was washed with 50 mM Tris (pH 7.5) 

containing 300 mM NaCl at a 0.5 ml/min flow rate.  One minute fractions were collected 

for 45 minutes and stored at 4 °C.  The column was stored in 0.1% NaN3 at 4°C to 

prevent bacterial growth.  

 

SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

 Protein fractions were mixed with a SDS loading buffer and boiled for 10 minutes 

before loading on a 12% SDS-polyacrylamide gel.  The proteins were separated for 1 

hour at 25 mA using running buffer (2.5 mM Tris, 19 mM glycine, and 1% SDS).  The 

gel was silver stained as previously described (Merril et al., 1981).   

 

Sample Preparation for Mass Spectrometry 

The active fractions from the Gel Filtration column were concentrated using 

YM10 Centricon and YM10 Microcon (Amicon) until the volume was approximately 50 

ul.  The sample was separated on an SDS-PAGE gel and silver stained as described 

above.  The gel was sent to the Virginia Bioinformatics Institute where the appropriate 

band was excised and analyzed by mass spectrometry.   
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Results  

Probe design  

A series of overlapping probes that span the alp promoter regulatory sequence     

(-683 to -468 bp) was amplified by PCR from a construct containing the alp 5’flanking 

sequence cloned into the multiple cloning site (MCS) of pBluescript KS+. The resulting 

PCR products were then purified from a 2% agarose gel.  PCR-generated DNA fragments 

were used as an alternative to annealed complementary oligonucleotides in order to 

prevent ssDNA-protein interactions that might result from incomplete hybridization.   

The DNA fragments, which ranged in size from 89-bp to 140-bp (Fig. 4.1) were end-

labeled with γ-32P ATP using T4 polynucleotide kinase (PNK) and used in the EMSA 

binding assay.   Probes #1-4 were designed for the initial EMSA studies, whereas probes 

#5 and 6 were developed later for competition analysis. 
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Figure 4.1:   EMSA Probes within the alp Regulatory Promoter Sequence.  Six 
probes were amplified by PCR and gel purified (as described in the Material and 
Methods).  The box between -683 and -468 bp represents the alp regulatory sequence 
that was identified in Chapter 3.   Each probe was end-labeled with γ–32P ATP using 
T4 polynucleotide kinase (T4 PNK) at 37 °C.   Each EMSA binding reaction 
contained 30,000 CPM of the appropriate labeled oligonucleotide.  Appendix 1 and 2 
shows the oligonucleotide sequences and combinations used to generate the EMSA 
probes.  
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Identification and characterization of a DNA-binding protein that binds to the alp 

promoter 

Nuclear proteins were fractionated by saturating the extract with 20, 40, 60, and 

80% ammonium sulfate (AS) followed by centrifugation to pellet the precipitated 

proteins. A DNA binding protein with an Rf value of 0.40 was identified in the 80% AS 

nuclear fraction that binds to probe #1 (Fig. 4.2).  The protein did not interact with probes 

#2-4 or the control probe, a DNA fragment not associated with the alp promoter (Fig. 

4.2).   Additional DNA binding assays were conducted with the 80% AS nuclear fraction 

and probe #1 to determine the optimal binding conditions and to characterize further the 

nature of interaction.  Interestingly, we observed a second band in the 80% AS nuclear 

extract with an Rf value of 0.61 when salt was removed from the binding reaction 

mixture (Fig. 4.3).   To further optimize the binding conditions, three different non-

specific carriers were added to the binding buffer without salt so that the intensity of both 

bands could be studied.  The intensity of the upper and lower band appeared identical 

with each of the three non-specific carriers. However, an additional 0.86 Rf band was 

observed in the reaction containing poly (d)A-poly (d)T.   The 0.86 Rf band was also 

identified with the control probe, suggesting that it is binding non-specifically to the 

probe #1 sequence (data not shown).   Divalent cation salts were added to the reaction 

mixture to determine if they affect the specificity of the DNA-protein interactions.  

Magnesium and zinc had no apparent effect on band intensity, while calcium chloride 

resulted in a slight decrease in the DNA-protein interaction.  Additionally, the effects of 

adding a potent metal chelator, EDTA, to the reaction mixture suggests that the DNA-

protein interaction is not dependent on the presence of divalent cations.   
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We speculated that the 0.40 and 0.61 Rf bands were related and possibly bind to 

the same site.  To study the relationship of the two band activities, we tested the effect of 

diluting the extract while competing the DNA-binding interactions with increasing 

concentrations of the non-specific carrier poly (d)A-poly (d)T (Fig. 4.4).  Dilution of the 

80% AS nuclear extract and increasing amounts of poly (d)A-poly (d)T in the binding 

mixture results in altered ratios of the two bands.  The upper band (0.40 Rf) decreased in 

intensity whereas the 0.61 Rf band was clearly visable after 1000-fold dilution.   It is 

possible that the two bands represent a monomer and a homodimeric form of a single 

polypeptide.   
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Figure 4.2:  Identification of a DNA-binding Protein that Interacts with Probe #1. 
The slug nuclear extract was fractionated by precipitating the proteins with 20, 40, 60, 
and 80% ammonium sulfate (AS).  Two µl of each of the AS nuclear extracts were 
assayed for DNA-binding activity using probes #1-4, and the control probe.  A 0.40 Rf 
band was detected in the 80% AS nuclear fraction with probe #1 but not with probes 
#2-4 or the control probe.  The binding mixture contained 20 mM Hepes, pH 7.9, 10% 
glycerol, 1 mM DTT, 1 mM EDTA, 2 mM MgCl2, 0.1% NP-40, 500 ng poly (d)IC,  
100 mM NaCl, and 30,000 CPM of the appropriate probe.  The binding reaction was 
carried out for 20 minutes at room temperature and then separated on a 5% native 
polyacrylamide gel.  
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Figure 4.3:   The Effects of Salt, Non-Specific Carriers, and Divalent Cations on the 
DNA-Protein Interaction.   The 80% AS nuclear fraction was assayed with probe #1 
containing 0 and 100 mM NaCl plus 500 ng poly (d)IC (lane 1 and 2, respectively).  A 
second band with 0.61 Rf was identified in the reaction containing no salt.  The upper 
and lower band (0.40 and 0.61 Rf, respectively) had the same intensity with 500 ng of 
poly (d)IC, poly (d)A(d)T, or poly (d)A-poly (d)T  (lane 3-5) when the reaction 
contained no salt.  The lowest band in the poly (d)A-poly (d)T reaction mixture is a non-
specific DNA-binding protein (data not shown).  The effects of divalent metal cation 
ions on the 0.40 Rf band is shown in lanes 6-11 in the presence of 100 mM NaCl.  The 
effect of the addition of 1 mM magnesium chloride, calcium chloride, zinc chloride, or 
zinc sulfate to the binding reaction mixture is shown in lanes 6-10.   EDTA, a strong 
metal-chelator does not appear to effect the intensity of the 0.40 Rf band (lane 11). The 
binding mixture contained 20 mM Hepes, pH 7.9, 10% glycerol, 1 mM DTT, 0.1% NP-
40, 500 ng poly (d)IC, and 30,000 CPM of probe #1 unless otherwise indicated. 
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Figure 4.4:  Analysis of the Relationship of the 0.40 and 0.61 Rf Band.  The 
80% AS nuclear fraction was diluted 1:10, 1:100, and 1:1000 in 50 mM Tris, pH 
7.5.  The undiluted extract and each of the dilutions were assayed for DNA-
binding activity in the presence of 0.5, 1 and 5 µg of the non-specific carrier, 
poly(d)A-poly(d)T.  The binding reaction mixture contained 20 mM Hepes, pH 
7.9, 10% glycerol, 1 mM DTT, 1 mM EDTA, 2 mM MgCl2, 0.1% NP-40 and 
30,000 CPM of probe #1.   
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Specificity of the 0.40 Rf band that binds probe #1 

To determine if the protein responsible for the 0.40 and 0.61 Rf bands was 

specifically binding to the probe #1 sequence, we studied the DNA-protein interactions in 

the presence of 100-fold excess unlabeled probe.  This competition assay showed a 

dramatic loss of band activity when the labeled probe #1 is competed against itself using 

100-fold excess unlabeled probe #1 (Fig. 4.5, lane 1).  An identical result occurred in the 

presence of 100-fold excess of unlabeled probe #5 (Fig. 4.5, lane 6).  It should also be 

noted that probe #6 competes slightly (Fig. 4.5, lane 7) as the band intensity is somewhat 

less than the band seen in no-competition control lane.   Interestingly, the sequence of 

probes #1, 5 and 6 overlap between -665 and -635 bp suggesting a common DNA binding 

site (Fig. 4.6). However probe #2 that also overlaps this sequence did not show a 

significant loss in band intensity in the competition assay (Fig. 4.5, lane 3).   Probe #2 is 

significantly longer than the other probes used and may form hairpins or other secondary 

structures that prevent access of the DNA-binding protein to the DNA binding site. No 

competition was observed for probes 3 and 4 (Fig 4.5, lane 4 and 5)   The results indicate 

that the 0.40 and 0.61 Rf band activities specifically bind to the alp promoter regulatory 

sequence between -683 and -635.    
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Figure 4.5:  Competition Assay of the 0.40 Rf Band that Binds Probe #1.  
Competition analysis was used to determine the specificity of the 0.40 Rf band in the 
80% AS nuclear fraction for the probe #1 sequence.  Probe #1 was mixed with 2 µl 
of the 80% AS nuclear extract in the presence or absence of 100-fold molar excess 
unlabeled probe.  The 0.40 Rf band is present in the reaction that did not contain 
unlabeled competitors, however the 0.40 is not present when 100-fold excess 
unlabeled probe #1 is added to the reaction mixture.  Competition using unlabeled 
probes #2-6 indicated that the 0.40 Rf band specifically binds to probe #1 as well as 
the probe #5 sequence.   A slight loss of band activity was observed with probe #6.   
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Figure 4.6: The Overlapping Sequence of Probes #1, 2, 5, and 6.  The alp 
promoter sequence between -683 to -622 bp is shown above.  The 5’ end of probes 
# 1 and 2 is located at the -683 sequence.  Probe # 6 begins 18 nucleotides 
downstream at the -665 site and the 3’ end of probe # 5 is located at -635.   
Competition analysis suggests that the 0.40 band is specifically binding to probes 
#1, 5, and 6 indicating a binding site within the -665 to -635 sequence. 
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DEAE-Sephacel Chromatography 

The first step of the purification process was the fractionation of the 80% AS slug 

nuclear fraction using DEAE-Sephacel chromatography.  The unbound protein eluted a 

single flow-through (FT) peak, and three major peaks protein peaks were eluted from the 

column using a linear gradient to 1 M NaCl (Fig. 4.7).  The 0.61 Rf band was eluted 

during the first major elution peak in fractions 11-15, however some of the protein did 

not bind the DEAE column and was present in the FT.   A NaCl concentration of 

approximately 0.3 M was required to elute the 0.61 Rf band from the ion-exchange resin.  

It is probable that the 0.40 Rf band was undetected because the protein becomes diluted 

during the fractionation of the extract.  Fractions 11-14, which contained the highest 

levels of the 0.61 Rf band activity, were pooled and concentrated using YM10 centricon 

centrifugal filters.   
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Figure 4.7:  Fractionation of the 80% Ammonium Sulfate Nuclear Extract 
using DEAE Column Chromatography.  The extract was applied to a DEAE-
Sephacel column and eluted using a linear gradient to 1 M NaCl at a flow rate of 2 
ml/min.  Fractions were collected every minute during the 30 min gradient.  The 
fractions were assayed for DNA-binding activity using EMSA.  A majority of the 
0.61 Rf band bound to the column, however a small amount of activity was present 
in the flow through (FT) fraction.  The protein eluted between fractions 9 and 15 
with a peak activity in fraction 12.  The activity was quantified using NIH Image 
1.54 and is represented on the graph as a thick red line.  The absorbance of the 
eluted proteins is shown as a thin black line.   
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Heparin-Sepharose Chromatography 

The concentrated DEAE active fractions (11-14) were pooled and applied to a 

pre-packed Heparin-Sepharose column that was thoroughly washed with H-buffer.  Two 

primary peaks were identified from the absorbance plot, a FT peak and a single elution 

peak beginning during the linear gradient to 0.5 M NaCl (Fig. 4.8).  The DNA-binding 

protein was eluted from the Heparin-Sepharose column in fractions 12-15 with 

approximately 200 mM NaCl. However a very small amount of the protein was observed 

in the FT.  The most enriched Heparin-Sepharose fractions (13-14) were pooled, 

concentrated, and desalted.    
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Figure 4.8:  Separation of Active DEAE Fractions on a Heparin Column.  
DEAE fractions 12 -14 were concentrated using YM-10 centricon filters and 
applied to a heparin-sepharose column using a 0 to 0.5 M linear NaCl gradient.  
The 0.61 Rf band eluted between fractions 13 and 15 with 0.2 M NaCl.  The 
DNA-binding activity of the 0.61 was quantified using NIH Image 1.54 software 
and is displayed on the graph as a thick black line.  The absorbance of the eluted 
proteins is shown at a thin black line.   
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DNA-Affinity Chromatography 

The concentrated active fractions from the Heparin-Sepharose column were 

applied to a DNA-Affinity column that had the probe #1 sequence covalently bound to 

the resin matrix.  A single peak of DNA-binding activity eluted from the DNA-affinity 

column during the linear gradient to 1 M NaCl (Fig. 4.9).  The 0.61 Rf band eluted 

between fractions 10 and 16 with 0.35 M NaCl.  The protein did not appear in the FT 

suggesting that the majority of the DNA-binding protein bound to the coupled affinity 

resin.  DNA-Affinity fractions 12-15 were again pooled and concentrated using the YM-

10 centricon filters until the volume was reduced to approximately 550 µl. 
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Figure 4.9:  Seperation of Heparin Fractions using a DNA-Affinity Column.  
A DNA-Affinity column was prepared by covalently binding the probe #1 
sequence onto CNBr-activated Sepharose 4B beads.  Heparin fractions 13-14 were 
pooled and then concentrated and desalted.  The extract was loaded onto the 
column and eluted using a 0 to 0.5 M linear NaCl gradient.  The 0.61 Rf band 
eluted between fractions 10 and 16 with the majority of the protein activity present 
in fractions 13 and 14.  The activity of the 0.61 Rf band was quantitated using NIH 
Image 1.54 software and is represented on the graph as a thick red line.  The 
absorbance of proteins eluting from the DNA-Affinity column is indicated with the 
black line.   
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Gel Filtration Chromatography and SDS-PAGE 

500-ul of the concentrated extract from the DNA-affinity column was injected 

onto a 300SW gel filtration column that was pre-washed with 25 mM Tris, pH 7.8, 

containing 300 mM NaCl.  Fractions were collected every minute for 45 minutes using a 

0.5 ml/min flow rate.  The 0.61 band eluted from the column between fractions 22 and 27 

(Fig. 4.10).  The absorbance of the eluted proteins was below the lower limit of detection. 

Thus, no plot was recorded.   

Twenty-five µl of gel filtration fractions 22-27 were separated in a 12% SDS-

polyacrylamide gel (SDS-PAGE) and silver stained as previously described (Merril et al., 

1981).   A protein with a molecular weight of about 28 kDa was detected on the silver-

stained gel that was consistent with the 0.61 Rf band activity observed on the EMSA of 

gel filtration fractions (Fig. 4.10-11).  To quantitatively analyze the 28 kDa protein 

intensities with the activity from the gel filtration EMSA, NIH Image 1.54 software was 

used.  The quantification curves of the protein amount and the DNA-binding activity 

were identical suggesting that the 28 kDa protein is responsible for the EMSA 0.61 Rf 

band.  Gel filtration fractions 21-26 were pooled and concentrated with YM10 centricon 

and YM10 microcon centrifugal filters and loaded on a 12 % SDS-polyacrylamide gel.  

The gel was stained with Coomassie brilliant blue and stored in a plastic bag containing 

0.1% acetic acid.  The gel was transferred to the Virginia Bioinformatics Institute (VBI) 

where the band was excised and analyzed by Mass Spectrometry.  The peptide sequences 

aligned with a single Dictyostelium protein previously identified as TFII (Fig. 4.12) 

(Warner and Rutherford, 2000).   
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Figure 4.10: Separation of the Active DNA-Affinity Fractions using Gel 
Filtration.  The active fractions from the DNA-Affinity column were concentrated to 
500 ul using YM-10 centricon filter and then separated on a 300SW gel filtration 
column.  The 0.61 Rf band elutes between fractions 22 and 28.  The intensity of the 
0.61 Rf band was quantified using NIH Image 1.54 software.  The light gray box 
represents the activity of fractions that were separated on an SDS-gel and stained to 
visualize the protein size and concentration (see Figure 4.11). 
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Figure 4.11:  SDS PAGE of Gel Filtration Fractions.  Fractions 22-28 
were separated on a 12 % SDS-gel for 1 hr at 25 mA.  The gel was silver 
stained allowing for the identification of a 28 kDa band that appeared to have 
a banding pattern that correlates with the activity of the gel filtration 
fractions.  NIH Image 1.54 software was used to compare the activity of the 
gel filtration fractions with the intensity of the 28 kD band identified on the 
SDS PAGE.  The curve of DNA-binding activity seen in Figure 4.10 (gray 
box) is very similar with the curve of the 28kD protein observed in fractions 
22-28.   
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MSIKKVCCVIGVGKGIGFGVAEKFAKEGFSVALVSRNKEKLEPFV
QTIQKKFGDTGSFAVEMDATNAESVEKGFKEIRSKINGRPIDVLIY
NASASFKAVSVEKTDVNDFQNAWKASCLGAFLTSQQVLSEMYG
QQNGTIIFTGATASLRGGASFGLFASSKFALRGFAQSLARESYPK
GVHVSHVIIDGYVDINRDYSSRPKENWIDPDAIASTYFSLYSQDK
SAWTHEIDIRPHTEKW  

Figure 4.12: The Amino Acid Sequence of TFII.    The amino acid sequence 
of TFII is shown.  The underline sequence corresponds to peptides identified by 
Maldi-TOF Mass Spectrometry at the Virginia Bioinformatics Institute.  The 
derived protein has a theoretical molecular weight of 26.4 kDa and an isoelectric 
point of 8.5. 
 
 

Figure 4.12:  The Amino Acid Sequence of TFII.   The complete amino acid 
sequence of TFII is show above.  The underlined sequences correspond to 
peptides identified by Mass Spectromtery at the Virginia Bioinformatics 
Institute (VBI).  The derived protein has a theoretical molecular weight of 26.4 
kDa and an isoelectric point of 8.5. 
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Discussion 

 During the time-course of Dictyostelium development, alp is temporally and 

spatially regulated (Chapter 2 and 3).  Our lab has defined a DNA sequence within the 

alp promoter that is required for proper temporal activation of gene expression.  The 

present study used EMSA to identify and characterize the corresponding transcriptional 

regulator(s) that bind to the alp regulatory promoter.   Cytoplasmic and nuclear protein 

extracts were generated from Dictyostelium slugs, a developmental stage that is known to 

produce high levels of the alp transcript (Chapter 2).  Initial EMSA studies using crude 

cytoplasmic and nuclear extracts with probes #1-4 were unsuccessful in generating 

distinct band activities (data not shown).  This problem was alleviated by fractionating 

the extracts using 20, 40, 60, and 80% ammonium sulfate saturation levels.  Several 

EMSA bands were identified as potential trans-acting factors but were subsequently 

eliminated because they failed to show sequence specificity as determined by competition 

analysis.   

The 0.40 Rf binding activity was initially detected with probe #1 in the 80% AS 

slug nuclear fraction and was not observed with probes #2-4 or the control probe.  

Interestingly, the 0.40 Rf band was later identified in the 80% AS slug cytoplasmic 

fraction but to a lesser degree than observed in the nuclear extract (data not shown).   The 

nuclear and cytoplasmic localization of the DNA-binding activities is not unexpected as 

the transcriptional regulators are translated in the cytoplasm before re-entry into the 

nucleus where they can function in transcriptional regulation of the target gene(s). 

As discussed above, when salt was removed from the binding reaction mixture 

containing the 80% AS slug nuclear extract and probe #1, a second band (0.61 Rf) was 
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identified (Fig. 4.3). A logical assumption was made that the two bands were somehow 

related.  This assumption is based on the idea that if two proteins were binding to 

separate sites within the probe #1 sequence, three bands should be present on the EMSA 

(one for each individual protein binding by itself and a third band representing both 

proteins binding to the same probe).   Therefore, we hypothesized that the lower band 

was the result of a single peptide binding to the alp regulatory sequence and the upper 

band was the result of a dimerized form of this protein.  The extract was diluted and 

competed with a non-specific carrier to gain insight on the nature of the band activities 

and to determine if the upper band was the result of a homologous or a heterologous 

protein complex.  Increasing dilutions of the extract and/or increasing concentrations of 

the non-specific carrier resulted in a decline of the 0.40 Rf band, whereas the 0.61 Rf 

band intensity is remarkably present even when the extract was diluted one-thousand 

fold.  These results suggested that the two bands represent a monomeric and 

homodimeric form of the peptide, although other explanations are obviously possible 

including the potential binding of a heterometric protein complex. 

Sequence specificity of the 0.40 Rf band for probe #1 was determined using 

competition analysis (Fig. 4.5).  The competition was the most pronounced when 100-

fold excess unlabeled probe #1 was included in the reaction mixture.  Competition of the 

0.40 Rf band was also observed with probe #5 and to a lesser degree with probe #6.   

Probes #1, 5, and 6 overlap between -663 and -635 bp; however, it is likely that the probe 

#6 sequence does not contain the actual binding site but rather a partial site or a site with 

sequence homology as it only competes to a small degree.  Interestingly, probe #2, that 

contains the entire probe #1 sequence, does not result in a 0.40 or a 0.61 Rf band 
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activities on the EMSA when assayed with the 80% AS slug nuclear fraction.  Likewise, 

100-fold excess unlabeled probe #2 failed to compete for binding during the competition 

analysis.  It should be noted that probe #2 failed to produce a number of non-specific 

bands that were identified with the other probes tested including the control probe (data 

not shown).  As discussed above, probe #2 is clearly the longest probe with a length of 

140 nucleotides. Thus we speculate that the length of this probe is the reason for its 

inability to bind with the peptides or protein complex that interact with probe #1 and 

result in the 0.40 and0.61 band activities on the EMSA.  As expected, Mfold software 

predicted that the sequence of probe #2 could fold to form a number of potential 

secondary structures (Mfold is referenced below). 

The competiton analysis clearly demonstrated sequence specific binding of the 

0.40 Rf band to the probe #1 sequence.  Competition assays conducted in the absence of 

salt resulted in the competition of both the 0.40 and 0.61 Rf bands with 100-fold excess 

unlabeled probe #1,5, and 6 (data not shown).  Competition of the 0.40 and 0.61 Rf bands 

with the same probes (1, 5, and 6) indicates a common binding site. 

 Sequential purification of the DNA-binding protein using DEAE-Sephacel, 

Heparin-Sepharose, DNA affinity, and gel filtration chromatography allowed for the 

identification of a 28 kDa peptide by SDS-PAGE.   The intensity of the 0.61 Rf band 

from gel filtration fractions on the EMSA was consistent with the concentration of the 28 

kDa band observed on the silver-stained SDS-PAGE.  Mass spectrometry analysis of the 

28 kDa band resulted in a series of peptides products that were used in a BLAST search 

of the Dictyostelium genome database.  Each of the peptide products aligned to a single 

Dictyostelium protein that showed little homology with other known proteins in various 
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databases.  The most similar protein was 3-oxoacyl-(acyl-carrier protein) reductase but 

with a homology of only 26%.   The purified protein was previously identified and 

characterized in our laboratory during the investigation of glycogen phosphorylase-2 

(gp2) regulation and was termed TFII (Warner and Rutherford, 2000). 

 Warner et al (2000) used similar approach as described in this report to purify 

TFII.  TFII binds to the Heparin-Sepharose column with relatively low affinity and is 

therefore eluted with a low concentration of salt. Conversely the DNA-binding protein 

bound tightly to the DNA-affinity resin and required a higher concentration of salt to 

disrupt to DNA-protein interaction.  Interestingly, Warner et al. identified TFII as a 28 

kDa band on a SDS-PAGE but showed that the protein exist as a homodimer on a native 

PAGE with a molecular weight of 56 kDa (2000).   Furthermore, TFII was identified as a 

0.39 Rf band that bound to the 5’ C box, a 41 bp probe that is complementary to a DNA 

regulatory sequence within the gp2 promoter.  The sequences of the alp probe #1 and the 

5’ C box probe were compared to determine if the two probes share a common sequence 

that may represent a potential TFII binding site.  A striking similarity was observed as the 

probes share two identical sequences.  A 6-bp sequence, ACAATG and a 5-bp sequence, 

CACTA are separated by 8 nucleotides in the probe #1 and 12 nucleotides in the 5’ C box 

probe (Fig. 4.13).  Interestingly, the 5’ end of alp probe #6, which showed partial 

competition, is located between the two conserved elements providing further evidence 

that this sequence contains a TFII binding site.  
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 TFII has been shown to be absent in growing cells but is quickly upregulated 

during the initial hours of development (Warner and Rutherford, 2000).  A steady 

increase of alp expression during the early stages of development was previously 

described (Chapter 2). Thus, it is unlikely that TFII regulates alp expression in amoebae 

however TFII may function in transcriptional control of alp during development.   

 

 

 

 

Figure 4.13:  Comparison of the 5’ C Box Probe and Probe #1.  The upstream 
sequence element, ACAATG is enclosed in a rectangular box and the downstream 
sequence element, CACTA is underlined.  The two DNA elements are separated by 8 
nucleotides in the probe #1 sequence and 12 nucleotides in the 5’ C box probe.  The 
entire probe #1 sequence is not shown.   
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Chapter 5 
 
 
 
 
 
 

Identification of DNA-Binding Activities Specific for the Alkaline Phosphatase Promoter 
in Dictyostelium 

 
 
 

 
 
 
 
 

 
Chapter 5 is written as a manuscript, to be published at a later date. 
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Abstract 
 
 During a time-course in Dictyostelium development alkaline phosphatase (ALP) 

accumulates at the interface of the two differentiated cell types, prestalk and prespore 

cells.  This protein has been shown to be regulated at the level of transcription, and 

promoter deletion analysis has provided insight on the regulatory sequences responsible 

for the temporal and spatial regulation of alp de novo synthesis.  A series of PCR probes 

that are complementary to the alp promoter regulatory sequences were generated and 

used to identify sequence specific DNA-binding proteins that interact with the alp 5’ 

flanking sequence.  Three binding activities were observed on the EMSA that specifically 

interact with a 124-bp probe that contains several previously identified regulatory 

elements including a GATA-type zinc finger consensus binding site, a G-box factor 

(GBF) half binding site, and a CA-rich element (CAE).  The binding activities required 

the presence of a divalent metal cation such as Ca2+ or Mg2+, and the addition of a potent 

metal chelator to the binding reaction resulted in a sharp reduction of band intensity.  In 

this report, we will also discuss the behavior of proteins that bind the 124-bp probe 

during conventional and affinity chromatography. 

 
 
 
 
 
 
Bradley Joyce conducted all of the experiments described within Chapter 5.  Dr. Charles 
Rutherford obtained the funding to conduct these studies and provided valuable insight 
into the experimental procedures that were used. 
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Introduction 

 Dictyostelium discoideum is a social amoebae that undergoes a unique survival 

mechanism when exposed to harsh environmental conditions.  The 24-hour 

developmental life cycle begins when starving cells that are depleted of nutrients 

aggregate in response to extracellular cyclic adenosine monophosphate (cAMP), forming 

a multicellular organism comprised of approximately 100,000 cells (Bonner et al., 1969; 

Konijn et al., 1967).  Cellular differentiation in the tight aggregate results in two distinct 

cell types, prestalk and prespore cells that sort to opposite poles of the tipped aggregate.  

The elongated organism forms a slug with a 4:1 ratio of prespore:prestalk cells.  The front 

20% of the slug is occupied by prestalk cells with the prespore zone residing in the 

posterior region of the organism.  Cells that appear morphogenically similar to prestalk 

cells, called anterior like cells (ALCs) are scattered throughout the prespore zone 

(Sternfeld and David, 1982).   During the culmination stage, the prestalk region 

undergoes a massive sorting process resulting in the formation of a thin stalk tube that 

elevates the prespore mass thus generating a mature fruiting structure (Bonner, 1944). 

 Previous studies in our lab were used to determine the temporal and spatial 

expression pattern of alp by fusing the 5’ flanking sequence to a super labile LacZ 

reporter and measuring in situ β-galactosidase levels from cells at several developmental 

stages (Chapter 2).  Alternatively, Dictyostelium transformants containing the reporter 

gene fusion were histochemically stained to visualize in situ localization of de novo 

synthesis.  These studies showed that temporal and spatial expression of the reporter gene 

correlates with that of the endogenous enzyme alp gene suggesting that alp is regulated at 

the level of transcription.  The unique localization of ALP to the prestalk-prespore 
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interface has lead to speculation of its role in cell-type differentiation and its possible role 

in the cAMP degradation pathway (Armant and Rutherford, 1982). 

 The alp promoter was dissected using a series of 5’ and internal deletions to 

identify regulatory elements required for temporal and spatial expression (Chapter 3).  A 

215-bp sequence between -683 and -468 bp was identified that appeared vital for 

induction of alp expression.  However, it was also discovered that this sequence alone 

was not sufficient for the activation of alp.  The previous chapter (4) reported the 

identification of a sequence specific DNA-binding protein that interacts with the 5’ end 

of the alp promoter regulatory sequence.  The DNA-binding protein was sequentially 

purified using conventional chromatography techniques followed by Mass Spectrometric 

analysis.  The protein was identified as TFII, a DNA-binding protein that had previously 

been shown in our laboratory to be associated with the regulation of glycogen 

phosphorylase-2 (gp2) (Warner and Rutherford, 2000). 

 Initial EMSA studies utilized probes that were generated to span the -683 to -468 

bp regulatory sequence previously shown to be required for induction of alp expression 

(Fig. 4.1).  However, as stated above this sequence alone could not direct expression of 

alp suggesting that sequence downstream of -468 bp may also function in regulating gene 

expression.  Thus, we designed a series of probes that cover a majority of the alp flanking 

sequence.  Probes #1 and 4 contain the -683 bp to -468 bp regulatory sequence whereas 

probes 9, 10, and 11 span the promoter sequence downstream of the -468 bp site.   

 Several DNA-binding activities were identified with probe #9 in the 20% 

ammonium sulfate (AS) slug nuclear fraction.  The three major bands that were detected 

(0.13, 0.22, and 0.28 Rf) appeared to be related as they all required magnesium or 
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calcium for effective DNA-binding.  Competition analysis of the band activities indicated 

a clear specificity for the probe #9 sequence.  The protein(s) that bind to probe #9 were 

subjected to several different chromatographic procedures in order to characterize their 

behavior.  The result indicate that the protein binding probe #9 is multimeric and can be 

easily dissociated during chromatography with a loss of DNA-binding activity.   
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Materials and Methods 
 
Generation and labeling of DNA probes 

DNA fragments, approximately 100 base pairs in length were generated by PCR 

using different oligonucleotide combinations.  The PCR conditions were identical to 

those described in Chapter 2 with the exception of an extension time of 20 seconds (72 

°C) during each cycle.  Each PCR product was precipitated with ethanol and separated on 

a 2% TAE agarose gel alongside a 100-bp marker (New England Biolabs, Inc.).  The 

appropriate bands were removed from the gel and purified using the MerMaid kit (Bio 

101).  One hundred nanograms of each fragment was end-labeled with 30 µCi of γ 32P 

ATP using 10 units of T4 polynucleotide kinase (New England Biolabs, Inc).  Each 

reaction was incubated at 37 °C for 1 hour followed by heat inactivation of the kinase at 

65 °C for 20 minutes.  Unincorporated nucleotides were removed using BioSpin-6 

columns (BioRad).  A scintillation counter (Beckman LS 6000SC) was used to measure 

the radioactivity of each probe.  The probes were diluted prior to each gel shift 

experiment so that each binding assay contained 30,000 CPM.    

 

EMSA Binding Assay 

Two microliters of extract was added to a sterile microfuge tube containing 

30,000 CPM of DNA probe in a final volume of 15 µl.  The reaction was carried out in 

Hepes binding buffer (20 mM Hepes, pH 7.9, 10% glycerol, 1 mM DTT, 1 mM EDTA, 2 

mM MgCl2, 0.1% NP-40, 500 ng nonspecific carrier (polydAdT-poly dAdT, polydIdC-

polydIdC, or polydA-polydT) for 20 minutes at room temperature. In some experiments 

additional components were added (i.e.  NaCl) or removed from the reaction buffer.  The 
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binding reaction was loaded onto a pre-run 5% native polyacrylamide gel and separated 

at 230 V for 120 minutes.  The polyacrylamide gel was transferred to chromatography 

paper and dried at 80 °C for 45 minutes.  The blot was then exposed to Kodak film (X-

OMAT, AR) overnight at -80 °C and developed the following day.  Competition assays 

contained 100-fold excess unlabeled probe in addition to the other reaction mixture 

components. 

 

Preparation of Nuclear and Cytoplasmic Extracts 

Twelve L of AX3K cells were grown in HL5 until the density was approximately 

5 x 106 cells/ml.  The cells were harvested using a flow-through centrifuge (IEC Clinical 

centrifuge).  Cells were washed twice in 300 ml MES-LPS, pH 6.5, and pelleted at 2,100 

x g for 5 minutes.  The pellet was weighed and resuspended in 2 cell pellet volumes of 

MES-LPS to initiate development.  Three and a half ml of cells were deposited on 2 % 

water agar plates and incubated at room temperature until the slug stage was reached (18 

hours).  The cells were scraped from the plates using glass spreaders and placed in a 50 

ml Falcon tube.  The cells were resuspended in MES-LPS and harvested at 3,200 x g for 

2 minutes.  Five pellet volumes of lysis buffer (50 mM Tris, pH 7.5, 10% glycerol, 2 mM 

Mg Cl2, 1% NP-40, 1 mM DTT, 20 ug/ml TLCK, and 100 ug/ml PMSF) was added to 

the packed cells.  The mixture was forced through a 21G needle to break the slug cells 

followed by centrifugation at 10,000 x g for 10 minutes (Sorvall, SA-600).  The 

supernatant was transferred to fresh 50-ml Falcon tubes and stored at -20 °C.  The pellet 

was washed once with lysis buffer and pelleted as described above.  The pellet was 

resuspended in 2 volume of lysis buffer and placed on ice.  NaCl was slowly added to the 
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mixture to a final concentration of 0.42 M.  The mixture was gently mixed and then 

incubated on ice for 1 hour.  The mixture was centrifuged at 11,000 x g in a 

polycarbonate tube for 10 minutes.  The supernatant (nuclear fraction) was collected and 

transfered to a fresh tube and stored at -20 °C.  

 

Ammonium sulfate fractionation 

The nuclear and cytoplasmic extracts were fractionated by mixing solid 

ammonium sulfate with the protein preparations.   Ammonium sulfate was slowly added 

to both extracts until a 20% saturation level was reached.  The mixture was stirred on ice 

for 30 min and then pelleted at 10,000 x g for 20 min.  The pellet was resuspended in 5 

ml of 50 mM Tris (pH 7.8) and stored at -20 °C.  The remaining extract was fractionated 

by saturation with 40, 60, and 80% ammonium sulfate.  Each ammonium sulfate pellet 

fraction was dialyzed overnight at 4°C against 2 L of 50 mM Tris, pH 7.8.  The samples 

were harvested in polycarbonate tubes at 20,000 x g for 15 minutes to remove any 

precipitate and then stored at -20°C.   

 
Column Chromatography 
 

The 20% AS slug nuclear fraction was frationated on DEAE-Sephacel (Sigma) 

and QMA Accell (Waters) columns using a 0 to 2 M linear NaCl gradient as described in 

chapter 4 (Materials and Methods).  Fractions were collected every minute during the 

elution gradient and assayed for DNA-binding activity on the EMSA. 
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Ion Exchange Chromotography 
 

Four different anion exchange resins were swollen and thoroughly washed in 50 

mM Tris, pH 7.5.   The resins were pelleted at 14,000 xg for 1 minute and resuspended in 

an equal volume of 50 mM Tris, pH 7.5.  Four hundred µl of the slurry was transferred to 

a fresh tube and centrifuged at 14,000 xg for 1 min.  The supernatant was removed 

leaving approximately 200 ul of packed resin.  An equal volume of extract was added to 

the resin and the mixture was rotated for 30 min at room temperature.  The resin and 

bound proteins were pelleted by centrifugation at 4,000 xg for 2 min.  The ‘unbound’ 

protein fraction was transferred to a fresh tube.  The resin was resuspend in 50 mM Tris 

pH 7.5 + 2 M NaCl and rotated for 10 min to elute the bound proteins.  The resin was 

harvested and the ‘eluted proteins’ were transferred to a fresh tube and assayed for DNA-

binding activity on the EMSA.  The cation exchange batch assay was carried out using 

carboxyl methyl (CM) cellulose (Sigma) in 20 mM K2PO4, pH 7.5.  The bound proteins 

were eluted with 20 mM K2PO4 (pH 7.5) + 2 M NaCl as described above. 

 

Affinity Chromatography  

DNA affinity resin was prepared by covalently binding the probe #9 fragment to 

Sepharose 4B beads (Pharmacia) using the method described in Chapter 4.  An 

‘uncoupled’ resin was generated as a control that does not contain the probe #9 fragment 

ligated to the resin matrix.  There affinity resins, DNA Affinity resin, heparin sepharose 

(Pharmacia) and ds DNA-cellulose (Sigma) were equilibrated in H-buffer (without 

EDTA).  The batch assay was carried out for 30 min at room temperature and the bound 

proteins were eluted with H-buffer (without EDTA) containing 0.5 and/or 1 M NaCl.   
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Hydroxyl Apatite 

Hydroxyl apatite (HA) was swollen and washed in 0.01 M Na2PO4 and 

transferred to a eppendorf tube.  Two hundred µl of resin was pelleted and an equal 

volume of the 20% AS slug nuclear fraction was added to resuspend the HA resin.  The 

proteins were rotated for 30 minutes to allow the proteins to bind to the resin.  The 

unbound proteins were removed and the proteins were eluted with 0.1, 0.2, 0.3, and      

0.4 M Na2PO4.   

 

Molecular Weigh Cut-Off (MWCO) Filters 

MWCO centrifugal filters (AMSCO and Pall) were used to concentrated, desalt, 

or exchange the buffer of the protein extracts by following the protocol supplied by the 

manufacturer.   YM100 (100 kDa) (Amsco) and 300 kDa Microsep (Pall) centrifugal 

filters were spun in a fixed angle rotor at 1,000 xg for 1-2 hours at 4 C.  The filtrate and 

the retentate were transferred to fresh tubes.   
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Results 
 
Probe Design and Identification of DNA-Binding Activities that Interact with Probe 
#9 
 
 Five DNA fragments that correspond to the alp promoter between the -683 and     

-90 bp sequence were amplified by PCR (Fig. 5.1 and 5.2).   These fragments were gel-

purified and end-labeled with γ-32P ATP.   Probe #1 and 4 span the regulatory sequence 

located between -683 and -468 bp and were extensively used during previous attempts to 

identify trans-acting factors that regulate the temporal and spatial expression of alp 

(Chapter 4).  Probe #9 is a 124-bp probe that begins at the -468 bp site and contains a 

number of potential binding sites including several G-box factor (GBF) elements (T/G G 

T/G G T/G G T/G) located within a GT-rich nucleotide sequence (-418 bp and -384 bp)  

(Schnitzler et al., 1994).  A GATA-type zinc finger consensus binding site (A/T GATA 

A/T) is located towards the 5’ end of probe #9 (Chang, et al, 1996). Additionally, probe 

#9 and 10 overlap between -367 to -344 bp that contains a CAE (CA-repeat element) 

(Fig. 5.1 and 5.2) (Haberstroh and Firtel, 1990).  The probe #10 sequence contains the 5’ 

CAE followed by a long stretch of thymine residues. Probe #11 is complementary to the 

promoter sequence adjacent to the transcription start site, between -211 and -90 bp (Fig. 

5.1 and 5.2).    

 Cytoplasmic and nuclear protein extracts were generated from Dictyostelium cells 

that were developed until the slug stage was reached.  The cytoplasmic and nuclear 

proteins were fractionated by saturating the extracts with 20, 40, 60, and 80% ammonium 

sulfate (AS).  The nuclear and cytoplasmic AS fractions were assayed for DNA-binding 

activity on the EMSA using each of the five probes that span the -683 to -90 bp region of 

the alp promoter.   
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A 0.28 Rf band was identified in the 20% AS slug nuclear fraction with probe #9 

(Fig. 5.3, lane 9) but this band was not observed with probes #1, 4, 10, or 11 (Fig. 5.3).  

Two additional faint bands (0.13 and 0.22 Rf) were observed in the 20% AS slug nuclear 

extract with probe #9.  The 0.28 Rf band was also identified in the 20 and 40% AS slug 

cytoplasmic extract but to a lesser degree than observed in the 20% AS slug nuclear 

extract (Fig. 5.4, lanes 9 and 10).  Several other bands were detected with the various 

probes, but were not investigated due to their failure to show sequence specificity.   

An intense 0.19 Rf band was observed with probe #10 in the 20% AS slug nuclear 

fraction (Fig. 5.3, land 13).  It was unclear from the EMSA banding pattern if 0.19 Rf 

band identified with probe #10 and the 0.22 Rf band observed with probe #9 were the 

result of the same DNA-binding protein. However, subsequent competition assays proved 

that the 0.19 Rf band produced with probe #10 and the 20% AS slug nuclear fraction was 

the result of a non-specific DNA-protein interaction (data not shown).   
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Figure 5.1:   EMSA Probes to Identify DNA-Binding Proteins that 
Interact with the alp Promoter.  Five probes were designed that cover the -
683 to -90 bp sequence of the alp promoter.  Each probe was end-labeled 
with γ-32P using T4 polynucleotide kinase (T4 PNK) at 37 °C.  The binding 
reactions contained 30,000 CPM of the appropriate probe.  Appendix 1 and 2 
shows the oligonucleotide sequences and combinations used to generate the 
EMSA probes.  
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Figure 5.2:  The Sequence of Probes Used to Detect DNA-Protein Interactions 
on the EMSA.  The sequence of probes #1, 4, 9, 10, 11 that were designed to span a 
majority of the alp 5’ flanking sequence is shown above.  Probe #9 contains several 
previously identified elements including a GATA-type zinc finger binding site, 
several potential G-box factor (GBF) half binding sites, and a CA-repeat element.  
The GATA consensus sequence (A/T GATA A/T) is located at the 5’ end of probe  
#9 (oval) and several consensus GBF half binding sites are located in the middle of 
probe #9 sequence in a GT-rich sequence (rectangle).  A CA-repeat element is 
located at the 3’ end of probe #9 and the 5’ end of probe #10 (underlined).   
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Figure 5.3:  Identification of DNA-Binding Protein Activities in AS Slug 
Nuclear Extracts with Probe #9 and 10.   The 20, 40, 60, and 80% AS 
fractions were assayed for DNA-binding activity using probe #1, 4, 9, 10, and 
11.  Three bands (0.13, 0.22, and 0.28 Rf) were detected with probe #9 in the 
20% AS slug nuclear extract.   A 0.19 Rf band was also observed in the 20% AS 
slug nuclear extract with probe #10.  This 0.19 Rf band proved to be the result of 
non-specific interactions as determined by competition assay (data not shown).  
A number of additional bands were present with various probes, but were not 
investigated due to their non-reproducability or to their lack of sequence 
specificity.  The reactions were carried out in H-buffer using 100 mM NaCl and 
500 ng poly (d)A(d)T. 
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Figure 5.4:  Identification of the 0.28 Rf Band in the 20 and 40% AS Slug 
Cytoplasmic Extracts.   DNA-binding assays were conducted with the AS slug 
cytoplasmic fractions using probes #1, 4, 9, 10, and 11.  The 0.28 Rf band, 
identified in the 20% AS slug nuclear fraction with probe #9 was also observed 
in the 20 and 40% AS slug cytoplasmic fractions.  The binding reactions were 
carried out in H-buffer containing 100 mM NaCl and 500 ng poly(d)A(d)T at 
room temperature for 20 mins.  The reaction was then loaded onto a 5% PAGE 
and separated at 230 V for 2 hours.   
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Analysis of the DNA-Binding Activities Observed with Probe #9 
  
 It is generally known that the concentration of protein in the EMSA reaction 

mixture can affect the banding pattern.  Therefore, the effect of diluting the 20% AS slug 

nuclear extract in the presence of varying concentrations of salt was tested to further 

characterize the nature of the DNA-binding activities observed with probe #9 (Fig. 5.5).   

Interestingly, a 3-fold dilution of the extract resulted in sharp decrease of the band 

activities and a 10-fold dilution resulted in an almost complete loss of the DNA-binding 

activities.  Purification of a transcriptional regulator from a crude extract using a series of 

chromatography columns results in a considerable lost of the protein of interest.  Due to 

the rapid decline of band activity in diluted extracts, we optimized the binding conditions 

to increase the likelihood of detecting the DNA-binding activities during the purification 

process.   

 Because NaCl was used to elute DNA-binding proteins from various resins, we 

tested the effect of NaCl on the banding pattern of the EMSA.  The intensity of the three 

binding activities appeared similar when the binding reactions were carried out in the 

absence of salt or when 100 mM NaCl was added to the binding reaction mixture (Fig. 

5.5).  A slight decrease of all three binding activities was observed when the binding 

reaction mixture contained 200 mM NaCl (Fig. 5.5).  We will describe below a separate 

experiment that showed the DNA-binding protein(s) were highly specific for the probe #9 

sequence and were capable of binding the probe in the presence of 0.45 M NaCl (see Fig. 

5.8).   

 Studies to optimize the binding conditions and characterize the nature of the 

DNA-protein interactions led to the discovery that the removal of MgCl2 from the normal 
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binding buffer (that contained 1 mM MgCl2) resulted in the dramatic loss of the 0.13, 

0.22, and 0.28 Rf bands (Fig 5.6, lanes 1-3).  The re-addition of MgCl2 or CaCl2 to the 

binding reaction restored all three band activities, whereas the addition of ZnCl2 failed to 

restore the DNA-protein interactions.   The addition of a potent metal chelator, EDTA to 

the binding reaction prevented the formation of the DNA-protein complexes that were 

responsible for the 0.13 and 0.28 Rf band activities (Fig. 5.6).   A slight increase of the 

0.22 Rf band intensity was observed upon the addition of low concentrations (0.5-5 mM) 

of EDTA. However, this band was not present when 10 mM EDTA was included in the 

binding reaction.  Furthermore, EDTA could not dissociate the DNA-protein interaction 

after the complex was formed (data not shown).   

 The DNA-binding activities observed with probe #9 and the 20% AS slug nuclear 

extract were shown to be stable after repeated freeze-thaw cycles and/or incubation at 

4°C for several days (data not shown).  The addition of various protease inhibitors to the 

20% AS slug nuclear stored at 4°C showed no difference in DNA-binding activity 

compared with the extract that was incubated at 4°C in the absence of protease inhibitors 

(data not shown).  The effects of different non-specific carrier DNA were tested by 

adding 0.5 µg of poly (d)A-poly (d)T, poly (d)A(d)T, or poly d(IC) to the reaction 

mixture.  Poly d(IC) and poly (d)A(d)T produced sharp DNA-binding activities; 

however, the non-specific carrier poly (d)A-poly (d)T result in streaks rather than sharp 

bands on the EMSA (data not shown).  
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Figure 5.5:   The Effects of Salt on the Diluted 20% AS Slug Nuclear 
Extract.  The DNA-binding activities that bind probe #9 showed a sharp 
decrease of band intensity when the 20% AS slug nuclear extract was 
diluted 1:3 and 1:10 in the presence of 0, 100, and 200 mM NaCl.  The 
binding reaction was carried out at room temperature in H-buffer 
containing 500 ng poly dAdT, 2 µl of extract, and 30,000 CPM of probe 
#9.  The extract was diluted in H-buffer just before the binding assay. 
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Figure 5.6:  The Effects of Divalent Cations and a Metal Chelator on the 
DNA-Binding Activities Observed with Probe #9.  The 20% AS slug 
nuclear extract was assay in the absence of MgCl2 and EDTA (that was 
previously included in the reaction mixture) (lane 1).  One millimolar CaCl2, 
MgCl2, and ZnCl2 were added to the reaction mixture (lanes 2-4, 
respectively).  Increasing concentrations of EDTA, a potent metal chelator 
was added to the binding reaction mixture containing 1 mM MgCl2  (lane 5-
9).    
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Specificity of the DNA Binding Activities that Bind Probe #9 
 
 
 The specificity of the 0.13, 0.22, and 0.28 Rf band activities for the probe #9 

sequence was assayed using competition analysis (Fig. 5.7).  The addition of 100-fold 

excess unlabeled probe #9 to the binding reaction mixture resulted in a dramatic loss of 

the 0.13, 0.22, and 0.28 Rf band activities (Fig. 5.7, lane 4).  However, the addition of 

unlabeled probes #1 and 10 did not result in a significant loss of any of the bands 

observed on the EMSA (Fig. 5.7, lanes 2 and 5).  The 0.22 Rf band showed a slight 

decrease in band intensity when 100-fold excess unlabeled probe #4 was added to the 

reaction mixture however the 0.13 and the 0.28 Rf bands were unaffected (Fig. 5.7, lane 

3).   

 The sequence specificity of the DNA-binding activites for probe #9 was 

demonstrated further by the formation of the DNA-protein interactions in relatively high 

concentrations of NaCl (Fig. 5.8).  The intensity of the DNA-binding activities decreased 

as increasing concentrations of salt was added to the binding reaction mixture. However, 

binding activity was still observed even in the presence of 0.45 M NaCl.  
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Figure 5.7:  Competition of the Band Activities Identified with Probe #9 in 
the 20% AS Slug Nuclear Extract.  The specificity of the 0.13, 0.22, and 
0.28 Rf bands for the probe #9 sequence was assayed using competition 
analysis.  One-hundred fold excess unlabeled probes #1, 4, 9, and 10 were 
added to the binding reaction containing 30,000 CPM probe #9 and 2 µl of the 
20% AS slug nuclear extract.  The addition of a 100 fold excess unlabeled 
probe #9 results in a dramatic loss of band activity (compare lane 1 and 4).  
The 0.22 Rf band showed a small degree of competition when 100-fold excess 
unlabeled probe #4 was included in the reaction mixture.  Probe #1 and 10 did 
not compete with probe #9 for the 0.13, 0.22, or the 0.28 Rf bands.  
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Figure 5.8:  The Effect of NaCl Concentration on the DNA-Binding 
Activities.  The binding assay was carried out using 0, 150, 300, 450, 
and 600 mM NaCl.  The addition of 150 mM NaCl showed little effect 
on the DNA-binding activities, however a sharp decrease in band 
intensity was observed with 0.3, 0.45, and 0.6 M NaCl.  A small 
amount of DNA binding activity was still observable when 450 mM 
NaCl was included in the reaction mixture. 
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The Effect of Ion Exchange Chromatography on the DNA-Binding Activities that 
Bind Probe #9 
 
 The 20% AS slug nuclear extract was loaded on a DEAE-Sephacel column and 

eluted with a linear 0 to 2 M gradient of NaCl.  The flow-through (FT) fraction and 

elution fractions collected during the linear salt gradient were assayed for DNA-binding 

activity.  Interestingly, the 0.13, 0.22, and 0.28 Rf bands were not observed in the FT or 

the eluted protein fractions (data not shown).  One possible explanation is that the DNA-

binding activities are the result of a multimeric protein complex and that the individual 

peptides were dissociated and collected in different fractions during the salt elution.  In 

an attempt to recover the DNA-binding activity, the FT and elution fractions were pooled 

and concentrated and assayed for DNA-binding activity using probe #9. The concentrated 

extract did not produce the previously identified 0.13, 0.22, or the 0.28 Rf bands (data not 

shown). 

 Because of the loss of DNA-binding activity during ion exchange 

chromatography on large columns, a series of small-scale batch assays were employed to 

determine the chemical characteristic of the DNA-binding proteins without the use of 

large amounts of the protein extract or ion exchange resin.  Initially, the 20% AS slug 

nuclear extract was applied to two resins, a cation exchanger, carboxy-methyl (CM) 

cellulose and an anion exchange resin, DEAE-Sephacel in pH 7.5 buffered solutions (Fig. 

5.9).  The resin-extract mixture was rotated for 30 minutes at room temperature to allow 

the proteins to bind to the resin followed by centrifugation to pellet the resin and any 

bound proteins.  The supernatant (unbound proteins) was removed and the resin was 

resuspended in a pH 7.5 buffer containing 2 M NaCl.  The slurry was mixed for 10 
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minutes to allow the bound proteins to elute from the ion exchange resins.  The 

supernatant (eluted proteins) was removed and assayed for DNA-binding activity on the 

EMSA.   The DNA-binding activities were not observed in the DEAE ‘unbound protein’ 

or the ‘eluted protein’ suggesting that the DNA-binding proteins bound to the resin but 

were not eluted with 2 M salt.  It is also conceivable that the DNA-binding proteins were 

eluted but lost their DNA-binding activity.  Repeated attempts to recover the DNA-

binding activity from the DEAE-Sephacel resin using salt, pH change, or chaotropic 

agents were unsuccessful.  The DNA-binding proteins did not bind the CM-cellulose 

resin because 100% of the DNA-binding activity was present in the ‘unbound protein’ 

fraction (Fig. 5.9).   

 A series of anion exchange resins were used in small-scale batch assays to 

determine if the DNA-binding activities could be recovered from other ion exchange 

resins.   The DNA-binding proteins appear to tightly bind to the Q sepharose, QAE 

sephadex, and QMA Accell anion exchange resins.  However the DNA-binding activity 

could only be recovered from QMA Accell resin (Fig 5.10 and data not shown).  

Interestingly, the DNA-binding activities were not recovered when the extract was 

separated on a QMA Accell column.  Pooled and concentrated protein fraction eluted 

from the QMA Accell column also failed to produce the 0.13, 0.22, and 0.28 Rf band 

activities (data not shown).    
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Figure 5.9:  CM-Cellulose and DEAE-Sephacel Batch Assay.  The 20% AS 
slug nuclear fraction was applied to 200 µl of CM-cellulose and DEAE-
sepharose resin.  The slurry was incubated for 30 minutes with gentle rotation to 
allow the proteins to bind the resin.  The unbound proteins were removed and the 
bound proteins were eluted with 2 M NaCl.   The extracts were assayed for 
DNA-binding activity using 30,000 CPM probe #9 in H-buffer (without EDTA).  
The DNA-binding protein(s) appeared to bind the DEAE resin but were not 
recovered in the salt elution.  The DNA-binding activities were recovered in the 
CM-cellulose ‘unbound protein’ extract suggesting that the DNA-binding 
proteins have a net negative charge at pH 7.5 
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Figure 5.10:  Anion Exchange Chromatography.  The 20 % AS slug 
nuclear fraction was mixed with two anion exchange resins (QAE sephadex 
and QMA Accell).  The slurry was incubated at room temperature followed 
by centrifugation to harvest the resin and bound proteins.  The unbound 
proteins were removed and the bound proteins were eluted with 50 mM Tris, 
pH 7.5 containing salt.  The proteins that bound the QAE sephadex resin 
were eluted with 1 M NaCl.  Proteins were eluted from the QMA Accell 
resin with 0.5 M (elution 1) or 1 M (elution 2) NaCl (lane 5 and 6).  The 
DNA-binding activity was recovered from the QMA resin with 1 M NaCl but 
was not recovered from the QAE sephadex or Q sepharose resins (data not 
shown).   
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DNA Affinity Chromatography of the 20% AS Slug Nuclear Extract  

 Separation of the 20% AS slug nuclear extract using ion-exchange 

chromatography resulted in the loss of DNA-binding activity as described above.  A 

second approach using affinity chromatography was employed to further evaluate the 

behavior of the binding activities observed with probe #9.  Three types of affinity resins 

were prepared and used in small scale batch assays including DNA cellulose, heparin 

sepharose, and DNA affinity using a Sepharose 4B bead with the probe #9 sequence 

covalently bound to the resin matrix.  The binding reactions were carried out at room 

temperature for 30 minutes in H-buffer (without EDTA).  The unbound proteins were 

removed and transferred to a separate tube.  The bound proteins were eluted by adding H-

buffer containing 2 M NaCl to the pelleted resin.  The DNA-binding activity bound to the 

affinity resins as no detectable activity is present in the ‘unbound protein’ extract.  

However, DNA-binding activity was not detected in the ‘eluted protein’ extract from the 

DNA affinity, heparin sepharose, or ds DNA-cellulose resin (Fig. 5.11).  Interestingly, a 

similar phenomenon was observed with the “control” uncoupled sepharose 4B resin 

suggesting that the DNA-binding proteins interact with the resin matrix and not the 

coupled ligand (Fig. 5.11, lane 4 and 5).   
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Figure 5.11:  DNA Affinity Chromatography of the 20% AS Slug 
Nuclear Extract.  Two-hundred ul of the extract was applied to a DNA 
affinity resin which was prepared by covalently binding the probe #9 
fragment to the activated resin. As a control, an uncoupled resin was 
produced that does not contain the probe #9 ligand.  The DNA-binding 
activity was not observed in the ‘unbound’ or ‘eluted’ protein extract for the 
DNA affinity or uncoupled affinity resin suggesting that the DNA-binding 
proteins are interacting with the resin matrix.  
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Hydroxyl Apatite Chromatography and Estimation of the Molecular Weight of the 

DNA-Binding Activities 

 A small scale hydroxyl apatite (HA) batch assay was preformed by binding the 

20% AS slug nuclear extract to the resin in 0.01 M Na2PO4 pH 6.0 and eluting the bound 

proteins with 0.1, 0.2, 0.3 and 0.4 M Na2PO4.  Assay of the ‘unbound protein’ extract and 

the Na2PO4 ‘eluted protein’ extracts was carried out on the EMSA using labeled probe 

#9.  The DNA-binding proteins appeared to bind the resin as the 0.13, 0.22, and 0.28 Rf 

band activities were absent in the unbound fraction (Fig. 5.12, lane 2).   The band 

activities were observed in each of the Na2PO4 ‘eluted protein’ extracts with a majority of 

the activity was observed in the 0.2 M Na2PO4 elution.   

 Molecular weight cut-off (MWCO) centrifugal filters were used to concentrate 

and/or exchange the protein extract buffer during experiments and to characterize the 

nature of the DNA-protein interactions.  We observed the retention of the DNA-binding 

activity in the 100 kDa MWCO centrifugal filters suggesting that the peptide or 

multimeric protein has a molecular weight greater than 100 kDa.   Interestingly, the 

activity was also retained with a 300 kDa MWCO centrifugal device.   The addition of 2 

M salt to the extract to interfere with any protein-protein interactions did not alter the 

DNA-binding activity or its retention in the 100 kDa or 300 kDa MWCO devices (data 

not shown).   
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Figure 5.12:  Hydroxyl Apatite Chromatography (A) and MWCO Estimation of 
Molecular Weight (B).  The 20% AS slug nuclear extract was applied to HA resin 
in 0.01 M Na2PO4.   The unbound bound proteins were collected in the flow-through 
and the bound proteins were eluted with increasing concentrations of Na2PO4.   A 
majority of the DNA-binding proteins were eluted with 0.2 M Na2PO4  however, the 
DNA-binding activities were observed in each elution fraction (lanes 3-6).  The 
DNA-binding activities were applied to a 100 and 300 kDa MWCO centrifugal 
device.  The proteins were retained in both devices suggesting that the DNA-binding 
proteins have a molecular weight greater than 300 kDa (lane 7-10).  

A B 
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Discussion 
 
 In Chapter 4, we showed the identification a DNA-binding protein, TFII that 

specifically binds to a regulatory sequence within the alp promoter.  Interestingly, this 

protein has been shown to specifically bind to a regulatory element in the glycogen 

phosphorylase-2 gene (Chapter 4) (Warner and Rutherford, 2000).  Using a similar 

approach we sought to identify other regulatory components that function to control the 

unique pattern of temporal and spatial expression of alp.   

 In this report, we described the identification of a series of DNA-binding 

activities that interact with an alp probe containing the -468  to -344 bp sequence.   

Several lines of evidence suggest that the 0.13, 0.22, and 0.28 Rf DNA-binding activities 

are related: (1) the activity of all three bands is dependent upon a divalent metal cation 

such as Ca2+ or Mg2+, and all three bands show some degree of sensitivity to EDTA 

treatment (Fig. 5.6), (2) each band shows a high degree of specificity for the probe #9 

sequence as determined in competition assays (Fig. 5.7),  and (3) the behavior of the 

DNA-binding proteins using conventional and affinity chromatography techniques were 

identical for all three binding activities.   

 The DNA-binding site(s) remain unclear despite that several consensus 

elements have been identified within the probe #9 sequence.  It should be mentioned that 

the GATA-type element and CAE have been linked to prespore-specific gene regulation, 

whereas the GBF elements are common to both prespore and prestalk-specific genes 

(Schnitzler et al., 1994).  Furthermore, it is unlikely that the DNA-binding activities 

interact with the CAE because probe #10 that contains the CAE sequence failed to 

compete with probe #9 for the binding activities.  In addition, we clearly demonstrated 
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that the DNA-binding activity is independent of zinc indicating that the DNA-binding 

proteins are not interacting with the GATA-type zinc finger consensus element.   

 As discussed above, small scale batch assays using DEAE-sephacel, Q-

sepharose, and QMA-sephadex resins resulted in the complete loss of the DNA-binding 

activity.  The most probable explanation is that the DNA-binding proteins interact with 

the anion exchange resins but could not be successfully eluted from the resin or become 

irreversibly denatured losing DNA-binding abilities during the eluting step.  Interestingly, 

a vast majority of the DNA-binding activities could be eluted and recovered from the 

QMA Accell anion exchange resin.  It should be noted that the QMA Accell resin has a 

silica-based resin matrix, whereas the other anion exchange resin tested had an agarose-

based backbone.  It has previously been reported that DNA-binding protein can interact 

with Sepharose resin supports particularly during DNA affinity chromatography 

(Latchman, 1993). 

 Furthermore, the affinity resins we tested, DNA-cellulose, heparin-sepharose, 

and DNA affinity all had an agarose resin matrix.  We clearly showed that the DNA-

binding activities bound to the DNA affinity resin generated by fusing the probe #9 

sequence to the CNBr-activated sepharose beads.  Interestingly, the DNA-binding 

activities also appeared to bind the uncoupled sepharose 4B resin and could not be 

recovered in the ‘eluted protein’ extract (Fig. 5.11).   

 The use of silica-based DNA affinity resins to purify DNA-binding proteins 

has been previously described. However, these resins are not commercially available and 

require the use of toxic chemicals and equipment that is not readily available in many 
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molecular biology laboratories (Jurado et al., 2002; Goss et al., 1990).  Thus, the use of 

silica-based DNA affinity resin is seldom reported.   

 Difficulties in purifying DNA-binding proteins using conventional 

chromatography techniques were previously described by Woo et al. (2002).  A novel 

method was employed to purify the DNA-binding protein based solely on the protein 

molecular weight and PI.  The molecular weight of the protein was estimated using gel 

filtration chromatography, and the PI was determined by isoelectric focusing (IEF).  A 2-

Dimensional PAGE was used to separate the protein extract and the DNA-binding protein 

was removed and assayed for DNA-binding activity followed by characterization by 

mass spectrometry.  However, this purification scheme has two major shortcomings. 

First, this approach is not feasible with heteromeric protein complexes because the 

individual peptides will be separated on an SDS-PAGE.  Secondly, the protein must be 

successfully renatured after it is excised from the SDS gel so that it can be assayed for 

DNA-binding activity on the EMSA.  It is probable that this method would not be an 

effective way to purify that DNA-binding activities observed with probe #9 because it 

appears likely that the binding activities are the result of a multimeric complex.   

 A recent study on the subtleties of DNA affinity chromatography demonstrated 

the use of heparin to elute bound DNA-binding proteins from affinity columns as 

opposed to the usual practice of using a linear salt gradient (Gadgil and Jarrett, 1999).  

This technique is attractive for purifying multimeteric DNA-binding protein complexes 

that would likely denature the quartnary protein structure during a salt elution.  However, 

the heparin must be removed for the eluted protein fractions before the DNA-binding 

activity can be observed on the EMSA.   
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 These recent advances may prove to be useful for purifying the DNA-binding 

activities observed with probe #9 and the 20% AS slug nuclear extract. However, the 

main obstacle at the present time is to determine the exact reason for the inability to 

recover DNA-binding activity from the various chromatography resins that have been 

studied or the determination of an alternative approach to successful purify these DNA-

binding proteins. 
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GENERAL CONCLUSIONS 

 

In this dissertation, a more complete model of alp expression and regulation was 

established by the: (1) determination of the temporal and spatial pattern of alp expression 

using the LacZ reporter, (2) identification of cis-elements that regulate the temporal 

expression of alp, (3) identification of sequence specific DNA-binding proteins that 

interact with the alp promoter and, (4) purification of a DNA-binding protein that 

specifically binds to the alp regulatory promoter.   

Initial experiments indicated that 888-bp of the alp 5’flanking sequence was 

sufficient to drive the expression of the LacZ reporter (Fig 2.2 and 2.3).  We clearly 

demonstrated the prestalk-specific localization of alp expression during the early stages 

of development and the restricted localization to a subset of posterior pstO cells at the 

interface of the prestalk-prespore boundary during the slug and culmination stages (Fig 

2.3).  The spatial pattern of alp expression appeared identical with reports from several 

laboratories that demonstrated the prestalk-specific activity of the endogenous enzyme 

using histochemical staining techniques or in situ assays of microdissected culminants 

(Armant and Rutherford, 1982; Bonner et al., 1955; Krivanek and Krivanek, 1958) (Fig 

2.1).  These results indicate that alp is regulated at the level of de novo synthesis.   

Interestingly, cells with high reporter levels were scattered throughout the 

multicellular organisms 6 hours into development (Fig 2.3).  The scattered pattern of 

reporter activity in the streaming amoebae and tight aggregate was temporary, as the 

activity became concentrated to the anterior region in the tipped aggregate.  This 

indicated that pattern formation in the mound is the result of a cell-sorting mechanisms as 



 
 
162 

previously reported by Williams et al. (Williams et al., 1989) and Datta et al. (Datta et al., 

1986).      

 We used cAMP induction assays to study the effects of cAMP on alp expression.  

cAMP is known to regulate the expression of numerous Dictyostelium genes, and ALP 

has been implicated in the cAMP degradation pathway.  Cells shaken with 1 mM cAMP 

in MES-LPS, pH 6.5, showed no reproducible increase or decrease in reporter levels 

when compared with cells that were not exposed to cAMP suggesting the alp expression 

is independent of cAMP levels (Fig 3.4).    

It has been suggested that differentiation inducing factor (DIF) is required for the 

expression of all prestalk-specific genes (Kay, 1997).   The effects of DIF on alp 

expression were not conducted during these studies as DIF is not commercially available.   

It has been established that ALP is active in amoebae, whereas in vitro measurements 

indicate that DIF is not synthesized until the onset of development (Brookman et al., 

1982; Kay et al., 1992).   Thus, vegetative expression of alp is independent of DIF levels. 

However, DIF may regulate the prestalk-specific expression of alp during development.  

It may be feasible to measure ALP activity in a strain of cells that fail to synthesize DIF, 

however these DIF-less mutants inhibit prestalk cell differentiation, therefore the 

temporal and spatial expression of alp may be altered as an indirect side-effect (Maruo et 

al., 2004).    

 The data acquired from promoter deletion analysis lead to the identification of a 

sequence that contains putative DNA control elements.  This regulatory sequence was 

identified by generating a series of 5’ deletions within the 888-bp 5’ alp flanking 

sequence that drove the expression of the LacZ reporter.  A 5’ deletion beginning at -468 
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bp resulted in a 90% loss of reporter gene activity suggesting the -683 to -468 bp 

sequence contained a regulatory control element required for normal alp expression (Fig. 

3.2).   Fusion of the -683 to -468 bp fragment to the 5’ deletion that begins at the -468 bp 

restored the full-length promoter sequence and β-galactosidase activity.  However, the     

-683 to -468 bp fragment did not restore the activity of the 5’ deletions beginning 

downstream of the -468 bp site (Fig. 3.2).  We speculated that the altered spacing of the 

upstream regulatory elements impaired the function of the transcriptional activators. 

However, it is also possible that promoter sequences downstream of -468 bp contain 

additional regulatory elements that function in the control of alp expression.  A series of 

5’ and internal deletions were generated within the -683 to -468 bp sequence to 

characterize the DNA-binding sites responsible for activation of alp expression (Fig. 3.3).  

The data indicated a DNA regulatory element within a 26-bp sequence beginning at the    

-620 bp site.    

 An extensive series of experiments were conducted to identify DNA-binding 

proteins with the EMSA that specifically interact with the alp promoter sequence.  These 

studies lead to the identification of several DNA-binding activities that showed clear 

sequence specificity during competition assays.   

We observed two DNA-binding activities with probe #1 (Fig. 4.2 and 4.3).  The 

0.40 and 0.61 Rf DNA-binding activities were proven to represent a monomeric and 

homodimeric form of TFII, a protein that was previously reported to bind the regulatory 

promoter of glycogen phosphorylase-2 (gp2) (Warner and Rutherford, 2000). 

Competition analysis of the 0.40 and 0.61 Rf band activities indicated the DNA-binding 

protein was interacting within the -683 to -635 bp sequence that is contained within the 
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overlapping regions of probes #1 and 5 (Fig. 4.5 and 4.6).   A comparison of the gp2 and 

alp probe sequence used to detect the TFII binding activities suggests a common binding 

site, ACAATGN8-12CACTA (Fig 4.13).   Interestingly, this full binding site sequence is 

present in probes #1 and 5, whereas only half of the binding site sequence is present in 

probe #6 that showed partial specificity during the competition assays (Fig 4.6).  

DNaseI footprinting assays were conducted to identify the TFII binding site 

within the alp regulatory promoter. However, these studies did not result in reproducible 

evidence of the binding site sequence (data not shown).  It should be noted, these studies 

were conducted using the 80% AS slug nuclear fraction as opposed to the purified protein 

that was used for Mass Spectrometric analysis.  Furthermore, this technique has seldom 

been reported by labs studying Dictyostelium possibly due to the A/T rich promoter 

sequences that result in a high degree of non-specific binding activities.  Additionally, 

DNaseI is known to have difficulties digesting A/T rich sequences.   

Warner et al. (2000) characterized TFII during the investigation of glycogen 

phosphorylase-2 (gp2) regulation.  In situ localization of GP2 activity was accomplished 

by microdissection and glycogen phosphorylase assay of the sectioned tissue (Harris, 

1976).  Interestingly, low levels of GP2 activity were present in the prespore cells of 

developing slugs and culmination stage organisms possibly due to ALCs scattered 

throughout the prespore zone.  A much higher level of enzyme activity was observed in 

the prestalk zone, however the activity did not appear to be completely restricted to pstO 

cells at the interface of the two differentiated cell types but less activity was observed at 

the tip of the culminant.   A true comparison of ALP and GP2 localization requires 

studies utilizing an in situ staining method to visualize the localization of GP2 activity.   
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In Chapter 5, we characterized three binding activities that require the presence of 

magnesium or calcium for effective binding to the probe #9 sequence (Fig.5.6).  The 

probe #9 sequence contains a GATA-type zinc finger consensus binding site and a CA-

repeat element (CAE).  However, these cis-elements have only been implicated in 

prespore-specific gene regulation and, therefore, it is unlikely that these binding sites 

function in the prestalk-specific expression of alp (Fig. 5.2).   It is probable that the 

binding activities interact with a GT-rich nucleotide sequence between -418 and -384 bp 

that contains several G-box factor (GBF) half binding sites.  GBF is a developmental 

regulator of both prestalk and prespore-specific genes and was identified during mutant 

screens to identify regulators of multicellular development (Harris, 1976; Hjorth et al., 

1989).  Interestingly, GBF has been reported to produce several binding activities on the 

EMSA that appeared to correspond with the binding activities observed with the alp 

probe #9. However the previous studies did not indicate Rf values of the DNA-binding 

activities (Brown and Firtel, 2001; Ceccarelli et al., 1992). 

Based on the results presented within this dissertation, a basic model of the 

expression and regulation of alkaline phosphatase was generated (Fig. 6.1).  Promoter 

analysis allowed for the identification of a regulatory sequence within the alp promoter 

but did not indicate the presence of a negative regulatory element that may restrict the 

localization of alp expression.  Thus, it is probable that prestalk-specific activation of alp 

is the result of prestalk-specific trans-acting factors that function in the regulation of alp. 

During early development, alp is activated in prestalk cells scattered throughout 

the streaming and tight aggregate (Fig 2.3).  Studies within this dissertation indicate that 

the expression of alp may require the sequence specific binding of TFII and a GT binding 
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protein (possibly GBF) to the corresponding DNA regulatory elements (Chapter 4 and 5).  

These transcriptional regulators may interact with the general transcriptional machinery 

adjacent to the transcription start site where they activate expression of alp in a prestalk-

specific fashion.   

As development progresses, the cells expressing alp sort to the anterior region of 

the tipped aggregate forming the prestalk zone (Fig 2.3).  The tipped aggregate shows a 

uniform pattern of expression throughout the prestalk zone, then alp becomes restricted 

to a posterior subset of pstO cells adjacent to the prestalk-prespore boundary during the 

slug and culmination stages.   It has been speculated that this restricted localization of 

ALP at the interface of the differentiated cells types insulates the prestalk cells from the 

high levels of cAMP present in the prespore zone.  The implication of ALP in the cAMP 

degradation pathway suggests a logical mechanism to abolish the feedback inhibition of 

5’AMP on cAMP-PDE.  Alternatively, 5’AMP would impede the continual degradation 

of cAMP that would result in the inhibition of stalk differentiation and arrested 

development.   
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Figure 6.1:  Model of the Regulation of alp Expression during Development.  
Prestalk cells expressing alp were observed in the tight aggregate (Fig. 2.3).  The 
expression of alp requires the sequence specific binding of TFII and a GT-binding 
protein (such as GBF) that activates alp expression by interacting with the general 
transcriptional machinery at the transcription start site.  The alp mRNA is exported to 
cytoplasm where it is translated and the resulting protein is secreted to the 
extracellular surface of the plasma membrane where it can function in the cAMP 
degradation pathway.  Dephosphorylation of 5’AMP relieves the feedback inhibition 
of cAMP-PDE thus maintaining the low levels of cAMP in the prestalk zone that 
promote stalk differentiation.   
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Appendix 1:  Oligonucleotides within the alp Promoter Sequence.  
The oligonucleotides discussed in this dissertation are shown above (bold 
and underlined).  
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Appendix 2:  The Oligonucleotides Combinations Used to Amplify 
the EMSA Probes.  The probes used during the EMSA studies were 
amplified using the primer combinations indicated above.  The 
oligonucleotide sequences and locations within the alp promoter are 
shown in Appendix 1.   
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