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ABSTRACT OF THE THESIS  

 

Characterization of a Putative Novel Ras Effector in Dictyostelium discoideum 

by 

Natalie Marie Taylor  

Master of Science in Biology  

University of California, San Diego, 2008 

 

Professor Richard A. Firtel, Chair  

 

A putative novel Ras effector, TJ1, was identified through reverse genetics 

and characterized through chemotaxis, developmental and biochemical assays to 

determine its role in Dictyostelium discoideum. Additionally, the Ras association 

(RA) domains within TJ1 were deleted and subsequent cell lines were characterized 

to determine their function in TJ1.  

TJ1 is required for proper chemotaxis. Compared to wild-type cells, tj1- null 

cells were not polarized, did not chemotax, and as a result displayed a delay in initial 

stages of development. Additionally, findings indicate that a fully functional TJ1 

protein requires at least one of the two RA domains therein. Disruption of either of 

the two individual RA domains in TJ1 does not result in strong defects in 



 

 

xi 

chemotaxis, development or localization, whereas the deletion of both RA domains 

leads to a reduced ability to chemotax and therefore a subsequent delay in the stages 

of early development. Initial experiments suggest that there is no interaction between 

TJ1 and Ras proteins, however more experiments need to be conducted to further 

explore the role of TJ1 as a novel Ras effector in Dictyostelium.  

Presently, the complete mechanisms of the Ras signaling pathway is largely 

unknown. Characterizing TJ1 and the RA domains therein should shed light on how 

TJ1 is involved in Ras signaling in Dictyostelium discoideum and presumably how 

Ras signaling operates in other organisms based on the conservation of pathways 

across species.   
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  INTRODUCTION 

The Advantages of Dictyostelium discoideum as a Model Organism 

 The forest soil dwelling social amoeba Dictyostelium discoideum (here after 

referred to as Dictyostelium) is a eukaryote with a simple lifestyle maintained by 

consuming bacteria and yeast. The amoebozoa are also noteworthy as representing one of 

the earliest branches from the last common ancestor of all eukaryotes, and although the 

animal/fungal divergence occurred after the plant/animal split, they appear to have 

retained more of the diversity of the ancestral genome than either of these two groups 

(Kortholt and van Haastert 2008).  

 Dictyostelium is composed of a relatively small genome (34Mb) that has been 

fully sequenced. The genome contains many genes that are homologous to those in higher 

eukaryotes and some that are missing in other lower eukaryotes such as yeast (Kortholt 

and van Haastert 2008). Based on these homologies, Dictyostelium is widely used to 

study fundamental cellular processes that include cytokinesis, phagocytosis, motility, 

signal transduction, chemotaxis and various aspects of development (Parent 2001). The 

innate ability for cells to chemotax in particular is a critical process conserved in a range 

of cells from prokaryotes that source out nutrients, to the migration of monocytes, 

neutrophils, and lymphocytes during immune responses that have been linked to the 

development and progression of many diseases including inflammatory arthritis, 

arteriosclerosis and cancer (Kessin 2001; Huang, Chen et al. 2008; Randis, Puri et al. 

2008). The fact that Dictyostelium is able to grow and divide quickly and mutant strains 

can be easily, generated, isolated, and maintained makes it an ideal model organism for 

studying these signaling pathways. 
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The Development of Dictyostelium 

One unique aspect of Dictyostelium is that it can exist in both a single celled and 

multi-cellular form at different stages of development. Naturally, the soil amoebas feed 

on bacteria and are able to sense and localize toward their food source by detecting the 

folic acid they secrete. Development is initiated upon nutrient deprivation, where 

Dictyostelium halts cell proliferation and migrate to form loose and tight aggregates (also 

known as mounds) at approximately 6 to 10 hours (Figure 1). In route, the migrating cells 

secrete cAMP which amplifies the signal to distally located cells which further promotes 

aggregation (Kortholt and van Haastert 2008). 

 
 

Figure 1: The Life Cycle of Dictyostelium discoideum. Upon starvation, individual cells aggregate in 

response to cAMP to form a multi-cellular organism through the procession of developmental stages. 

Time refers to the hours since the onset of nutrient starvation. Figure was adapted from 

Developmental Biology, (Gilbert 2006).  

 

Following the mound structure, a well-defined slug takes form where cells 

differentiate into pre-stalk and pre-spore populations from approximately 13 to 15 hours. 
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Lastly, the pinnacle structure of a fruiting body containing dormant spores and dead stalk 

cells is generated from approximately 16-24 hours (Katoh, Chen et al. 2007). The time 

scale of development is dependant on the cells ability to chemotax normally. Whereas 

cells that chemotax efficiently will aggregate within the timeframes depicted in Figure 1, 

cells that inefficiently chemotax might show a delay in entering the different phases of 

development. 

 

Key Components of Chemotaxis in Dictyostelium 

 Chemotaxis can be defined as directed cell movement towards a chemical 

compound and involves the detection of an external gradient, polarization acquisition, 

remodeling of the cytoskeleton and signal relay (Kortholt and van Haastert 2008). 

Receptors that are associated with G proteins (GPCRs) located at the plasma membrane 

recognize the chemical compound (also known as a chemoattractant) and respond to the 

external stimuli through G protein activation (Charest and Firtel 2007). In Dictyostelium, 

there are four identified cAMP receptors (cAR1-4) all of which differ in their affinity for 

cAMP (Manahan, Iglesias et al. 2004). Dictyostelium cells secrete cAMP, which acts as a 

chemoattractant and induces its own production by binding to cAR1 and cAR3, which 

then promote the activation of the cAMP synthesizing enzyme adenylyl cyclase (ACA) 

that is important for aggregation (Charest and Firtel 2007). Cells lacking ACA are devoid 

of chemoattractant-mediated cAMP production and therefore are unable to aggregate 

(Pitt, Milona et al. 1992). Upon chemoattractant-GPCR binding a conformational change 

takes place that causes the activation of the associated heterotrimeric G-protein subunits 

(G"#$) through the exchange of G protein bound GDP to GTP. This trade causes a 
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disassociation resulting in activated G"-GTP and G#$ dimer. The intrinsic conformation 

is restored when GTP is hydrolyzed back to GDP (Clapham and Neer 1993; Clapham and 

Neer 1997; Ford, Skiba et al. 1998).  

 Activated G-proteins translate shallow external signals to intracellular pathways 

that result in a steep gradient of cellular components and the rearrangement of the 

cytoskeleton that is essential for motility (Parent and Devreotes 1999; Chung, Potikyan et 

al. 2001; Merlot and Firtel 2003). Figure 2 shows that G proteins are uniformly 

distributed along the plasma membrane, which enables the cell to detect an external 

gradient at any point along its perimeter through GPCR-chemoattractant binding. Cells 

are able to detect and respond to chemoattractant concentrations that differ as little as 2-

5% from the front and back of the cell (Parent and Devreotes 1999). The intracellular 

gradient is initiated upon external stimulation when phosphoinositol3-kinase (PI3K) and 

phosphatase and tensin homologue deleted on chromosome ten (PTEN) are localized to 

the front and rear of the cell, respectively. The localization of PI3K accumulates 

phosphatidylinositol-3,4,5-triphosphates (PI(3,4,5)P3) to the front of the cell through 

phosphorylation of phosphatidylinositol-4,5-biphosphates (PI(4,5)P2), whereas PTEN 

restricts PI(3,4,5)P3 from the back by converting any PI(3,4,5)P3 present to PI(4,5)P2 

through de-phosphorylation. The activation of PI3K requires its localization to the plasma 

membrane, signaling through heterotrimeric G proteins and Ras proteins with an intact 

Ras binding domain (RBD) to function properly (Manahan, Iglesias et al. 2004). Ras is a 

direct regulator of PI3K as seen by observations that PI3K carrying a mutation in the Ras 

binding domain is unable to activate PI3K-dependant responses (Funamoto, Meili et al. 

2002). 
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Figure 2: Schematic representation of a chemotactic cell and localized components. Components that 

are preferentially located at the front of chemotactic cells include: PI3K, PI(3,4,5)P3, PH-domain 

containing proteins, F-actin, and activated Ras-GTP, whereas PTEN and myosin localize at the lateral 

sides and posterior. The seven transmembrane chemoattractant receptors and heterotrimeric G proteins 

and un-activated Ras proteins are uniformly distributed along the plasma membrane. Figure is 

featured in Current Opinion in Genetics and Development (Charest and Firtel 2006). 
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 Furthering the signal cascade, localized PI(3,4,5)P3 recruits pleckstrin-homology 

(PH) domain containing proteins to the plasma membrane (Manahan, Iglesias et al. 

2004). Once activated, the PH domain containing proteins are able to active a multitude 

of downstream effectors that contribute to pseudopod extension (Parent, Blacklock et al. 

1998; Funamoto, Meili et al. 2002; Iijima and Devreotes 2002; Huang, Iijima et al. 2003) 

as well as mechanisms in basic development (e.g. activated CRAC activates development 

dependent ACA (Lilly and Devreotes 1995)). In agreement with Figure 2, filamentous 

actin (F-actin) polymerization also occurs at the front of migrating cells where evidence 

suggests that it interacts with localized phosphoinositides (Chen, Janetopoulos et al. 

2003). The coordination of the propulsive forces (provided by F-actin at the front of the 

cell) and contractile forces at the rear (provided by localized myosin II filaments) are 

essential for Dictyostelium migration (Iwadate and Yumura 2008). Cells lacking myosin 

II are defective in the ability to retract the uropod, while cells treated with an F-actin 

polymerization inhibitor (latrunculin A) induce a round configuration, both instances 

result in dramatic chemotaxis defects (Sasaki and Firtel 2006).  

 Similar to myosin, PTEN is localized to the rear of the cell during migration. 

PTEN plays a fundamental role in chemotaxis through the suppression of lateral 

pseudopod. pten- null cells are less efficient in acquiring polarization, sensing and 

responding to spatial gradients, and responding to waves of attractants compared to wild-

type cells (Wessels, Lusche et al. 2007). Studies over the past few years revealed that 

small GTPases at multiple levels play key roles in the control of amoeboid chemotaxis 

downstream of heterotrimeric G proteins and thereby, many of the processes previously 

discussed.  
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The Regulation of Cellular Behaviors by Small GTPases  

 Small monomeric GTPases act as binary molecular switches by cycling between 

inactive guanosine diphosphate (GDP) bound and active guanosine triphophate (GTP) 

bound states (Arigoni, Bracco et al. 2005). Figure 3 shows that the cycle is driven and 

maintained by two main classes of regulatory proteins: guanine nucleotide exchange 

factors (GEFs), which exchange GDP for GTP, and GTPase activating proteins (GAPs) 

that function to promote the formation of the inactive GDP bound conformation through 

GTP hydrolysis (Charest and Firtel 2007).  

 The superfamily of GTPases (also known as ‘Ras superfamily’) can be divided 

into five major subfamilies: Ras, Rho, Rab, Ran, and Arf (Lim, Speigelman et al. 2002). 

The Ras subfamily can further be divided to into Ras, Rap, Ral, and Rheb proteins (Lim, 

Speigelman et al. 2002). Ras proteins are recognized for their involvement in signal 

transduction cascades that regulate cell growth, proliferation, differentiation, and survival 

via temporal gene expression, while members of the Rho subfamily are essential for the 

organization of myosin and the remodeling of the actin cytoskeleton (Jaffe and Hall 

2005; Mor and Philips 2006). Proteins in the Rab, Ran, and Arf subfamilies are mostly 

involved in the regulation of vesicular or nuclear transport (Wennerberg et al. 2005).   

 The Dictyostelium genome encodes five Ras proteins (Ras-B, -C, -D, -G, and -S), 

of which Ras-B, -D and -G are most closely related to mammalian H-Ras and K-Ras and 

have a conserved effector domain sequence (Khosla, Speigelman et al. 2000). Studies 

have shown that tumor cells that constitutively express active Ras tend to have a higher 

motility rate, whereas the targeted deletion of oncogene K-Ras from the colon cancer cell 

line HCT-116 reduces cellular motility that is mediated through the PI3K pathway 
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(Pollock, Shirasawa et al. 2005). Other studies have also linked the participation of small 

GTPases (such as Ras) in the progression of cancer where deregulated expression or 

function of GTPases and many of their downstream effectors has been associated with 

malignancy (Sahai and Marshall 2002; Downward 2003). 

 

Figure 3: The GTPase Cycle. Upon stimulation GEFs convert an inactive GTPase to an activated 

state through the exchange of GDP for GTP. Once activated, the GTPase can continue the cascade to 

activate other effectors in a signaling pathway. The intrinsic GDP bound state is reformed when GAPs 

hydrolyze GTP. This figure is adapted from the (Charest and Firtel 2007) review.  

 

 

 Mutational analysis in Dictyostelium Ras proteins provides insight into their 

function as shown in Table 1. Surprisingly, small GTPases are involved in a wide array 

of cellular activity including, but not limited to mitosis, cAMP relay, chemotaxis and 

motility aspects such as cytoskeleton rearrangement.  

 

Table 1: Ras proteins and associated function in Dictyostelium. This table is adapted in part from 

(Kortholt and van Haastert 2008). 

 

 Effect of Disruption Function 

RasB Not stable Cell cycle/mitosis 

RasC Reduced ACA activation and developmental 

defects 

cAMP relay, chemotaxis  

RasD Slug phototaxis and thermotaxis Phototaxis, thermotaxis 

RasG Growth, development, and chemotaxis defects Aspects of motility 

RasS Endocytosis, pinocytosis, and motility defects Feeding and motility 
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Downstream Ras Effectors 

 The first effector of Ras to be identified was the Ser/Thr protein kinase c-Raf1, 

wherein a Ras binding domain (RBD) consisting of a stable 81-residue stretch binds Ras 

in its activated GTP bound state to initiate a cascade of protein kinases known as the Map 

kinase module (Wohlgemuth, Kiel et al. 2005). Members of the Ras association (RA) and 

Ras binding (RB) sub-families are part of the ubiquitin super-family, all of which contain 

a characteristic ubiquitin-like topology that binds the effector region of Ras at residues 

32-40 (Kiel, Wohlgemuth et al. 2005). The binding interaction mainly involves two anti-

parallel #-sheets of the RA/RB domain and Ras respectively, and the first "-helix of the 

RA/RB domain wherein complementary charge interactions at the interface mediate the 

association (Kiel, Wohlgemuth et al. 2005; Wohlgemuth, Kiel et al. 2005). 

PI3K is one of the best studied Ras effectors and is a component in a positive 

feedback loop involving Ras, PI3K, PI(3,4,5)P3 and F-actin that regulates chemotaxis 

beginning with the activation of Ras in response to chemoattractant activated G protein. 

As shown in Figure 4, the positive feedback loop reinforces the leading edge cytoskeletal 

architecture through an amplified signal as locally promoted F-actin mediates Rac 

activation and cytosolic PI3K translocation to the membrane resulting in PI(3,4,5)P3 

production that further promotes F-actin polymerization (Sasaki and Firtel 2006).  

In addition to its involvement in the positive feedback loop, Ras activation of 

PI3K activates downstream PI3K effectors such as RacGEFs, WAVE/Scar and WASP 

family proteins and Akt (PKB) which contribute to F-actin and myosin polymerization 

(Kölsch, Charest et al. 2008). All downstream of activated Ras, the activated PI3K and 

thereby PI3K effectors are involved in the reorganization of the actin cytoskeleton and 



 

 

10 

 

 

thus are important for forming a polarized cell prior to migration (Wang, Herzmark et al. 

2002; Weiner, Neilsen et al. 2002). Previously discussed ACA, another Ras effector, is 

involve in cell motility and aggregation and is activated downstream of cAMP 

predominantly by RasC (Kae, Lim et al. 2007).  

 Another well-studied downstream Ras effector includes the target of rapamycin 

complex 1 (TORC1) and TORC2, which are protein kinases with numerous functions in 

cell growth and control (Jacinto, 2008). Shown in Figure 4, TORC2 contributes to cell 

polarization and motility as it directly regulates F-actin polymerization and indirectly 

meditates myosin assembly through the phosphorylation of Akt/PKB (Bhaskar and Hay 

2007). Cells lacking any of the TORC2 proteins (e.g. the Ras Interacting Protein RIP3) 

exhibit strong chemotaxis defects including reduced speed, loss of cell polarity and 

directionality, and are unable to fully activate Akt/PKB (Lee, Parent et al. 1999; Lee, 

Comer et al. 2005).  

 

 

Figure 4:  General Ras signaling model for chemotaxing cells. Downstream effectors of Ras such as PI3K 

and TORC2 contribute to the cells motility. Figure modified from (Kölsch, Charest et al. 2008).  
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Conversely, up-regulation of components in the TOR pathway has been seen in 

many tumor types (Mita, Mita et al. 2003; Carraway and Hidalgo 2004; Guertin and 

Sabatini 2005). Rapamycin is a drug that is regarded as a potential anti-cancer therapeutic 

where it is used clinically used to inhibit the mammalian target of rapamycin (mTOR) 

protein that functions in regulating cellular growth processes such as protein synthesis 

and autophagy (Guertin and Sabatini 2005; Hay 2005).  

Rap1, a Ras subfamily protein is activated predominantly downstream of RasG by 

the chemoattractant cAMP (Bolourani, Speigelman et al. 2008). The spatial and temporal 

regulation of Rap1 contributes to Dictystelium motility as seen by chemotactic defects in 

constitutively active Rap1 which results in highly adhesive cells that is partially caused 

by an inability to regulate myosin assembly and disassembly (Jeon, Lee et al. 2007). The 

phenotype of rapGAP- null cells support this evidence as they are unable to inactive 

RAP1-GTP and results in mis-regulation of the cell attachment sites at the leading edge, 

thereby causing abnormal chemotaxis (Jeon, Lee et al. 2007). Recently, the kinase Phg2 

has been identified as an effector downstream of Rap1. It localizes to the leading edge 

with Rap-GAP1 and promotes anterior myosin II disassembly via phosphorylation while 

passively allowing lateral and posterior myosin II assembly (Jeon, Lee et al. 2007).    

 Rap1 is also linked in the guanylyl cyclase (cGMP) pathway, wherein activation 

of the second messenger affects the function of myosin and is reduced after osmotic 

shock in Rap1 depleted cells (Kortholt and van Haastert 2008). Over-expressing 

constitutively active Rap1 (G12V) has shown to have an enhanced response (Kang, Kae 

et al. 2002). cGMP contributes to cell motility by suppressing the pseudopodia in the rear 

of the cell and indirectly mediates myosin motor activity through the  phosphorylation of 
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the myosin light chain with light chain kinase A (Bosgraaf and van Haastert 2006; 

Kortholt and van Haastert 2008).  

Although many downstream Ras effectors have been characterized, many have 

yet to be identified. The Firtel laboratory has recently uncovered a putative novel Ras 

effector, TJ1, a member of the MRL (Mig10/RIAM/Lpd) family of adaptor proteins that 

is required for chemotaxis. All members of the MRL family have an RA (Ras 

association) domain that potentially binds Rap1-GTP or Ras-GTP, a Pleckstrin 

Homology (PH) domain that binds phosphoinositides and recruits proteins to the plasma 

membrane, and a polyproline motif that potentially binds effector proteins (Lemmon and 

Ferguson 2000; Lafuente, van Puijenbroek et al. 2004).  

Recently, two members of the MRL family have been identified in mammalian 

cells: RIAM and Lamellipodin (Krause et al. 2004; Lafuente, van Puijenbroek et al. 2004; 

Lafuente and Boussiotis 2006). RIAM proteins contain an RA domain (which binds 

Rap1-GTP), various proline-rich motifs, and a PH domain. RIAM was found to interact 

with Profilin and Ena/VASP proteins, which are molecules that regulate cellular F-actin 

dynamics (Lafuente, van Puijenbroek et al. 2004). In addition, RIAM is required for 

Rap1-induced cellular adhesion and seems to control Rap1 localization to the plasma 

membrane, where Rap1 regulates integrin activation (Lafuente and Boussiotis 2006). 

Lamellipodin (Lpd) has been identified as an Ena/VASP binding protein that may target 

Ena/VASP proteins to the leading edge where they interact with other proteins to 

generate the initial protrusion and thereby influence the direction of cell movement 

(Krause, Leslie et al. 2004).  
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To obtain insights into the potential role of TJ1 as a putative novel Ras effector, 

this thesis focused on characterizing the Ras association domains in addition to tj1- null 

cells. Parallel analysis of wild-type cells (here after called AX3) with those lacking TJ1 

or the domains therein was done to elucidate the functional role of TJ1 in chemotaxis and 

development. Additionally, GFP fused constructs of full-length TJ1 and TJ1 with 

deletions of the RA domains were analyzed to gain insight into localization properties 

and biochemical assays were employed to identify TJ1-protein interactions. The aim of 

this analysis was to increase the understanding of the role of TJ1 in migrating cells and 

possibly a broader understanding of how Ras pathways function in mediating chemotaxis. 

 

 

 

 

 

 

 



RESULTS 

Characterization of the phenotype of tj1- null cells  

The novel Ras effector TJ1 (DictyBase.org as DDB0232240), contains all of the 

principle domains of the MRL family proteins and additional regions such as two 

Calponin Homology (CH) domains and a second C-terminal RA domain (Figure 5). CH 

domains are involved in the regulation of contractile forces and are associated with F-

actin binding (Bramham, Hodgkinson et al. 2002). tj1 codes for a protein of 1,211 amino 

acids in length and has a molecular weight of 137 KDa.  

 

 

 

 
 

 

Figure 5: Schematic drawing of the domain structure of TJ1. The domains are not drawn to scale and 

predictive values are obtained from the SMART website (http://smart.embl-heidelberg.de) 

 

 

A tj1- null cell line was created by the Firtel lab member Taeck-Joong Jeon as 

indicated in Figure 6. Briefly, the addition of the Blasticidin S-resistance (Bsr) selectable 

marker cassette was cloned into the tj1 BglII restriction site (bp680) and later inserted 

into the AX3 genome via homologous recombination. The Bsr-resistant clones were 

selected in Bsr-containing medium, then picked for Southern blot analysis to identify 

Dictyostelium   clones   in    which  the  TJ1  gene  was   disrupted  by  the  Bsr    cassette.  

14 
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Figure 6: Schematic drawing for the generation of the tj1- null cell line. Base pairs 1-1818 of the 

genomic sequence of tj1 were amplified with primers flanked with additional BamHI and XhoI sites 

using PCR. The subsequent fragment was cloned into the pBSKII vector. A BSR cassette with 

flanking BamHI sites was generated via PCR and inserted into the amplified region of tj1 at position 

680 via digestion with BglII. The vector containing the tj1 fragment and BSR cassette was then 

digested with BamHI/XhoI and used for homologous recombination. Dictyostelium positive clones 

were isolated and confirmed by PCR and Southern Blot analysis. 
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To examine the role of TJ1 in chemotaxis, the ability of the tj1- null cells to 

respond to and migrate in an exponential gradient was monitored. Cells were grown in 

suspension then placed in a nutrient depleted Na/KPO4 buffer and pulsed with 30nM 

cAMP for 5.5 hours to mimic the endogenous cAMP oscillations that occur in wild-type 

cells. The tj1- null cells were then exposed to a concentration gradient of 150µM cAMP 

emitted by a micropipette and their ability to chemotax was analyzed. The still images in 

Figure 7 display the last 10 minutes of migration prior to reaching the micropipette in 

AX3 cells and 10 minutes of the tj1- null cells that do not migrate towards the cAMP-

emitting micropipette. The time-lapsed images show that the tj1- null cells display 

dramatic chemotaxis defects compared to AX3. Whereas AX3 cells move directly 

towards the micropipette, tj1- null cells do not migrate towards the micropipette at all. 

The analysis of the chemotaxis parameters is provided by DIAS software (Soll, Voss et 

al. 2005) and is presented in Figure 8 and Table 2 where tj1- null cells are not polarized, 

have a significant decrease in speed and persistence, and an increase in directional change 

compared to AX3 cells.  

To gain insight into the role of TJ1 in Dictyostelium development, the 

development of tj1- null cells was examined. Cells were starved on Na/KPO4 nutrient 

deficient agar plates to initiate development, analyzed over the time course of 24 hours 

and compared to AX3. As seen in Figure 9, tj1- null cells exhibited a clear delay in 

aggregation and mound formation within the first 12 hours. However, later in 

development there is no obvious difference compared to AX3 as both cell lines develop 

fruiting bodies by the end of the 24 hour time-frame. 
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Figure 7: Still images of AX3 and tj1- null cells chemotaxing towards a chemoattractant emitted by a 

micropipette. (A) AX3 migration towards the chemoattractant source. (B) tj1- null cells inability to 

migrate towards the chemoattractant source. See methods and materials for more detail. 
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Figure 8: Path lengths of migrating AX3 and tj1- null cells. Paths were drawn using DIAS software 

from time-lapsed images of the amoeboid cells moving up a concentration gradient towards a 

micropipette emitting cAMP (indicated by the asterisk). (A) AX3 cells (B) tj1- null cells  

 
 

 

 

 

 

 

 

 

 

 

Table 2: DIAS analysis of chemotaxing AX3 and tj1- null cells. Parameters such as speed, roundness, 

directional change, and persistence were quantified using DIAS software. The speed refers to the 

cell’s centroid movement along the path. Roundness refers to the degree of polarity of the individual 

cells, where a larger % indicates a rounder and therefore less polarized cell. Directional change is the 

frequency to which a cell deviates from its path towards the chemoattractant. Lastly, persistence refers 

to the distance migrated over time and takes into account directional change. 

 

 AX3 

(n=13) 

tj1- null 

(n=11) 

Speed (µm/min) 8.79 +/- 2.24 3.93 +/- 0.823 

Roundness (%) 38.49 +/- 5.55 53.44 +/- 10.85 

Directional Change (Deg) 39.92 +/- 12.85 69.87 +/- 11.93 

Persistence (µm/min-Deg) 1.19 +/- 0.44 0.28 +/- 0.12 
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Figure 9: Developmental assay of AX3 cells and tj1- null cells. Cells were starved on Na/KPO4 nutrient deficient agar plates to initiate 

aggregation and developmental processes. (A) AX3 cells display the normal developmental stages from mound to slug to fruiting body 

formation over the course of 24 hours. (B) tj1- null cells display a delay in aggregation and mound formation in the initial phases of 

development, then progress to the final stages of fruiting body formation by the end of the 24 hour timeframe. 
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GFP Constructs, Rescue, and TJ1 Localization  

To analyze the localization of TJ1 within the cells, a green fluorescent fusion 

protein (GFP) with the complete cDNA of tj1 was generated. The construct was 

expressed in tj1- null cells and hereafter, referred to as TJ1-GFP. The construct was 

initially generated as an N-terminal fusion as seen in Figure 10 B. However, the 

expression of GFP-TJ1 was unstable and the cells lost expression after a couple of days. 

Consequently, a C-terminal GFP fusion construct was generated (Figure 10 C) and 

transformed into tj1- null cells. TJ1-GFP was stably expressed and therefore used for 

further studies.  

 
 

Figure 10: Generation of GFP fusion constructs. GFP tagged constructs of tj1 were generated and 

transformed into tj1- null cells to assess the localization of TJ1 during chemotaxis. Images not drawn 

to scale. (A) Full length TJ1 (B) TJ1 with N-terminal GFP (C) TJ1 with C-terminal GFP  

 

 

To ensure that the GFP-tagged version of the protein was fully functional, the 

ability of the TJ1-GFP expressing cells to migrate towards a chemoattractant source was 

analyzed and a developmental assay was performed. The chemotaxis assays revealed that 

the full-length GFP-tagged version of TJ1 is fully functional and can rescue the migration 

defects observed in tj1- null cells (Figure 11, 12, and Table 3). 
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Figure 11: Still images of AX3, tj1- null, and TJ1-GFP cells chemotaxing towards a chemoattractant 

emitted by a micropipette. (A) AX3 migration towards the chemoattractant source. (B) tj1-null cell 

inability to migration towards the chemoattractant source. (C) TJ1-GFP rescues the migration defects 

of tj1-null cells. See methods and materials for more detail. 
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Figure 12: Path lengths of migrating AX3, tj1- null, and TJ1-GFP cells. Paths were drawn using 

DIAS software from time-lapsed images of the amoeboid cells moving up a concentration gradient 

towards a cAMP emitting micropipette (indicated by the asterisk). (A) AX3 cells (B) tj1- null cells (C) 

TJ1-GFP cells. 

 

 

 

 

 

 
Table 3: DIAS analysis of chemotaxing AX3, tj1- null, and TJ1-GFP cells. Parameters such as: speed, 

roundness, directional change, and persistence were quantified using DIAS software. Parameters are 

as previously mentioned.  

  AX3   (n=13) tj1- null (n=11) TJ1-GFP (n=14) 

Speed (µm/min)    8.79 +/- 2.24 3.93 +/- 0.823 8.96 +/- 2.24 

Roundness (%)  38.49 +/- 5.55 53.44 +/- 10.85 40.16 +/- 9.01 

Directional Change (Deg)  39.92 +/- 12.85 69.87 +/- 11.93 43.60 +/- 10.57 

Persistence (µm/min-Deg)  1.19 +/- 0.44 0.28 +/- 0.12 1.01 +/- 0.49 



 

 

23 

 

               8Hrs                                12Hrs                              16Hrs                               20Hrs                             24Hrs 

 

 

    

 

 

Figure 13: Developmental assay of AX3, tj1- null, and TJ1-GFP cells.  (A) AX3 cells display the normal developmental stages from mound to 

slug to fruiting body formation over the course of 24 hours. (B) tj1- null cells display defects in aggregation and mound formation in the initial 

phases of development, then progress through to fruiting body formation. (C) TJ1-GFP cells expressed in tj1- null cells rescues normal 

development similar to AX3 cells.   
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The developmental assay revealed that TJ1-GFP also rescues the developmental defects 

observed in early stages of the tj1- null cells development (Figure 13). Therefore, the 

construct was used to examine the localization of TJ1 in migrating cells. Figure 14 shows 

that TJ1-GFP clearly localizes to the leading edge as the cell migrates towards the 

direction of the chemoattractant source indicated by the asterisk.  

\                                                                     * 

 

 

 

 

 

 

 
Figure 14: Still image of TJ1-GFP expressed in tj1- null cells during chemotaxis. TJ1 clearly 

localizes to the leading edge in a chemotaxing cell migrating towards a cAMP emitting micropipette. 

The asterisk indicates the position of the chemoattractant source.  

 

Identifying & Characterizing Ras Association Domains in Dictyostelium TJ1 

 As depicted in Figure 15 A and B, TJ1 contains two putative Ras association 

domains, one located at the N-terminus and one at the C-terminus. GFP constructs of tj1 

with deletions of the N-terminal and C-terminal Ras association domain were generated 

by site directed mutagenesis as well as a construct with the deletion of both RA domains 

(Figure 15 B). The constructs were transformed into tj1- null cells and stable cell lines 

were generated. Clones with similar expression levels compared to the full-length TJ1-

GFP construct were identified by Western blot analysis and chosen for further studies. 

Figure 16 shows that clones of similar expression levels to TJ1-GFP are NV8.2, NV4.9, 

and NV7.2 (hereafter referred to as !RA1, !RA2, and !RA1&2 respectively) and were 

used in subsequent experiments.  
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A.  

MEPPQKKILK VFDQDGLYKT MVIEPSSTTG EICEKFAKKL FLEDSEVVQF SLFIFEGGVR 

HQLKNTDFPF DYLIKYEKKD YKFFFLNPNG EFISFDKDKQ VKKSQSASTS GSAPPKKEPP 

KPQELQQKQH ISKGKSGWLL RKRPGRYDKL YSVSKADKYL RLYENEDTDN DPLYELSLEN SIIELKQDLH 

LQLTLGNSER YIFTHESESE IVSWAQELQA TMNYTPGSSS SGSKTNIIKN SSPMGGMLMG GGGGGGGYIP 

STKDLGVKLQ SKAENTTTLV STLIQWVNHI LEGKGIKVEE TEVLSAFSDG IVFINLIEDL FNQTISYRKG 

KSVYEMQSNI DKCLDVLKTK CGCDYGKILS SDVSECKVAK IIVRILWSMF VGYFCNCEGK EFNMRDKLIS 

WCSTIVLQES SKQIIVESPS SLRNPMVFAV LVNKFAGSTT LDFNALQKIK SKQDQAQQII EAAFNYLSIP 

MVVDSSFWND DQLDEKSFLI YLSFYYIYLS GQEEEKSKFL QSCINPRPSV EPEQTISIRD KQLKLMREKK 

EEEDRLKKEK EEKEKEEKEK LEKESSAAAA ATSSIASTAN SNSTEPPKPT TVPLKKTISK LPPRKLPPTV 

SSPTTTTTTT VPTTVPTTVT TTTTTTSPTT SPTLTPKQPI GTTIKKPATA PLKLKPVAKP LPQPTPSSST 

STTTTPTTTP SSPKPTPVPR TPQLEKEKQD RLEKARLEKE KAEKEEQEFL KQQQEEEEEE QRLLLEQQKQ 

QQEGQERLRK EEEEQQQQRE LEEKQRQIDE EEAEEEARIR ELEEEARKSK ERLEKARLDK LAKAQKERED 

KEREEKEKKE KEERERKERK HDENDMDTFK LLEDIVSSSS SPTITPPQSL HSSQIIRTTI EEDDQTNSEL 

EMFQNEYNRL QDEEEHINSF LKLGSSGSNN SNNNNNNNNN KSGASSVTES VTTNKHKSID ILSDNSSVLS 

SLDDIINSID KKTSATTSDS FNLSTSSTSL SFLPSSPDLS TNSTFTTNNN NDDETKARSL TSKARKPLPT 

LTKEQQSIID KQTGLVSKQS TNNESNEQQQ QQQQQQQLQQ QQSSQNSTTS ISTVNPSNLS INNEEKEKES 

EPHKPPPKNT QGRVVVRICL EGFGDVLFCS FAIGYDTLCG TVRDMVIKKM KVSSTEEFEY 

SLHIVRDGLE RVLDDDEILL EAEDKIDRFV FKKNDIDRRL LISNHRPVSS K 

 

 

B.   

 

 

 

Figure 15: Amino acid sequence of TJ1 and schematic drawing of the domain structure of TJ1. (A) 

The amino acid sequence of TJ1: orange bold font marks the region of the N-terminal Ras Association 

Domain 1 (RA1), while the bold brown font indicates the C-terminal RA2 domain. (B) Domain 

structure of full-length TJ1 and TJ1 with subsequent RA deletions. The domains are not drawn to 

scale and predictive values are obtained from the SMART website (http://smart.embl-heidelberg.de). 

 



 

 

26 

 

 

 
 

 
 

Figure 16: Western blot analysis of the RA deletion cell lines detected with anti-GFP. TJ1-GFP is 

noted as GFP.1 in A-C. The clones with similar expression levels to TJ1-GFP were chosen for further 

studies and are indicated within the red boxes. (A) !RA1 clones: NV8.1-6 (B) !RA2 clones: NV4.7-

11  (C) !RA1&2 clones: NV7.1-6 Clones were compared to TJ1-GFP for selective purposes and AX3 

as a negative control. 

 

The different deletion mutants were analyzed in a chemotaxis assay. Figure 17 

shows still images of the migration of the above cell lines and illustrates that AX3, 

!RA1, and !RA2 cells reach the cAMP emitting micropipette within a ten-minute 

period, whereas the !RA1&2 cells are slower and do not reach the chemoattractant 

source within the ten-minute timeframe. Analysis with DIAS software (Soll, Voss et al. 

2005) further showed that the !RA1 or !RA2 cells migrate with the same parameters as 

AX3 cells and clearly do not exhibit a phenotype similar to tj1- null cells (Figure 18 A-C 

and Table 4). However, the deletion of both RA domains (!RA1&2) leads to defects 

during chemotaxis. The migration of these cells was significantly slower when compared 

to AX3 (Figure 17A and D, Table 4). In addition to a decrease in speed, !RA1&2 had 

more directional changes and were less persistent when compared to the !RA1, !RA2, 

and AX3 cells, however the polarization of the !RA1&2 cells was not significantly 

affected (Table 4).  
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Figure 17: Still images of AX3, !RA1, !RA2, and !RA1&2, tj1- null cells chemotaxing towards a cAMP 

emitting micropipette. (A) AX3 cells. (B) !RA1 cells. (C) !RA2 cells. (D) !RA1&2 cells. (E) tj1- null cells. See 
methods and materials for more detail. 
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Figure 18: Path lengths of migrating !RA1, !RA2, !RA1&2 cells compared to AX3 and tj1-null 

cells. Paths were drawn using DIAS software from time-lapsed images of the amoeboid cells 

migration up a concentration gradient towards a micropipette emitting cAMP (indicated by the 

asterisk) (A) AX3 cells. (B) !RA1 cells. (C) !RA2 cells. (D) !RA1&2 cells. (E) tj1- null cells. 

 

In addition to chemotaxis assays, the cells with deleted RA domains were also 

subjected to a developmental assay to assess their role in Dictyostelium development. 

Shown in Figure 19, !RA1 and !RA2 cells do not display strong defects in development, 

whereas the cells with dually mutated !RA1&2 domains exhibit a partial delay in the 

initial stages of development (Figure 20). These findings are in accordance with the 

chemotaxis data presented in Figure 17, 18 and Table 4, indicating that the 

developmental delay of the "RA1&2 is probably due to the reduced ability to chemotax. 
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Table 4: DIAS analysis of chemotaxing AX3, tj1- null, !RA1, !RA2, and !RA1&2 cells. Parameters such as speed, roundness, directional 

change and persistence were quantified using DIAS software.  

  

 

 AX3   (n=13) tj1- null (n=11) !RA1 (n=10) !RA2 (n=14) !RA1&2 (n=14) 

Speed (µm/min) 8.79 +/- 2.24 3.93 +/- 0.823 10.03 +/- 2.63 10.02 +/- 1.64 6.84 +/- 1.30 

Roundness   (%) 38.49 +/- 5.55 53.44 +/- 10.85 40.58 +/- 7.03 36.56 +/- 3.98 39.28 +/- 4.09 

Directional Change (Deg) 39.92 +/- 12.85 69.87 +/- 11.93 28.99 +/- 8.21 31.99 +/- 11.92 45.27 +/- 7.20 

Persistence (µm/min-Deg) 1.19 +/- 0.44 0.28 +/- 0.12 1.32 +/- 0.52 1.28 +/- 0.41 0.75 +/- 0.29 
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                                     Figure 19: Developmental assay of !RA1 and !RA2 compared to AX3, TJ1-GFP, and tj1- null cells.  
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                      Figure 20: Developmental assay of !RA1&2 compared to AX3, TJ1-GFP, and tj1- null cells. 
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Since activated Ras accumulates at the leading edge of chemotaxing cells (Sasaki, 

Chun et al. 2004), it was hypothesized that the putative Ras effector (TJ1) might also 

localize to the leading edge. In addition, it was also hypothesized that a deletion in the 

TJ1 RA domain might disrupt the Ras binding interaction and thereby localization, if Ras 

is involved in mediating TJ1 to the leading edge of chemotaxing cells. Figure 21 shows 

that TJ1-GFP localizes to the leading edge. However, in comparison with the localization 

of TJ1-GFP, the RA domain deletions did not reveal any localization defects. Figure 21 

A-D depicts the accumulation of the GFP-tagged proteins (including those with RA 

domain deletions) to the leading edge of the migrating cells, indicating that the RA 

domains are not necessary for the proper localization of the protein to the leading edge.  

     A. TJ1-GFP   B. !RA1           C. !RA2  D. !RA1&2 

 

Figure 21: Localization of TJ1-GFP, !RA1, !RA2, and !RA1&2 during migration. Images taken of 

cells expressing GFP while chemotaxing towards a cAMP emitting micropipette (the direction of 

which is indicated by the asterisk). (A) TJ1-GFP cells. (B) !RA1 cells. (C) !RA2 cells. (D) !RA1&2 

cells.   

 

Interaction of TJ1 with Small GTPases 

 The presence of 2 putative Ras association domains in TJ1 (Figure 15 A and B) 

indicates that it might bind small GTPases and makes it a likely candidate to act as a 
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downstream effector. To assess this question, fragments containing the respective RA 

domains of TJ1 were expressed in bacteria as glutathione-S-transferase (GST) or 

polyhistidine (HIS) fusion proteins. Expression levels at different time points after 

induction of protein expression were analyzed with SDS-PAGE and visualized with 

Coomassie blue staining (Figure 22).    

 

Figure 22: Assessment of bacterially expressed tagged proteins at different time points after 

induction. The red-boxed regions indicate positive protein expression in E coli. (A) TJ1 bp1-798 

5’GST tag. (B) TJ1 bp1702-3633 5’GST tag. (C) TJ1 bp1-798 5’HIS tag. (D) TJ1 bp1702-3633 5’HIS 

tag. (E) TJ1 bp1-798 3’GST. (F) TJ1 bp1702-3633 3’GST. See methods and materials for more details 

and constructs.  

 

The expected sizes of the bacterially expressed protein fragments in Figure 22 A-

F are as follows: (A) 50KDa, (B) 90KDa, (C) 30KDa, (D) 65KDa, (E) 50KDa, and (F) 

90KDa.  Figure 22 A and C illustrates that the RA1 containing TJ1 (bp 1-798) 5’ GST 

and TJ1 (bp 1-798) 5’HIS tagged proteins were expressed in E coli, whereas the other 

tagged-constructs were not expressed under different conditions tested (Figure 22 B, D, 

E, F). The solubility of the two positively expressed proteins was analyzed and found that 

the TJ1 bp1-798 5’HIS tagged construct was insoluble and found in the pellet, whereas 

the TJ1 bp1-798 5”GST was mainly soluble and resided  in the  supernatant  (Figure 23B) 
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Figure 23: Purification and quantification of 5’GST TJ1 1-798 and GST-RBD-Raf1. Tagged versions 

of TJ1 fragments were bacterially expressed, analyzed and quantified. (A) GST tagged version of TJ1 

fragment 1-798 with peaked expression at 2 hours after induction. (B) Solubility of GST and HIS 

tagged-protein expression. (C) Purified 5’GST TJ1 1-798 protein. (D) Quantification of 5’GST TJ1 1-

798. See methods and materials for details. 
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and was subsequently chosen for further studies. GST-fused Ras binding domain (RBD) 

from human Raf1 kinase was used as a positive control for the Ras activation assay as it 

is capable of binding the activated form of RasG (Kae, Lim et al. 2004). As seen in 

Figure 23 C-D, TJ1 bp1-798 5’GST and GST-RBD-Raf1 were isolated via GST-protein 

purification, quantified against BSA, and adjusted to a final sample concentration of 

0.5µg/µl with Sephadex beads (see methods and materials for more detail).  

The purified TJ1 bp1-798 5’GST and GST-RBD Raf1 were used in a Ras pull 

down assay to assess if the RA1 domain located within TJ1 bp1-798 5’GST protein 

interacts with Ras in vitro. Activity was assessed through Western blot, detected with 

Anti-Pan-Ras (Ab-3)/(mAb) antibodies and developed with the GE Healthcare ECL-Plus 

reaction system. Consistent with other findings (Sasaki, Chun et al. 2004), Figure 24 A 

shows that activated Ras is transiently bound to GST-RBD-Raf1 from approximately 5-

10 seconds after stimulation with cAMP. Conversely, the GST-TJ1-RA1 domain does not 

transiently bind activated Ras (Figure 24 B) and therefore suggests that the TJ1 might not 

bind Ras in the same capacity.  However, more experiments need to be conducted in 

order to make this assessment.  

 

 

Figure 24: Ras pull down assay of the 5’GST TJ1 bp1-798 and GST-RBD-Raf-1. Ras activation was 

stimulated with cAMP and thereafter, samples were taken at the indicated time-points after induction. 

Ras interaction was assessed using Anti-Pan-Ras/mAb antibodies in a Western blot. See materials and 

methods for more detail. (A) GST-RBD-Raf1 interaction with activated Ras (B) No observable 5’GST 

TJ1 (1-798) protein interaction with activated Ras. 
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The data herein provided support the notion that at least one functional TJ1 RA 

domain is necessary for normal chemotaxis and development in Dictyostelium and that 

the TJ1 RA domains are not necessary for the localization of the protein to the leading 

edge.  Although there was no identifiable interaction between Ras and the RA1 domain in 

the 5’GST TJ1(bp1-798) protein, the possibility still remains that the full-length TJ1 that 

potentially holds unique protein folding properties for Ras interaction, or the RA2 

domain may potentially interact with Ras. More experiments need to be conducted to 

better establish or to exclude Dictyostelium TJ1 in the Ras signaling cascade.  

 

 



DISCUSSION 

General Ras Signaling  

The innate ability for cells to chemotax plays a crucial role in many biological 

processes and the mechanisms therein are highly conserved from single celled amoebae 

to neutrophils in higher eukaryotes. In general, Ras signaling is involved in a vast array 

of cellular functions that includes mitosis, cytoskeletal function, motility and 

development (Kae. Lim et al. 2004). Including other biological processes, many of these 

functions are involved in or rely on the cells ability to chemotax. Although the complete 

mechanism to which Ras signaling mediates chemotaxis has not fully been determined, 

some of the basic processes have been identified. In addition to Ras GTPases, and seen in 

Figure 25, activated effectors of different Ras proteins contribute to mediate chemotaxis.  

 
Figure 25: Schematic drawing of a general Ras signaling pathway. Image adapted and modified from 

(Kölsch, Charest et al. 2008).  

 

 Mutational analysis of various Ras effectors in addition to Ras proteins show that 

the misregulation of these components can lead to cancer, autoimmune diseases, 

metastasis, and other destructive cellular behaviors and are the target for therapeutic 

agents (Sahai and Marshall 2002; Downward 2003; Noguchi and Kinowaki 2008). 
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The Role of TJ1 and Associated RA domains in Chemotaxis 

A reverse genetic approach identified TJ1 as a putative novel Ras effector, 

wherein the tj1- null cells ability to chemotax was completely abolished and were found 

to have defects in the initial stages of development. TJ1 contains two CH domains, a PH 

domain, a proline rich region and two RA domains, making it a likely Ras effector. Many 

of these domains play a fundamental role in chemotaxis. CH domains have been 

suggested to confer F-actin binding to a variety of cytoskeletal and signaling molecules, 

PH domains have been shown to mediate cytoskeletal rearrangement and target proteins 

to the plasma membrane, and the RA domains function to translate external signals 

internally to mediate migration and numerous cellular processes (Stradal, Kranewitter et 

al. 1998; Lemmon and Ferguson 2000; Palmby, Abe et al. 2002; Ory and Morrison 

2004). It was hypothesized that the disruption of one or both RA domains within TJ1 

might result in the partial or complete disruption of chemotaxis and thus was the focus of 

this thesis.  

Surprisingly, the disruption of either of the two RA domains (N-terminal or C-

terminal) in TJ1 did not result in strong defects with respect to chemotaxis, development 

or localization, whereas the deletion of both RA domains lead to a reduced ability to 

chemotax and therefore a delay in the early stages of development. There might be 

redundancy in the two RA domains, as the individual RA deletion constructs do not 

present any deleterious phenotypes when compared to AX3. The lack of chemotaxis 

defects in !RA1 and !RA2 cells, and the subtle defect of !RA1&2 cells may be 

attributed to the over-expression of the protein as the strong actin promoter was used in 
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expressing the proteins rather than an endogenous one. A stronger promoter may increase 

the amount of protein the cell produces with respect to endogenous levels and the 

resultant imbalance could therefore allow the proteins or cells to compensate for 

mutations and function normally.  

To compare localization properties, chemotaxis assays with cells expressing GFP 

fused RA deletion constructs were executed in parallel with cells expressing full-length 

TJ1-GFP. All cells expressing GFP, including those with deleted RA domains showed an 

accumulation of GFP tagged protein at the leading edge, and thereby no defect in 

localization (Figure 21). This could possibly be explained by the fact that in addition to 

RA domain containing proteins, PH domain containing proteins are also targeted to the 

plasma membrane and localize to the leading edge of chemotaxing cells (Lemmon and 

Ferguson 2000; Sasaki and Firtel 2006). It is possible that the PH domains within the 

GFP fused TJ1 RA deletion constructs were targeted to the leading edge of the migrating 

cells.  

Since !RA1&2 cells display moderate defects in chemotaxis and a delay in the 

initial stages of development, it is possible that TJ1 might operate downstream of either 

RasC or RasG, as both GTPases are involved in the processes that underlie motility and 

have partially overlapping functions (Table 1). Whereas RasC is responsible for 

activating the cAMP-synthesizing enzyme ACA that is necessary for the aggregation 

processes early in development, RasG is more involved in regulating chemotaxis and 

modulating the F-actin cytoskeletal network (Lim, Spiegelman et al. 2002; Kae, Lim et 

al. 2004). To assess this possibility, the 5’GST TJ1(bp1-798) protein and positive control 

(GST-RBD-Raf1) were subjected to a Ras pull down assay where the proteins ability to 
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interact with any Ras was assessed through a Western blot and detection with Anti-Pan-

Ras. Consistent with other findings, the GST-RBD-Raf1 positive control showed rapid 

and transient binding to activated Ras between 5-10 seconds (Sasaki, Chun et al. 2004), 

whereas there was no observable interaction between the 5’GST TJ1(bp1-798) protein 

and activated Ras, suggesting that the RA1 domain might not bind Ras proteins. 

However, the lack of interaction could have resulted from using an incomplete protein, 

whereas the full-length TJ1 protein may hold unique folding properties that may be 

essential for proper interaction. The possibility also remains that the TJ1 C-terminal RA2 

domain may interact with Ras, as only the RA1 domain was analyzed due to unsuccessful 

production of bacterially generated RA2-GST tagged proteins. In the event that further 

experiments reveal an interaction of TJ1 with Ras, narrowing the interaction of TJ1 to 

one specific Ras protein could be achieved through the expression of epitope-tagged 

RasG and RasC in the respective ras- null cells or AX3 and conducting Ras pull down 

assays with TJ1 and controls such as GST-RBD(Byr2) or GST-RBD(Raf1). Studies have 

shown RBD(Bry2) to preferentially bind RasC and RasG, whereas RBD(Raf1) only binds 

RasG effectively (Kae, Lim et al. 2004).  

Since there was no obvious interaction between TJ1 RA1 and Ras, it can be 

speculated that TJ1 may interact with the Rap1. This is based on the fact that TJ1 is a 

member of the MRL family proteins whose RA domains characteristically bind the active 

GTP bound forms of Ras or Rap1. In support of this hypothesis RIAM (a member of the 

MRL family identified in mammalian cells) contains an RA domain, which interacts with 

Rap1-GTP and mediates the Rap1-mediated cell adhesion by controlling the localization 

of Rap1 at the plasma membrane (Krause, Leslie, et al. 2004; Lafuente, van Puijenbroek 
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et al. 2004; Lafuente and Boussiotis 2006). Rap1 localizes at the leading edge of 

chemotaxing cells where it mediates the cytoskeleton dynamics necessary for movement 

through spatially and temporally regulating myosin assembly and disassembly (Jeon, Lee 

et al. 2007). The localized Rap1-GTP interacts with effector proteins such as the recently 

identified Phg2 kinase, which in vitro has shown to promote anterior myosin disassembly 

through phosphorylation and facilitates the F-actin mediated leading edge protrusion 

(Jeon, Lee et al. 2007). Phg2 preferentially binds Rap1-GTP over Ras-GTP, and similar 

to TJ1 with RA deletions, cells expressing GFP-Phg2-!RA show localization to the 

leading edge similar to GFP-Phg2 expressing cells, which indicates that the RA domain is 

not required for Phg2 accumulation to the leading edge (Jeon, Lee et al. 2007). Further 

assessment through Western blot analysis with Anti-Rap1 would further explore the 

possibility of TJ1-Rap1 interactions. The experiments discussed here are preliminary and 

further experiments must be conducted in order to better establish or disprove any 

speculation of the involvement of TJ1 in the Ras signaling pathway as a Ras effector.  

Further analysis of the function of TJ1 during chemotaxis should also draw focus 

to other domains involved with cell motility, including the CH domains which have 

shown to be implicated in F-actin binding dynamics, and PH domains which have been 

linked to the binding of phosphoinositides and therefore the recruitment of proteins to the 

plasma membrane (Lemmon and Ferguson 2000; Bramham, Hodgkinson et al. 2002; 

Sasaki and Firtel 2006; Washington and Knecht 2008). It is possible that a disruption in 

either of these domains might yield a phenotype similar to tj1- null cells and thereby 

reveal their role in TJ1.   



MATERIALS AND METHODS 

Plasmid Constructs 

 A standard protocol of PCR, restriction digests, ligation, and transformation into 

E. coli was followed for all DNA manipulation. In some instances, specific protocols 

such as Site Directed Mutagenesis (Stratagene) and Gateway Cloning (Invitrogen) and 

associated enzymes and buffers were used to generate constructs. Sequencing of 

generated constructs was done for accuracy. All amplified E. coli DNA was purified 

using Qiagen mini-, midi-, or maxi-prep kits in preparation for transformation into 

Dictyostelium. N- and C-terminal full-length TJ1 fused GFP constructs and subsequent 

constructs with deletions in the RA domains were generated to assess localization 

properties. VectorNTI software (Invitrogen) was used to create all cloning maps of the 

generated constructs depicted in Figures 26 and 27. 

Transformation into Dictyostelium and Cell Culture. 

 Cells were re-suspended in electroporation buffer (10mM Na/KPO4 buffer and 

50mM sucrose) at 1x10
7
 cells per transformation. 20µg DNA was added to 0.8ml aliquots 

of suspended cells in cold 4mm cuvettes and electroporated with the Bio Rad Gene Pulser 

(1.00V, time constant 0.0). Cells were maintained in 1X HL5 medium (5X: 10.8g 

Na2HPO4, 8g, KH2PO4, 357.53g Oxoid Peptone, 143g Yeast Extract, 3ml B12/Folic Acid 

Mix, brought to 4L with MQ H2O) supplemented with Glucose and an antibiotic solution 

(10,000u/ml Penicillin G, 10mg/ml Streptomycin, and 25µg/ml Fungizone). Cells with 

the required neomycin resistance gene were selected for, and plated on DM plates where 

single colonies grew at 22" C over the course of 3-5 days. Clones were selected, 

maintained in medium supplemented with G418 and used in subsequent experiments.                                                
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Exp-4 TJ1 3' GFP
11061 bp

amp

neomycin (G418)

TJ1 cDNA ohne Intron

3'GFP

BamHI (4367)

HindIII (10724)

SmaI (7096)

XmaI (7094)

BglII (568)

KpnI (4380)

XbaI (10748)

XhoI (3641)

ApaLI (8033)

ApaLI (9279)

EcoRI (278)

EcoRI (3476)

AvaI (3641)

AvaI (7094)

AvaI (9938)

NcoI (6)

NcoI (3812)

NcoI (5929)

NcoI (6689)

PstI (6310)

PstI (7233)

PstI (8463)

PstI (10740)

ClaI (1026)

ClaI (1409)

ClaI (3275)

ClaI (3564)

ClaI (3594)

ClaI (5334)  

                                      

 

 

 

 

  

  

  

 

 

Figure 26: Images of N- and C-terminal GFP fusion constructs generated by VectorNTI 

                                                  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Exp-4 TJ1 delta RA2
10836 bp

amp

neomycin (G418)

deletion RA2

TJ1 cDNA ohne Intron

3'-GFP

BamHI (4142)

EcoRI (278)HindIII (10499)

SmaI (6871)

XmaI (6869)

ApaLI (7808)

ApaLI (9054)

AvaI (3416)

AvaI (6869)

AvaI (9713)

NcoI (6)

NcoI (3587)

NcoI (5704)

NcoI (6464)

PstI (6085)

PstI (7008)

PstI (8238)

PstI (10515)

ClaI (1026)

ClaI (1409)

ClaI (3275)

ClaI (3369)

ClaI (5109)  

Exp-4 TJ1 delta RA1
10803 bp

amp

neomycin (G418)

deletion RA1

TJ1 cDNA ohne Intron

BamHI (4109)

HindIII (10466)

SmaI (6838)

XmaI (6836)

ApaLI (7775)

ApaLI (9021)

EcoRI (20)

EcoRI (3218)

AvaI (3383)

AvaI (6836)

AvaI (9680)

NcoI (6)

NcoI (3554)

NcoI (5671)

NcoI (6431)

PstI (6052)

PstI (6975)

PstI (8205)

PstI (10482)

ClaI (768)

ClaI (1151)

ClaI (3017)

ClaI (3306)

ClaI (3336)

ClaI (5076)  

Exp-4 TJ1 delta RA1&2
10578 bp

neomycin (G418)

amp

3'GFP

TJ1 cDNA ohne Intron

deletion RA1

deletion RA2

BamHI (4198)

EcoRI (334)

HindIII (10555)

SmaI (6927)

XmaI (6925)

XbaI (1)

XhoI (3472)

BglII (624)

ApaLI (7864)

ApaLI (9110)

AvaI (3472)

AvaI (6925)

AvaI (9769)

NcoI (320)

NcoI (3643)

NcoI (5760)

NcoI (6520)

PstI (6141)

PstI (7064)

PstI (8294)

PstI (10571)

ClaI (1082)

ClaI (1465)

ClaI (3331)

ClaI (3425)

ClaI (5165)  

Exp-4 5' GFP TJ1
10861 bp

amp

neomycin (G418)

5'GFP

deletion RA2

TJ1 cDNA ohne Intron

EcoRI (1022)

HindIII (10524)

SmaI (6896)

XmaI (6894)

ApaLI (7833)

ApaLI (9079)

AvaI (4163)

AvaI (6894)

AvaI (9738)

NcoI (173)

NcoI (750)

NcoI (5729)

NcoI (6489)

PstI (6110)

PstI (7033)

PstI (8263)

PstI (10540)

ClaI (1770)

ClaI (2153)

ClaI (4019)

ClaI (4113)

ClaI (5134)  

Figure 27: Images of RA deletion constructs generated by VectorNTI. Top left to right: !RA1, 

!RA2, !RA1&2. 
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Chemotaxis Assays and Imaging Acquisition  

 Cells were grown in suspension, washed twice with Na/KPO4 buffer and re-

suspended at a concentration of 5x10
6
 cells/ml. The cells were pulsed with 30nM cAMP 

for 5.5 hours then transferred to a glass cover-slip and allowed to adhere to the plate for 

30min. The cells ability to migrate towards a 150µM cAMP emitting micropipette was 

viewed using a confocal microscope with a 40X oil lens objective (DM IRE2; Leica) 

equipped with an ORCA-285 camera. Time-lapsed images were taken every 6 seconds 

over the course of 30 minutes using Simple PCI software (Compix). The data were 

translated into Quicktime movies and the DIAS software (Soll, Voss et al. 2005) was 

used analyze and quantify specific parameters of chemotaxing cells.  

 

Developmental Assays 

 Cells were grown in suspension, collected and washed twice with 30ml Na/KPO4 

buffer, then re-suspended to a final concentration of 3.5x10
7
 cells/ml. 6 50µl droplets, 

each of a 1:1 serial dilution to the prior concentration were plated on Na/KPO4 nutrient 

deficient agar plates and allowed to progress through stages of development. 

Development was monitored from the onset of nutrient starvation and images were 

captured every 4 hours after the first 8 hours of development.  

 

Western Blot Assays 

 Cells were harvested and re-suspended in 500µl lysis buffer (20mM MOPS, 

150mM NaCl, 10% Glycerol, 0.5% NP-40, 1mM PMSF, 5µg/ml Leupeptin, 5µg/ml 

Aprotinin). Samples were iced for 10min, centrifuged, and the supernatant transferred to 

a new tube. UV spectrometer absorbance values in combination with the Bio-Rad 
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Laboratories Dc Protein Assay kit was used to quantify the levels of total protein in the 

lysates against a BSA standard. All lysates were adjusted to a final concentration of 

2µg/µl. 10µl of 4X Lammli loading buffer was added to a 40µl aliquot of the lysate 

sample for Western blot analysis. 10µl was fractionated by SDS-polyacrylamide gel 

electrophoresis and blotted onto nitrocellulose. The membrane was blocked with non-fat 

milk, and probed with antibodies specific to the components of interest, then detected 

using a GE Healthcare ECL-Plus reaction system. Ras activity was detected through the 

use of 1:500 Calbiochem Cat#OP40 Anti-Pan-Ras (Ab-3) 0.1mg/ml and 1:1000 mouse 

mAb (Ras10).  

 

Preparation of GST-tagged Proteins  

 

Gateway cloning was employed to create constructs with combinations of TJ1 

bp1-798 or TJ1 bp1702-3633 (containing RA1 or RA2 respectively) and GST or HIS 

tags. In the gateway system an entry clone is first created from a attB-flanked PCR 

product. As seen in Figure 28, the gene can then be transferred from the entry clone into a 

destination vector thereby creating an expression clone that provides a time efficient way 

to move DNA sequences into multiple vectors (Gateway-Technology 2003).  

To analyze the expression of the different constructs (Figure 29), they were 

transformed into DE3 cells and grown in 2xYT-Amp medium overnight. The following 

day, 10ml fresh 2XYT-Amp medium was inoculated with 1:100 overnight culture and 

grown at 37" C until they reached mid-log phase growth detected with UV spectrometer 

values of OD600 = ~0.5. Protein expression was then induced with the addition of IPTG to 

a final concentration of 1mM. An aliquot was taken before induction, and again at 2, 4, 
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and 6 hours after induction of protein expression. 20µl samples were run on SDS-PAGE 

and stained with Coomassie blue to analyze the protein expression.  

 

 

 

 

 

 

Figure 28: Schematic drawing of the Gateway system cloning. Figure adapted from the Gateway 

Technology Catalog. (Gateway-Technology 2003) 

 

 

Assessment of Tagged-Protein Solubility 

 

 Cells were grown and induced as before, 5ml was centrifuged at the appropriate 

time of peaked protein expression. The pellet was re-suspended in 100µl 1X PBS, iced, 

and sonicated. The solution was transferred to a 1.5ml tube and centrifuged at 15000 rpm 

for 15 min at 4"C. The supernatant was transferred to a new tube and mixed with 100µl 

2X SDS-PAGE sample buffer, while the pellet was mixed with 200µl 1X SDS-PAGE 

sample buffer. 10µl of both the pellet and supernatant samples were separated on SDS-

PAGE and analyzed with Coomassie staining.   

 

Mass Production and Quantification of Purified Protein 

For the mass production of the purified protein, a 200ml culture was grown, 

induced as previously stated and harvested at the time of peaked protein expression. They 

were re-suspended in a 20X concentration of PBS, sonicated, and centrifuged at 4,000 

BP Clonase  

   LR Clonase   
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rpm for 15 minutes at 4" C. The supernatant was incubated with Glutathione Sepharose 

beads (Amersham Biosciences) on a rocker at 22" C for 30 minutes (Preparation of the 

beads involved centrifuging Glutathione Sepharose beads (50µl per 100ml culture) and 

washing twice with 5X volume PBS then re-suspending in 2X bed volume of PBS). After 

the incubation period, samples were washed 3 times with 1ml PBS, then re-suspended in 

50µl 50% Glycerol/PBS. 10µl samples were run on SDS-PAGE, and the purified protein 

was quantified against a BSA standard. The samples were adjusted to a final 

concentration of 0.5µg/µl with Sephadex beads. 

 

Ras Pull Down Assay 

20ml of cells were grown to 5x10
6
 cells/ml and pulsed as previously mentioned. 

Cells were re-suspended at 2x10
7
cells/ml and incubated with caffeine for 20-30 minutes. 

cAMP was added to a final concentration of 10µM to initiate Ras activation, thereafter 

500µl sample was mixed with 500µl lysis buffer at 5, 10, 20, 40 , and 60 seconds. A 

450µl sample was taken prior to cAMP induced Ras activation and added to 50µl 

Na/KPO4 in 500µl lysis buffer noted time-point 0 seconds. The lysis buffer consists of 

100mM Tris pH7.5, 300 mM NaCl, 50mM MgCl2, 20% Glycerol, 1% NP-40, 2mM DTT, 

2mM Vanadate, 5µg/ml Leupeptin, and 5µg/ml Aprotinin. Samples were then tumbled at 

4"C for 10 minutes and centrifuged to isolate the supernatant. Lysates were incubated 

with 10µg of the GST-proteins for 30 minutes at 4" C. Ras activity was assessed through 

western blot with Anti-Pan-Ras/mAb and developed with the GE Healthcare ECL Plus 

Reaction System.   
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 Exression Clone 5'GST + TJ1 1-798

6171 bp

initiation ATG

GST tag (no stop)

ROP

Amp(R)

attB1

attB2

TJ1 1-798

T7 reverse primer

T7 primer

T7 promoter

bla promoter

RBS

pBR322 origin

T7 transcription terminator

BamHI (29)

ClaI (517)

HindIII (510)

NcoI (5309)

PstI (1297)

SmaI (27)

XmaI (25)

AvaI (25)

AvaI (3477)

EcoRI (541)

EcoRI (5633)

ApaLI (867)

ApaLI (2113)

ApaLI (2613)

Expression Clone 5'GST + TJ1 1702-3633

7308 bp

initiation ATG

GST tag (no stop)

ROP

Amp(R)

attB1

attB2

TJ1 1702-3633

T7 reverse primer

T7 primer

T7 promoter

bla promoter

RBS

pBR322 origin

T7 transcription terminator

BamHI (29)

HindIII (510)

NcoI (5309)

PstI (1297)

Sma I (27)

XmaI (25)

AvaI (25)

AvaI (3477)

EcoRI (541)

EcoRI (7133)

ApaLI (867)

ApaLI (2113)

ApaLI (2613)

ClaI (517)

ClaI (6932)

ClaI (7221)

ClaI (7251)

Expression Clone 5'HIS + TJ1 1-798

5512 bp

initiation ATG

6xHis

ROP

Amp(R)

attB1

attB2

TJ1 1-798 T7 reverse primer

T7 primer

T7 promoter

bla promoterRBS

pBR322 origin

T7 transcription terminator

AvaI (3466)

ClaI (506)

HindIII (499)

PstI (1286)

EcoRI (530)

EcoRI (4974)

ApaLI (856)

ApaLI (2102)

ApaLI (2602)

      

Expression Clone 5'HIS + TJ1 1702-3633

6649 bp

initiation ATG

6xHis

ROP

Amp(R)

attB1

attB2

TJ1 1702-3633

T7 reverse primer

T7 primer

T7 promoter

bla promoter

RBS

pBR322 origin

T7 transcription terminator

AvaI (3466)

HindIII (499)

PstI (1286)

EcoRI (530)

EcoRI (6474)

ApaLI (856)

ApaLI (2102)

ApaLI (2602)

ClaI (506)ClaI (6273)

ClaI (6562)

ClaI (6592)

         Expression Clone 3'GST + TJ1 1-798

6119 bp

GST tag (no ATG)

ROP

Amp(R)

attB1

attB2

TJ1 1-798

T7 primer

T7 promoter

bla promoter

pBR322 origin

T7 transcription terminator

AvaI (4146)

BamHI (698)

ClaI (1186)

HindIII (1179)

NcoI (692)

PstI (1966)

EcoRI (1210)

EcoRI (5581)

ApaLI (1536)

ApaLI (2782)ApaLI (3282)

   Expression Clone 3'GST + TJ1 1702-3633

7256 bp

GST tag (no ATG)

ROP

Amp(R)

attB1

attB2

TJ1 1702-3633

T7 primer

T7 promoter bla promoter

pBR322 origin

T7 transcription terminator

AvaI (4146)

BamHI (698)

HindIII (1179)

NcoI (692)

PstI (1966)

EcoRI (1210)

EcoRI (7081)

ApaLI (1536)

ApaLI (2782)

ApaLI (3282)

ClaI (1186)

ClaI (6880)

ClaI (7169)

ClaI (7199)

 

Figure 29: Expression clone constructs for the generation of bacterially expressed tagged proteins. From right to left top: 5’GST-

TJ1 (bp-798), 5’GST-TJ1 (bp1702-3633), 5’HIS-TJ1 (bp1-798). From right to left bottom: 5’HIS TJ1 (bp1702-3633), 3’GST 

TJ1 (bp1-798), 3’GST TJ1 (bp1702-3633)
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