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ABSTRACT OF THESIS 

 

Identification of Direct Substrates of GSK-3  

and Analysis of Substrate Functions in Dictyostelium discoideum 

 

by 

 

Kimberly Elizabeth Baumgardner 

 

Master of Science in Biology 

 

University of California, San Diego, 2012 

 

Professor Richard A. Firtel, Chair 

 

 Recently studies have shown that glycogen synthase kinase-3 (GSK-3) is 

essential for chemotaxis in Dictyostelium discoideum (Teo et al., 2010).  To 

investigate the substrates of which GSK-3 may be acting through to have such 

dramatic effects, a phosphoproteomic assay was performed to detect proteins that 

change in phosphorylation levels when GSK-3 is absent from the cell. These data 

provided us with many potential direct GSK-3 substrate candidates. Some of those 

potential substrates include the proteins PdeD, DDB0231558, GnrA, DcT, Phg2, and 



 

 

ix 

 

Rapgap1. Through our investigations Phosphodiesterase D (PdeD) and Dynacortin 

(DcT) were found to be phosphorylated by GSK-3 in vitro.  Additionally, these 

proteins were not phosphorylated in vitro when alanine substitution point mutations 

were present in the GSK-3 recognition and phosphorylation site.  pdeD null cells have 

subtle chemotaxis defects and when PdeD is over-expressed, developmental defects 

are observed. dcT null cells also show chemotaxis defects in speed and developmental 

defects. GSK-3 is known to regulate Daydreamer, a protein that has been found to be 

necessary for chemotaxis. However, it has been unknown until now if GSK-3 

phosphorylates other substrates involved in the known chemotaxis pathways.  My 

investigations have been able to demonstrate that GSK-3 fits into the known 

chemotaxis signal transduction pathways through the phosphorylation of PdeD and 

DcT.  Furthermore, these studies demonstrate that phosphoproteomics can be used to 

identify direct substrates and are highly sensitive in the detection of small changes in  

the phosphorylation levels of proteins.
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I. INTRODUCTION 

Cell migration is a necessary function for cells in all eukaryotes. It is especially 

important for embryogenesis, wound-healing and immune cell functions; but there are 

many other ways in which cells use mobility to their advantage (King et al., 2009). 

Chemotaxis is a form of cell migration where cells move according to a diffusible 

chemical signal in their environment. An example of chemotaxis within the human 

body is the recruitment of leukocytes to sites of inflammation and infection in an 

immune system response (Luster, 2001). There are many aspects to chemotaxis 

including the detection of a chemical signal, the transmission of the signal to the inner 

cell machinery, and the extraction of the information from the signal that establishes 

directionality (King et al., 2009). When these processes malfunction, chemotaxis is 

decreased or diminished. However, it is also harmful when chemotaxis is up-regulated 

as well. A fundamental example of unbeneficial gains in cellular migration is cancer 

cell metastasis. For instance, investigations of cancer cell metastasis mechanisms 

suggest that chemotaxis of metastatic cancer cells is responsible for the movement of 

cancer cells toward blood vessels (Wyckoff et al., 2000). If the principles behind 

chemotaxis could be better understood, they could potentially be applied to the 

motility of cancer cells. 

Unfortunately, chemotaxis has proved very difficult to observe and isolate in 

studies in tissue culture. Therefore, other organisms are being used to study the basic 

underlying principles of chemotaxis. One of those organisms is 
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Dictyostelium discoideum. Dictyostelium are a highly motile, soil living amoeba that 

have many things in common with neutrophils of the human immune system (King et 

al., 2009). Both neutrophils and Dictyostelium must sense chemicals released by 

bacteria and move towards sources of the signal. Both cells also move in a similar   

manner. First, cell polarization is established according to the direction of the signal; 

next, actin-rich structures form and extend the cell toward the signal; and finally, 

myosin structures retract in the back of the cell (King et al., 2009). Chemotaxis is also 

often studied in its developmental function in Dictyostelium. When Dictyostelium have 

exhausted the surrounding food supply, cAMP is released by starving cells in waves to 

attract their surrounding neighbors (Bonner et al., 1969).  Cells move toward the 

source of cAMP and form aggregates.  These aggregates will eventually grow into tall 

stalks called fruiting bodies that allow dispersal of the spores into a new location 

(King et al., 2009). This form of chemotaxis is easy to assay in Dictyostelium, thus is a 

very useful tool when investigating the basic principles of chemotaxis.  

 The Firtel lab focuses on the study of different chemotaxis signaling pathways 

involved at the leading edge of differentiated cells. Investigations into the mechanisms 

behind chemotaxis have established multiple different pathways.   These pathways are 

regulated by the transmembrane cAMP G-protein coupled receptor (cAR). cAR senses 

the chemoattractant cAMP in the extracellular environment and activates intracellular 

G-proteins when bound with ligand (Xiao et al., 1997; Jin et al., 2000). During 

chemotaxis, one of the signaling pathways downstream of the cAR receptor activates 

phosphoinositol3-kinase (PI3K) (Sasaki and Firtel, 2006). PI3K functions to create an 
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intracellular gradient of phosphatidylinositol (3,4,5)-triphosphate [PI(3,4,5)P3] via 

phosphorylation of phosphatidylinositol (4,5)-biphosphate [PI(4,5)P2] (Sasaki and 

Firtel, 2006). The gradient established by increased PI(3,4,5)P3 at the leading edge of 

the cell then functions to recruit other regulatory proteins to the leading edge. Another 

chemotaxis pathway that is PI(3,4,5)P3-independent has also been studied. This 

pathway has been found to work through a protein complex called target of rapamycin 

complex 2 (TORC2) in Dictyostelium (Lee et al., 2005; Kamimura et al., 2008; 

Charest et. al, 2010).  The Dictyostelium TORC2 complex consists of four subunits: 

Tor kinase, Pia, Rip3, and Lst8 which work together to create the functional complex 

that phosphorylates the downstream proteins PKB and PKBR1 (Lee et al., 2005; 

Sarbassov et al., 2005; Kamimura et al., 2008). More recently, a protein complex 

called Sca1 was found to act upstream of the TORC2 complex by activating the 

protein RasC (Charest et al., 2010). The PI(3,4,5)P3 and TORC2 pathways activate 

proteins at the leading edge but there are also pathways  activated during chemotaxis 

that regulate myosin to retract the back of the cell as well (Mondal et al., 2008). All of 

these known pathways are summarized in figure 1. Our investigation hopes to find 

how the protein GSK-3 fits into this picture and is involved in signal transduction 

during chemotaxis. 
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Figure 1: A summary of chemotaxis signal transduction in Dictyostelium. Known 

chemotaxis signaling pathways, including GSK-3 direct substrate candidates circled 

in red (Charest et al., 2010; Charest and Firtel, 2007; Kim et al., 1999; Bosgraaf et 

al., 2002; Bandala-Sanchez et al., 2006; Robinson and Spudich, 2000).  
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Recent findings suggest that GSK-3 has an important role in chemotaxis in 

Dictyostelium (Teo et al., 2010). GSK-3 is a highly conserved serine/threonine kinase 

that was originally discovered in rabbit skeletal muscle as a regulatory protein that acts 

through phosphorylation of glycogen synthase (Embi et al., 1980). Since this 

discovery, GSK-3 has been found to have many other functions and to be associated 

with many other cell processes such as cell differentiation, development, proliferation, 

and metabolism (Amar et al., 2011). Some specific GSK-3 substrates include the 

Alzheimer’s associated Tau protein and beta-catenin; a protein associated with the 

Wnt pathway and cancer (Ali et al., 2000). In many cases, GSK-3 phosphorylates 

these substrates via a consensus sequence; which is a pattern in a sequence of amino 

acids that is generally associated with a biological function. GSK-3 commonly 

phosphorylates proteins via the S/T(P)XXS/T(P) consensus sequence. Phosphorylation 

in this consensus sequence usually occurs on the residue four amino acids N-terminal 

of the priming site (Fiol et al., 1989). Thus, identification of this consensus sequence 

is useful when attempting to determine potential substrates for GSK-3.  

In Dictyostelium, gskA encodes GSK-3, which has a 70% amino acid sequence 

identity with human GSK-3 beta (Ali et al., 2000). It has been found in Dictyostelium 

that GSK-3 is required for the function of cAMP during development (Harwood et al., 

1995). Harwood and colleagues observed that where cAMP normally induces cells to 

develop into pre-spore cells and inhibit the development of stalk cells, gskA mutant 

cells showed exactly the opposite phenotype. These findings concluded that GSK-3 is 

involved in the cAMP pathway and has a role in Dictyostelium development. Later, 
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another component of the cAMP pathway called ZAK1 was discovered.  ZAK1 was 

found to be a positive regulator of GSK-3. Results showed that ZAK1 null cells had 

reduced GSK-3 activity and that ZAK1 phosphorylates GSK-3 in vitro (Kim et al., 

1999). These findings implied that ZAK1 acts upstream of GSK-3. However, it was 

unclear until recently what role GSK-3 had in chemotaxis. GSK-3 was found to be 

essential for chemotaxis when results showed that gskA null cells had chemotaxis 

deficiencies toward both cAMP and folate (Teo et al., 2010). From these findings, it 

was then suggested that GSK-3 has a role in development much earlier than originally 

thought and is a major part of chemotaxis and signaling functions of the cell.  

More recently, the first identified direct substrate for GSK-3 involved in 

chemotaxis, termed Daydreamer, showed chemotaxis and developmental defects 

(Kolsch et al., unpublished). Daydreamer was first discovered in the Firtel lab by 

conducting a bioinformatic screen attempting to identify a Ras or Rap1 effector. After 

further investigation of Daydreamer, it was then found that the protein is 

phosphorylated on a GSK-3 consensus site. These findings lead to additional 

investigations that found Daydreamer to be a direct substrate of GSK-3. Daydreamer 

null cells show defects in chemotaxis but these were not as striking as the defects 

observed in gskA null cells. Therefore, we hypothesize that there are more direct GSK-

3 substrates regulating chemotaxis and development in Dictyostelium. 

 With knowledge of these findings, the question that I am investigating 

emerged. My research aims to answer, what are the substrates, other than Daydreamer, 

that GSK-3 phosphorylates to have such a dramatic effect on chemotaxis? Once those 
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substrates are identified, what is the importance of these substrates and those 

phosphorylations on Dictyostelium chemotaxis and development? In order to 

investigate these questions, a phosphoproteomic assay similar to those conducted 

previously (Ballif et al., 2004) was performed with wild-type and gskA null 

Dictyostelium cells. These data were then analyzed to identify proteins with the known 

GSK-3 consensus sequence, S/TPXXXS/TP, presenting the double phosphorylation in 

both the priming and the GSK-3 sites, and that had changes in phosphorylation levels 

when comparing wild-type to the gskA null mutant.  

A candidate gene approach was used that included candidate proteins of known 

and unknown functions and many that were predicted to be involved in chemotaxis. 

Once candidates were chosen, it was then determined experimentally if GSK-3 

phosphorylates these candidates in vitro. The substrates phosphorylated by GSK-3 in 

vitro were then further investigated to determine the role of GSK-3 phosphorylation of 

the candidate on chemotaxis and development in Dictyostelium. Some of these protein 

candidates include Rapgap1, Phg2, PdeD, DDB0231558, GnrA, and Dct. The findings 

from this investigation will assist in discerning the chemotaxis signal transduction 

pathways further and help us to better understand the principles behind cell mobility. 

Rapgap1, Phg2 and their roles in cell polarity, adhesion and chemotaxis 

When Dictyostelium cells chemotax, cell polarity must be established for cells 

to move in the proper direction. Cells are able to achieve polarity through the use of an 

intracellular gradient created by accumulation of the signaling molecule 

phosphatidylinositol (3,4,5)-triphosphate [PI(3,4,5)P3] (Sasaki and Firtel, 2006).  The 
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intracellular PI(3,4,5)P3 gradient is then maintained by the Dictyostelium phosphatase 

tensin homologue (PTEN) which acts to dephosphorylate PI(3,4,5)P3 in the rear and 

lateral regions of the cell (Ijima and Devreotes 2002). Such maintenance is important 

for establishing directionality and polarity in the cell. Other proteins, such as the 

Dictyostelium Akt/PKB kinase (shown in figure 1), are recruited to the leading edge 

by the PI(3,4,5)P3 gradient. Akt/PKB guide the localized polymerization of 

filamentous actin (F-actin) and result in the generation of a pseudopod extension 

indicating cell polarity and directionality (Cenni et al., 2003; Affolter and Weijer, 

2005). After the polymerization of localized F-actin, a positive feedback mechanism is 

triggered which then recruits more PI(3,4,5)P3 to the leading edge (Charest and Firtel, 

2007). Together these regulatory proteins establish and maintain cell polarity and 

directionality in Dictyostelium. 

 The rear of the Dictyostelium cell must retract as well to allow the cell to 

chemotax. Retraction is accomplished by the regulation of myosin II motors (Mondal 

et al., 2008). Myosin II filaments are regulated by phosphorylation; they are inactive 

when phosphorylated but when dephosphorylated, myosin II filaments become bipolar 

and can carry out their functions (Egelhoff et al., 1993). These myosin II filaments are 

localized in the rear of the cell. After cell polarization, myosin filaments form a c-

shaped cap that contracts during the last stage of cell movement, allowing the cell to 

detach from the substratum and move forward (Mooresetal., 1996; Clow and McNally, 

1999).  
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One of the proteins associated with myosin regulation in Dictyostelium is 

Rap1. Rap1 is a GTPase that has been found to negatively regulate myosin II assembly 

in the leading edge of chemotaxing cells (Jeon et al., 2007; Charest and Firtel 2007). 

Jeon and colleagues found that Rap1 works together with the kinase Phg2 to 

phosphorylate myosin II filaments on the leading edge, resulting in inactive myosin II.  

The presence of Rap1 and Phg2 facilitate action polymerization and myosin 

disassembly, while the absence allows myosin II assembly in the rear of the cell. 

Rap1 is regulated by a protein called Rapgap1; a Rap1 specific, GTPase-

activating protein (GAP) (Jeon et al., 2007). GAPs are well known components of the 

Ras molecular switch mechanism and act as an ―off‖ switch by hydrolyzing the GTP 

present in the active Ras protein (Boguski and McCormick, 1993). Ras and Rap 

proteins are closely related, small, monomeric G proteins and work by this same GTP 

mechanism. It has been found that Rapgap1 localizes to the leading edge during 

chemotaxis and acts to regulate Rap1 (Jeon et al., 2007). These findings indicate that 

Rapgap1 has a role in cell adhesion and chemotaxis through regulation of proteins that 

control myosin filament formation. 

PdeD (gbpA) and its role in cGMP regulation 

 Phosphodiesterase D (PdeD), also called gbpA or pde5, has been found to be a 

phosphodiesterase that regulates the cGMP signaling pathway  involved in chemotaxis 

in Dictyostelium (Bosgraaf et al., 2002). Bosgraaf and colleagues found that after 

stimulation, cGMP levels increase 5 fold in pdeD null cells when compared to wild-

type; indicating that PdeD is a negative regulator of cGMP. Other investigations have 



10 

 

 

 

supported these findings and additionally found that at basal cGMP levels, PdeD 

accounts for approximately a 60% decrease of cellular cGMP, while another 

phosphodiesterase, PdeD3, is responsible for the other approximate 40% decrease.  

However, when cGMP levels rise during chemotaxis, PdeD becomes the predominant 

enzyme, inhibiting 90% of all intracellular cGMP (Bader et al., 2007). Bader and 

colleagues also discuss the similarity between Dictyostelium PdeD and mammalian 

PDE5, which despite different evolutionary origins have a very similar cGMP binding 

specificity. 

DDB0231558: An AGC protein kinase 

 The sequence for DDB0231558 has been analyzed and found to be part of the 

AGC protein kinase family in Dictyostelium (Goldberg et al., 2006). In eukaryotes, the 

AGC protein kinase families consist mainly of small, cytoplasmic kinases and have 

been known to have roles in calcium signaling and cyclic nucleotide regulation 

(Goldberg et al., 2006). Two examples of AGC family kinases, PKA and AKT, have 

been studied in Dictyostelium and both have been found to have roles in cell polarity 

(Zhang et al., 2003; Cenni et al., 2003). DDB0231558 is also conserved in humans and 

is associated with the human LATS1/2 kinases that are implicated to be involved in 

cancer (Goldberg et al., 2006). This protein has not been studied therefore there is no 

further information available. It is predicted to be located in the cytosol of cells but the 

function is unknown. 
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GnrA/GRP125: A gelsolin-related protein 

 The sequence characterization of GnrA reveals a gelsolin sequence motif and 

unique N- and C- terminal domains; as well as a 48% similarity with the human 

plasma gelsolin protein (Stocker et al., 1999). Gelsolin-related proteins commonly are 

associated with functions involving the cytoskeleton and regulation of actin filaments 

(Stocker et al., 1999). Experiments have shown that gnrA null slugs are not able to 

establish directionality and phototax when compared to wild-type slugs (Stocker et al., 

1999). These results suggest that GnrA may have a role in phototaxis, but other 

findings relate GnrA to chemotaxis as well. Bandala-Sanchez and colleagues 

investigated a possible photosensory transduction complex and suggest that GnrA is 

part of a Dictyostelium complex that includes RasD, filamin, ErkB, and PKB that is 

required for phototaxis (Bandala-Sanchez et al., 2006). The results from this 

investigation show that GnrA is pulled down with a RasD-antibody and when GnrA is 

pulled down, filamin is present. Such results imply that GnrA is part of a complex 

with other components that were found to have the same results (Bandala-Sanchez et 

al., 2006). These findings are relevant to chemotaxis because Akt/PKB has been found 

to be involved in cell polarity during chemotaxis (Cenni et al., 2003); thus if GnrA has 

similar properties to PKB it may be involved in chemotaxis as well. 

Dynacortin (DcT): An actin bundling protein 

 Dynacortin (DcT) has been studied previously for its roles in cytokinesis. 

Investigations of DcT have found the protein to be an actin bundling protein 

(Robinson and Spudich, 2000).  DcT localizes to the cell cortex, specifically dynamic 
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regions including pseudopodia, filopodia, and lamellopodia in Dictyostelium 

(Robinson and Spudich, 2000). Such findings suggest that DcT may be involved in 

cell polarity. Also, when DcT has a loss of function, cytokinesis morphology is altered 

and cortical viscoelasticity is reduced by 50% (Girard et al., 2004). Further studies 

revealed that DcT has a role in global cell shape control, and works with other factors 

to slow the rate of cleavage furrow ingression during cytokinesis (Zhang and 

Robinson, 2005). Together these findings have implied that DcT is important for 

efficient cytokinesis. 

DcT has also been studied for its roles in chemotaxis. One study found that 

DcT is localized to the leading edge of chemotaxing cells and promotes actin assembly 

that contributes to the establishment of cell polarity (Kabacoff et al., 2007). Therefore, 

DcT is an important part of chemotaxis and it would be beneficial to find how DcT fits  

into the known chemotaxis signal transduction pathways. 
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II. RESULTS 

Phosphoproteomic assay data 

 Phosphoproteomic mass spectroscopy analysis was conducted on a wild-type 

strain of Dictyostelium (AX2) and gskA null cells.  The data collected from this 

analysis was compared between the two strains.  7935 phospho-peptides were found to 

change in phosphorylation levels between the two strains. These peptides correspond 

to 1952 proteins; however, only 63 of those proteins contained a GSK-3 consensus 

site. From these 63 proteins, 20 proteins were further investigated because they 

contained an optimal GSK-3 consensus site. Out of these 20, some of the most 

promising candidates were chosen and their most representative phosphoproteomic 

data are shown in tables 1 and 2. The raw data showing the full list of peptides for the 

proteins discussed in this thesis are shown in Supplemental Material, table 9. 

In silico characterization of selected candidates 

   Information predicting important domains from the amino acid sequence of 

each candidate and from previous investigations was collected. A summary of known 

functions and sequence characterizations of the selected GSK-3 direct substrate 

candidates are shown in table 3. These sequence characterization graphs were 

generated by the website prosite.expasy.org, excluding patterns with a high probability 

of occurrence. For the proteins GnrA and DcT, no relevant domains were predicted. 

However, GnrA has been characterized as a gelsolin-related protein due to the 

sequence motifs present in the gene (Stocker et al., 1999). Other, more in depth  
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AX2 gskA
-
 

 
Time 0s       10s 60s 0s 10s 60s Peptide 

Spectra 3  0 0 0 0 0 ESTAHIPAYTSLNsSSSsTI 

 

AX2 gskA
-
 

 
Time 0s       10s 60s 0s 10s 60s Peptide 

Spectra 13 7 36 3 4 2 NHsVDQsPLSSPIIPNK 

 

AX2 gskA
-
 

 Time 0s        10s 60s 0s 10s 60s Peptide 

Spectra 8  5  15  0 0 0 SKSsPPLsPITPYYENLVIK 

 

AX2 gskA
-
 

 Time 0s        10s 60s 0s 10s 60s Peptide 

Spectra 3  0 0 0 0 0 KQTSSSsPPLsPQQQQPPPPLVK 

Table 1: Phosphoproteomic data for selected GSK-3 direct substrate 

candidates. S indicates seconds. 

DcT 

GnrA 

231558 

PdeD 
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AX2 gskA
-
 

 
Time 0s        10s 60s 0s 10s 60s Peptide 

Spectra 0 0 3  0 0 0 sPPKsPEFLGVPIGK 

 

AX2 gskA
-
 

 Time 0s        10s 60s 0s 10s 60s Peptide 

Spectra 3  0 0 0 0 0 SPQNESDtSPLsSSGEFLNPYT 

Table 2: Phosphoproteomic data for selected GSK-3 direct substrate 

candidates continued. S indicates seconds. 

Phg2 

Rapgap1 
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Table 3: GSK3 substrate candidates. Name, sequence characterization, and 

known functions of the chosen candidates in D. discoideum. 

 

 

 

Candidate 

Protein: 
Sequence Characterization: Known Functions: 

Rapgap1 

(118 kDa) 

 Rap1 GTPase 

activating protein 

Phg2 

(154 kDa) 
 

Rap1 regulated 

serine/threonine 

kinase 

PdeD 

(97 kDa) 

 cGMP-stimulated 

phosphodiesterase 

231558 

(150 kDa) 
 

Serine/threonine 

kinase; AGC 

kinase group 

GnrA 

(124 kDa) 

 

 

Gelsolin related 

protein 

DcT 

(37 kDa) 

 

 

Actin filament 

bundling protein; 

involved in cell 

polarization 

 

  

(Rap GTPase Domain) 

(Protein Kinase Domain) 

(Cyclic nucleotide-binding Domain) 

(Protein Kinase Domain and AGC Kinase Domain) 
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information regarding known function of these candidates is described in the 

introduction section. 

Amplification and cloning of substrates 

  To ultimately perform an in vitro kinase assay with the potential GSK-3 direct 

substrate candidates and generate knockouts, all candidate genes had to be amplified 

from genomic DNA or cDNA and cloned into vectors. The amplification of these 

genes was performed using PCR. The desired PCR product was then digested and 

ligated into a vector containing a N-terminal T7 tag, and additionally into a 

pBluescript (pBS) SK
-
 vector as described in Materials and Methods. Plasmids 

containing a candidate gene and T7 tag were electroporated into gskA null cells to 

over-express the desired protein.  These cells were then used to identify if the protein 

is phosphorylated by GSK-3 using an in vitro kinase assay, as described in figure 5. 

The SK
-
 vectors with a candidate gene inserted were used to create a BamHI site in the 

gene via site-directed mutagenesis PCR. Next, those vectors where ligated to a 

BlasticidinS-resistance (BSR) cassette via the BamHI site. These constructs were used 

to generate a knockout using homologous recombination in Dictyostelium. All of these 

steps are summarized in figure 5.  

 The designs of knockout constructs for each particular candidate gene are 

shown in figure 2. All constructs were used to generate a null mutant after being 

electroporated into Dictyostelium cells. After electroporation, cells were selected with 

HL5 media containing blasticidin, plated with bacteria and then subjected to genomic 

DNA extraction.  To screen the knockout clones, genomic DNA was collected from  
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Figure 2: Knockout construct design for potential GSK-3 substrate candidates. 

BamHI sites are where the BSR cassette was inserted into the gene to generate a 

knockout construct. Arrows with numbers above indicate primers used for PCR to 

check genome for the successful knockout of the gene. 
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pdeD
- 

DDB0231558
- 

Figure 3: PCR of knockout genomic DNA for DDB0231558
-
 and 

pdeD
-
 cells. Agarose gel containing PCR products resulting from 

different combinations of primers with knockout strain genomic DNA 

indicated above. 
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dcT
- 

gnrA
- 

Figure 4: PCR of knockout genomic DNA for gnrA
-
 and dcT

-
 cells. Agarose gel 

containing PCR products resulting from different combinations of primers with 

knockout strain genomic DNA indicated above. 
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Figure 5: Cloning strategy for GSK-3 substrate candidate genes. Shown above 

are steps for cloning to generate knockouts and detect phosphorylation by GSK-3. 
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each isolated Dictyostelium colony and subjected to PCR with primers that bound both 

inside and outside of the BSR cassette.  

Results from these PCRs were used to determine the correct insertion of the 

BSR cassette into the wild-type genome. PCR products for candidate gene knockouts 

are shown in figures 3 and 4.  Expected sizes of PCR products are described in figure 

3 and 4 for all four knockouts. All expected sizes are present indicating the successful 

knockout of each of the genes.  

Phosphorylation of direct GSK-3 substrates in vitro 

 To determine if a candidate protein is directly phosphorylated by GSK-3 in 

vitro, an immunoprecipitation of the T7-tagged candidate proteins that had been over-

expressed in gskA null cells was performed. Immunoprecipitation was followed by an 

in vitro kinase assay with GSK-3 and a western blot as described in Materials and 

Methods. Each experiment included samples that were combined with GSK-3 and 

control samples that had no GSK-3 added to the assay mixture. As another control, a 

western blot was performed on these membranes to detect T7 tag present on the 

membranes and to detect protein levels. The results from these experiments are shown 

in figure 6. In part A of figure 6, the results for the candidates GnrA (124 kDa), PdeD 

(97 kDa), PldA (142 kDa), Dct (37 kDa), KrsB (123 kDa), and DDB0231558 (150 

kDa) are shown.  A negative control (gskA null cells) was included in the first well and 

the protein DayDreamer (DydA), that is known to be a direct substrate of GSK-3, was 

used as a positive control. Bands present in the +GSK-3 blot indicate phosphorylation 
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of the protein present and bands present in the western blot results indicate T7-tagged 

proteins present on the membrane. 

GnrA had a positive result in this experiment. When GSK-3 is present, the 

protein is phosphorylated, but when GSK-3 is absent, the protein is not 

phosphorylated. This result is reinforced by the western blot results that show GnrA 

protein present in both the + GSK-3 and - GSK-3 experiments. Therefore, GnrA is 

phosphorylated by GSK-3 in vitro. PdeD, PldA, and DcT all had the same results as 

GnrA and are phosphorylated by GSK-3 in vitro. I continued with the cloning and 

generation of knockouts for the genes gnrA, pdeD and dcT; however, the candidate 

gene PldA was not continued with due to previous findings that this protein is not 

involved in chemotaxis. The proteins KrsB and DDB0231558 were found to have 

autophosphorylation activity from these results. KrsB has about the same amount of 

phosphorylation in both the + GSK-3 and – GSK-3 kinase assay samples, suggesting 

that KrsB autophosphorylates itself.  Therefore, this assay cannot conclude that KrsB 

is phosphorylated by GSK-3. Also, the KrsB protein is already being investigated by 

another lab, thus we did not continue with cloning and knockout generation for this 

protein. DDB0231558 showed autophosphorylation activity in this in vitro kinase 

assay. This is shown by bands present in both the + GSK-3 and – GSK-3 membranes. 

Although this result was inconclusive, it was decided to continue with this candidate 

gene.  Given that there is a slight difference in brightness between the two bands for 

DDB0231558 on the +GSK-3 and –GSK-3 blots, GSK-3 may phosphorylate this 

protein in addition to its own autophosphorylation activity. To determine if GSK-3 
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phosphorylates DDB0231558, an alanine substitution point mutation in the aspartate 

located in the kinase core of the protein, which is predicted to be autophosphorylated, 

was generated. The results from this experiment will be discussed later in the results 

section. 

Part B of figure 6 shows the results of the second repeat of the in vitro kinase 

assay experiment. In this experiment there was more background protein than in the 

previous one; as shown by the protein present in the negative control lane labeled 

GSKA. A positive control was also used and the results are shown in the last lane 

labeled DydA. All candidate proteins except for 233060 (114 kDa) and 188668 were 

phosphorylated in this experiment. The same background bands were present in the 

lanes for the negative control, 233060 and 188668, demonstrating that these proteins 

are not phosphorylated by GSK-3. Phg2 (154 kDa) showed results indicating some 

autophosphorylation. However, there is also additional protein phosphorylation of 

Phg2 by GSK-3 as well; shown by the increase in brightness of the band when 

comparing the +GSK-3 and –GSK-3 blots. The knockout for Phg2 had already been 

generated by the Firtel lab, therefore we continued with the cloning of this candidate 

for point mutations in the GSK-3 phosphorylation site. Rapgap1 (118 kDa) shows 

phosphorylation by GSK-3 as well. The band in the +GSK-3 blot is brighter than the 

background band brightness in the –GSK-3 blot. This result suggests that Rapgap1 is 

phosphorylated by GSK-3. The knockout for Rapgap1 had also already been generated 

by the Firtel lab, thus cloning to generate a point mutation in the GSK-3 site for  
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B 

Figure 6: In vitro kinase assay results. P
32

 labeled membranes (left) and T7-tag 

detection through western blot (right) of those same membranes. 

+ GSK-3 

- GSK-3 

+ GSK-3 

- GSK-3 - GSK-3 

+ GSK-3 

- GSK-3 

+ GSK-3 
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Rapgap1 was conducted. The last candidate shown in figure 6 is 202806. Results 

suggest that 202806 is phosphorylated by GSK-3, hence it was continued with for 

cloning and the generation of a knockout. However, we are still in the process of 

generating the 202806 knockout. 

Phosphorylation of direct GSK-3 substrates in vitro containing point mutations 

 If a candidate protein is phosphorylated by GSK-3 in vitro, it does not 

necessarily mean that the protein is a direct substrate of GSK-3. To assess candidates 

for the specificity of GSK-3 phosphorylation, the in vitro kinase assay was repeated as 

described in Materials and Methods with candidate proteins that had alanine 

substitution point mutations generated in both the primed and GSK-3 phosphorylation 

sites. These mutations were expected to silence the consensus site and thus the 

phosphorylation of the protein by GSK-3. If a candidate protein is both 

phosphorylated by GSK-3 in its native form and not phosphorylated when containing 

these point mutations, it would indicate that the protein is a specific direct substrate of 

GSK-3 in vitro. The specific sites that were chosen to mutate are shown in table 4. The 

optimal GSK-3 consensus sequences for the various protein candidates were identified 

by a proline (P) following both phosphorylation sites. These sites were then mutated to 

determine if they are required for GSK-3 phosphorylation. For those proteins in which 

the consensus site was not very clear, several amino acids affecting the GSK-3 

phosphorylation site were mutated; except for the primed site to avoid affecting the 

structure of the protein (except in the case of Phg2 which a mutation in the priming 

site was created as well). 
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Figures 7 and 8 show the results from in vitro kinase assays performed on 

strains that have point mutations in the GSK-3 phosphorylation site of the candidate 

genes. In figure 7A, the results for the point mutations of Phg2 and PdeD are shown. 

Point mutations (serine or threonine to alanine) of the residues that were previously 

shown to be phosphorylated in the consensus GSK-3 sequence were generated in the 

GSK-3 site and in the primed site for Phg2, , 2Ala and 3Ala respectively, due to the 

site being unclear. However, the results are inconclusive because there are bands 

indicating phosphorylation of both the Phg2 2Ala and Phg2 3Ala lanes. The Phg2 

3Ala lane has a much brighter band; therefore, it was concluded that this site is not 

essential for the phosphorylation of the GSK-3 site in vitro. It was decided to repeat 

the assay for the Phg2 2Ala strain because the phosphorylation band was not as bright 

with this mutant protein. For PdeD, a double point mutation was created in which both 

the GSK-3 and primed sites were mutated into alanines (PdeD 2Ala). The PdeD 2Ala 

point mutant showed very clear results; indicating that the point mutation did not 

allow phosphorylation of PdeD by GSK-3. There is no band, indicating no 

phosphorylation by GSK-3, despite the western blot results showing that there is a 

large amount of PdeD protein present on the membrane. These results conclude that 

PdeD is specifically phosphorylated by GSK-3 at the sites previously identified with 

the phosphoproteomic screening. 

Figure 7B shows the repeat of the Phg2 2Ala strain, as well as the in vitro 

kinase assay results for DDB0231558 and Rapgap1 2Ala, compared with their 

respective native proteins. Even after a repetition of the experiment, Phg2 2Ala is still 
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phosphorylated in vitro; suggesting that Phg2 may not be a direct substrate of GSK-3. 

The results for DDB0231558 also show bands indicating phosphorylation of the 

mutant protein by GSK-3. The 231558 D lane was expected to be phosphorylated, 

because in this strain the native DDB0231558 protein was present with a point 

mutation in the autophosphorylation site. Therefore, it was expected that 231558 D 

would have a band in the +GSK-3 membrane but not on the –GSK-3 membrane. 

Results show that autophosphorylation activity was not completely suppressed. 

However, a much lower autophosphorylation activity occurs, indicating that the 

mutated aspartate plays a role in the autophosphorylation of the protein. Due to the 

reduction of the autophosphorylation activity, one can now clearly see an increase in 

the phosphorylation of DDB0231558 in the presence of GSK-3. Unfortunately, bands 

indicating phosphorylation of DDB0231558 were still present in both the 231558 D 

and 231558 D 2Ala lanes and at the same rate, implying that DDB0231558 might not 

be a direct substrate of GSK-3 in vitro.  Despite this observation, DDB0231558 was 

still investigated further through in vivo assays because this protein could still be 

important for the chemotaxis or developmental functions in Dictyostelium. 

Furthermore, the phosphoproteome data predicted another possible GSK-3 

phosphorylation site in the DDB0231558 protein. Further experiments need to be done 

to resolve DDB0231558’s characterization. Lastly, Rapgap1 2Ala results are shown in 

figure 7B, and are compared with the native Rapgap1 protein. The result obtained was 

not expected; there is a band indicating phosphorylation of the Rapgap1 2Ala protein 

but the western blot indicates that Rapgap1 has been cleaved approximately in half 
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and the smaller portion of the protein is not phosphorylated in vitro. It is unclear as to 

why the Rapgap1 protein was cleaved, but it appears from these results that Rapgap1 

is not specifically phosphorylated by GSK-3 in vitro. 

Figure 8 shows the repeat of Phg2 and Rapgap1 native and mutated proteins, 

as well as mutant GnrA 2Ala and DcT 2Ala proteins. Phg2 and Rapgap1 still provided 

inconclusive results, showing bands indicating phosphorylation of the mutant proteins. 

GnrA 2Ala also showed a band, corresponding to phosphorylation of the mutant 

protein, and thus a negative result. Although Phg2, Rapgap1, and GnrA provided 

negative results in these assays, it is still possible that these proteins are direct 

substrates of GSK-3. The results shown demonstrate that the sites that were mutated in 

these genes are not the GSK-3 phosphorylation sites. However, it is still possible that 

there are other sites in the protein that are being specifically phosphorylated by GSK-

3.  

DcT 2Ala shows a dramatic result when compared to its native protein.  Native 

DcT has a large band of phosphorylation, while the DcT 2Ala point mutant has none 

at all.  Both of the protein levels are the same on the western blot, further supporting 

these results. These findings indicate very clearly that DcT is a specific and direct 

substrate of GSK-3 in vitro. 
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Mutant proteins Point mutations into alanine shown in red 

T7-GnrA 2Ala NHsVDQsPLSSPIIPNK 

T7-PdeD  2Ala KQTSSSsPPLsPQQQQPPPPLVK 

T7-DcT 2Ala mGLSTEEDESTAHIPAYTSLNsSSSsTI 

T7-231558D 2Ala SKSsPPLsPITPYYENLVIK 

T7-Phg2 2Ala SPQNESDtSPLsSSGEFLNPYTNPTGS 

T7-Phg2 3Ala SPQNESDtSPLsSSGEFLNPYTNPTGS 

T7-Rapgap1 2Ala sPPKsPEFLGVPIGK 

 

  

Table 4: Alanine substitution point mutations generated in putative GSK-3 

substrates. Specific point mutations generated in potential GSK-3 substrates 

shown in red. 
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Figure 7: In vitro kinase assay point mutation results. P
32

 labeled membranes 

(left) and T7-tag detection through western blot (right) of those same membranes. 

A 

B 
+GSK-3 
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Figure 8: In vitro kinase assay point mutation results continued. P
32

 labeled 

membranes (left) and T7-tag detection through western blot (right) of those same 

membranes. 

+GSK-3 

+GSK-3 
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In vivo Assays: Chemotaxis and Development 

In vivo assays were conducted to determine if GSK-3 phosphorylation of 

candidate substrates is important for chemotaxis and development in Dictyostelium.  

The results for the chemotaxis assays for wild-type Dictyostelium cells 

compared with GSK-3 substrate candidate knockouts are shown in table 5. Assays 

were conducted as described in Materials and Methods. Data from these assays were 

quantified by tracing individual cells using DIAS software. 

None of the GSK-3 substrate candidate gene knockouts had large differences 

compared to wild-type when analyzing the data produced using DIAS software. There 

were some subtle differences found when looking at speed; dcT and DDB0231558 

null cells both had differences compared to wild-type cells. In addition, notable 

differences in percentage of roundness were found when comparing wild-type cells 

with pdeD null cells. This data indicates that DcT, DDB0231558, and PdeD may have 

roles in the signal transduction pathways involved in chemotaxis. 

The knockouts for Phg2 and Rapgap1 had been previously generated and 

studied.  Phg2 null cells were found to chemotax much slower than wild-type, have a 

larger leading edge, and increased pseudopodia (Jeon et al., 2007). Rapgap1 null cells 

were also found to be slower, have an increased percentage of roundness, and to be 

more flattened as compared with wild-type (Jeon et al., 2007). These two genes, phg2 

and rapgap1, are examples of how even slight changes detected by our chemotaxis 

assay indicate important roles for the genes being investigated. 
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To investigate the roles of the candidate genes further, a construct encoding the 

protein with a T7 tag at the N-terminal end was electroporated into wild-type cells to 

over-express the protein. The chemotaxis assay results of these strains are shown in 

table 6.  Again, directionality did not differ in many of the strains except for the over-

expression of GnrA. AX2 T7-gnrA shows differences in all of the parameters shown. 

However, these data need more individual cell traces in order to be statistically 

significant. Therefore, more repetitions of this chemotaxis assay must be conducted in 

the future for both AX2 T7-gnrA and AX2 T7-dcT. Overall, AX2 T7-gnrA, AX2 T7-

dcT, and AX2 T7-rapgap1 cells have decreased speed as compared to wild-type. The 

results for the over-expression of Rapgap1 agree with previous findings that have 

found Rapgap1 to be involved in chemotaxis as a regulator of Rap1 (Jeon et al., 2007). 

Over-expression of Rapgap1 may inhibit Rap1 so much that myosin fibers would be 

activated enough to slow down the cell. Notably, AX2 T7-phg2 cells also have an 

increase in percentage of cell roundness as compared to wild-type.  

To attempt to restore the wild-type phenotype to knockout cells and show that 

phenotypes are caused by the null protein alone, complementation experiments were 

performed. The results of these experiments are shown in table 7. All strains 

complement the phenotypes of the candidate gene knockouts except for the speed of 

gnrA
-
 T7-gnrA, which is slower compared to null cells, and the roundness of pded T7-

pded, which is the same percentage as knockout cells. DDB0231558
-
 T7-

DDB0231558 cells were never generated because cells would die shortly after being 

electroporated with the construct.  
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Analysis of the chemotaxis assays using DIAS software did not fully represent 

the results from these assays. When looking at the numbers, there are no significant 

differences between knockout and wild-type strains. However, when observing the 

videos, it can be seen that the knockout strains do look and behave differently from 

wild-type. Table 8 shows a representation of the videos generated from the chemotaxis 

assays. For wild-type and each knockout, there is a sequence of three images captured 

every six seconds to show what the cells look and behave like during these assays. 

pdeD null cells look much smaller than wild-type and send out a lot more psuedopods. 

DDB0231558 null cells are shaped similarly to wild-type but are not as elongated. 

gnrA null cells are also smaller than wild-type and not as elongated. dcT null cells are 

very elongated, even a little more than wild-type cells. These results indicate that the 

knockout strains all have phenotypes that suggest these proteins are important for 

chemotaxis, despite the data generated with DIAS software. 

To characterize the GSK-3 substrate candidate proteins further, developmental 

assays as described in Materials and Methods were conducted. Results of these 

experiments are shown in figures 9 through 12. Figure 9 shows the results from 

development experiments on pdeD null, PdeD over-expression, and PdeD complement 

strains. In the pdeD knockout strain, development occurs at a similar pace to wild-

type, but the aggregates are unorganized. When considering the results for the AX2 

T7-PdeD over-expression, these results agree with previous knowledge that PdeD is a 

cGMP pathway inhibitor (Bosgraaf et al., 2002). Since cGMP is needed for proper 

chemotaxis of cells to form aggregates and then fruiting bodies, the over-expression of 
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PdeD should have a major affect on development and does in these experiments. Also, 

the complement of PdeD does seem to recover some similarities to wild-type shown in 

the 9 hour photos, suggesting a successful complementation as well. 

Figure 10 shows the results of the development experiments performed on 

wild-type compared with DDB0231558 null and AX2 T7-DDB0231558 over-

expression strains. The complementation of DDB0231558 was attempted, but cells 

would die a few days after electroporation of the T7-DDB0231558 construct into the 

DDB0231558 null cells. The pictures showing the development of DDB0231558 null 

cells show very dramatic decreases in development over time, suggesting that 

DDB0231558 may have a role in cell movement required for development. The over-

expression of DDB0231558 in wild-type cells shows a delay in development as well. 

In figure 11, the results for gnrA and dcT null cell development are shown. 

Both gnrA null and dcT null cells show delayed development as compared to wild-

type. These cells show development only up to the streaming phase by 9 hours and 

have less fruiting bodies as compared with wild-type. Such results imply that GnrA 

and DcT may have a role in cell mobility involved in development. Figure 12 depicts 

the results from developmental assays conducted on the over-expression and 

complementation strains for Phg2 and Rapgap1 null cells. All of these strains are 

delayed in development, especially AX2 T7-phg2 which never develops fruiting 

bodies even after 24 hours. These findings suggest that Phg2 and Rapgap1 are 

involved in cell movement required during development, which agrees with previous 

findings (Jeon et al. 2007).  
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Strain 
N

0
 of cells 

analyzed 
Directionality 

Speed 

(um/min) 

Direction 

change (deg) 

Roundness 

(%) 

AX2 10 0.71± 0.05 13.40± 1.25 30.61± 3.40 39.05± 3.82 

gnrA
- 

9 0.69± 0.06 12.98± 2.88 33.23± 8.18 35.10± 5.03 

pdeD
- 

16 0.71± 0.05 12.90± 1.18 28.43± 3.79 48.21± 3.63 

dcT
- 

13 0.60± 0.08 9.98± 1.88 38.43± 6.01 34.83± 3.39 

231558
- 

18 0.70 ± 0.06 10.30± 0.90 36.30± 7.01 39.31± 5.82 

 

 

Strain 
N

0
 of cells 

analyzed 
Directionality 

Speed 

(um/min) 

Direction 

change (deg) 

Roundness 

(%) 

AX2 T7- 

gnrA 

4 0.35± 0.1 4.89± 0.66 62.46± 8.34 51.45± 4.46 

AX2 T7-

pdeD 

12 0.72± 0.07 12.94± 1.21 25.62± 3.35 47.29± 5.52 

AX2 T7- 

dcT 

2 0.69± 0.07 9.3± 0.63 27.77± 3.74 46.76± 5.51 

AX2 T7-

231558 

16 0.70± 0.09 13.57± 2.23 28.76± 6.22 34.40± 3.87 

AX2 T7- 

rapgap1 

17 0.63± 0.05 8.97± 1.01 39.86± 4.56 39.99± 6.49 

AX2 T7- 

phg2 

16 0.72± 0.15 14.44± 2.57 25.61± 8.53 51.04± 4.72 

 

 

Strain 

 

N
0
 of cells 

analyzed 
Directionality 

Speed 

(um/min) 

Direction 

change (deg) 

Roundness 

(%) 

gnrA T7-gnrA
- 

20 0.55± 0.09 7.61± 1.56 45.37± 7.59 34.30± 4.49 

pdeD T7-

Pded
- 

14 0.57± 0.10 13.01± 2.06 38.80± 5.07 49.70± 6.02 

dcT T7-dcT
- 

14 0.69± 0.08 10.00± 0.90 33.95± 7.82 43.69± 4.85 

231558 T7-

231558
- 

Nd Nd Nd Nd Nd 

phg2 T7-phg2
- 

12 0.49± 0.12 7.3± 1.01 47.09± 5.48 47.81± 5.06 

rapgap1 T7-

rapgap1
- 

15 0.71± 0.09 11.21± 1.58 29.53± 6.19 42.66± 5.42 

 

  

Table 5: Chemotaxis data for wild-type and knockouts. Parameters 

determined by tracing of individual cells using DIAS software. 

Table 6: Chemotaxis data for wild-type over-expressing the selected 

putative GSK-3 substrates. 

Table 7: Chemotaxis data for null cells over-expressing their corresponding 

gene. 
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Wild-type (AX2) 

0s 6s 12s 

   

pdeD
-
 

0s 6s 12s 

   

DDB0231558
-
 

0s 6s 12s 

   
gnrA

-
 

0s 6s 12s 

   

dcT
-
 

0s 6s 12s 

   

Table 8: Images of wild-type cells compared with knockouts. Images taken from 

chemotaxis assay videos using ImageJ software. 
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Figure 9: Developmental data for pdeD. Development pictures taken at 5, 9, and 24 

hours of wild-type cells compared to pdeD null cells, PdeD over-expressed in wild-

type, and a complement of pdeD null cells with T7-PdeD. 

PdeD- 

AX2 
T7-

PdeD 

PdeD- 
T7-

pdeD 

AX2  
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Figure 10: Developmental data for DDB0231558. Development pictures taken at 5, 

9, 12, and 24 hours of wild-type cells compared to DDB0231558 null cells and T7-

DDB0231558 over-expressed in wild-type. 

231558- 

AX2 T7-
231558 

AX2 
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Figure 11: Developmental data for gnrA and dcT. Development pictures taken at 

5, 9, and 24 hours of wild-type cells compared to (A) gnrA null cells and (B) dcT 

null cells. 

A 

B 

gnrA- 

 
dcT - 

AX2 

AX2 
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A 

B 

Figure 12: Developmental data for phg2 and rapgap1. Development pictures taken 

at 5, 9, and 24 hours of over-expression of protein in cells and complementation of 

(A) phg2 and (B) rapgap1. 
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DISCUSSION 

PdeD: A GSK-3 direct substrate 

 The results shown investigating potential GSK-3 substrates have demonstrated 

that PdeD is a direct GSK-3 substrate.  PdeD is shown to be phosphorylated by GSK-3 

in vitro. It is also shown that when the GSK-3 phosphorylation site is mutated, GSK-3 

can no longer phosphorylate PdeD, even when a large amount of protein is present. 

This conclusion is further supported by chemotaxis assay results.  pdeD null cells have 

an increased percentage of roundness, while images show that pdeD null cells are 

much smaller as compared to wild-type. These findings suggest that PdeD’s role in 

chemotaxis may not be vital but still important for the most efficient means of cell 

movement. The over-expression of PdeD in wild-type cells does not to have a large 

effect on chemotaxis. However, after considering the developmental data for AX2 T7-

pdeD cells, there may be a strong developmental effect when PdeD is over-expressed 

in the cell. The developmental data agree with previous findings that describe PdeD as 

a cGMP pathway inhibitor during chemotaxis (Bosgraaf et al., 2002) and may explain 

why there is a large developmental defect when PdeD is over-expressed. If there is an 

overabundance of PdeD in the cell, it is possible that it would be more likely to inhibit 

the cGMP pathway during chemotaxis. To understand PdeD in more detail, we will be 

conducting biochemical assays that will help to characterize the effects of PdeD on 

actin and myosin; and if PdeD has any effect on the PKB or PKBR1 pathways. Also, 

to investigate the subtle phenotypes pdeD null cells may have, an assay that uses a 

lower concentration of cAMP could be performed as well. 
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DcT: A GSK-3 direct substrate 

The results presented show that DcT is also a direct substrate of GSK-3. The 

phosphorylation of DcT is shown when GSK-3 is present and absent when GSK-3 is 

not present in vitro. These results are further supported by assays showing native DcT 

compared with the point mutant DcT 2Ala. Native DcT is phosphorylated and mutant 

DcT 2Ala is not phosphorylated, even when on the same blot. Therefore, these results 

imply that DcT is a specific direct substrate of GSK-3 in vitro. Data collected from in 

vivo assays also indicate DcT as an important protein for chemotaxis. Results from 

DIAS analysis of chemotaxis assays for dcT null cells show a decrease in speed and 

images from chemotaxis videos indicate that dcT null cells are very elongated as 

compared with wild-type. Furthermore, DcT has an effect on development as well. 

Results show a significant slowing of development of dcT null cells, indicating that 

DcT is important for cell motility required during development. These findings agree 

with previous investigations into the role of DcT. It has been found that DcT facilitates 

the polarization of chemotaxing cells via actin interactions (Kabacoff et al., 2007), 

which would explain the defects in chemotaxis and development found in dcT null 

cells. In order to investigate the roles of DcT further, additional chemotaxis and 

developmental assays will be performed, as well as biochemical assays. 

Inconclusive results for identification of DDB0231558, GnrA, Phg2, and Rapgap1 

as direct GSK-3 substrates 

 The results shown indicate that DDB0231558, GnrA, Phg2, and Rapgap1 are 

phosphorylated by GSK-3 in vitro. However, when alanine substitution point 
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mutations were introduced into these proteins they were all still phosphorylated by 

GSK-3. Therefore, it cannot be concluded at this time that these proteins are direct 

substrates of GSK-3. It is clear from these results that the sites that point mutations 

were introduced into in DDB0231558, GnrA, Phg2, and Rapgap1 are not essential for 

the recognition and phosphorylation by GSK-3. However, this does not necessarily 

prove that these proteins are not specific substrates of GSK-3. It is still quite possible 

that these proteins are being phosphorylated at different sites that did not come out in 

the phosphoproteomic data. For example, GnrA has a second putative GSK-3 

phosphorylation site that could be mutated. Future experiments will try to generate 

point mutations in other possible GSK-3 phosphorylation sites in these proteins and 

the in vitro kinase assay will be repeated. Table 9 in the Supplementary Material 

shows the raw data that will assist in the identification of other possible GSK-3 

phosphorylation sites that can be mutated for these assays. 

GSK-3: Where does this kinase fit in the chemotaxis signal transduction 

pathways? 

 These findings conclude that GSK-3 is involved in chemotaxis through the 

phosphorylation of PdeD and DcT. gskA null cells present severe chemotaxis and 

developmental defects. Therefore, one would expect that those severe defects are 

probably due to the sum of multiple negative effects and the misregulation of many 

different proteins. Daydreamer was the first direct GSK-3 substrate identified. In the 

present work, two more proteins have been proven to be phosphorylated by GSK-3 in 
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vitro, and interestingly, both proteins are known to be involved in motility. A 

summary of what we have found so far is shown in figure 13. 

Phosphoproteomics: A tool to be used for the identification of direct substrates 

 This study has shown that phosphoproteomics can be used as a reliable tool for 

the identification of direct substrates of kinases. The identification of PdeD and DcT 

as direct GSK-3 substrates has shown that phosphoproteomic assays can be successful 

in screening potential substrates. Previously, phosphoproteomics have not been a 

frequently used tool for this purpose, but this investigation has demonstrated that data 

generated from phosphoproteomic assays are reliable. For example, PdeD only had 3 

reads on the spectra and this protein ended up being a direct substrate of GSK-3. This 

also suggests that the phosphoproteomic assay is rather sensitive and can detect even 

small levels of proteins that have changed in phosphorylation levels. 
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Figure 13: Summary of findings. PdeD, DcT, and Daydreamer are direct substrates 

of GSK-3 in Dictyostelium (Charest et al., 2010; Charest and Firtel, 2007; Kim et al., 

1999; Bosgraaf et al., 2002; Bandala-Sanchez et al., 2006; Robinson and Spudich, 

2000). 
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MATERIALS AND METHODS 

D. discoideum growth and differentiation.  

D. discoideum cells were cultured axenically at 21ºC in HL5 medium containing 1 % 

(v/v) of antibiotic:antimycotic solution (Gemini Bio-Products) and 0.5 % (w/v) of 

glucose. Cells carrying expression constructs and knockout cells were maintained in 

the same medium containing 10-20 μg/ml G418, 10 μg/ml blasticidin as required. To 

obtain developmentally competent cells capable of responding to cAMP as a 

chemoattractant, log-phase vegetative cells were harvested by low-speed 

centrifugation (1500 rpm for 3 minutes), washed twice and resuspended at a density 5 

x 10
6
 cells/ml with 12 mM Na/K phosphate buffer, pH 6.2, and pulsed with 7.5 μM 

cAMP solution for 5.5 h at 6-min intervals. Cells were then washed and resuspended 

in 12 mM Na/K phosphate buffer. 

Plasmids and Cell Lines. 

Potential substrates for GSK-3 are listed in Table 1. The genomic and or cDNA of 

potential substrates for GSK-3 were cloned into a modified EXP-4(+) vector which 

added a T7 tag (MASMTGGQQMG) to the N terminus of the protein. The desired and 

clean PCR products were digested routinely with SpeI/XhoI and ligated into the vector 

digested with the same enzymes. Cloning of the correct sequence was verified by 

sequencing. gskA null cells were transformed with the purified plasmids. 
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Electroporation. 

Transformation was done in E buffer (12 mM Na/K phosphate, 50 mM sucrose, pH 

6.1) by electroporation of 20 μg DNA per 8 x 10
6
 cells using a Bio-Rad Gene Pulser II 

set at 1 kV and 3 μF. After overnight recovery in HL5 in a 100-mm Petri dish, cells 

were selected in the appropriate antibiotic for transformants. 

Immunoprecipitation of the potential substrates. 

Cells were grown in HL-5 medium supplemented with G418 on plates to exponential 

growth phase. Cell density was counted using a hematocytometer and 1 x10
8
 cells/ml 

samples were harvested by centrifuging 3 min at 1500 rpm. Cells were lysed (1M 

NaF, 0.2M Vanadate, 1M Beta-glycerol, 0.1M Na-pyrophosphate, 1M DTT, 2mg/ml 

Leupeptin, 2mg/ml Aprotinin, 2X Lysis buffer) for 10 minutes at 4ºC vortexing every 

2 minutes. Then, samples were centrifuged at 12500 rpm at 4ºC for 10 minutes and the 

supernatant was incubated with 50 μl of T7 Tag Antibody Agarose (Novagen #69026) 

for 2 hours at 4ºC. Beads were washed three times with 1x lysis buffer and eventually 

once with 1x kinase buffer (5X Kinase Buffer{5 mM MOPS pH 7.2, 2.5 mM Beta-

Glycerolphosphate, 5 mM MgCl2, 1 mM EGTA, 0.4 mM EDTA, 0.05 mM DTT, 20 

μg/ml BSA}, 0.1M DTT). Beads were kept O/N at 4 ºC prior to the kinase assay. 

GSK-3 in vitro kinase assays. 

A kinase assay was carried out in the presence of immunoprecipitated T7-proteins and 

P32 gamma ATP. 20 μl of a P32 gamma ATP cocktail solution (250 μM cold ATP, 

0.16 μCi hot ATP, 1 x Kinase Buffer {5 mM MOPS pH 7.2, 2.5 mM Beta-

Glycerolphosphate, 5 mM MgCl2, 1 mM EGTA, 0.4 mM EDTA, 0.05 mM DTT, 20 
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μg/ml BSA}) with and without the GSK-3 kinase enzyme (GSK3 beta, Active (G09-

10G), SignalChem), final concentration of enzyme 100 nM, was added to the 

immunoprecipitated samples. After incubation for 30 min at room temperature, the 

kinase reaction was stopped by adding 40 μl of 2x SDS loading buffer. Samples were 

boiled for four minutes and placed on ice until loaded in a SDS-PAGE gel and 

transferred to nitrocellulose membranes.The membranes were exposed O/N to 

HYBLOT CL Premium Autoradiography film for autoradiography (Denville 

Scientific INC). 

Electrophoresis and Immunoblotting. 

SDS-PAGE was performed by standard procedures using Tris glycine gels. Gels were 

stained with Coomassie Blue or immunoblotted. Immunoblotting was performed as 

described previously (Towbin et al., 1979). Cell lysates were subjected to 10% SDS-

PAGE analysis and transferred to Immuno-Blot PVDF membrane. The membrane was 

blotted with polyclonal antibodies. Detection was performed by chemiluminescence 

using a donkey anti-rabbit antibody and GE Healthcare ECL Western blotting 

detection reagents (Amersham ECL Plus GE Healthcare Life Sciences). 

Chemotaxis assays. 

Chemotaxis analysis was performed as described previously (Park et al., 2004; Sasaki 

et al., 2004) and analyzed using DIAS software (Wessels et al., 1998). Differentiated 

cells were plated in Na/K phosphate buffer at a density of 5X 10
4
 cells/ml onto a plate 

with a hole covered by a 0.17 mm glass coverslip and allowed to adhere to the surface 

for 20 min. An Eppendorf Patchman micromanipulator with a glass capillary filled 
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with 150 μM cAMP solution was brought into the field of view of an inverted 

microscope (Nikon) with a 40x NA 0.4 objective lens. The response of the cells was 

recorded by time-lapse video. Experiments were performed at least three times on 

different days, always including a wild-type control strain in the analyses. 

Development assays. 

Cells were harvested from plates at a log phase density, washed twice and 

concentrated to 3 x 10
7 

cells/ml in Na/K phosphate buffer. Serial dilutions of 30 μl 

drops were placed on Na/K phosphate agar plates. Development was monitored during 

24 hours at room temperature.  
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SUPPLEMENTAL MATERIAL 

 

Accession Protein 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0191398 DDB_G0291125 gene: gnrA on chromosome: 5 position 5022395 

to 5025752 

DDB0185054 DDB_G0274383 gene: pdeD on chromosome: 2 position 4904282 

to 4907104 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

Table 9: Raw Phosphoproteomic Data. 
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DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 
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DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 
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DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 
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DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0191252 DDB_G0283767 gene: dct on chromosome: 4 position 1132285 to 

1133349 

DDB0233726 DDB_G0271734 gene: rapgap1 on chromosome: 2 position 

882440 to 885695 

DDB0233726 DDB_G0271734 gene: rapgap1 on chromosome: 2 position 

882440 to 885695 

DDB0233726 DDB_G0271734 gene: rapgap1 on chromosome: 2 position 

882440 to 885695 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 
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DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 

DDB0229845 DDB_G0283699 gene: phg2 on chromosome: 4 position 995559 

to 999815 
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DDB0231558 DDB_G0278845 gene: DDB_G0278845 on chromosome: 3 

position 1269374 to 1273426 

DDB0231558 DDB_G0278845 gene: DDB_G0278845 on chromosome: 3 

position 1269374 to 1273426 

DDB0231558 DDB_G0278845 gene: DDB_G0278845 on chromosome: 3 

position 1269374 to 1273426 

DDB0231558 DDB_G0278845 gene: DDB_G0278845 on chromosome: 3 

position 1269374 to 1273426 

DDB0231558 DDB_G0278845 gene: DDB_G0278845 on chromosome: 3 

position 1269374 to 1273426 

DDB0231558 DDB_G0278845 gene: DDB_G0278845 on chromosome: 3 

position 1269374 to 1273426 

DDB0231558 DDB_G0278845 gene: DDB_G0278845 on chromosome: 3 

position 1269374 to 1273426 

DDB0231558 DDB_G0278845 gene: DDB_G0278845 on chromosome: 3 

position 1269374 to 1273426 

DDB0231558 DDB_G0278845 gene: DDB_G0278845 on chromosome: 3 

position 1269374 to 1273426 

DDB0231558 DDB_G0278845 gene: DDB_G0278845 on chromosome: 3 

position 1269374 to 1273426 

DDB0202806 DDB_G0271250 gene: DDB_G0271250 on chromosome: 2 

position 214985 to 216567 

DDB0186294 DDB_G0284979 gene: DDB_G0284979 on chromosome: 4 

position 2743512 to 2744492 

DDB0186294 DDB_G0284979 gene: DDB_G0284979 on chromosome: 4 

position 2743512 to 2744492 

DDB0186294 DDB_G0284979 gene: DDB_G0284979 on chromosome: 4 

position 2743512 to 2744492 

DDB0186294 DDB_G0284979 gene: DDB_G0284979 on chromosome: 4 

position 2743512 to 2744492 

DDB0188668 DDB_G0289955 gene: DDB_G0289955 on chromosome: 5 

position 3508916 to 3509780 

DDB0188668 DDB_G0289955 gene: DDB_G0289955 on chromosome: 5 

position 3508916 to 3509780 

DDB0188668 DDB_G0289955 gene: DDB_G0289955 on chromosome: 5 

position 3508916 to 3509780 

DDB0188668 DDB_G0289955 gene: DDB_G0289955 on chromosome: 5 

position 3508916 to 3509780 

DDB0188668 DDB_G0289955 gene: DDB_G0289955 on chromosome: 5 

position 3508916 to 3509780 

DDB0188668 DDB_G0289955 gene: DDB_G0289955 on chromosome: 5 

position 3508916 to 3509780 

DDB0188668 DDB_G0289955 gene: DDB_G0289955 on chromosome: 5 

position 3508916 to 3509780 
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DDB0231506 DDB_G0281031 gene: pldA on chromosome: 3 position 3951371 

to 3955510 

DDB0231506 DDB_G0281031 gene: pldA on chromosome: 3 position 3951371 

to 3955510 

DDB0231506 DDB_G0281031 gene: pldA on chromosome: 3 position 3951371 

to 3955510 

DDB0231506 DDB_G0281031 gene: pldA on chromosome: 3 position 3951371 

to 3955510 

DDB0231506 DDB_G0281031 gene: pldA on chromosome: 3 position 3951371 

to 3955510 

DDB0231506 DDB_G0281031 gene: pldA on chromosome: 3 position 3951371 

to 3955510 

DDB0231506 DDB_G0281031 gene: pldA on chromosome: 3 position 3951371 

to 3955510 

DDB0231506 DDB_G0281031 gene: pldA on chromosome: 3 position 3951371 

to 3955510 

DDB0231506 DDB_G0281031 gene: pldA on chromosome: 3 position 3951371 

to 3955510 

DDB0216375 DDB_G0267978 gene: krsB on chromosome: 1 position 1220851 

to 1224573 

DDB0216375 DDB_G0267978 gene: krsB on chromosome: 1 position 1220851 

to 1224573 

DDB0216375 DDB_G0267978 gene: krsB on chromosome: 1 position 1220851 

to 1224573 

DDB0216375 DDB_G0267978 gene: krsB on chromosome: 1 position 1220851 

to 1224573 

DDB0216375 DDB_G0267978 gene: krsB on chromosome: 1 position 1220851 

to 1224573 

DDB0216375 DDB_G0267978 gene: krsB on chromosome: 1 position 1220851 

to 1224573 

DDB0216375 DDB_G0267978 gene: krsB on chromosome: 1 position 1220851 

to 1224573 

DDB0216375 DDB_G0267978 gene: krsB on chromosome: 1 position 1220851 

to 1224573 

DDB0216375 DDB_G0267978 gene: krsB on chromosome: 1 position 1220851 

to 1224573 

 




